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Preface

Few things strike fear into the clinician and patient as the word “cancer.” Despite 
decades of research and countless dollars, the majority of cancers remain incurable, 
and therapy carries a high cost, both financially and on patients’ short- and long- 
term quality of life. With the exception of very early-stage malignancies, most can-
cers carry a high risk of relapse following frontline treatment. Side effects occur 
often, can be severe, and are unpredictable. Fortunately, due to technical advances, 
emerging science, and a fundamental shift in new drug development, we are wit-
nessing dramatic improvements in life expectancy and treatment tolerability across 
a spectrum of malignancies.

For years, follicular lymphoma has remained a disease with more questions than 
answers. The natural history can be highly variable, and clinical information at 
diagnosis only occasionally predicts a patient’s long-term outcome. Some patients 
achieve spontaneous remission in the absence of therapy, while others transform or 
fail high-dose chemotherapy in short order. Historically, attempts to biologically 
define these dramatically different patient groups have been largely unsuccessful. 
Although the cell of origin and the hallmark mutation have been well described, 
very few targeted therapeutics existed. Finally, traditional chemotherapy approaches 
are associated with high response rates, yet nearly all patients still relapse. The rea-
son behind many of these observations was largely unknown.

Fortunately, the last several years have been marked by a significant improve-
ment in the understanding of the pathogenesis and biology underlying follicular 
lymphoma. Research into the role of the immune microenvironment have helped 
teams develop innovative approaches to treat follicular lymphoma. The work on key 
cellular pathways, novel cellular antigens, and unique genomic drivers has led to the 
identification of several potential therapeutic targets resulting in an explosion of 
active drugs and dramatically improved out-comes.

In this textbook, we will review the pathogenesis and molecular drivers of fol-
licular lymphoma. We will also cover the history and activity of traditional thera-
peutic strategies and discuss many exciting advances which have recently become 
available for patients. In each section, the authors will also discuss the future 
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 therapeutic role of key molecular pathways, targeted agents, immunotherapeutics, 
and next-generation radiotherapy approaches.

As our understanding of lymphoma continues to evolve, I am confident that we 
will soon discover the answers to key questions surrounding follicular lymphoma. 
But most importantly, ongoing and future work will lead to even better options for 
clinicians – eventually leading to curative, less toxic options for all patients.

Finally, whether clinician, scientist, patient, or caregiver, our time in this life is 
short. Never underestimate the power of small acts of kindness.

Houston, TX, USA  Nathan H. Fowler  

Preface
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Chapter 1
Follicular Lymphoma: Epidemiology, 
Pathogenesis and Initiating Events

Zi Yun Ng, Connull Leslie, and Chan Yoon Cheah

 Epidemiology

 Introduction

Follicular lymphoma (FL) is the second most common lymphoma in the United 
States (US) and Western Europe and the most common indolent lymphoma [1]. FL 
is a lymphoproliferative disorder of germinal centre B-cells with a median age of 
diagnosis of 58 years [1]. It is commonly associated with the inappropriate activa-
tion of BCL2, a proto-oncogene which is most commonly activated through the 
t(14; 18)(q32;q21) chromosomal translocation [2].
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 General Trend of Incidence

In the United States, Teras et al. analysed data from the Surveillance, Epidemiology, 
and End Results (SEER) registries to provide estimates of the total numbers of US 
lymphoid neoplasm cases by subtype as well as a detailed evaluation of incidence 
and survival statistics. The US age-adjusted incidence rate from 2011 to 2012 for 
FL was 3.4 per 100,000 population. In this study, while most lymphoid malignan-
cies showed excess risk for males, this was not seen for FL which had an incidence 
rate ratio (IRR) for gender of 1.18 [3]. Similarly, in the United Kingdom from 2004 
to 2014, FL had a higher age-standardised sex rate ratio of 0.93 ([95% CI 0.89–
0.98], P = 0.006), meaning there were marginally more females than males diag-
nosed with FL [4].

From 1992 to 2001, the incidence of FL showed a non-significant rise of 1.8% 
per year among the elderly [5]. However, the incidence for both genders declined 
from 2001 to 2012. For males with FL, the annual percentage change in incidence 
dropped from 4.7% in 2001–2004 to −2.2% in 2004–2012. For females, the annual 
percentage change declined from 3.4% to −0.8% (2001–2004) and then a further 
−3.6% from 2007 to 2012. It is hypothesised that the decline in incidence rates is 
due to declining smoking rates over this period. Gender and race did not signifi-
cantly influence 2-, 5-, and 10-year survival rates [3].

 International Variation

Multiple epidemiological studies have shown that FL has higher incidence in 
Caucasian populations compared to African or Asian [2, 5, 6]. Analysis of 19 case- 
control studies by the InterLymph Consortium showed that magnitudes of associa-
tions with FL according to region (Europe, North America and Australia) were 
mostly consistent [1]. A study of non-Hodgkin lymphoma (NHL) from 1988 to 
1990 showed FL comprised a greater proportion of NHL diagnoses in North 
America, London and Cape Town (28%–32%) relative to other sites like Hong 
Kong (8%), Sweden (11%) or France (17%) [7]. Similarly, a study of 4056 cases of 
NHL at 13 major medical centres in Thailand from 2007 to 2014 found only 5.6% 
of these cases to be FL [8].

When looking at a migrant population in England from 2001 to 2007, rates of 
FL were lowest among Chinese and individuals of African descent, intermediate 
among South Asians and highest among Caucasians. There was little difference 
between Afro-Caribbeans and Africans, with incidence rates around 60% lower 
than that of Caucasians. Between the South Asian groups, Pakistanis showed the 
highest rates, followed by Indians and Bangladeshis (IRRs of 1.11, 0.68 and 0.54, 
respectively) [9]. FL is less common in India compared to Europe or America; for 
example, a study from Mumbai showed that FL accounted for only 12.6% of 2773 
NHL cases [10].

Z. Y. Ng et al.
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Interestingly, investigating incidence of FL in Americans of Asian descent, 
Clarke et  al. found the incidence was significantly lower in foreign-born Asian- 
Americans compared to American-born (IRR 0.57 [95% CI 0.44–0.73]), suggesting 
a role for environmental factors in the pathogenesis of FL [11]. Supporting this, the 
risk of FL seems to be lower in first-generation Asian-born Japanese and Chinese 
migrants compared to their descendants [12].

 Genetic Factors

The InterLymph Consortium which comprised of 19 case-control studies (3530 
cases and 22,639 controls) in Europe, North America and Australia showed that a 
family history of non-Hodgkin lymphoma in a first-degree relative confers approxi-
mately double the population background risk of FL [1]. The risk was 3.6 times 
higher in participants with first-degree male relatives with multiple myeloma com-
pared to the general population. Interestingly, this was not evident if there was a 
first-degree female relative with myeloma. First-degree relatives with leukaemia or 
Hodgkin lymphoma did not seem to confer an increased risk of FL [1]. Analysis of 
4455 individuals in the Swedish Family-Cancer Database found that a parental 
history of FL was associated with a significantly increased risk of FL (standardised 
incidence ratio of 6.1), while an affected sibling conferred a 2.3 times risk [13].

There have been an increasing number of genome-wide association studies 
(GWAS) identifying single-nucleotide polymorphisms (SNPs) associated with risk 
of developing FL (detailed in Table 1.1).

Certain polymorphisms of the DNA repair gene XRCC3 may increase the risk of 
developing FL, especially in current smokers [20].

 Environmental Factors

The aforementioned migrant studies provide some evidence that environmental fac-
tors play a role in the pathogenesis of FL [12]. Attempts to study environmental risk 
factors in epidemiological studies are greatly hampered by unavoidable confound-
ers and bias. As a result, drawing firm conclusions regarding the relative contribu-
tion of specific environmental risk factors is challenging, as data from studies are 
often conflicting.

A number of studies have examined the association between occupation and risk 
of FL. A reduced risk of FL was found in bakers and millers (OR 0.51 [95% CI 
0.28–0.93]) and university or higher education teachers (OR 0.58 [95% CI 0.41–
0.83]) [1]. However, a separate meta-analysis showed an increased risk for NHL in 
teachers at all levels [21]. A small prospective study in Germany which included 92 
FL patients showed significant FL risk increases for occupational groups like medi-
cal, dental and veterinary workers (OR 3.1 [95% CI 1.4–6.8]); sales workers (OR 

1 Follicular Lymphoma: Epidemiology, Pathogenesis and Initiating Events
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2.8 [95% CI 1.3–5.9]); machinery fitters (OR 3.4 [95% CI 1.5–7.8]); and electrical 
fitters (OR 3.5 [95% CI 1.5–8.4]) [22]. Risk of FL certainly significantly increased 
with exposure to chemical solvents such as benzene, toluene, xylene and styrene 
(OR 1.7 [95% CI 1.2–2.5] P = 4 × 10−7) [23]. Spray painters and those working with 
paint solvents had increased risk of FL (OR 2.66 [95% CI 1.36–5.24]) [1, 24, 25]. 
Medical doctors who had worked more than 10 years had a significantly elevated 
risk (OR 2.06 [95% CI 1.08–3.92]) based on 38 cases vs. 13 controls [1]. Employment 
in other occupations was not associated with risk of FL, including working/living on 
a farm [1]. The t(14;18) translocation which occurs in up to 70–90% of FL was 
found to be associated with certain agricultural pesticides in two studies [26, 27]. A 
different study found that occupational exposure to pesticides would increase 
BCL2-IGH prevalence together with the frequency of BCL2-IGH-bearing cells 
especially during periods of high pesticide use [28]. It should be noted that this 
translocation can be detected in healthy individuals or patients with other cancers. 
There were also modestly increased risks of FL related to residential proximity to a 
petroleum refinery (OR 1.3) or a primary metal industry (OR 1.2) [29].

Unlike other lymphomas, studies suggest that autoimmune diseases are not gen-
erally associated with an increased risk of FL with the exception of Sjögren’s 

Table 1.1 Genome-wide association studies with the relevant SNPs identified to be associated 
with FL

Genome-wide association 
studies (GWAS)

Single-nucleotide polymorphisms (SNPs) identified to be associated 
with FL

Conde et al. [14] rs10484561
rs7755224
SNPs in the psoriasis susceptibility region 1 (PSORS1)

Smedby et al. [15] rs10484561 – also associated with risk of diffuse large B-cell 
lymphoma (DLBCL)
rs2647012

Skibola et al. [16] rs6457327 – region of strongest association near PSORS1 locus
Vijai et al. [17] rs4530903

rs9268853
rs2647046
rs2621416

Skibola et al. [18] rs9275517a – no longer associated when its high linkage 
disequilibrium with rs2647012 was accounted for
rs3117222a – correlated with increased levels of HLA-DPB1, 
suggesting its expression regulation as a possible disease mechanism

Skibola et al. [19] rs17203612
rs3130437
rs4938573b near CXCR5
rs4937362b near ETS1
rs6444305b in LPP
rs17749561b near BCL2
rs13254990b near PVT1

aInversely associated with FL
bSNPs in non-HLA loci

Z. Y. Ng et al.
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 syndrome (OR 3.37 [95% CI 1.23–9.19], P = 0.024) [1]. Rather, atopic diseases 
(with the possible exception of eczema) were associated with a lower risk of FL [1, 
30]. Females with allergic rhinitis (OR 0.70 [95% CI 0.56–0.88], P = 0.002) and 
food allergy (OR 0.74 [95% CI 0.63–0.86], P < 0.001) had lower risk of FL, but this 
was not apparent in males. Risk for combined and individual atopic/allergic disor-
ders showed greater reduction in Australia compared to Europe or North America 
[1]. A 22% lower risk of FL was noted if there was a history of a blood transfusion – 
with reductions in risk most notable if the transfusion was received after 55 years of 
age and within 40 years of FL diagnosis [1]. Smaller studies examining the impact 
of prior blood transfusion have suggested either no association [31] or increased 
risk [32, 33]. Interestingly, although acquired immunosuppression from human 
immunodeficiency virus (HIV) or organ transplants confer increased risk of lym-
phoid malignancies such as plasmablastic lymphoma, Epstein-Barr virus (EBV)-
driven lymphomas and primary central nervous system (CNS) lymphoma, no 
increase in FL incidence has been described, suggesting a different mechanism of 
lymphomagenesis [34, 35].

A population-based case-control study of in-person interviews of 1593 NHL 
individuals from 1988 to 1995 showed that non-steroidal anti-inflammatory drug 
use, treatment of type 2 diabetes mellitus with oral hypoglycaemics, a history of 
hepatitis and three or more lifetime bee stings were inversely associated with FL. On 
the other hand, a history of heart disease and beta-blocker use were positively asso-
ciated with FL risk. It is suggested that these conditions exert an immunomodula-
tory effect that influences the development of FL [36]. In the InterLymph study, 
positive hepatitis C virus serology was not linked with FL risk (OR 1.28 [95% CI 
0.64–2.57]) [1]. Polio vaccination was associated with decreased risk, while influ-
enza vaccination was the opposite; however, the knowledge between vaccinations 
and FL risk is incomplete [37].

Earlier studies indicated an increased risk of FL for current smokers compared to 
non-smokers [38, 39], particularly in those with more than a 36-pack-year history 
[40]. This effect was found in females but not males, for reasons that are unclear [1, 
41, 42]. A modest risk of FL among women who ever smoked cigarettes was limited 
to current smokers, along with a significant positive trend for total duration of smok-
ing. Additionally, duration, rather than frequency of cigarette smoking, appeared 
more important in the trend in pack-years of smoking in women [1]. The association 
between smoking and FL is biologically plausible given the increased risk of 
t(14;18) in heavy smokers [43]. However, two prospective studies showed contrary 
results, suggesting a lower risk of FL with current/former smokers with one show-
ing a hazard ratio of 0.62 [95% CI 0.45–0.85] [44] and another observing a relative 
risk of 0.67 [95% CI 0.52–0.86] [45].

There is some suggestion that a diet high in vitamin D [2, 46] and linoleic acid (a 
polyunsaturated fatty acid) was associated with a lower risk of FL [2]. Men with a 
dietary pattern high in “fat and meat” (highest quartile vs. lowest) had an increased 
risk of FL (HR 5.16 [95% CI 1.33–20.0]) [47]. A few studies found that a diet high 
in vegetables and fruit was associated with a decreased risk of FL [47, 48]. An 
inverse relationship between FL risk and antioxidants like vitamin C, lutein + 

1 Follicular Lymphoma: Epidemiology, Pathogenesis and Initiating Events
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 zeaxanthin, β-cryptoxanthin, isoflavones and flavonols was observed by Frankenfeld 
et al. [49] Increasing nitrate intake (both plants and animals) was positively associ-
ated with FL risk, although geographic and ethnic variability as confounders cannot 
be excluded [2]. FL risk was modestly reduced in women (OR 0.79), but not men 
who ever drank alcohol, especially in current drinkers. There was no clear pattern 
with number of drinks per week, duration or cumulative alcohol consumption due 
to lack of data collected [1]. Although several studies support a higher risk in non- 
drinkers [45], other studies yield conflicting results [44, 50]. For example, wine 
consumption marginally increased the risk (OR 2.19 [95% CI 0.83–5.80]), espe-
cially if alcohol consumption started before 20  years of age (OR 4.04 [95% CI 
1.19–13.76]) and if the amount exceeded 19 grams of alcohol per day (OR 4.37 
[95% CI 1.04–18.45]) [2]. An increasing trend was observed for FL risk and the 
quantity of coffee assumption – with a doubled risk for an intake of more than four 
cups per day (OR 2.0 [95% CI 1.2–3.4]) and tripled for a consumption over at least 
30  years (OR 3.1 [95% CI 1.7–5.6]). The effect appeared synergistic in current 
smokers in this Italian population-based case-control study of 161 FL cases [51]. 
However, a smaller Scandinavian population-based case-control study of 105 FL 
cases failed to confirm an association between coffee intake and risk of developing 
FL [48]. An increasing amount of recreational sun exposure was associated with a 
lower risk of FL (OR 0.7–0.78), but this was attenuated when compared with total 
sun exposure (OR 0.82–0.88) [1]. This association is dependent on the 
Ex11 + 32 T > C polymorphism in the vitamin D receptor gene. People homozy-
gous for the C allele with <7 hours per week of sun exposure were six times more 
likely to develop FL compared to individuals homozygous for the T allele [52]. 
Examined in women only, there was no association between hair dye use (type, 
frequency, duration) and FL risk, except a modest increase in those who used hair 
dyes before 1980 (OR 1.40 [95% CI 1.10–1.78]) [1].

In a population-based control study, increased body mass index (BMI) was posi-
tively associated with risk of FL [53]. The InterLymph meta-analysis showed that 
being overweight or obese as a young adult conferred a higher risk of FL [54] (with 
15% increase for each additional 5 kg/m2 over BMI of 25 in young adults) [1]. Being 
overweight or obese as a young adult was associated with ~1.5 times risk of FL [1]. 
However, a population-based case-control study of 586 FL cases did not find an asso-
ciation between early adult weight and FL risk [55]. Like obesity, lack of physical 
activity has been associated with decreased immune function. A population- based 
case-control study suggested that total physical activity of more than 19.1 hours per 
week may have a protective effect, with the benefits more pronounced for women [56].

 Epidemiology: Summary

FL is equally balanced among both males and females and most common in the 
United States and Europe. The disease arises from a complex interplay of genetic 

Z. Y. Ng et al.
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and environmental factors, though most patients do not have clearly identifiable risk 
factors at presentation. A family history of NHL confers an increased risk, and 
GWAS have revealed SNPs in both HLA and non-HLA regions that influence this. 
Exposure to pesticides and chemical solvents (e.g. spray painters), Sjogren’s syn-
drome, heavy smoking (especially in women), obesity and sedentary lifestyle have 
all been linked to increased risk of FL in some studies. A diet high in vitamin D, 
vegetables and fruit and low in fat and meat may be protective. Larger epidemio-
logical studies are needed to answer these questions in further detail.

 Follicular Lymphoma Pathogenesis

Follicular lymphoma (FL) cells have dependence on a microenvironment mimick-
ing the normal lymph node germinal centre, as might be expected from a mature 
B-cell lymphoma showing germinal centre features both morphologically (neoplas-
tic cells appear centrocyte- and centroblast-like) and immunophenotypically. 
Reflected in the 2016 revision of the WHO classification of lymphoid neoplasms 
[57], forms of follicular lymphoma not associated with the characteristic BCL2- 
IGH rearrangement, such as paediatric-type FL [58, 59] and predominantly diffuse 
FL with 1p36 deletion [60], are increasingly recognised as biologically and clini-
cally distinct neoplasms. These lesions aside from the characteristic t(14;18) BCL2- 
IGH translocation, present in around 85% of FL cases, are recognised as the likely 
initial necessary although not sufficient abnormality present early in a multihit path-
way which culminates in clinically overt follicular lymphoma.

 Cell of Origin: First Hit

The t(14;18)(q32;q21) BCL2-IGH translocation is thought to develop early in 
B-cell development, during V(D)J recombination of the immunoglobulin heavy-
chain locus in B-cell precursors developing within the bone marrow [61]. Low 
levels of translocation-carrying cells can be detected in the circulating blood of 
healthy individuals, with an increasing prevalence of up to 66% of individuals aged 
50 years or older [62], with the vast majority not developing clinical disease. There 
is persistence of these BCL2-IGH-carrying clones over multiple years in a given 
person [63].

The t(14;18) translocation juxtapositions the BCL2 gene with the immunoglobu-
lin heavy-chain gene resulting in overproduction of the BCL2 protein which blocks 
a final common pathway for programmed cell death, preventing apoptosis [64]. In 
cases of follicular lymphoma which do not show BCL2 protein expression by 
immunohistochemistry, a subset may show false-negative staining due to mutations 
in the BCL2 gene [65].

1 Follicular Lymphoma: Epidemiology, Pathogenesis and Initiating Events
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There is a proven clonal relationship between detected t(14:18)-carrying 
cells and subsequently developed follicular lymphoma and a link between prev-
alence of such cells and higher risk of subsequent follicular lymphoma [66]. 
Evidence that circulating translocation-carrying cells are not naive B-cells but 
germinal centre- experienced and expanded clones suggests clinical disease 
requires further mutational events as the germinal centre entry of t(14;18)-car-
rying B-cells appears an insufficient event to trigger pre-FL to FL progression 
[63]. As further events in a multihit pathway will not happen at once, the pres-
ence of early FL precursors blurs the distinction between healthy individuals 
and subclinical patients.

Recognising that within the germinal centre environment t(14:18)-mediated 
anti- apoptotic BCL2 protein expression provokes persistence of such cells by res-
cue from induced apoptosis, these will be cells with only low-affinity B-cell recep-
tors allowing a larger spectrum of antigen cross-reactivity. Such cells will likely 
undergo repetitive rounds of expansion within germinal centres during the numer-
ous antigenic challenges faced by the immune system. These cells are at subse-
quent increased risk of acquiring oncogenic mutations due to repeated exposure to 
the activation-induced cytidine deaminase (AID) “mutator” inducing somatic 
hypermutation in germinal centre B-cells. Although most of the randomly occur-
ring chromosomal alterations will be a selective disadvantage over subsequent 
iterative cycles (noting that FL prevalence increases with age), there would be fur-
ther accumulation of chromosomal lesions, some of which provide selective advan-
tage and malignant progression [67]. There is evidence from mouse models that 
AID is required for germinal centre-derived lymphomagenesis [68], supporting the 
concept that AID- mediated modification contributes to pathogenesis of follicular 
lymphoma (Fig. 1.1.)

Asymptomatic

Healthy individuals

t(14;18) Ag

BCL2
rescue

FLLC

FLIS/PI

?

?

Progression

• Age
• Immunological history
• Environmental exposure
• Genomic instability and oncogenic hits

FL

Differentiation
arrest

Symptomatic

Patientt(14;18) detectable (>10–6)

BM “niche”
“Low” -affinity
 lgM   memory

NaivePre-B

GC GC

Fig. 1.1 A protracted model of multihit FL genesis. FLLC follicular lymphoma-like B-cell clones, 
FLIS in situ follicular lymphoma, PI follicular lymphoma with partial involvement [67]. (Reprinted 
from Roulland et al. [67], © 2011, with permission from Elsevier)

Z. Y. Ng et al.



11

 Microenvironment

Follicular lymphoma is characterised by numerous closely associated non- malignant 
immune cells, appreciated in diagnostic samples as nodular morphology represent-
ing the expanded follicular dendritic cell (DC) network and the usually numerous 
small host T-cells (Fig. 1.2). These non-neoplastic immune cells appear to influence 
disease behaviour, with gene expression profiling studies showing differences 
between FL which transformed to diffuse large B-cell lymphoma (DLBCL) and FL 
that did not (within the 7-year follow-up period) being genes involved in T-cell func-
tion; and rapidly transforming FL appeared more similar to reactive follicular hyper-
plasia, while non-transforming FL resembled non-activated lymphoid tissue [69].

The role of the microenvironment in FL appears to simultaneously support 
growth and survival of the neoplastic cells and suppress the antitumour immune 
response (Fig. 1.3). Follicular dendritic cells contribute to B-cell receptor (BCR) 
signalling and higher levels of sustained signalling eventually supporting survival of 
FL neoplastic cells [70]. Expression of IL-12 by neoplastic B-cells has also been 
shown to induce functional intratumoural T-cell exhaustion by promoting TIM-3 
expression, similar to changes seen in chronic viral infection [71]. Elevated num-

a

c d

b

Fig. 1.2 Neoplastic nodules in follicular lymphoma (2A – H+E) include the clonal B-cells (2B – 
CD20) with admixed host T-cells (2C – CD3) and an expanded distorted follicular dendritic cell 
network (2D – CD21)
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Fig. 1.3 Schematic illustration of interactions between B-cells and their microenvironment in the 
context of the normal germinal centre (GC) reaction and the follicular lymphoma niche. (a) To make 
high-affinity, class-switched antibody, B-cells must receive cognate help from T follicular helper 
(TFH) cells during the GC reaction leading to maturation of activated B-cells along with production of 
memory B-cells and plasma cells. In the absence of T-cell help during B-cell priming by dendritic 
cells (DCs) followed by follicular dendritic cells (FDCs), B-cells are driving to apoptosis. A range of 
cytokines including CD40L, IL-21 and IL-4 produced by TFH cells can direct antibody class switch-
ing. Moreover, TFH cells produce high levels of chemokine CXCL13 along with FDCs allowing the 
B-cell migration within an appropriate GC area where rescued B-cells undergo final maturation. In 
the opposite, B-cells produce inducible T-cell co-stimulator ICOS-L which engages ICOS-driving 
production of cytokines in TFH cells. The next critical cell in the development of the GC reaction is 
the FDC that produces under specific and coordinated signalling from immune accessory cells and 
B-cells themselves a wide range of factors which support recruitment and survival of B-cells. FDCs 
also concentrate antigen as immune complexes on their surface bridging B-cell receptor (BCR) on 
B-cells leading to a specific B-cell signalling involved in the cell activation and maturation. Several 
other hematopoietic cells are present during the GC reaction holding specific functions such as anti-
gen presentation for DCs and macrophages; innate immune response for macrophages, natural killer 
(NK) cells and γδ-T cells; and adaptive immune response for CD8+ and T regulatory (Treg) cells. (b) 
Early in FL emergence, specific changes take place in the microenvironment induced either directly 
by the BCL2-translocated B-cells (represented by nuclear green-red bar code) or indirectly by emerg-
ing cell subsets including Treg cells which attenuate CD8+ T-cell function. TFH cells are highly repre-
sented in the FL tumour, and they up-regulate IL-4 production sustaining B-cell survival. FDCs 
modify released factors in response to cross-talk modifications along with FL B-cells but also through 
other cell subsets such as macrophages which show significant perturbation. BCL2-translocated FL 
B-cells present specific modifications including the BCR membrane complex and its secondary sig-
nalling. (c) Progressed FL disease shows large modification of the tumour landscape. B-cells present 
genetic instability (represented by several nuclear bar codes) driving several cell function modifica-
tions including a constitutive BCR signal (red star). During progression, cells seen in the normal GC 
reaction are vanishing (TFH cells, FDCs, CD8+ T-cells, and others), while follicular reticular cell-like 
cells (pink stromal cells) along with tumour-associated macrophages (TAMs) appear in response to 
stress signals building a microenvironment specific of tumour aggressiveness including angiogenesis 
promotion [75]. (Reprinted from de Jong and Fest [75], © 2011, with permission from Elsevier)
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bers of infiltrating macrophages associated with increased neovascularisation 
through angiogenic sprouting have been associated with poor prognosis [72].

Stromal cells within the germinal centre provide signals for malignant cells in 
two general ways: recruitment to the germinal centre and mediation of growth and 
survival [73]. While there is evidence that stromal cells in germinal centres (fibro-
blastic reticular cells) interact with FL B-cells using cross-talk mechanisms similar 
to those used by reactive B-cells [74], the specific migratory drivers of neoplastic 
cells compared to the normal counterpart, which lead to re-entry of FL clones to 
germinal centres with maturation arrest and subsequent amplified gene instability, 
are an issue requiring further investigation.

Numerous studies have examined the relationship between non-neoplastic 
immune cells and outcome in follicular lymphoma with contradictory results [75, 
76]. Given the evidence that classes of non-malignant cells may have therapeutic 
implications, there has been interest in objective measurement of these populations 
by computer-assisted scoring [77] although neither this approach nor other quanti-
fications of the tumour microenvironment are currently in general diagnostic use.

In FL cells with impaired checkpoint selection, the BCR has only loose affinity 
to any specific antigen. In place of antigen affinity as a driver of cell survival, in 
some FL cases, a sequence motif introduced during somatic hypermutation charac-
teristic of an N-glycosylation site is present, a finding not seen in normal B-cells or 
other lymphomas characterised by mutated B-cell subsets [78]. The glycan added to 
these sites shows unusual termination with high mannose, with evidence that mac-
rophages in FL tissue have up-regulated mannose-binding lectins, which in co- 
location with surface immunoglobulin has an anti-apoptotic effect [79].

Both the constitutional up-regulation of BCL2 and the acquisition of highly man-
nosylated BCR appear to be critical steps in lymphomagenesis and substitute for 
antigen affinity in maintaining FL cells in the germinal centre environment [80]. 
Disrupting such interactions within the microenvironment may be therapeutic 
opportunities.

 Early Lesions

The term “in situ follicular neoplasia” (ISFN) should be applied to lymph nodes in 
which abnormal bright BCL2 expression (associated with the characteristic BCL2- 
IGH translocation) is seen in follicle centre B-cells where there is preservation of 
normal lymph node architecture and associated non-neoplastic reactive germinal 
centres [81] (Fig. 1.4). In the updated (2016) WHO classification, these changes 
have been renamed ISFN (previously “follicular lymphoma in situ”) to recognise 
the low rate of progression to clinically overt disease [57].

Such alterations may be seen in patients with synchronous or subsequent clini-
cally evident follicular lymphoma and if seen require clinical assessment, although 
these are also seen in patients who do not subsequently developed clinically evident 
follicular lymphoma. In the former cases, the ISFN likely reflects spreading and 
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homing of neoplastic cells to reactive germinal centres of adjacent or distant lymph 
nodes; however, in the latter, it appears to represent a pre-malignant finding. In sev-
eral case series, ISFN has been seen in association with a second B-cell lymphoma 
of other types [82, 83] suggesting increased risk for B-cell neoplasms, although 
such patients would also have had reason for lymph node excision and hence 
increased likelihood of incidental detection of ISFN.

a

c

e

b

d

f

Fig. 1.4 In situ follicular neoplasia (ISFN) is usually an incidental finding noted in lymph nodes 
with a “reactive” architecture (4A – H+E ×2) in which follicles are mildly expanded (4B – H+E 
×20) and there is an associated follicular dendritic cell network (4C – CD21). The neoplastic cells 
show strong expression of CD10 (4D) in keeping with germinal centre type, with aberrant expres-
sion of anti-apoptotic protein BCL2 (4E) and kappa light-chain restriction (4F)
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Partial involvement of a node by follicular lymphoma identifies patients at 
greater risk of subsequent clinical follicular lymphoma than ISFN and is identified 
by altered architecture, expanded follicle size, blurred edge to germinal centre, vari-
able and weaker expression of BCL2 and CD10 and neoplastic cells outside the 
expanded germinal centre [82] (Fig. 1.5). In contrast to this architecturally abnor-
mal node, ISFN likely represents tissue counterpart of FL-like cells in the peripheral 
blood of healthy people which have seeded reactive hyperplastic germinal centres 
and expanded in an antigen-dependent manner. The low risk of progression suggests 
these cells lack additional mutations required for malignant transformation.

 Disease Evolution and Clonal Variation

As a germinal centre lymphoma with high expression of AID, follicular lymphoma 
cells will show ongoing somatic hypermutation of immunoglobulin loci following 
entry into a germinal centre, and this may occur well before clinically malignant 
transformation. This enables detailed tracking of neoplastic subclonal evolution, as 
in a pool of tumour cells each clone can be detected by a unique somatic hypermuta-
tion fingerprint. In the small number of examined cases, modelling indicates that FL 
clones may expand within lymph nodes, then migrate to the bone marrow and stay 
quiescent for long periods before again expanding lymph nodes with less mutated 
“founder” FL cells [84]. Under such a model, these clonally related bone marrow- 
resident “in situ follicular neoplasia” cells cause the relapse of FL after treatment, 
although this will not show the same linear accumulation of somatic mutations 
which may have been present in the initial disease presentation [85].

The evolution of minor subclones within an FL may be more complex than ini-
tially appreciated as indicated by a case example involving a donor-recipient pair 

Fig. 1.5 The node is 
only partially replaced by 
follicular lymphoma 
(bottom right) where 
there is expansion of 
neoplastic follicles and 
spillover of neoplastic 
cells into interfollicular 
zones, with adjacent 
quiescent or benign 
reactive follicles in the 
remainder of the node 
(top left)
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who both developed follicular lymphoma 7 years after allogeneic transplantation 
[86]. Both patients harboured identical BCL2-IGH translocations and the same 
V(D)J rearrangement, as well as 15 further shared somatic mutations, indicating 
these were present at least 7 years before clinical presentation. There were an addi-
tional six mutations detected in one or other of the lymphomas indicating acquisi-
tion following clonal divergence. This example and other studies of paired diagnosis/
relapse samples [87] support the existence of an FL clonal hierarchy, which can 
branch at various stages of development, and indicate that despite complete clinical 
response to therapy, self-renewing tumour cell precursors may not be eradicated.

The progression from early genetic hits to a dynamic evolution of subclones, in 
which subsequent genetic hits may be variably seen in clinically evident clonal 
expansions, “in situ” disease or sequestration within “niches” such as the bone mar-
row, with subclones re-emerging following therapy or resulting in transformation to 
high-grade lymphoma, is a model which is undergoing further investigation 
(Fig.  1.6). Transformed follicular lymphoma most commonly shows a germinal 
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Fig. 1.6 A working model of follicular lymphoma (FL) genesis. Progression proceeds from the 
very early steps to a dynamic ‘Darwinian-like’ subclonal evolution, with some variants acquiring 
selective advantages for germinal centre (GC) re-entry leading to AID-mediated off-target mutagen-
esis. Mutations specifically involved and required for committed precursor cell formation and com-
mitment to FL development are not yet known. Candidate early hits are indicated in red and together 
with B-cell receptor signalling through N-glycosylation sites/lectins are likely to participate in com-
mitted FL precursor clone (CPC) genesis and early FL progression. BM bone marrow, LN lymph 
node, FLIS in situ FL, FLLC FL-like t(14;18)+ B cell, TT treatment, ChemoR chemotherapy + 
rituximab [80]. (Reprinted from Ghia et al. [80], with permission from John Wiley and Sons)
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centre phenotype, although a significant minority (around 18%) have an activated 
B-cell phenotype; these cases are more often negative for BCL2 translocation and 
arise in BCL2 translocation-negative follicular lymphomas, further indicating het-
erogeneity in follicular lymphomagenesis [88].

There are experimental limitations hampering investigation of FL pathogenesis, 
such as lack of a B-cell line reflecting the untransformed indolent stage of FL and 
the high propensity of primary FL cells to undergo apoptosis due to inability to 
maintain fully functional human follicular dendritic cell networks in culture. Better 
understanding of issues such as the drivers of germinal centre re-entry of early FL 
clones, the nature of the impaired BCR signalling and the complex tumour micro-
environment may present targets for innovative therapeutic strategies.
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Chapter 2
Pathologic Features, Grading, and Variants 
of Follicular Lymphoma

Ali Sakhdari and Roberto N. Miranda

 General Features

Follicular lymphoma (FL) is an indolent, mature B-cell neoplasm, characterized by 
neoplastic germinal centers composed predominantly of centrocytes and centro-
blasts, and the main underlying mechanism is the gene fusion of IGH-BCL2 that 
codes for a chimeric protein that inhibits apoptosis [1, 2].

After recognition of Hodgkin lymphoma in the mid-nineteenth century by 
Hodgkin and Wilks, FL was one of the earliest non-Hodgkin lymphomas (NHL) 
that was described. Due to its similarities to the more common reactive lymph node 
conditions, Brill and Symmers, the first descriptors of the entity, initially considered 
it as a generalized giant lymph node hyperplasia [3, 4]. For many years, even after 
full recognition of its malignant nature, many clinicians and pathologists believed 
that FL was mainly an intermediary stage between different other types of diseases 
of the hematopoietic system having the potential to transform to other subtypes [5, 
6]. It was not until the landmark publication by Henry Rappaport in 1956 that FL 
was considered as a separate entity in the realm of “malignant lymphomas” [7].

The field of lymphoma has seen many different and at times revolutionary clas-
sifications. Gall and Mallory’s [8], Rappaport’s [7], Kiel’s [9], Lukes-Collins’ [10], 
and more recently the working formulation [11], REAL [12], and finally the World 
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Health Organization (WHO) classification [13] have been published and widely 
utilized around the world in the past 70 to 80 years. Follicular lymphoma has been 
recognized by all of these major classifications, albeit named differently: poorly 
differentiated lymphocytic lymphoma (Rappaport’s), centroblastic-centrocytic lym-
phoma (Kiel), follicular center cell (Lukes-Collins, working formulation, REAL), 
and follicular lymphoma (WHO) [2].

The etiology of follicular lymphoma is largely unknown, although there are few 
genetic associations and extrinsic factors that have been identified as potential cul-
prits, including history of lymphoma in family members, smoking, certain occupa-
tions, and some autoimmune disorders [14].

 Macroscopic Features

FL is a lymph node-based lymphoma; thus, the diagnosis can be initially suspected 
because of enlarged lymph nodes. On sections, a vague or subtle nodularity can be 
observed (Fig. 2.1); occasionally, there is irregular sclerosis. Nearly any extranodal 
site can be affected by FL, and the appearance is that of a mass or small nodules. In 
the duodenum, it appears as small nodules in the mucosa and in the spleen as a mili-
ary enlargement of the white pulp or as distinct large nodules or masses.

Fig. 2.1 Gross 
appearance of enlarged 
lymph node involved with 
follicular lymphoma 
(FL). Focal areas show 
subtle vague nodularity
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 Histologic Features

Lymph nodes can show partial or complete effacement of the architecture due to 
numerous back-to-back neoplastic follicles. They are to a great extent uniform, with 
round edges and frequent attenuation of the normal mantle zone of the follicles 
(Fig. 2.2a). These neoplastic follicles appear homogeneous with loss of polarity and 
are composed of variable proportions of small centrocytes and large centroblasts 
(Fig. 2.2b). These features contrast with follicular lymphoid hyperplasia with hyper-
plastic germinal centers that show widely spaced follicles (Fig. 2.2c), and the reac-
tive follicles show distinct mantle zones and polarity of germinal centers (Fig. 2.2d). 
Lymphoma cells commonly permeate into interfollicular areas in small numbers, 
but can noticeably expand these areas to constitute a diffuse component. Involvement 
of medullary sinuses inside the lymph node as well as extension to the extracapsular 

Fig. 2.2 Follicular lymphoma and follicular lymphoid hyperplasia. (a) Low magnification shows 
numerous neoplastic follicles with a uniform cell population, lack of polarity, and blurry interface 
between mantle zone and germinal centers. (b) High magnification shows a predominance of small 
centrocytes and scattered large centroblasts. (c) Low magnification of lymph node with follicular 
lymphoid hyperplasia shows widely spaced lymphoid follicles with polarity, surrounded by dis-
tinct mantle zones with polarity, being wider toward the capsule and thinner toward the medullary 
region. (d) High magnification of hyperplastic germinal center with polarity of germinal center 
cells, dark with a starry sky at the bottom, clear and uniform at the top
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soft tissue fat is commonly observed [1, 13, 14]. Follicular lymphoma also has a 
tendency to involve the surrounding tissues and structures.

The neoplastic centrocytes are approximately 2 diameters larger than reactive 
small mature lymphocytes (Fig. 2.2b). The centrocytes show imperceptible cyto-
plasm and a homogeneous population of hyperchromatic, indented, or twisted 
nuclei without nucleoli. In contrast, the neoplastic centroblasts are 3–4 diameters as 
large as small mature lymphocytes and display an oval to round and vesicular nuclei 
with one to three distinct, mostly membrane-bound, basophilic nucleoli (Fig. 2.2b). 
They have moderately abundant cytoplasm which is characteristically clear on rou-
tine histologic sections or basophilic on Wright-Giemsa stain [1].

In addition to the neoplastic lymphocytes, there are nonneoplastic cells in the 
background that are commonly seen admixed with the neoplastic centrocytes and 
centroblasts. Reactive T-lymphocytes (Fig.  2.3a), histiocytes, and follicular den-
dritic cells (Fig. 2.3b) are almost invariably seen in all cases of follicular lymphoma, 
although in variable proportions and with some prognostic importance shown in 
major studies [14, 15]. Rare cases show plasmacytic differentiation of neoplastic 
cells, while reactive plasma cells are rarely seen in the background of FLs [16].

FL can infiltrate and present in almost any organ, and although a disease mainly 
of adults, children can also be affected. For some locations and age groups, there are 
clinical, genetic, and immunophenotypic features that differ from typical nodal- 
based FL. Variants of FL or specific clinicopathologic entities based on FL include 
FL of the testis, duodenum, and skin (cutaneous) and the pediatric variant. Follicular 
lymphoma and large cell lymphoma with IRF4 rearrangement are considered as 
distinct entities and discussed below.

Bone marrow examination is part of the staging of patients with FL. FL in the 
bone marrow is characterized by paratrabecular aggregates (Fig. 2.4a); the aspirate 
smears demonstrate lymphocytosis, with a predominance of small lymphocytes that 

Fig. 2.3 Follicular lymphoma immunohistochemistry. (a) Immunohistochemistry for the T-cell 
marker CD3 shows many small lymphocytes admixed in germinal centers and in the interfollicular 
areas. (b) Immunohistochemistry for the follicular dendritic cell marker CD21 highlights mesh-
works underlying neoplastic lymphoid follicles
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occasionally show an indentation or apparent bi-lobation (Fig. 2.4b). The diagnosis 
can be supported by the demonstration of B-cell markers; however, it is common to 
observe the loss of CD10 and BCL6 expression. The extent of bone marrow involve-
ment is variable and ranges from single or multiple paratrabecular aggregates to 
diffuse involvement. The sensitivity of detecting minor populations of FL in the 
bone marrow can be enhanced using flow cytometry immunophenotype or poly-
merase chain reaction; however, the significance of findings of such minute num-
bers of FL cells in the bone marrow is uncertain. On the other hand, the lymphoma 
can be detected histopathologically, but because of its focal nature is not detected by 
flow cytometry or molecular techniques. Grading in the bone marrow is similar to 
what is applied to lymph nodes; however, most cases show low-grade morphology, 
occasionally with concurrent high-grade morphology in the lymph node, in what is 
commonly referred to as “discordant histology.” There is no correlation between the 
extent of bone marrow involvement and peripheral lymphocytosis. Although it is 
common to see low levels of follicular lymphoma lymphocytes in the peripheral 
blood [1], only rare cases of leukemic phase have been reported. The prognostic 
significance of this presentation is controversial. Post-therapy lymphoid aggregates 
are sometimes challenging to define. Since morphologically they can be suspicious, 
further investigation is recommended. Benign cases are generally composed only or 
predominantly of T-lymphocytes, admixed with rare B-lymphocytes.

FL of the spleen has two main patterns of infiltration, one along the white pulp 
that is expanded and grossly appears with a miliary pattern and another where 
large single or multiple masses destroy the splenic architecture [17]. FL in the 
liver is recognized by the presence of neoplastic follicles in the portal tracts. FL 
in the gastrointestinal tract beyond duodenal FL represents dissemination of dis-
ease and commonly involves all layers of the intestine. FL in the orbit can be 

Fig. 2.4 Follicular lymphoma involvement of the bone marrow. (a) Paratrabecular lymphoid 
aggregate is characteristic of FL involvement of bone marrow. The infiltrate may be more subtle or 
replace entirely the marrow space. (b) Bone marrow aspirate smear shows the variability of FL 
cells and includes small lymphocytes with hyperchromatic nuclei, with irregular nuclear contours 
and indented nuclei
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confused with extranodal marginal zone lymphoma (mucosa-associated lym-
phoid tissue [MALT] lymphoma) [18].

 Morphologic and Cytologic Variability

There is a wide range of morphologic changes associated with FL; these changes 
include the following:

 1. Stromal sclerosis is a common finding and on occasion can be extensive. 
Sclerosis is usually seen in the interfollicular areas surrounding the neoplastic 
follicles, and it can obscure the neoplastic lymphocytes particularly in small 
biopsies of the retroperitoneum or abdomen (Fig. 2.5a). In some cases, the scle-
rosis is within the follicles, and in rare cases there is massive deposition of amor-

Fig. 2.5 Variability of histologic and cytologic features of FL. (a) Sclerosis is common in FL, and 
it can be interstitial around individual lymphocytes or around clusters of cells or markedly irregu-
lar. (b) Signet ring cell appearance can occur in cases of FL, and it may create confusion with 
signet ring cell adenocarcinoma. (c) Neoplastic follicle of FL reminiscent of Castleman disease 
shows a hyalinized vessel in the center. (d) Cytologic specimen from lymph node involved by FL 
shows a uniform population of small, round lymphocytes with hyperchromatic nuclei; this finding 
may be surprising considering the marked irregularity of centrocytes observed in tissue sections. A 
follicular dendritic cell is seen at the center of the field
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phous pink material among the neoplastic cells giving the large cells a 
spindle-shaped morphology [1, 19].

 2. Signet ring cell morphology occurs rarely. In these cases, lymphoma cells accu-
mulate intracytoplasmic immunoglobulin; and the neoplastic lymphocytes 
acquire a signet ring morphology by pushing the nuclei to an eccentric location, 
and the cytoplasm appears as clear and vacuolated (Fig. 2.5b). These changes 
need to be distinguished from signet ring adenocarcinoma; otherwise, cases of 
FL do not have prognostic significance [1, 20, 21].

 3. Marginal zone differentiation occurs rarely; and sections show lymphoma lym-
phocytes at the interfollicular areas or surrounding the residual follicles, usually 
appearing as a marginal zone, including the lymphocytes with a monocytoid 
appearance. These lymphocytes are clonally related with the follicular lym-
phoma cells in germinal centers. Some reports show a poorer prognosis for cases 
with marginal zone differentiation [1, 22, 23].

 4. Floral change is the appearance of neoplastic follicles with an effect that is seen 
in hyperplastic follicles with follicle lysis or progressive transformation of ger-
minal centers. The finding is defined by small lymphocytes from the mantle zone 
which infiltrate into the germinal center and produce an appearance of fragmen-
tation of the follicle, producing small round islands of centrocytes or centro-
blasts that are seen from low magnification as “petals.” Interestingly, most 
reports of floral change describe a high-grade morphology [14, 24–26], but we 
have noted a similar change in cases of low-grade FL.

 5. Castleman-like change indicates that neoplastic follicles show germinal centers 
with a concentric arrangement of centrocytes, usually with concurrent sclerosis 
or a distinctive vessel within the germinal center, reminiscent of hyaline-vascular 
Castleman disease (Fig. 2.5c) [27]. These cases otherwise should fulfill all crite-
ria for a diagnosis of FL.

 6. Plasmacytic differentiation occurs rarely in FL [16]. Both lymphocytes and 
plasma cells carry the IGH-BCL2 rearrangement. These cases may be confused 
with marginal zone lymphoma with plasmacytic differentiation.

 Cytologic Features

The diagnosis of FL can be rendered with cytologic specimens such as those 
obtained with fine needle aspiration. Cytologic specimens are cellular and show a 
spectrum of cell sizes consistent with the grading. Interestingly, small centrocytes 
are markedly irregular on tissue sections and can be rather round on cytologic speci-
mens. Some cases have a nuclear indentation that makes nuclear appear as bilobed, 
but this feature can be found only in rare lymphocytes (Fig. 2.5d). Large cells and 
follicular dendritic cells that appear as large cells with twin nuclei are also found. 
Macrophages with tingible bodies can be found in both FL and follicular lymphoid 
hyperplasia, but are more consistently found in hyperplasia. This finding can further 
complicate making a definitive diagnosis as both are common in a reactive 
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component and in the background or microenvironment of FL.  This difficulty 
occurs both in low-grade and in high-grade FL, and it is not unusual to miss the 
diagnosis of FL when assessment is based entirely on the morphologic features of 
cytologic specimens.

The concomitant use of flow cytometry immunophenotyping in cytologic speci-
mens is essential and allows assignment of the B-cell lineage and associated FL 
markers. Flow cytometry also allows demonstration of surface immunoglobulin 
light-chain restriction favoring FL. Immunohistochemistry on smears or cell blocks 
can also help to define FL in cytologic specimens. In many instances, the cytologic 
specimens along with flow cytometry analysis can predict histologic findings and 
tumor grading accurately. However, discrepancies may occur between histology 
and cytology diagnoses. We therefore recommend tissue biopsies for initial diagno-
sis and grading of FL. For follow-up, cytologic specimens may be sufficient depend-
ing on the clinical indication for the biopsy; if transformation is suspected, biopsy 
is recommended, particularly if the diagnosis or grading is discordant with the clini-
cal suspicion.

 Grading

The current grading system for follicular lymphoma recommended by the WHO is 
based on the long-held system of enumerating the absolute number of centroblasts 
in the neoplastic follicles. The recommendation is to average the number of centro-
blasts per high-power field (×400 magnification) in ten random neoplastic follicles. 
The average number of the centroblasts per high-power field has traditionally 
defined grades 1, 2, and 3. Grade 1 FLs have up to 5 centroblasts per high-power 
field (Fig.  2.6a); and grade 2 have 6 to 15 centroblasts per high-power field 
(Fig. 2.6b). Since grade 1 and 2 FLs appear to have the same prognostic signifi-
cance, the current recommendation is to lump them as “low-grade FL.” Grade 3 FL 
has more than 15 centroblasts per high-power field. Grade 3 FL is divided into grade 
3A (when centroblasts are admixed with scattered neoplastic centrocytes) (Fig. 2.6c) 
and grade 3B (when centroblasts in the follicle lack admixed centrocytes, albeit rare 
reactive small round lymphocytes, likely T-cells, may be present) (Fig. 2.6d). Grade 
3A and 3B FLs are lumped as “high-grade FL” (Table 2.1).

The growth pattern is based on the extent of neoplastic follicles in the pathologic 
specimen, and it is included when classifying FL (Table 2.2). FL follicular pattern 
indicates that >75% of the tissue section is occupied by neoplastic follicles 
(Fig. 2.2a). The recommendation is thus to include the percentage of neoplastic fol-
licles as compared with diffuse areas. It is common that neoplastic cells are inter-
spersed in the interfollicular areas in otherwise FL with entirely follicular pattern, 
and this is not considered diffuse pattern. An area of diffuse follicular lymphoma is 
diagnosed if diffuse sheets of neoplastic B-cells are present without a clear-cut fol-
licular growth pattern, irrespective of the size of the area (as little as 10% to more 
than 90%). Simple broadening of interfollicular areas is not considered sufficient 
for designation as a diffuse area [28].
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Fig. 2.6 Grading of follicular lymphoma. (a) Grade 1 FL is characterized by the predominance of 
small centrocytes and up to 5 large centroblasts per high-power field. (b) Grade 2 FL is character-
ized by the predominance of small centrocytes and 6–15 large centroblasts per high-power field. 
(c) Grade 3A FL is characterized by the mixture of small centrocytes and >15 large centroblasts 
per high-power field. (d) Grade 3B FL is characterized by the absence of small centrocytes and 
>15 large centroblasts per high-power field. The small lymphocytes observed in this field are round 
and likely reactive T-lymphocytes

Table 2.1 Criteria for 
grading of follicular 
lymphoma [2]

Grading Definition

Low grade 0–15 centroblasts per high-power field (×400)
 Grade 1  0–5 centroblasts per high-power field
 Grade 2  6–15 centroblasts per high-power field
High grade >15 centroblasts per high-power field (×400)
 Grade 3A  Small centrocytes admixed with large centroblasts
 Grade 3B  Large centroblasts, the only neoplastic cell 

component

Reproduced with permission from Jaffe et al. [2], Table 13.17

Table 2.2 Extent of 
follicular pattern in reporting 
follicular lymphoma [2]

Pattern Extent of follicle formation

Follicular >75%
Follicular and diffuse 25–75%
Predominantly diffuse 1–25%
Diffuse 0%

Reproduced with permission from Jaffe et al. [2], Table 13.17
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This distinction may not be relevant in low-grade FL, but is relevant with grade 
3A or 3B FL. The presence of any diffuse area of cytological grade 3A or 3B FL 
should be reported as diffuse large B-cell lymphoma (DLBCL) [29]. Low-grade FL 
with an entirely diffuse pattern is rare and may represent “sampling error” in needle 
or core biopsies or post-therapy cases when sclerosis is extensive; however, true 
diffuse FL of low grade has been reported and considered as a variant of FL.

Assigning grading and growth pattern is usually not problematic in lymph node 
excision specimens, but it may be confusing when handling needle or core biopsies 
and only a limited number of germinal centers are available, as there is more restric-
tion to apply criteria for diffuse pattern. The current system of grading can occa-
sionally be difficult to reproduce, and there are no specific recommendations for 
cases with predominance of large centrocytes [30] or cases with predominance of 
small centroblasts in the decision for grading. Furthermore, there is no consider-
ation for the size of the follicle; this is particularly noticeable in cases with small 
germinal centers, and despite a predominance of large centroblasts, the counts may 
not reach to >15 centroblasts per high-power field.

 Immunophenotype

Follicular lymphoma cells express the pan-B-cell antigens CD19, CD20 (Fig. 2.7a), 
CD22, CD79a, and PAX5. The centrocytes or centroblasts are negative for pan-T- 
cell markers CD2, CD3, CD5, and CD7; however, background lymphocytes that 
constitute most of the microenvironment are highlighted with T-cell markers such as 
CD3 (Fig. 2.3a). The majority of cases are positive for the germinal center B-cell 
antigens CD10, BCL6 (Fig.  2.7b), LMO2, GCET1/GCET2, and STMN1. 
Commonly, the neoplastic cells also downregulate the expression of both CD10 and 
BCL6 in the interfollicular areas [31]. Flow cytometry immunophenotype allows 

a b

Fig. 2.7 Immunohistochemistry of FL. (a) FL consistently expresses the B-cell marker CD20. A 
large neoplastic follicle is composed predominantly of CD20 positive cells. (b) The neoplastic 
follicles of FL are consistently positive for BCL6
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determining that the lymphoma cells express B-cell markers as well as monotypic 
surface immunoglobulin light chain (Fig. 2.8); most cases express surface immuno-
globulin IgM.

Almost all low-grade (grades 1 and 2) FL cases express the BCL2 protein. BCL2 
is expressed less frequently in high-grade FL (grade 3A or 3B). A subset of FL cases 

a

c d

b

Fig. 2.8 Flow cytometry immunophenotype of FL. (a) The strategy to identify abnormal popula-
tions of lymphocytes starts with the analysis of the leukocyte marker CD45 (x-axis) vs. side scat-
tered (granularity and nuclear complexity, y-axis). The lymphocytes are gated (encircled) and in 
this case represent 16% of all cells in a bone marrow specimen. (b) Analysis of the gated lympho-
cyte population reveals the presence of B-lymphocytes detected with CD19 (y-axis) and 
T-lymphocytes detected with CD3 (x-axis). In this particular case, 65% of lymphocytes are B-cells 
(CD19+), and 28.9% of lymphocytes are T-cells (CD3+). (c) Gating on the CD19+ population 
reveals that these lymphocytes also express the pan-B-cell marker CD20 (y-axis). (d). Gating on 
the CD19+ population reveals that most (89.2%) B-lymphocytes express kappa and few (1.8%) 
express lambda, with a kappa/lambda ratio = 49.5; this is an excess of kappa+ cells, a surrogate for 
B-cell clonality, and therefore supports a diagnosis of B-cell lymphoma. The normal/reactive 
kappa/lambda ratio is 2–3
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which are negative for the common clone 100/D5 of BCL2 due to mutation of BCL2 
can be positive with using the E17 clone [13, 14]. There are certain cases of FL that 
may overlap morphologically with follicular hyperplasia, and BCL2 expression is 
helpful to establish a diagnosis, since the germinal centers in follicular hyperplasia 
lack BCL2 expression (Fig. 2.9a, b); this distinction may be more difficult if the FL 
case truly lacks BCL2 expression.

Follicular dendritic cells can be preserved, expanded, or partially depleted in the 
neoplastic follicles of FL; they are visualized with one or more follicular dendritic cell 
markers CD21 (Fig. 2.3b), CD23, CD35, CXCL13, D2-40, clusterin, or EGFR [1].

The Ki-67 proliferation index generally correlates with the histologic grades in 
FL. Low-grade FL typically has a low proliferation rate, generally less than 30%, 
while grade 3A FL or grade 3B FL has a high proliferation rate, generally more than 
40%. The proliferation rate of germinal center cells can be used for distinguishing 
FL from follicular hyperplasia that has an extremely high proliferation rate or some-
times shows a polarization pattern (Fig. 2.9c, d). Although rare, there are occasional 

Fig. 2.9 Immunohistochemical markers useful to distinguish between FL and follicular lymphoid 
hyperplasia. (a) BCL2 is strongly expressed in the germinal center cells of FL. (b) BCL2 is negative 
in the germinal center follicular lymphoid hyperplasia. This feature is very useful in clinical practice. 
Note that interfollicular lymphocytes are positive for BCL2 and likely correspond to T-lymphocytes 
that normally express BCL2; similarly, reactive mantle zone lymphocytes normally express BCL2. 
(c) The proliferation marker Ki-67 highlights a subset (~30%) of follicular center lymphocytes in 
this case of FL. (d) The proliferation marker Ki-67 highlights almost all follicular center lympho-
cytes in this case of follicular lymphoid hyperplasia; the reactivity is stronger toward the top of the 
follicle and faint at the bottom, denoting polarity, which is a feature of reactive follicles
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cases of low-grade FL which show high proliferation rate as determined by Ki-67, 
and it has been proposed that this finding may have more aggressive clinical fea-
tures [1, 32]. There are also some cases that fulfill morphologic criteria for low- 
grade FL; however, the cells overlap with small centroblasts, and these cases tend to 
have higher proliferation rate and behave more aggressively.

Rare cases of FL express CD5 [33] or harbor Epstein-Barr virus in neoplastic 
cells [34].

 Cytogenetics and Molecular Genetics

Follicular lymphoma in its classic form characteristically shows t(14;18) transloca-
tion between BCL2 gene at 18q21 and IGH gene at 14q32 [35, 36] (Fig. 2.10). This 
translocation is seen in almost all the low-grade FL cases, while its frequency drops 
in higher-grade FL [37].

Other less common cytogenetic abnormalities in follicular lymphomas include 
translocation of BCL6 gene at 3q27 [38] and copy number changes or mutations of 
TNFRSF14 on chromosome 1p36. Loss of 1p, 6q, 10q, and 17p or gains of chromo-
somes 6p, 12q, and 18q are much less common [39–41]. In addition to these cyto-
genetic changes, other recurrent molecular genetic changes observed in FL are 
shown in Table 2.3.

Fig. 2.10 Fluorescence in situ hybridization (FISH) analysis with IGH (green)/BCL2 (red) dual- 
color dual-fusion rearrangement probes on a G-banded metaphase shows two fusion (yellow) sig-
nals on derivative chromosomes 14 and 18, respectively, indicating IGH-BCL2 rearrangement. 
(Courtesy: Dr. Guilin Tang)
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The immunoglobulin heavy and light chains are rearranged in FL cells and show 
intraclonal variation of the variable regions, known as somatic hypermutations 
which indicate ongoing mutations in the germinal center cells [42].

 Variants of Follicular Lymphoma

As previously mentioned, FL can have a variety of presentations and can occur at 
multiple sites. Although the diagnosis of FL can be established following outlined 
criteria, some subtypes may differ in clinical behavior, outcomes following therapy, 
and frequency of IGH-BCL2 translocation.

Table 2.3 Genetic abnormalities in follicular lymphoma [2]

Gene Name Chromosome Function Abnormality
Percentage 
in FL

BCL2 B-cell lymphoma 
2

18q21 Apoptosis 
regulator

Translocation, 
mutation

85

KMT2D Lysine 
methyltransferase 
2D

12q31 Histone 
methyltransferase

Mutation 85

TNFRSF14 TNF receptor 14 1p36 Signal 
transduction

Mutation, 
deletion

45

EZH2 Enhancer of zeste 
2 polycomb 
repressive 
complex 2

7q36 Transcription 
co-repressor

Mutation 60

EPHA7 Eph receptor A7 4 NA Mutation 70
CREBBP CREB binding 

protein
16p13 Coactivation of 

transcription 
factors

Mutation, 
deletion

33

BCL6 B-cell lymphoma 
6

3q27 Transcription 
co-repressor

Mutation, 
translocation

45

MEF2B Myocyte enhancer 
factor

19p13 Gene expression 
regulator

Mutation 15

EP300 E1A binding 
protein 300

22q13 Histone 
acetyltransferase

Mutation, 
deletion

10

TNFAIP3 TNF-alpha- 
induced protein 3

6q23 Inhibits NF-κB Mutation, 
deletion

20

FAS TNF receptor 10q24 Promotes 
apoptosis (DISC)

Mutation 5

TP53 Tumor protein 53 17p13 Tumor suppressor 
protein

Mutation, 
deletion

<5

MYC Myc 
proto-oncogene

8q24 Oncogene Translocation, 
gain

<5

Reproduced with permission from Jaffe et al. [2], Table 13.18
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 In Situ Follicular Neoplasia

Follicular lymphoma in situ refers to an acquired single neoplastic follicle replacing 
the germinal center of an otherwise hyperplastic lymphoid follicle, in the context of 
a hyperplastic lymph node. The lymph node architecture is preserved, and at first 
sight the neoplastic follicle is usually imperceptible and difficult to distinguish from 
a normal germinal center (Fig.  2.11a). Identification of the affected follicle is 
defined by the identification of a uniform population of neoplastic small centrocytes 
[1, 14]. The suspicion can be further confirmed by immunohistochemistry with a 
germinal center marker such as CD10 (Fig. 2.11b). BCL2 immunohistochemistry 
shows strong reactivity in the involved germinal center in contrasts with the sur-
rounding hyperplastic follicles that display germinal centers that are negative with 
anti-BCL2 (Fig. 2.11c). The neoplastic follicles of in situ follicular neoplasia are 
composed almost purely of small centrocytes [43]. This finding of in situ FL is rare 
and commonly comes unexpectedly; therefore, some pathologists perform Bcl-2 on 
many cases with follicular lymphoid hyperplasia, with the fear of missing in situ 
follicular neoplasia, a response that may need assessment and validation.

In contrast with in situ follicular neoplasia, follicular lymphoma with partial 
involvement of the lymph node is characterized by follicular hyperplasia with partial 

Fig. 2.11 Follicular lymphoma in situ. (a) Lymph node with reactive features shows widely 
spaced lymphoid follicles, open sinuses, and thin capsule. (b) Immunohistochemistry for CD10 
highlights the germinal centers of two lymphoid follicles; note that the follicle on the right has 
brighter expression of CD10. (c) Immunohistochemistry for BCL2 is negative on the follicle at the 
left, consistent with reactive follicle, while it is strongly positive on the follicle at the right, sup-
porting FL. FL in situ denotes the presence of an isolated neoplastic follicle amidst a hyperplastic 
lymph node
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effacement of the lymph node architecture, i.e., some follicles are clearly hyperplas-
tic, while other follicles appear clearly neoplastic, although subtle changes can 
occur. The morphologic distinction between reactive follicles and neoplastic folli-
cles is based on multiple parameters. The presence of compact follicles, with uni-
form centrocytes or centroblasts, with few or no mitoses, surrounded by faint or 
poorly defined mantle zones, favors FL.

Duodenal-type follicular lymphoma often occurs at a limited stage and is mainly 
found in the second portion of the duodenum. Multiple series suggest that the entity 
has a low risk of distant organ involvement [44, 45]. Histologically, the neoplastic 
follicles are confined to the mucosa that displays expanded villi with non-confluent 
lymphoid follicles with distinctive germinal centers (Fig. 2.12a); the germinal cen-
ters are composed predominantly of small centrocytes. Immunophenotypically and 
genetically, it mimics other typical nodal or extranodal FLs. The neoplastic cells are 
brightly positive for CD10 and BCL2. In almost all cases, the IGH-BCL2 can be 
demonstrated by FISH or by PCR, while other genetic abnormalities are found at 

Fig. 2.12 Follicular lymphoma variants. (a) Duodenal-type follicular lymphoma is characterized 
by scattered large neoplastic follicles expanding individual villi of the duodenal mucosa. (b) 
Diffuse FL is illustrated in this field; there is diffuse growth of lymphocytes. (c) 
Immunohistochemistry with the B-cell marker PAX5 highlights uniformly this biopsy specimen 
involved by diffuse FL. (d) Immunohistochemistry for the proliferation marker Ki-67 shows that 
only rare lymphocytes are highlighted, consistent with a low-grade lymphoma. Focal vague nodu-
larity is also observed toward the right and still consistent with diffuse
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lower frequencies [46]. Some studies suggest similarities between gene expression 
patterns of this type of FL with that of extranodal marginal zone lymphoma of 
mucosa-associated lymphoid tissue (MALT lymphoma) [1, 14, 47].

 Pediatric-Type Follicular Lymphoma (PTFL)

Pediatric-type FL is predominantly seen in children and young adults. The disease has 
a marked predilection for males at the head and neck region [21, 48]. Pathologically, 
almost all cases resemble a high-grade nodal FL with large, expansive, and serpigi-
nous neoplastic follicles which are primarily composed of large centroblasts. The 
diagnosis is excluded if diffuse areas/DLBCL is detected [14]. Immunophenotypically, 
the neoplastic cells express CD10, BCL6, and often MUM1 but characteristically are 
negative or faintly positive for BCL2 protein. Generally, PTFLs are almost always low 
stage and do not harbor rearrangement involving BCL2, BCL6, or IRF4/MUM1 [49]. 
Mutations of TNFRSF14 and MAP2K1 are common [1, 14, 50, 51].

 Testicular Follicular Lymphoma

Primary FL of the testis is rare and more common in children. Almost in all instances, 
these lymphomas are limited stage and limited to the testis and epididymis. 
Typically, they lack BCL2 rearrangement and BCL2 protein expression. 
Morphologically, a monotonous population of medium- to large-size centroblasts is 
observed. Outcomes in most patients are good with a high cure rate following surgi-
cal resection [1, 52, 53].

 Diffuse Follicular Lymphoma with del1p36/TNFRSF14

Diffuse follicular lymphoma with del1p36/TNFRSF14 has an entirely diffuse pat-
tern. The diagnosis requires an excisional rather than a needle biopsy since diffuse 
areas in a needle biopsy may only reflect focal diffuse areas in an otherwise typical 
follicular lymphoma. Only few series of diffuse FL have been reported, but it 
appears that at least in a subset of cases, there is deletion or mutation of TNFRSF14 
gene located in chromosome 1p36 [54]. These neoplasms tend to occur in younger 
patients and are more common in the inguinal region [55]. Morphologically, there 
is a diffuse growth pattern (Fig. 2.12b) of lymphocytes that express B-cell markers 
such as CD20 or PAX5 (Fig. 2.12c) and low proliferation rate (Fig. 2.12d). Small 
follicles called microfollicles can exist in the background [21]. The neoplastic cells 
are positive for CD10 and CD23 and at least partially for BCL2, mostly in the dif-
fuse areas. Most of the cases reported in the literature are negative for t(14;18), and 
a subset carry mutations of STAT6 [54, 56].
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 Large B-Cell Lymphoma (Follicular Lymphoma) with IRF4/
MUM1 Rearrangement

Large B-cell lymphoma (follicular lymphoma) with IRF4/MUM1 rearrangement 
has similarities to pediatric-type FL; however, it includes cases with diffuse large 
cell component [57]. The lymphoma is more common in children and young adults 
and commonly involves Waldeyer’s ring and lymph nodes in the head and neck. 
Morphologically, it has a predominant population of large neoplastic centroblasts. 
Although most instances show a diffuse growth pattern, at least partial or total fol-
licular pattern of growth is also observed. Unlike pediatric-type FL, the entity lacks 
starry-sky pattern or a serpiginous configuration. BCL2 is expressed in approxi-
mately two-thirds of cases; however, these cases do not harbor the IGH-BCL2 rear-
rangement. Unlike typical FL, expression of IRF4/MUM1 nuclear protein is very 
consistent [14, 58, 59]. This lymphoma carries a translocation between IRF4 gene 
at 6p25.6 and IGH gene at 14q32. Unlike pediatric-type FL, the entity is diagnosed 
almost equally in males and females; commonly, they express BCL2 protein. 
Morphologically, also they rarely show the florid serpiginous pattern of growth or 
starry-sky pattern commonly seen in the PTFL. These lymphomas are often diag-
nosed at limited stage and tend to have a favorable prognosis [57, 60].

 The Microenvironment of Follicular Lymphoma

Although centrocytes and centroblasts define FL, there is a significant number of 
immune cells and stromal cells intimately associated that define the microenviron-
ment in FL [60]. Examples of benign effector cells include T-cells (Fig. 2.3a), his-
tiocytes and macrophages, follicular dendritic cells, and stromal cells. The T-cells 
include CD4+, CD8+, as well as subsets of immunoregulatory CD4+ cells. The 
number and distribution of cells in the microenvironment of FL have been analyzed 
on their influence on diagnosis and prognosis. Published gene expression profiling 
of non-tumor cells in FL suggests that two main populations with prognostic signifi-
cance exist in FL, one with a predominance of T-lymphocytes with a better outcome 
and another with monocytes and dendritic cells with a worst outcome [15]. However, 
the complex interactions of the microenvironment and their prognostic impact are 
not easy to replicate or assimilate, and reporting the microenvironment is not 
included routinely in the diagnosis of FL [61].

 Transformation of Follicular Lymphoma

Approximately 20–25% of FL cases transform to a high-grade B-cell lymphoma. In 
most instances, this transformation is to diffuse large B-cell lymphoma (DLBCL) 
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with centroblastic morphology and in most cases shows the same neoplastic clone 
as the follicular lymphoma. Less frequently, other types of DLBCL occur, and some 
cases transform to high-grade B-cell lymphoma with MYC translocation and more 
rarely to lymphoblastic lymphoma [62, 63]. The outcome of transformed FL is het-
erogeneous with conventional chemotherapy [64]. One of the genes that has been 
implicated in transformation of follicular lymphoma to a more aggressive neoplasm 
(e.g., DLBCL) is TP53 [65]. Although the presence of any type of abnormality in 
TP53 gene is much more rare in diagnostic samples (<5% of all FLs), the trans-
formed follicular lymphomas are particularly enriched (25–30%) for these muta-
tions [64, 66]. These mutations presumably lead to inactivation of p53 tumor 
suppressor gene. The presence of TP53 mutations is correlated with shortened dis-
ease-free and overall survival in follicular lymphoma regardless of transformation 
[67]. Studies [68] also showed significant prognostic value of expression of p53 
protein in follicular lymphoma [69, 70]. This is not surprising as there is usually a 
positive correlation between TP53 mutation and p53 expression [71]. MYC gene 
translocation is rare in FL but may occur more frequently during transformation [64, 
68]. This molecular change leads to activation of a putative proto-oncogene (c-Myc); 
it is usually an indication of an aggressive behavior and a need for more intensive 
standard treatment [72]. Although the fourth revised edition of the WHO mono-
graph has not included FL with MYC translocation under the newly introduced 
“high-grade B-cell lymphoma with MYC and BCL2/BCL6 translocation,” our under-
standing is that these tumors are as aggressive as diffuse large B-cell lymphoma 
harboring these two translocations (so-called double-hit lymphoma) [14, 72]. A 
large proportion of DLBCL with MYC gene rearrangement has history of FL [73]. 
At the protein level, c-Myc expression is rare in low-grade FL, while its expression 
proportionally increases with increase in the grade [74]. There is no unequivocal 
association between MYC protein expression and the aggressiveness of the tumor 
although studies in this regard are limited [70]; however, the presence of high Myc 
protein expression is predictive of MYC gene breakpoint in most instances [74].
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Chapter 3
Genomic Drivers in Follicular Lymphoma

Saber Tadros and Michael R. Green

 Overview

The future of follicular lymphoma (FL) diagnosis and treatment lies in personalized 
medicine. Patient-tailored management should target the unique pathways underly-
ing lymphomagenesis. Undoubtedly, the recent exponential increase in our knowl-
edge of the cancer genome in lymphoma will enable clinicians to rationally target 
tumors and raise the potentials for a cure. Since the microenvironment is central to 
disease etiology and affects responses to therapy, the advances in identifying non-
malignant immune cells infiltrating the tumors and characterizing their role open 
new horizons for development of targeted therapy.

The most frequent genetic event in FL is the t(14;18)(q32;q21) translocation that 
places BCL2 under control of the immunoglobulin heavy-chain enhancer. Although 
it is identified in 90% of FL patients [1], it is also observed in some healthy indi-
viduals [2]. Certainly, those individuals with translocation-positive cells showed 
increased risk of FL development, but the majority of them never develop FL [3]. In 
mice with a Bcl-2-Ig transgene, mature B-cells have a proliferative advantage, but 
this does not induce a high penetrance of lymphoma [4, 5]. These data show that 
additional genetic alterations are required, in addition to BCL2 translocation, to 
induce FL. The acquisition of secondary mutations occurs in a serial fashion, with 
“early drivers” and “late drivers” cooperating to promote lymphomagenesis 
(Fig.  3.1). Here we will discuss the genetic landscape of FL and provide some 
insight into the mechanism by which mutations cause disease genesis and 
progression.
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 Chromatin Modifying Gene (CMG) Mutations

Histones and their posttranslational modifications are critically important epigene-
tic mechanisms controlling gene expression. Histone modifications such as acetyla-
tion, methylation, phosphorylation, ubiquitination, and sumoylation can mediate 
their regulatory effects either directly by modifying the physical properties of the 
chromatin or indirectly by recruiting “reader” proteins. FL acquires mutations in 
genes with a role in catalyzing the posttranslational modifications of histones and 
controlling higher-order chromatin structure. Since Morin et  al. showed that FL 
exhibits a significant enrichment for mutations in chromatin modifying genes 
(CMGs), the recurrent mutation of these genes has emerged as a hallmark of FL [6] 
(Fig. 3.2).

 KMT2D/KMT2C

The KMT2D gene (aka MLL2 or MLL4) encodes a SET domain-containing lysine 
methyltransferase that is part of the lysine methyltransferase 2 (KMT2, aka the 
myeloid/lymphoid or mixed-lineage leukemia (MLL)) family. KMT2D and its fam-
ily member, KMT2C, were first found to be in nuclear receptor coactivator 
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complexes initially termed the ASC-2/NCOA6 complex (ASCOM), which pos-
sesses histone methylation activity and is involved in transcriptional coactivation. 
They catalyze H3K4 monomethylation at enhancer elements independently or as 
part of multi-protein COMPASS-like complexes that are associated with 
development- specific genes and principally contribute to mono- and dimethylation 
of H3K4 [7, 8]. The sites of H3K4me1 enrichment are known as enhancers, and the 
enrichment of H3K4me1 in the absence of H3K4me3 is now considered a defining 
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Fig. 3.2 Chromatin modifying complex. Function of chromatin modifying genes that are mutated 
in follicular lymphomas. A diagrammatic representation shows the nucleosome structure that is 
composed of DNA wrapped around histone octamers, consisting of histones H2a, H2b, H3, and 
H4. Linker DNA between nucleosomes is bound by histone H1. A magnified schematic of the tail 
of histone H3 shows the addition of activating H3K4me3 (green circles) by KMT2C/KMT2D with 
subsequent acetylating (green stars) to multiple residues on the H3 tail by recruitment of the 
CREBBP/EP300 complex that has an activation role. Activating H3K4me3 and acetylation marks 
antagonizes the inhibitory H3K27me3 effect (red polygon) that is written by the PRC2 complex 
that includes EZH2
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characteristic of active enhancers. It was thought because of the homology between 
KMT2C and KMT2D that they may function redundantly. Although knockout stud-
ies suggested partial genetic redundancy, some data showed that they bind to a 
unique set of target genes [9, 10].

The KMT2D gene is the most recurrently mutated gene in FL (~72% of cases) 
and is also recurrently mutated in a lower frequency of DLBCL (~24% of cases). 
Mutations are predominantly represented by premature stop codons, frameshift 
insertions or deletions, and splice-site mutations that result in truncated proteins 
that are functionally defective due to the loss of the catalytic SET domain and 
reduced methyltransferase activity or complete loss of protein expression [11]. 
Murine models of Kmt2d loss showed no obvious changes in normal B-cell devel-
opment; but it provides proliferative advantage for GC B-cells and leads to reduced 
levels of H3K4me1, H3K4me2, and H3K4me3. Additionally, it cooperates with 
Bcl2 deregulation to facilitate the development of GC B-cell malignancies [11, 12].

Mutations of KMT2C are detected in 13% of FLs. Notably, mutations of KMT2C 
and KMT2D are not mutually exclusive suggesting nonredundancy in their func-
tions in FL. Interestingly, a recent study [13] presented evidence that both KMT2C 
and KMT2D function as long-range coactivators independent of their catalytic 
activity. It is therefore unclear whether missense mutations that reduce KMT2C/
KMT2D methyltransferase activity, but maintain the protein expression, would 
have the same functional consequence as nonsense or frameshift mutations that 
result in a loss of protein.

 EZH2

Mutations of EZH2 were the first recurrent CMG mutation to be reported in FL [14]. 
The majority of these mutations are missense mutations of tyrosine 641 (Y641) 
within the SET domain of EZH2, which result in hypermorphic activity. Compared 
to the wild-type (WT) protein, mutant EZH2 has reduced activity for H3 mono-
methylation, but increased activity for the rate-limiting trimethylation step [15, 16]. 
In patient tumors, the mutant allele is always found associated with a wild-type 
allele (heterozygous). It is believed that there are coordinated activities of H3K27 
monomethylating enzyme (WT EZH2) and the mutant EZH2 for augmented conver-
sion of H3K27 to the trimethylated form.

The enhancer of zeste homolog 2 (EZH2) gene encodes a lysine methyltransfer-
ase enzyme that catalyzes trimethylation of H3K27 (H3K27me3) as part of the 
polycomb repressor 2 (PRC2) complex. PRC2 complex has three other protein 
components, namely, EED, SUZ12, and RpAp46/RpAp48. EZH2 is the catalytic 
subunit of this complex [17]. The PRC2 complex contributes to a chromatin modi-
fication pattern that is highly enriched in embryonic stem cells, consisting of large 
regions of “repressive” Lys27 methylation harboring smaller regions of “activating” 
Lys4 methylation, referred to as “bivalent domains” [18]. EZH2 and other 
 components of the PRC2 complex are highly expressed in GC B-cells [19–21] and 
contribute to setting groups of genes into a bivalent state in this context also.
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Conditional deletion of Ezh2 within this compartment resulted in a significant 
reduction in the number of splenic GC B-cells, accompanied by impaired immuno-
globulin affinity maturation with reduction in formation of high-affinity antibodies 
[22]. Within early GC B-cells, the silencing of these genes by EZH2 and BCL6 is 
essential to maintain the GC phenotype [23]. These genes which are highly 
expressed in naïve B-cells include those involved in terminal differentiation such as 
PRDM1, IRF4, and XBP1 and negative regulators of the cell cycle such as CDKN1A 
and CDKN1B [22, 24]. A recent study showed that EZH2-mediated silencing of 
cyclin-dependent kinase inhibitor CDKN1A, and release of cell cycle checkpoints, 
is particularly important for GC formation [25]. Murine models of Ezh2 Y461 have 
presented strong evidence for its role in promoting B-cell lymphoma. However, 
clonal evolution studies characterized these mutations as being predominantly sub-
clonal events at diagnosis and showed that they remain subclonal at the relapse 
[26–28]. This therefore suggests that EZH2 mutations are “late drivers” or “accel-
erators” of lymphomagenesis.

 CREBBP

The CREBBP gene (aka CBP) encodes a protein that has intrinsic histone acetyl-
transferase activity and acetylates both histone and non-histone proteins. Histone 
acetylation alters their charge and loosens their association with DNA to make it 
more accessible to transcription factors. The acetyl marks added by CREBBP are 
also recognized by “readers,” such as bromodomain-containing proteins, that facili-
tate promoter-enhancer looping and transcriptional activation [29].

Mutations of CREBBP occur in 65% of FLs and 11% of DLBCLs [30]. 
Approximately 80% of the mutations observed in FL create missense changes in the 
KAT domain, with 26% of all mutations altering a single KAT domain amino acid 
(R1446) [26, 31, 32]. Analysis of the hierarchy somatic mutations arising during 
tumor evolution identified CREBBP mutations as early events during FL disease 
genesis [26, 27]. Interestingly, a recent study detected CREBBP mutation in the 
HSPC compartment in one patient whose lymphoma carried the same mutation 
[33], though this requires validation. Transcriptome and flow cytometry analysis of 
primary human FL showed significantly reduced expression of MHC class II in 
CREBBP mutant tumors compared to WT tumors [26]. This highlighted a potential 
role for CREBBP mutations in promoting immune evasion via reduced antigen 
presentation.

Transgenic murine models have shown that loss of Crebbp induces lymphoma-
genesis, especially in combination with Bcl2 overexpression. This occurred in 
part via reduced histone acetylation at distal enhancer regions and reduced MHC 
class II expression. However, change in MHC class II was not robust as in pri-
mary human FLs [32, 34–36]. In addition, there was overlap between the regions 
of reduced H3K27Ac associated with Crebbp loss and the enriched loci that are 
bound by BCL6. Considering that CREBBP is a positive regulator of transcrip-
tion and BCL6 is a transcription repressor, those observations suggested that 
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CREBBP has a counterbalance effect to BCL6 and its loss facilitates oncogenic 
gene repression by BCL6.

In addition to changes in histone acetylation, mutation of CREBBP may also 
promote lymphoma via reduced acetylation of non-histone targets such as TP53 and 
BCL6. The role of CREBBP in acetylation of these proteins was tested in lym-
phoma cell line models of CREBBP mutation [31] and was recently expanded upon 
using a Crebbp knockout mouse model [33]. Mutation of CREBBP decreases p53 
acetylation in response to DNA damage and reduces DNA damage response. 
Recently, it was also shown that loss of CREBBP was associated with induction of 
MYC expression, but the mechanism for this remains to be defined [32].

 HIST1H1

The linker histone, H1, interacts with linker DNA between nucleosomes and func-
tions in the compaction of chromatin into higher-order structures. Mutations in 
linker histone H1 B, C, D, and E genes were detected in 27% of a cohort of 114 
FLs [37]. The majority of HIST1H1 B–E mutations were missense changes in the 
C-terminal portion of these proteins, which were found to reduce their interaction 
with DNMT3B [37]. Although the function of these mutations needs to be 
addressed in future studies, they are likely to have significant cross talk with muta-
tions in genes that control histone posttranslational modification. Recently, a study 
showed that modifications such as acetylation by CREBBP of linker histone 
weaken H3 tail-linker DNA interactions and control chromatin function [38], and 
alternative findings suggest that linker histone H1 determines the substrates for 
EZH2 [39].

 Signaling Mutations

 Surface Immunoglobulin (sIg)

Expression of sIg, consisting of immunoglobulin heavy (IgH) chains paired with 
light (IgL) chains, is a critical checkpoint in B-cell development. All classes of 
immunoglobulin heavy chains (IgM, IgD, IgG, IgA, and IgE) can be expressed on 
the B-cell surface [40] as part of the B-cell receptor (BCR) complex that comprises 
sIg in assembly with the Igα/Igβ heterodimer that is responsible for intracellular 
signal transduction [41]. Interestingly, most cases of FL express IgM; and only a 
minority expresses IgG, IgA, or no IgH [42]. Immunoglobulins are glycosylated, 
and this posttranslational modification plays an important structural role in modu-
lating sIg function. In normal B-cells, N-glycosylation is mainly confined to con-
served sites in the Ig constant regions, and a few germline-encoded V regions do 
carry potential N-glycosylation sites. In contrast, the number of potential sIg 
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glycosylation sites increases dramatically in FL via the process of somatic hyper-
mutation (SHM). Somatic hypermutation (SHM) is part of the antibody affinity 
maturation process in the GC and involves introducing point mutations in the vari-
able region of rearranged immunoglobulin heavy- and light-chain genes. Importantly, 
somatic hypermutation is a prominent feature of follicular lymphoma B-cells due to 
their derivation from GC B-cells.

Zhu et  al. investigated the frequency of potential N-glycosylation sites intro-
duced into functional V(H) genes as a consequence of somatic mutation in FL. In a 
cohort of 70 FL patients, 50 patients had at least one new potential N-glycosylation 
site in the V-region sequence [43]. These sites occur with a low frequency (8%) in 
normal cells. Interestingly, there was also a tendency in all studied tumors to lose 
the naturally occurring N-glycosylation sites that exit with V1-08, V4-34, and VH5a 
germline gene sequences. Their finding that motifs are not common in normal 
somatically mutated B-cells or in nonfunctional VH sequences strongly suggested 
that the sites are positively selected for in FL. They also suggested that the pattern 
of N-glycosylation of immunoglobulins in DLBCL biopsies obtained from the 
lymph node (LN) but not from extranodal sites is perhaps indicative of a role for 
cells retained in the GC. Furthermore, they argued that the relative lack of motifs in 
normal memory B-cells, normal plasma cells, MM, and CLL indicates that cells that 
have exited from the GC do not require N-glycosylation. They posited that there 
may be a role for carbohydrates in the antigen-binding site as potential site of inter-
action with lectins in the GC microenvironment, which could activate signaling 
through the surface immunoglobulin. The signaling by oligosaccharide interactions 
to tumor microenvironment may free FL cells from dependence on antigen and may 
contribute to tumor cell persistence or growth.

In a subsequent study, sequencing the tumor-specific immunoglobulin heavy- 
chain variable region fragment showed that acquired potential N-glycosylation sites 
(AGS) were found in all 24 (100%) FL cases, but in only 2/23 (9%) cases of B-cell 
malignancy other than FL [44]. Based on this observation, they argued about con-
sidering the presence of AGS as an element capable of defining cases of FL. No 
subsequent larger cohort has proved this preliminary findings, and no structural 
studies have been performed to assess whether these sites are actually glycosylated 
in tumor cells or are merely potential sites for glycosylation.

Further work on this observation demonstrated that oligosaccharides added to Ig 
in FL are unusually of the high mannose type. Protein mannosylation is a vital type 
of glycosylation that could be categorized based on the type of glycoprotein link-
ages to O-mannose glycans and C-mannose glycans [45]. These oligomannose sug-
ars bind to mannose-binding lectin (MBL), a member of the collectin family of 
proteins that interact with microorganisms and elicit an innate immune response 
[46]. Using biotinylation and glycosylation analysis of cell surface proteins, man-
nosylated IgM at the surface of primary lymphoma cells of seven randomly selected 
cases of FL was identified [47]. Notably, two major C-type lectins with specificity 
for high-mannose structures are the mannose receptor (MR) and DC-SIGN 
(DC-specific intercellular adhesion molecule-3-grabbing non-integrin) expressed 
by cells of innate immunity, including macrophages and dendritic cells. This study 

3 Genomic Drivers in Follicular Lymphoma



54

highlighted a difference between the effect of C-type lectins binding to FL cells and 
to normal B-cells. Impressively, C-type lectins mediate intracellular signaling in FL 
and not in the normal cells.

Two recent studies explained a role of lectin binding to surface Ig in FL as a 
mechanism for antigen-independent B-cell receptor signaling [48, 49]. They dis-
played that activating intracellular phosphorylation pathways in FL cells occurs 
when they encounter DC-SIGN-expressing macrophages as they transit through the 
tissue or the DC-SIGN on lymphatic endothelium. Interestingly, N-glycans were 
found to severely impair BCR specificity and affinity to the initial cognate antigen, 
but activating it by lectins from Pseudomonas aeruginosa and Burkholderia ceno-
cepacia stimulates FL cells [50].

 mTOR

mTOR (mechanistic (formerly “mammalian”) target of rapamycin) is a gene belong-
ing to a family of phosphatidylinositol kinase-related kinases that plays a critical 
role in coordinating cell cycle progression in response to stresses such as DNA dam-
age and nutrient deprivation. The serine/threonine protein kinase mTOR forms the 
catalytic subunit of two distinct protein complexes termed mTORC1 and mTORC2. 
Importantly, pathways upstream and downstream of mTORC1 are dysregulated in 
most human cancers [51]. Many of these pathways have been elucidated, and amino 
acids were revealed as a regulator of mTORC1 through vacuolar ATPase (V-ATPase) 
that is required for lysosomal acidification [52]. Two genes, ATP6V1B2 and 
ATP6AP1, involved in that process were found mutated in 22% and 12% of FL 
cases, respectively. Green et  al. performed whole-exome sequencing of purified 
tumor B-cells and matched germline DNA from tumor-infiltrating T-cells from 28 
FL tumors. Among many discovered novel genes, they identified those two mutated 
genes. ATP6V1B2 mutations were found to lie in two hotspots close to the ATP- 
binding pocket [26].

Another frequently mutated gene involved in mTOR pathway is RRAGC which 
encodes a member of the GTR/RAG GTP-binding protein family. It forms a het-
erodimer with RRAGA and RRAGB. This complex promotes intracellular localiza-
tion of the mTOR complex [53]. Exome sequencing on 24 FL tumors from five 
patients showed somatic mutations in RRAGC in four of the five cases, and the 
clustering of mutations resides in the nucleotide-binding domain [54]. Although 
certain mutations in different contexts were described to decrease S6K, one of the 
downstream kinases of mTOR, no functional studies were done to investigate 
these mutations in FL [53]. Another study of exome sequencing of 23 FLs identi-
fied two RRAGC mutations, and further Sanger sequencing of all RRAGC coding 
exons in 125 FL cases identified a total of 9.4% mutations which are clustering on 
one protein surface area surrounding the GTP/GDP-binding sites [55]. 
Interestingly, mutations in ATP6V1B2 and ATP6AP1 were described to be prefer-
entially co-occurred with RRAGC mutations [54]. Moreover, mutations in RRAGC 
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represent a unique feature for FL in contrast to the mutations in the pathways 
JAK-STAT, NOTCH, and nuclear factor (NF)-κB which exhibit an overlap 
between DLBCL and FL.

 Others

 TNFRSF14 (HVEM)

This gene encodes a member of the TNF (tumor necrosis factor) receptor superfam-
ily that functions in signal transduction pathways that activate inflammatory and 
inhibitory T-cell immune response. TNFRSF14 has diverse functions and interacts 
with multiple ligands, mainly LIGHT, lymphotoxin-α, BTLA, and CD160, a feature 
that sets it apart from other immune regulatory molecules [56]. Evidently, many 
sequencing studies have characterized TNFRSF14 mutations as a frequent event in 
FL. It was first described as a maker associated with worse prognosis in FL. An 
expanded cohort consisting of 251 specimens of FL identified 46 cases (18.3%) 
with nonsynonymous mutations affecting TNFRSF14 [57]. A subsequent study 
using QMPSF (quantitative multiplex PCR of short fluorescent fragments) assay of 
81 FL tumors showed partial or complete deletion of TNFRSF14 in 30% of cases, 
and further sequencing of the eight exons and the exon-intron boundaries identified 
nonsynonymous mutations in 44% of the cases [58]. Later, whole-exome sequenc-
ing of subpopulations of B-cells and tumor-infiltrating T-cells from eight FLs 
defined mutations in TNFRSF14 in 25% of cases [27]. Mutations in TNFRSF14 
might contribute to FL development [58], although they probably represent late 
events during disease evolution [27].

Considering the role of TNFRSF14 in T-cell biology, a recent study hypothesized 
that reduced HVEM expression would stimulate allogeneic T-cells inducing graft- 
vs.-host disease (GVHD) in patients undergoing autologous hematopoietic stem 
cell transplantation. They found that FL B-cells with TNFRSF14 aberrations had 
reduced protein expression and greater alloantigen-presenting capacity than wild- 
type lymphoma B-cells. The increased immune stimulatory capacity of lymphoma 
B-cells with TNFRSF14 aberrations was associated with higher incidence of acute 
GVHD [59]. Of central concern therefore is to understand how a mutation with such 
high incidence in FL could be in the favor of the tumor and increase the T-cell 
effects against the malignant B-cells.

One study that identified a possible mechanism linking GC microenvironment to 
the pathogenesis of GC lymphomas evaluated the expression of HVEM and BTLA 
in 198 FL samples. The authors reported that interactions between the HVEM and 
BTLA receptors are lost in FL [60]. Ligation between HVEM and BTLA provides 
an inhibitory signal for the T-cells [61]. Consequently, on the same study using a 
chimeric mouse model of lymphoma, they showed that HVEM acts as a tumor sup-
pressor with increase in follicular T helper cells in HVEM-deficient lymphomas 
that could be corrected by CAR T-cells [60].
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It is noteworthy that TNFRSF14 mutation/deletion is a characteristic feature of 
distinct subtypes of FL, diffuse-type FL and pediatric FL.  Both of them share 
t(14;18)-negative nodal FL with a unifying genetic alteration of TNFRSF14. 
Mutations of MAP2K1, an essential component of MAP kinase signal pathway, are 
also frequently detected in pediatric nodal FL in the TNFRSF14 non-mutated cases 
indicating distinct roles in lymphomagenesis for both genes [62, 63].

 TP53

Mutations of TP53 are the most commonly observed alteration in cancer, but are 
infrequent in de novo FL. Paired analysis of FL cases pre- and post-transformation 
has demonstrated wild-type (WT) TP53 in the antecedent FL samples, with the 
emergence of a mutated subclone at the time of transformation [64, 65]. However, 
later study showed that mutation of TP53 contributes to histological transformation 
in only the minority of individuals. Despite this, authors observed that increased 
expression of MDM2, key regulator of p53, occurred both in the presence of TP53 
mutation/deletion and in cases where WT TP53 was retained, suggesting that it 
occurred by a p53-independent mechanism [66]. Up to the present time, many 
sequencing articles exposed the complete genomic landscape of transformation 
more clearly and detected a network of genes that are discussed in greater detail 
below.

 Copy Number Alterations (CNAs)

There is a wide spectrum of common recurrent chromosomal abnormalities in 
FL. These include gains of 2, 5, 7, 6p, 8, 12, 17q, 18, 21, and X and losses on 1p, 
6q, and 17p together with many frequent small abnormalities including losses of 
1p36.33-p36.31, 6q23.3-q24.1, 9p21.3, and 10q23.1-q25.1 and gains of 2p16.1-
 p15, 8q24.13-q24.3, and 12q12-q13.13 [67–70]. Given the limited knowledge we 
have about the targeted genes of these alterations, additional studies are required to 
discover the complete set of genes involved in the observed CNAs. However, some 
genes have been highlighted as likely candidates for a subset of these CNAs, namely, 
TNFRSF14 in 1p36.33-p36.31 loss, ARID1A in 1p36.11-p35.3 loss, TNFAIP3 in 
6q23.3-24.1 loss, CDKN2A in 9p21.3 loss, PTEN in 10q23 loss, REL in 2p15 gain, 
MYC in 8q24 gain, and MDM2 in 12q15 gain.

Appreciation of the function role of these CNAs could be inferred from the func-
tion of these genes in the B-cell development. ARID1A is a tumor suppressor gene 
that promotes the formation of SWI/SNF complexes [71] that control high-order 
chromatin structure, which fits the theme of chromatin modifier mutations in FL. 
TNFAIP3 is a key player in the negative feedback regulation of NF-κB signaling, and 
REL encodes an NF-κB transcription factor [72]. However, most of the published 
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data point to NF-κB pathway mutation involvement in transformed FL rather than 
low-grade disease. The CDKN2A/B locus encodes two distinct proteins, p16INK4A 
(p16) and p14ARF (p14) which both function in cell cycle regulation. The p16 pro-
tein is a tumor suppressor that modulates pRb-regulated G1-to-S-phase transition, 
and p14 is also a tumor suppressor that inhibits MDM2-induced p53 degradation 
[73]. MDM2 and MDM4 are genetic modifiers of TP53 and have p53-independent 
roles in tumorigenesis [74]. In contrast to TP53, these proteins that control TP53 
pathway now seem to be “druggable” using a variety of strategies. The PTEN gene 
encodes a well-characterized tumor suppressor that inhibits the PI3K/AKT pathway, 
which feeds into the previously discussed mTOR signaling pathway [75].

 Transformed FL

An integral part of the natural history of FL are multiple recurrences that often cul-
minate in histologic transformation. Many abnormalities were detected as a likely 
mechanism of this transformation, the most notable of which are disruption of the 
p53 pathway, activation of NF-κB, dysregulation of transcription factors, and eva-
sion of immune surveillance.

An interesting study by Pasqualucci et  al. elucidated the genetic landscape of 
transformation to DLBCL. Sequential FL and tFL biopsies obtained from 12 patients 
showed that all tFL cases bore unique mutations and CNAs that were not present in 
the earliest FL clone at diagnosis. Most common was the loss of CDKN2A/B that 
affects both cell cycle regulation and p53-dependent DNA damage responses, thus 
promoting genomic instability. The second important observation was genetic 
lesions deregulating MYC that might provide many advantages to cancer cells 
through its role in cell cycle progression, apoptosis, and cellular transformation. In 
addition, B2M and CD58 mutations were implicated and function in the control of 
immune recognition by cytotoxic T-lymphocytes and NK cells, implicating escape 
from immune surveillance as a contributor to the transformation process.

Additionally, a copy number analysis of samples from 225 FLs and 84 tFLs 
highlighted abnormalities that likely activate the nuclear factor-κB pathway [76]. 
Similarly, a later study of integrative copy number analysis and gene expression 
profiles in serial FL biopsies from 44 patients defined enrichment for NF-κB path-
way regulators associated with transformation [77]. These two groups highlighted 
REL as candidate for promoting transformation through increased NF-κB signaling. 
One study using 20 FL/tFL samples described TP53 mutation, CDNK2A loss, and 
c-REL amplification as the recurrent oncogenic events in FL transformation [78]. 
The other using integrative copy number analysis and gene expression profiles from 
sequential biopsies diagnosed with FL showed gain of REL/BCL11A in the trans-
formed tumors [79]. Finally, whole-exome sequencing of 35 paired FLs and tFLs 
confirmed the observation of the recurrent mutated genes in NF-κB pathway and 
p53 pathway.
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 Clonal Evolution of Follicular Lymphoma

Clonal evolution is intimately linked to the concept of intratumor cellular diversity, 
and it is always presumed that an elevated rate of mutation in tumor cells promotes 
that clonal evolution. Study of the patterns of genetic evolution during progression 
of follicular lymphoma was first performed by analysis of somatic hypermutation. 
However, it is unclear whether immunoglobulin somatic hypermutation occurs in 
synchronicity with other somatic mutations and thus whether other somatic events 
follow identical evolutionary patterns [27]. The importance of discovering the 
clonal evolution comes with the recent effort of personalizing therapy, which 
requires developing treatment based on the unique genetics and etiology within 
each tumor. To prioritize certain mutations as a targeted therapy, it is important to 
characterize clonal evolution and define the order in which somatic mutations are 
acquired. Mutations that arise early during the evolution are likely to be represented 
across all the tumor cells, which makes them better targets. In contrast, mutations 
that arise late are probably to be restricted to a subclone.

In an early study, the overall frequencies of genomic gains and losses tend to fol-
low a stable pattern through the course of the disease in contrast to the trend for 
increasing level of somatic hypermutation in initial vs. late FL samples [80]. In an 
attempt to identify the mutations more precisely, whole-exome sequencing from 
subpopulations of B-cells and tumor-infiltrating T-cells from eight FL tumors and 
two relapses provided evidence that IGH-BCL2 translocations and CREBBP muta-
tions are early events, whereas KMT2D and TNFRSF14 mutations probably repre-
sent late events during disease evolution [27]. These observations remained true in 
subsequent studies. The first study to perform whole-genome sequencing of paired 
indolent and transformed FL identified early driver mutations in chromatin regula-
tor genes (CREBBP, EZH2, and KMT2D (MLL2)), whereas mutations in EBF1 and 
regulators of NF-κB signaling (MYD88 and TNFAIP3) were gained at transforma-
tion [28, 81]. Green et al. presented more evidence of the very early mutations dur-
ing the disease development by analyzing the phylogenetic relationship of somatic 
mutations across the coding genomes of 59 sequentially acquired biopsies from 22 
patients. They found that CREBBP mutations were most significantly enriched 
within the earliest inferable progenitor. BCL2-IGH translocation breakpoints were 
identified in 19/22 patients, with the same breakpoint maintained throughout the 
course of disease. Mutations in genes such as EZH2, TP53, IRF8, TNFAIP3, 
CARD11, and TNFRSF14 were not significantly higher at relapse compared with 
diagnosis (Fisher P  > 0.05), but they were more frequently detected in only the 
relapse tumor and not at initial diagnosis. Interestingly, mutations that were specific 
to relapse tumors occurred significantly more frequently within motifs recognized 
by either activation-induced cytidine deaminase (consensus WRGY) or apolipopro-
tein B mRNA editing enzyme catalytic polypeptide [26].

The first study of paired FL in situ (FLIS) and manifest FL (mFL) included ten 
cases of FLIS, four of these cases were not associated with mFL and six cases 
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were identified coexisting with mFL.  It showed that all paired FLIS and mFL 
cases were clonally related, based on IGH rearrangement patterns and BCL2 
translocation breakpoint sequences, which provide evidence that FLIS represents 
a FL precursor lesion. It also identified EZH2 mutations in FLIS, though the 
sequencing in this study was restricted to EZH2 and omitted other recurrently 
mutated genes in FL [82].

A different aspect of the disease evolution is the genotype and phenotype changes 
acquired during spread of the tumor from the lymph node (LN) to the bone marrow 
(BM). Simultaneous mutational analysis of the IgVH genes and the topology of the 
genealogical trees in paired samples from LN and BM of 21 patients with FL 
revealed intensive clonal selection of small, centrocyte-like tumor cells in the BM 
infiltration of FL. It is suggested that the interfollicular compartment of FL, which 
is also composed of small, centrocyte-like cells, preferentially involves the BM and 
that the BM provides a microenvironment similar to the germinal centers of LNs 
where tumor cells retain their biological nature [83].

An interesting case of a donor-recipient pair who both developed grade 2/3A fol-
licular lymphoma 7 years after allogeneic transplantation and donor lymphocyte 
infusions defined clonal evolution within rare subpopulations during human lym-
phomagenesis. High-depth sequencing revealed that the malignancy was transmit-
ted via the donor lymphocyte infusion; and this product was found to possess an 
identical immunoglobulin recombination shared by the two subsequent tumors, as 
well as a common BCL2 translocation, EP300 histone acetyltransferase gene muta-
tion, and 13 other somatic variants. However, the vast majority of mutations identi-
fied by exome sequencing of each tumor were not shared. This indicates that 
transmission was likely via an early follicular lymphoma ancestor that underwent 
genetic evolution in each individual following transplantation and acquired unique 
sets of secondary mutations that gave rise to follicular lymphoma over a similar 
time frame [84].

 Conclusion

FL arises via the serial acquisition of genetic alterations, the earliest of which is 
likely BCL2-IGH translocation. Mutation of CMGs is a clear hallmark of FL, and 
a subset of these events including CREBBP mutation likely occurs early during 
disease genesis. However, genetic alterations are not limited to CMGs, and other 
events also influence tumor microenvironment interactions and intracellular sig-
naling cascades. It is likely that future personalized therapeutic strategies will be 
determined based upon combinations of mutations rather than a single event. 
Further work is therefore required to understand how combinations of genetic 
mutations contribute to the pathogenesis of this genetically complex and hetero-
geneous disease.
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Chapter 4
The Microenvironment  
in Follicular Lymphoma

Nahum Puebla-Osorio, Paolo Strati, and Sattva S. Neelapu

 Introduction

Several studies show that the survival and growth of follicular lymphoma (FL) cells 
are strongly dependent on multiple components of the tumor microenvironment 
[1–3], including T-lymphocytes, follicular dendritic cells (FDCs), macrophages, 
and other stromal cells [4–7]. Consistent with this, the expansion of FL cells in vitro 
is extremely challenging in the absence of stroma-like cells [8, 9], CD40 receptor 
stimulation [10], or specialized germinal center (GC) organoids [11, 12]. Conversely, 
previous studies have reported a significant expansion of FL cells in vitro in the 
presence of adherent stromal cells derived from the patient’s bone marrow (BM) 
samples [13], highlighting the notion that stromal cells play an important role in the 
maintenance of FL and may be responsible for resistance to therapy and subsequent 
relapse. The close interaction between FL cells and the stroma was also observed in 
the development of patient-derived xenograft (PDX) models in which the experi-
mental engraftment of FL tumors was facilitated by the inclusion of non-tumoral 
immune cells [14].

The clinical impact of the tumor microenvironment, supported by the identi-
fication of immune gene signatures, associates with survival in patients with 
FL.  Gene expression profiling of non-tumoral immune cells derived from 
patients with FL has shown two primary  immune response (IR) signatures, 
named IR-1 and IR-2. IR-1 identified genes mainly expressed in T-cells (e.g., 
CD7, CD8B1, ITK, LEF1, and STAT4) and associated with good prognosis; it 
is important to note that other T-cell- expressed genes, such CD2, CD4, LAT, 
TRIM, and SH2D1A, did not associate with survival. IR-2 identified instead, 
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genes predominantly expressed in macrophages and dendritic cells (DCs) and 
associated with poor prognosis [2, 3].

 The Role of FDCs in FL

While FDCs are essential for a physiological GC reaction [15], they can also provide 
co-stimulatory signals to FL cells, promoting adhesion, nursing, growth, and sur-
vival of FL cells (Fig. 4.1 and Table 4.1) [15–17]. Early studies demonstrated that 
cell-cell adhesion between FDCs and FL cells is dependent on the same structures 
essential to prevent apoptosis of normal GC B-cells [18], including the integrins 
LFA-1 (CD11a/CD18) and VLA-4 (CD49d/CD29), expressed on FL cells (or nor-
mal GC B-lymphocytes), and their receptors ICAM1 (CD54) and VCAM (CD106), 
expressed on FDCs [18–21]. This close interaction assures the proliferation and sup-
port of FL cells, through the release of FDC-generated cytokines and antiapoptotic 
signals [19, 20], and represents a potential factor of resistance to antitumor drug 
therapy [22]. Of interest, in addition to expressing high levels of CXCL13 [5], the 
functional status of the FDCs in physiological conditions is determined by the 
expression of the complement receptors CD21 and CD35 and the low affinity to IgE 
receptor (CD23) [23]. While the loss of these markers on FDCs was associated with 
tumor progression in ex vivo models of FL [5], the reduced expression of CD23, 
CD35, and CD54 on FDCs did not show a significant impact on the clinical outcome 
of patients with FL [24]. However, the presence of CD21 on FDCs at time of diag-
nosis was associated with shorter overall survival, progression-free survival, and 
time to transformation in clinical studies of FL [25]. FDCs are also an abundant 
source of the B-cell activator factor (BAFF/BLyS), essential for the development 
and homeostasis of B-cells [26]. While the role of BAFF in the pathogenesis of FL 
remains poorly understood, clinical data indicate that increased levels of the BAFF 
receptor are associated with shorter overall survival in patients with FL [27, 28].

Despite multiple reports showing the negative prognostic impact of FDCs in FL, 
the intra-tumoral presence of plasmacytoid dendritic cells (CD123+) has been asso-
ciated with improved survival in patients with FL, showing that understanding of 
the biology of the different dendritic cell subsets requires further research [29].

 The Role of T Follicular Helper (TFH) Cells in FL

In a normal germinal center, T follicular helper cells (TFH cells) are a functional 
subset of effector T helper cells, with a distinct transcriptional profile, separate from 
Th1, Th2, and Th17 [30, 31]. TFH cells frequently release CXCL13 and localize to 
the follicles along with GC B-cells due to the expression of the cognate receptor 
CXCR5 on both of these cell types [32]. In healthy lymphoid tissues, TFH cells are 
essential for high-affinity antibody generation [30] and the regulation of multiple 
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GC functions, along with follicular regulatory T-cells (TFR cells) [33, 34]. Both TFH 
and TFR cells are supported by mesenchymal stromal cells through an IL-6-dependent 
mechanism [35] and express CD4, CXCR5, ICOS, PD-1, and BCL-6, while only 
TFR cells express FOXP3.

When compared to their normal counterpart, TFH cells purified from FL samples 
show overexpression of TNF, lymphotoxin-alpha (LTA), IL-4, and CD40L, which 
likely contribute to tumor development [36]. To this regard, PD-1-expressing TFH 
cells associated with shorter overall survival in patients with FL [37]. Tumor- 
infiltrating CD4 T-cells, including TFH or non-TFH cells, that express high levels of 
PD-1 lost responsiveness to cytokine signaling as compared to those not expressing 
PD-1 or to autologous peripheral T-cell subsets.

Compared to their normal equivalent, TFH cells purified from FL samples also 
show a reduction in IL-4-, IL-10-, and IL-21-induced phosphorylation of STAT6 
and STAT3 [38]. To this regard, recent reports show TFH cells play a prominent 
role in the pathogenesis of FL via activation of the IL-4/JAK/STAT6 pathway 
[39], the presence of activating mutations in STAT6 associating with increased 
levels of IL-4  in the tumor microenvironment [39, 40]. Confirming previous 

Table 4.1 Role of the main components of the tumor microenvironment in FL

Cell type Effect on tumor cells Effect on other stromal cells

FDCs Promote adhesion, nursing, growth, 
survival
Tumor B-cell migration

Essential for GCR, antiapoptotic, 
B-cell localization, survival

TFH cells Contribute to tumor development
Overexpress TNF, LTA, IL-4 (JAK/STAT6), 
or CD40L; high PD-1 expression leads to 
reduced antitumor response

Regulation of the GCR
Supported by the mesenchymal 
stromal cells

Tregs Intra-follicular Tregs promote tumor 
survival
Inter-follicular Tregs prevent tumor growth
Reduce ICOSL in FL B-cells

Decrease the number of 
follicular DCs

TFR cells Support of DZ B-cells, chemokine 
production
Promote suppression of humoral immunity 
and suppress follicular T helper cells

Regulation of GC function and 
reaction
Supported by the mesenchymal 
stromal cells

TEFF cells Overexpress TNF, LTA, IL-4 (JAK/STAT6), 
or CD40L; high PD-1 expression leads to 
reduced antitumor response

Co-participate with TFR in the 
regulation of the GC function

FRCs Structural support and survival of tumor 
B-cells

Production of reticular fibers, T 
and DC migration, localization 
and survival

Macrophages 
(TAMs)

Provide trophic and survival signals for 
tumor B-cells
Promote tumor progression

Promote angiogenesis

Abbreviations: FDCs follicular dendritic cells, TFH cells T follicular helper cells, TFR cells T fol-
licular regulatory cells, TEFF cells T effector cells, FRCs fibroblastic reticular cells, GCR germinal 
center reaction, DCs dendritic cells, TAMs tumor-associated macrophages, DZ dark zone
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reports showing high levels of phosphorylated Erk accompanied the increased 
expression of IL-4 in FL samples, suggests the potential involvement of STAT6 in 
the biology of FL [41].

Intra-tumoral TFH cells also indirectly promote immune evasion and tumor 
growth through the induced expression of CCL17 and CCL22 by FL cells, which 
leads to the recruitment of regulatory T-cells (Tregs) and IL-4-producing T-cells 
within the tumor microenvironment [42]. In addition, IL-4-overexpressing TFH cells 
promote increased expression of CXCL12 in the stromal cells of patients with FL, 
identifying the IL-4/CXCL12 loop as a potential therapeutic target [43].

Finally, TFH cells (along with Th17 cells and natural killer [NK] T-cells) produce 
high levels of IL-21, whose receptor is mainly expressed on activated and follicle 
center B-cells [44, 45]. In line with past studies, which have identified the function 
of IL-21 in FL as mainly immune suppressant [46, 47], recent analyses have shown 
high levels of IL-21 receptor are associated with decreased survival in patients with 
FL [48], suggesting that the blockade of this receptor could be an important thera-
peutic target.

 The Role of Stroma-Derived Cytokines in FL

Cytokines produced by stromal cells are essential in promoting migration and 
homing of lymphocytes into the lymphoid tissue. These include CXCL12/SDF-
1, the ligand for the C-X-C chemokine receptor type 4 (CXCR4/CD184), which 
is not only important in B-lymphopoiesis and sheltering of stem cells in the 
bone marrow but also plays a critical role in the chemotactic interaction between 
the lymph node stromal cells and transformed B-cells [49, 50]. Targeting 
CXCL12 prevents the signaling and migration of FL cells and counteracts the 
survival cues from the microenvironment in FL cells [51]. In addition, the che-
mokine CXCL13 binds to the receptor CXCR5 found on mature B-cells and a 
subset of T helper memory cells and is expressed by FDCs that reside within 
secondary lymphoid organs [52, 53]. As evidenced by animal studies, the inter-
action between CXCL13 and CXCR5 is essential for the B-cell organization 
within the follicle and the development of lymph nodes and Peyer’s patches [54, 
55]. A report showing important synergistic activity between CXCL13, 
expressed by TFH cells, and CXCL12, expressed by stromal cells, suggests that 
these chemokines promote the migration of malignant B-lymphocytes [56]; and 
such interaction might facilitate the ectopic accumulation of FL cells within 
determined anatomical structures [57, 58]. Cultured FDCs secreted the mono-
cyte chemoattractant protein-1 (MCP-1), whose activity involves the chemo-
taxis of several lymphoid cells through the C-C chemokine receptor type 2 
(CCR2) [59, 60]. The importance of MCP-1/CCR2 interaction, not only on the 
chemotaxis of normal B-cells but also in FL cells by potentiating the CXCL12- 
induced chemotaxis, shows that MCP-1 is an important element for the migra-
tion and homing of FL cells [57–59].

4 The Microenvironment in Follicular Lymphoma
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TNFɑ is a cytokine with multiple functions, mainly produced by activated mac-
rophages and CD4 T-cells, with a critical role in inflammation, immunity, and can-
cer progression [61]. High intra-tumoral levels of TNFɑ are associated with poor 
prognosis in patients with FL [62].

Another member of the TNF superfamily, with implications in the pathogenesis 
of FL, is the herpes virus entry mediator HVEM (TNFRSF14). HVEM is the recep-
tor for the B- and T-lymphocyte-attenuator (BTLA) ligand, frequently mutated and 
associated with poor prognosis in patients with FL [63–65]. The interaction between 
HVEM and BTLA is typically lost in FL, leading to the decay of HVEM. This pro-
motes a supportive environment for FL cells, as demonstrated by the robust activa-
tion of stromal cells and CD21/CD35-positive FDCs and the surge in the recruitment 
of TFH cells to the tumor site [66]. Of interest, in vivo restoration of HVEM using 
CAR T-cells as carriers promoted the expression of BTLA and led to the destruction 
of tumor B-cells [66].

 T-Cell Exhaustion in FL

Intra-tumoral cytotoxic CD8 T-cells are prevalent in tumor samples derived from 
patients with FL [67], their density correlates with prolonged overall survival [68]. 
However, these cells can also express the programmed death receptor protein (PD- 
1), the lymphocyte activation gene 3 (LAG3), and the T-cell immunoglobulin 
domain and mucin domain protein 3 (TIM3) [69, 70]. Such markers and other inhib-
itory receptors are associated with T-cell exhaustion [71, 72] and poor clinical out-
come in patients with FL [73]. However, extra-follicular PD-1 expression predicted 
a favorable outcome as compared to low levels of PD-1, and 5-year treatment-free 
survival increased from 37% to 67% in patients with low intra-follicular CD3 
expression [74].

A newly discovered immune checkpoint relevant to the pathogenesis of FL is 
the T-cell immune receptor with Ig and immune-receptor tyrosine-based inhibi-
tory motif (ITIM) domain (TIGIT). TIGIT is a co-inhibitory receptor, frequently 
expressed in exhausted effector memory CD8 T-cells [75]. TIGIT and CD226 
serve as co-inhibitory and co-stimulatory receptors for the ligands CD112 and 
CD155, respectively, and are highly expressed by FDCs in the tumor microenvi-
ronment [76].

Another mechanism of T-cell exhaustion is the expression of the replicative 
senescence marker CD57 (B3GAT1). CD57-positive T-cells are unable to pro-
liferate and are unresponsive to FL cells [77–79], associating with a higher risk 
of transformation [25]. Low CD4+CD57+/CD4+ and low CD4+/CD8+ ratios in 
FL patients correlated with poor survival, and multivariate analysis demon-
strated that CD4+CD57+/CD4+ ratio was the best predictor of overall survival 
in FL [80].
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Interestingly, FL cells can induce these changes, affecting the antitumor activity 
of tumor-infiltrating T-cells. To this regard, in  vitro co-culture  of FL cells with 
healthy T-cells led to the disruption of the cytolytic effector molecule Rab27A, an 
essential component of the immunological synapse in T-cells [81]. In addition, FL 
cells can affect the transcription of important genes (PMCH, ETV1, and TNFRSF9) 
in both CD4 and CD8 tumor-infiltrating lymphocytes, influencing their overall 
motility and survival and ultimately translating to inferior outcome in patients with 
FL [82, 83].

Recent RNAseq analysis of tumor-infiltrating lymphocytes derived from patients 
treated with rituximab-based regimens showed a significant correlation between 
high levels of CD3 and CD8 and progression-free survival in FL. However, no cor-
relation with other transcripts, including PD-1, ICOS, and FOXP3, was observed 
[84].

 The Role of Macrophages in FL

The detection of high levels of macrophages (CD68+) in patients with FL was asso-
ciated with poor outcome [85–87]. In particular, a high frequency of intra-follicular 
macrophages (CD68+ and PD-L1+), combined with extra-follicular regulatory 
T-cells and intra-follicular CD4+ cells at diagnosis, correlated with a shorter time to 
transformation in these patients [25]. Also, a high number of CD163+ infiltrating 
macrophages have been observed in the vicinity of the newly formed vessels in 
patients with FL [88], associating with further increase in neovascularization, 
shorter survival, and increased risk of transformation [89].

In a recent report, a consistent decrease in CD4+ cells accompanied by an 
increase in the absolute number of circulating monocytes in the peripheral blood of 
patients with FL correlated with poor prognosis [90]. To this regard, elevated serum 
levels of soluble interleukin-2 receptor (sIL-2R) strongly associated with a high 
number of CD68+ tissue macrophages in the tumor microenvironment of patients 
with FL [91]. While decreased absolute lymphocyte count correlated with increased 
levels in eotaxin, an increased absolute monocyte count also  associated with 
increased levels in MCP-1, other than increased levels in IL-2R.

The recently discovered IL-31/IL-31R interaction showed a potential role in the 
pathogenesis of FL [92]. IL-31 is a member of the IL-6 cytokine superfamily, pro-
duced by activated T helper type 2 (Th2) cells, monocytes, macrophages, dendritic 
cells, and mast cells [93]. Increased expression of IL-31 induces a shift toward an 
M2 (pro-tumoral) phenotype of macrophages in FL, with a subsequent negative 
impact on survival [94]. It is important to note that other studies have found no cor-
relation between the presence of intra-tumoral macrophages or circulating mono-
cytes and outcome in FL, with some studies even showing a potentially positive 
prognostic significance [86, 87].
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 The Role of Regulatory T-Cells in FL

Regulatory T-cells interact with tumoral B-cells in patients with FL through ICOS 
and its ligand, ICOSL, leading to a  subsequent decrease in the levels of ICOSL 
produced by tumoral B-cells [95]. Studies analyzing the role of regulatory T-cells 
(FOXP3+) and CD4 T-cells in the tumor microenvironment of patients with FL and 
their influence on clinical outcomes showed conflicting results [78, 85, 96–98].

Farinha et  al. have reported that the distribution of FOXP3+ cells, within or 
around the follicle, is associated with risk of transformation and decreased survival 
in patients with FL [98]. Regulatory T-cells were able to migrate from the inter- 
follicular space into the GC by downregulating the expression of T-cell area local-
ization chemokine receptor 7 (CCR7) and upregulating the follicular-homing 
receptor CXCR5. This resulted in a preferential response to the follicle-homing 
chemokine CXCL13 as compared to the normal homing chemokine CCL19 [99], 
expressed by DCs and stromal cells in the T-cell-rich zone [100]. Remarkably, as 
opposed to normal B-cells, tumoral B-cells derived from patients with FL were 
able to induce a regulatory phenotype of T-cells without TCR stimulation in vitro 
[101, 102].

Chevalier et al. described the frequency and distribution of dendritic cells (DCs; 
CD11c) in relation to CD4/FOXP3 regulatory T-cells in patients with newly diag-
nosed FL and found that tumoral follicles had a decreased number of DCs and 
increased concentration of regulatory T-cells as compared to hyperplastic follicles. 
Regulatory T-cells were also increased in peripheral blood at diagnosis and per-
sisted in high numbers after induction of clinical remission in FL patients [103]. 
High levels of peripheral blood Tregs are associated with inferior clinical outcome 
suggesting that they likely mediate systemic immune suppression in the patients 
[103]. Of interest, an increase in intra-follicular DCs correlated with a higher num-
ber of intra-follicular regulatory T-cells and was associated with shorter overall sur-
vival in patients with FL [104]. It is important to note, however, that as opposed to 
intra-follicular localization, an accumulation of regulatory T-cells in the inter- 
follicular zone has been associated with a favorable outcome in patients with FL 
[96, 98, 105, 106], likely secondary to suppression of B-cell proliferation [107].

 The Role of Natural Killer (NK) Cells in FL

Limited data is available regarding the role of NK cells in patients with 
FL. Lapenta et al. showed that dendritic cells loaded with patient-derived apop-
totic FL cells secreted high levels of IFN-α, which lead to a robust activation of 
NK cells with significant antitumoral activity [108]. Further studies are needed 
to shed light on the function and clinical impact of different subsets of NK cells 
in patients with FL.
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 Epigenetics of the FL Microenvironment

Mass cytometry studies demonstrated that  a decreased expression of HLA-DR 
(MHC class II) in FL cells contributes to tumor heterogeneity [109]; this has been 
associated with recurrent somatic mutations in the acetyltransferase CREBBP, lead-
ing to the disruption of the class II transactivator (CIITA) and consequent reduced 
expression of MHC class II [110–112]. Moreover, the reduced expression of MHC 
class II led to a decreased number of activated CD4 and CD8 T-cells, contributing 
to immune evasion mechanisms [110, 111].

Recent genome-wide DNA methylation studies showed an association between 
progressive intra-tumoral and inter-patient heterogeneity in the cytosine methyla-
tion patterns of patients with FL and poor outcomes [113]. A similar relation between 
aberrant DNA methylation and development of a pro-tumoral microenvironment 
was confirmed in additional samples derived from 14 patients with FL [114]. Also, 
a recent study identified wild-type EZH2 and low percentages of CD8+ T-cells and 
CD163+ macrophages as predictors of early failure of immunotherapy in FL previ-
ously treated with cyclophosphamide, doxorubicin, vincristine, and prednisone 
(R-CHOP) [115].

 While rarely detected in normal B-cells, high N-glycosylation has been 
observed in the immunoglobulin (Ig) variable region (VH) genes following 
active somatic hypermutation in FL cells [116–118]. Indeed, because surface Ig 
is critical for the survival of FL cells, the tumor-specific expression of mannose-
rich N-glycosylation sites in the Ig variable region generates signaling cues 
between FL cells and its microenvironment [118, 119]. These mannose-rich 
glycans interact with mannose- specific lectins found in dendritic cells and mac-
rophages, such as the C-type lectin receptor dendritic cell-specific intercellular 
adhesion molecule-3-grabbing non- integrin (DC-SIGN/CD209) [120]. Also, it 
is important to note that dendritic cells and macrophages from samples of 
patients with FL overexpress DC-SIGN [118], and the binding of this lectin to 
FL cells elicits continuous activating signals, promoting tumor survival and pro-
liferation [120, 121].

 Future Directions

Future clinical trials will need to take into account the crucial role played by the 
tumor microenvironment in FL, by targeting relevant immune checkpoint and 
identifying early biomarkers of the microenvironment activity and response to 
therapy. Such strategies will be critical in the application of preventive measures 
in the early stages of FL and in establishing long-lasting responses, by disrupt-
ing the cross-talk between cells of the microenvironment and FL cells.

4 The Microenvironment in Follicular Lymphoma
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Several new agents able to effectively target the tumor microenvironment are 
now available for the treatment of patients with FL.  These include anti-CD20 
monoclonal antibodies, such as obinutuzumab [122, 123], PI3 kinase inhibitors 
such as copanlisib [124, 125], and the immunomodulatory agent lenalidomide 
[126]. Other therapeutic options, still under investigation, include modulators of the 
B-cell receptor, such as Syk inhibitors or BTK inhibitors [127], and the anti-CD79b 
antibody- drug conjugate polatuzumab vedotin [128, 129].

Finally, the use of chimeric antigen receptor T-cells targeting CD19 approved for 
the treatment of patients with relapsed or refractory transformed FL [130, 131]. 
While its safety profile is being optimized, this may represent in the future a promis-
ing alternative to the use of allogeneic stem cell transplant for patients with non- 
transformed FL [132, 133]. More research is needed to decipher the complex 
functions of the FL microenvironment; this will ultimately lead to the discovery of 
attractive new therapeutic strategies for the improvement of clinical outcomes in 
patients with FL.
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Chapter 5
Prognostic Factors in Follicular 
Lymphoma

Anna Johnston and Judith Trotman

 Part 1 Clinical Prognostic Factors

 At Diagnosis

 Prognostic Indices

Multiple clinical features at diagnosis have been identified as having important 
prognostic significance in follicular lymphoma (FL). These include the five fac-
tors included in the International Prognostic Index (IPI) which was originally 
developed for aggressive lymphomas [1]. Although the IPI was found to be 
predictive for progression- free survival (PFS) and overall survival (OS) when 
applied to patients with advanced-stage FL [2], it was found to identify too few 
high-risk patients. The need for an index specific to FL led to the international 
collaborative effort resulting in the Follicular Lymphoma International 
Prognostic Index (FLIPI) [3]. Clinical characteristics at diagnosis of 4167 FL 
patients were analyzed to identify factors most strongly predictive of prognosis 
[3]. The FLIPI, remembered by the anagram “NoLASH,” consists of five easily 
obtainable clinical factors: number of nodal areas >4, serum lactate dehydroge-
nase (LDH) > normal, age > 60, advanced stage, and hemoglobin < 120 g/L. The 
FLIPI was developed prior to the introduction of rituximab-containing therapy 
but has since been validated in patients treated with R-CHOP [4], a variety of 
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rituximab-containing regimens [5] and in a population based cohort in the USA 
managed with both watchful waiting and rituximab- containing chemotherapy 
[6]. It allows identification of three groups of patients with distinct prognoses in 
terms of progression and OS (see Table 5.1). Limitations of the FLIPI are that it 
was based on a retrospective dataset, it does not define an indication for treat-
ment, and again there are relatively few patients in the high-risk group. Also, 
some factors now in common use, such as β2-microglobulin (B2M), could not 
be included due to missing patient data. The International Follicular Lymphoma 
Prognostic Factor F2 project was developed to address some of these limitations 
and involved prospective collection of data from 1093 patients with newly diag-
nosed FL [5]. Using the five variables (B2M > normal, longest diameter of the 
largest involved node >6  cm, bone marrow involvement, Hb  <  120  g/L, and 
age > 60) identified as being most strongly associated with PFS after treatment, 
Federico and colleagues developed a prognostic model (FLIPI2) which defined 
three risk groups, low, intermediate, and high risk, with 3-year PFS of 91%, 
69%, and 51%, respectively [5] (see Table 5.1). They also validated the original 
FLIPI in a cohort treated with rituximab although the FLIPI2 performed better. 

Table 5.1 Indices, factors, and risk groups

Index Factors Risk groupsa

Number 
of factors

5-year 
overall 
survival (%) References

FLIPI Age ≥60
Stage III or IV
Hb <120 g/L
Four or more nodal areas
LDH > ULN

Low/
intermediate

0–2 89–91 [3, 4, 7]

High 3–5 59–75

FLIPI2 Lymph node mass >6 cm
Age ≥60
Bone marrow involvement
Hb <120 g/L
β2-Microglobulin > ULN

Low 0 98 [5]
Intermediate 1–2 88
High 3–5 77

m7-FLIPI FLIPI
ECOG
 Genes
EZH2
ARID1A
MEFZB
EP300
FOXO1
CREBBP
CARD11

Low See 
comment

84–90 [4, 7, 9]

High See 
comment

41–65

aThese risk groups are for patients treated with immunochemotherapy except for the FLIPI2 which 
included some watch and wait patients as well as patients receiving treatment without rituximab 
including local treatments.
Free online calculator is available at http://www.glsg.de/m7-flipi/
Hb hemoglobin, LDH lactate dehydrogenase, ULN upper limit of normal
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In clinical practice, FLIPI is still widely used as a predictor of survival in FL 
due to the ease with which it can be applied. Importantly, these indices are not 
generally used to define an indication for treatment for which criteria of high 
tumor burden (such as the Groupe d’Etude des Lymphomes Folliculaires (GELF) 
[10] and the British National Lymphoma Investigation (BNLI) [11] criteria) are 
generally used (see Table 5.1).

 Disease Burden Including Baseline Metabolic Tumor Volume

Patients who do not fit established criteria for high tumor burden (such as GELF and 
BNLI criteria) have a good long-term prognosis, and early treatment of these patients 
has not demonstrated an advantage in terms of overall survival; hence, watchful 
waiting is often employed. This was initially based upon data from the pre-rituximab 
era including a large British study of observation vs. chlorambucil, which showed no 
improvement in OS with early initiation of chemotherapy [11]. This observation has 
been confirmed in the rituximab era including an international study, which com-
pared observation to single-agent rituximab followed by rituximab maintenance in 
low-tumor burden patients [12]. In this study, patients initially managed with watch-
ful waiting or single-agent rituximab followed by rituximab maintenance had 3-year 
OS in excess of 90% with no significant difference between the two groups [12]. Not 
surprisingly, rituximab did however improve the time to next treatment in these 
patients such that 88% of patients did not need additional treatment at 3 years in the 
rituximab group compared to 46% of patients in the watchful waiting group. A pop-
ulation-based study from Denmark has also shown that these patients have a very 
good prognosis with the watch and wait population having a similar OS during the 
first 50 months after diagnosis compared to a matched background population but an 
increased risk of death after 50 months [13]. Conversely, it is well established that 
patients with high tumor burden (for which factors such as LDH, B2M, longest 
diameter of the largest involved node (LODLIN), and numbers of nodal sites are 
surrogates) have a comparatively unfavorable prognosis, and the benefit from immu-
nochemotherapy for these patients in terms of PFS and OS has been demonstrated 
in multiple large randomized studies [14, 15]. Hence, current treatment strategies 
are based on assessment of tumor burden which has traditionally been done using 
surrogate clinical parameters. [18F]-Fluorodeoxyglucose (FDG)-positron emission 
tomography (PET) is a highly sensitive imaging modality that is used to detect 
malignant disease. It is based on the principle that neoplastic cells take up glucose 
more rapidly than normal cells [16]. PET in combination with anatomic CT data 
allows an accurate and reproducible assessment of overall tumor volume. Total met-
abolic tumor volume (TMTV) is a measure of viable tumor and environmental cells, 
and pooled analysis of a subset of patients from three large studies has shown that 
baseline TMTV strongly predicts outcome in high-tumor burden FL in patients 
receiving R-CHOP without antibody maintenance [17]. TMTV was obtained by 
summing the metabolic volumes of all local and extranodal lesions. Studies have 
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shown that 29% of patients with a high TMTV >510 cm3 had a markedly inferior 
5-year progression-free survival of only 33% compared to 65% for patients with 
TMTV ≤510 cm3. High TMTV was also associated with inferior 5-year OS (85% 
vs. 95%). The combination of high TMTV and intermediate to high FLIPI2 allowed 
definition of three groups with distinct prognoses, ranging from 5-year PFS of 20% 
with both risk factors to 69% when they are both absent. These findings, and particu-
larly the cutoff for definition of high TMTV, require validation in prospective studies 
in larger numbers of patients, including those receiving rituximab-bendamustine 
and importantly patients receiving maintenance. There are also issues related to the 
optimal software algorithms and threshold SUV used to define disease, as well as 
reproducibility of findings with different equipment, different treatments, and the 
interaction of TMTV with other prognostic measures [18].

 After Treatment

 Response to Initial Treatment

CT-based assessment with measurements of the sum of the products of the diame-
ters of up to six target lesions has been the cornerstone of response assessment for 
FL for decades. However, with approximately 95% of patients having a response to 
rituximab-chemotherapy, the discriminatory capacity of the 1999 IWC contrast- 
enhanced CT-based response assessment [19] consigns most responding patients 
(with an unconfirmed complete response or partial response) to an uncertain remis-
sion in which only close clinical follow-up identifies those with early relapse.

Multiple lines of evidence have recently been presented that demonstrate that early 
progression after treatment for FL is a strong predictor of inferior OS [20–22]. 
Approximately 20% of patients will progress within 2 years of initial immunochemo-
therapy. Analysis of outcomes of almost 600 patients from the US National 
LymphoCare Study shows that this group has significantly inferior OS (50% at 
5 years) compared to the overall cohort (90% at 5 years) [20]. Using event-free sur-
vival (defined as time from diagnosis to progression, relapse, retreatment, or death) at 
12 and 24 months in a large cohort of patients from the Mayo Clinic, Maurer and 
colleagues confirmed that patients with early events after immunochemotherapy had 
especially poor outcomes [21]. They also showed that an early event following ritux-
imab monotherapy or after initiation of treatment following observation predicts poor 
subsequent survival. In an individual patient-level analysis of multiple randomized 
trials, Shi et al. found that the 30-month complete remission (CR) rate is a robust sur-
rogate end point for progression-free survival (PFS) in first- line treatment for FL [22].

 PET Response

Following the initial hypothesis generating study of PET scans by Trotman and col-
leagues, performed in the PRIMA (Primary Rituximab and Maintenance) study 
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[23], two additional European cooperative group prospective studies, the Italian 
FOLL05 [24] and French PET Folliculaire [8] studies, were reported. Both con-
firmed the strongly predictive value of PET-CT performed up to 3  months after 
induction of immunochemotherapy for patients with high-tumor burden disease. A 
pooled analysis of 246 independently reviewed scans by three expert PET physi-
cians in these three studies was conducted applying the currently recommended 
cutoff score of ≥4 (defined as FDG uptake in tumor moderately higher than that of 
the liver) on a five-point scale (5PS; also known as the Deauville criteria) [25]. 
Forty-one (16.7%) scans were positive with a cutoff of ≥4 (i.e., lymphoma FDG 
uptake moderately > liver uptake), with substantial reporter concordance. With a 
median follow-up of 55 months, the HR for PFS and OS of PET+ vs. PET- patients 
was 3.9 (95% CI 2.5–5.9, p < .0001) and 6.7 (95% CI 2.4–18.5, p = 0.0002), respec-
tively. For PET+ patients, 4-year PFS was 23.2% (95% CI 11.1–37.9%) vs. 63.4% 
(95% CI 55.9–70.0%) in those who became PET- (p < .0001). Four-year OS was 
87.2% (95% CI 71.9–94.5%) vs. 97.1% (95% CI 93.2–98.8%) (p < .0001), provid-
ing the first large body of evidence of the impact of post-induction PET status on OS 
(see Fig. 5.1).

Conversely, conventional CT-based response (complete response/unconfirmed 
complete remission vs. partial response) was weakly predictive of PFS (HR 1.7, 
p = 0.02) but not OS. As an example, Fig. 5.2 demonstrates a series of scans in a 
patient with newly diagnosed FL with high tumor burden who had a positive scan 
(score of 4) at the end of induction and who relapsed 6 months later.

More recently, data from the GALLIUM study confirmed the highly predictive 
power of post-induction PET status after either rituximab- or obinutuzumab- 
chemotherapy (bendamustine, CHOP, or CVP) for FL [26]. Of 595 patients included 
in the PET-CT intention-to-treat population, 508 and 519 were included in an OS 
and PFS landmark analysis, respectively, applying the Lugano 2014 response crite-
ria which incorporate the 5PS.  Following induction therapy, 454/595 (76.3%) 
obtained complete metabolic response (CMR). With median of 43.3 months’ fol-
low- up, post-induction PET-CT was highly prognostic for PFS and OS (CMR vs. 
non-CMR: HR 0.2, 95% CI 0.1–0.3, p  <  0.0001 and HR 0.2, 95% CI 0.1–0.5, 
p < 0.0001, respectively). Two-and-a half-year PFS from EOI was 87.4% (95% CI 
83.8–90.2) for CMR patients vs. 54.9% (95% CI 40.5–67.3) for non-CMR patients; 
2.5-year OS was 96.6% (95% CI 94.4–97.9) vs. 84.0% (95% CI 72.9–90.8). With a 
fivefold increased rate of early progression and death in patients who failed to obtain 
a complete metabolic response, this data validated the prognostic impact of 
PET. While highly predictive of outcome, there is still a minority of patients obtain-
ing CMR who progress early, as well as a number failing to obtain CMR who remain 
in remission during this rather short follow-up. A combined analysis of all four 
studies will provide a more robust assessment of the predictive power of PET 
response with longer follow-up, and post-induction PET status is potentially a 
 useful surrogate end point for use in clinical trials. Two large studies are underway 
(the British-led PETReA study and the Italian FOLL12 trial) which individualize 
post- induction treatment based on risk according to metabolic response.
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Progression-free survival according to PET scan score (cutoff _> 4)

Overall survival according to PET scan score (cutoff _> 4)
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Fig. 5.1 Progression-free (a) and overall survival (b), according to post-induction PET scan status 
(cutoff ≥4 on the five-point Deauville scale). Negative scan is <4 and positive is ≥4 [25]. NA not 
applicable. (Reprinted from Trotman et al. [25], © 2014; with permission from Elsevier)

A. Johnston and J. Trotman



89

 Transformation and Prognosis

Transformation to aggressive lymphoma (usually diffuse large B-cell lymphoma) 
occurs in approximately 30–40% of cases of FL with prolonged follow–up [27]. 
Histological transformation (HT) has been associated with a very poor prognosis 
with early series reporting a median survival following HT of 1–2  years [27]. 
Contemporary data with modern therapy shows a significant improvement in sur-
vival following transformation with a median survival of 5  years in the large 
National LymphoCare Study [28]. Despite recent advances, 5-year survival from 
diagnosis remained significantly worse for patients who experienced HT at 75% 
compared with 85% for non-transformed patients [28]. Interestingly, when HT is 
identified at the time of diagnosis, it did not appear to negatively impact survival 
[28]. The risk of HT appears to be stable and consistent at approximately 2–3% per 
year for at least the first 10–15 years following diagnosis [29]. Available evidence 
suggests that chemoimmunotherapy does not abrogate risk of transformation [28, 
29]. Risk factors for transformation include altered performance status, anemia, 
high lactate dehydrogenase level, B symptoms, histologic grade 3a, and high FLIPI 
score at diagnosis [30].

Baseline

a b c

After 6-RCHOP Progression

Fig. 5.2 PET images from a 55-year-old man with newly diagnosed FL. (a) Baseline PET scan 
demonstrates extensive disease with a very large intra-abdominal mass, multiple lymph nodes 
above and below the diaphragm, and sites of bony involvement. (b) After induction therapy, there 
has been substantial regression of disease, but circles highlight residual disease with FDG uptake 
greater than that of liver (Deauville 4). (c) The patient progressed 6 months later. Circles show 
progression in areas of persistent disease and a new bony lesion in the left femur. (Figure courtesy 
of Dr Anne-Segolene Cottereau, Department of Nuclear Medicine, Cochin Hospital, Assistance 
Publique Hôpitaux de Paris, Paris Descartes University, 75014 Paris, France)
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 Part 2 Biological Prognostic Factors

 Histology and Tumor Grade

Tumor cells in FL are malignant counterparts of normal germinal center B-cells. 
These malignant cells are admixed with nonmalignant cells such as T-cells, follicu-
lar dendritic cells, and macrophages that make up the tumor microenvironment [31]. 
FL is separated into grades 1–3 which are defined by the relative proportion of 
centrocytes to centroblasts [32]. Grade 3 is further subdivided into 3A and 3B 
according to the presence of centrocytes (3A) or solid sheets or entire follicles com-
posed of centroblasts (3B). The clinical significance of WHO grades has been con-
troversial, and tumor grading has not been adopted as standard criteria for patient 
prognostication. Accumulating data however indicate that grade 3B FL is a distinct 
entity that is clinically different from grade 1, 2, and 3A FL. A study of a population- 
based cohort of 505 patients with long follow-up [33] demonstrated that the clinical 
course of patients with grade 1–2 and 3A FL was equally indolent with similar 
median OS times. In contrast, the clinical course of grade 3B lymphoma more 
closely resembled that of diffuse large B-cell lymphoma with an inferior median 
survival time and the survival curve reaching a plateau after 5 years. Treatment with 
first-line anthracyclines correlated with superior OS in grade 3B disease, whereas 
grade 1–2 and 3A FL did not seem to benefit from upfront anthracyclines. Grade 3B 
FL was also less frequently positive for BCL2 and more often positive for TP53. A 
study of cytogenetic and immunohistochemical profiles of FL has also shown that 
strictly defined 3B FL is a distinct entity with infrequent BCL2 and BCL6 transloca-
tions compared to grade 1–3A FL, infrequent expression of CD10, and increased 
expression of IRF4/MUM1 [34]. Thus, current treatment guidelines generally rec-
ommend that grade 3B FL is treated like diffuse large B-cell lymphoma.

Several unique subtypes of FL also appear to have a distinct clinical course, and 
this has been recognized in the recently revised WHO classification [32]. Pediatric- 
type FL (PFL) is now recognized as a definite entity. This is usually a localized 
disease presenting in the head and neck in young males. Pathological features 
include high-grade histology, absence of the BCL2/IgH translocation, and absence 
of BCL2 expression [35]. This variant of FL has an excellent prognosis showing 
lack of progression or recurrence after local treatment [36]. Duodenal-type FL is 
another distinct variant presenting with localized disease in the gastrointestinal 
tract. These patients also have an excellent outcome including cases managed with 
initial observation [37].

 Microenvironment

The tumor cell microenvironment has been found to have a significant impact on the 
long-term outcome of patients with FL. A seminal study conducted by Dave et al. 
showed that the prognosis of FL correlates with the molecular features of 
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nonmalignant immune cells present in the tumor at diagnosis [38]. Using gene 
expression profiling (GEP) on biopsy specimens of patients with untreated FL, they 
identified individual genes that were associated with prognosis and then grouped 
these genes according to patterns of expression into molecular “signatures.” Flow 
cytometry showed that these signatures reflected gene expression by nonmalignant 
tumor- infiltrating immune cells. The immune response 1 signature was enriched for 
genes expressed in T-cells and was associated with favorable outcomes. In contrast, 
the immune response 2 signature which included genes expressed in follicular den-
dritic cells and macrophages identified a very poor risk group with a ninefold 
increase in the relative risk of death compared to baseline. Subsequent studies have 
confirmed the important role of the microenvironment in FL biology, but have 
yielded conflicting results. Potential explanations include the complex interplay of 
the cellular immune system and the use of differing treatment regimens across stud-
ies, further highlighting the important influence of methodology and lymphoma 
treatment on interpretation of results.

Although the influence of the tumor microenvironment was initially demon-
strated using gene expression profiling, subsequent studies have shown that certain 
immunohistochemical markers may be used as surrogates [39]. A number of studies 
have identified an important prognostic role of tumor-associated macrophages [40]; 
however, it is clear that their role in prognosis is critically reliant on treatment 
received; in particular, rituximab appears to abrogate the adverse prognostic impact 
of increased tumor-associated macrophages. Interactions between tumor cells and 
infiltrating T-cells are the subject of considerable study with follicular helper T-cells 
and regulatory T-cells demonstrated to be of particular importance. Regulatory 
T-cells recognize tumor antigens and can suppress antitumor effector cells. They 
can be identified by positive staining for FOXP3. It has been shown that the pattern 
of distribution of these cells may be an independent predictor of survival and histo-
logical transformation in FL [41]. Follicular helper T-cells have been implicated in 
the survival of FL B-cells [42] and express programmed death 1 (PD 1) [43]. A 
recent study however did not show an association of these PD 1-positive follicular 
helper T-cells with patient outcomes [43]. Given the substantial interest in check-
point inhibitors in solid tumors and lymphoma, further studies investigating this 
biology and its effect on prognosis in FL are ongoing.

 Molecular Prognostic Markers

The advent of powerful molecular techniques such as next-generation sequencing 
has allowed genome-wide analysis of FL.  This has resulted in improved under-
standing of the molecular pathogenesis of FL and identification of mutations that 
can impact on prognosis. It is clear that epigenetic modification is critical to the 
biology of FL. Genes that regulate histone proteins, and hence modify chromatin, 
are mutated at a high frequency and appear to be key driver mutations [44–46] (see 
also Table 5.2). Numerous mutations have also been detected in genes encoding 
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transcription factors, kinases, and other signaling molecules [56]. Mutations in few 
individual genes have been associated with prognosis in FL, and some associations 
are controversial (see Table 5.2).

Whether combining mutational analysis into risk models could help account for 
the complex interactions between distinct gene mutations is largely unknown [56]. 

Table 5.2 Selected molecular alterations in follicular lymphoma and their prognostic significance

Role/function Gene
Mutation/
alteration Frequency

Prognostic 
significance References

Histone 
modification

KMT2D 
(MLL2)

Inactivating 
mutations

60–89% Core driver mutation, 
unclear prognostic 
significance

[44–46]

CREBBP Inactivating 
mutations

32–52% Driver mutation, 
associated with 
inferior PFS, 
component of the 
m7-FLIPI

[7, 44, 
46–48]

EZH2 Activating 
mutations

17–27% Early mutation in FL, 
associated with a 
favorable outcome in 
patients with high-risk 
FLIPI, component of 
the m7-FLIPI

[7, 44, 46, 
49]

EP300 Inactivating 
mutations

9–19% Driver mutation, 
component of the 
m7-FLIPI

[7, 47]

ARID1A Inactivating 
mutations

6–15% Impaired DNA repair, 
correlates with longer 
failure-free survival 
(FFS), component of 
the m7-FLIPI

[7, 44]

Microenvironment TNFRSF14 Inactivating 
mutations

18–32% Controversial impact, 
associated with 
pediatric-type FL 
(54% of cases)

[7, 50–52]

Transcription 
factor

MEF2B Inactivating 
mutations

8–20% Driver mutation, 
component of 
m7-FLIPI

[44, 45]

B-cell receptor 
signaling

CARD11 Activating 
mutations

10–15% Mutations associated 
with shorter FFS, 
component of the 
m7-FLIPI

[7]

Cell cycle 
regulation

TP53 Inactivating 
mutations

<10% Significantly 
associated with 
inferior overall 
survival

[7, 53]

Regulation of 
apoptosis

BCL2 Gain-of- 
function 
mutations

12–54% Controversial impact 
on survival, may be 
associated with 
increased risk of 
transformation

[54, 55]
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Potentially, clinical parameters could add to such models to improve predictive 
power. Pastore et al. performed a comprehensive multivariate analysis of recurrent 
gene mutations and clinical risk factors in patients with symptomatic follicular lym-
phoma receiving first-line R-CHOP in a German Low-Grade Lymphoma Study 
Group trial [7]. The authors developed a clinicogenetic risk model (m7-FLIPI) 
which incorporates seven genes, FLIPI, and the ECOG performance status. The 
model was validated in a cohort of patients from a British Columbia Cancer Agency 
treated with R-CVP. The seven genes which emerged as being most strongly predic-
tive in this model (EZH2, ARID1A, MEF2B, EP300, FOXO1, CREBBP, and 
CARD11) are known to be dysregulated in FL and include several genes involved in 
histone modification. The m7-FLIPI identified a high-risk group (comprising 
approximately one-quarter of patients) with 5-year failure-free survival (FFS) of 
25% (R-CVP) to 38% (R-CHOP) compared to the low-risk group with 5-year FFS 
of 68% (R-CVP) to 77% (R-CHOP). It significantly outperformed the FLIPI and 
was able to reclassify a substantial proportion of patients (44–55%) with a high-risk 
FLIPI to a low-risk group who had outcomes similar to those with low-risk FLIPI. In 
limited analyses, it also outperformed the FLIPI2 in the identification of high-risk 
patients. The m7-FLIPI also proved to be predictive of OS with low-risk patients 
having 5-year OS of 84–90% compared to high-risk patients with 5-year OS of 
41–65%. A recent comprehensive genetic study which involved analysis of more 
than 1700 genes in 105 patients with primarily untreated follicular lymphoma sig-
nificantly expanded the number of genes known to be recurrently mutated in FL 
[44]. In a subset of untreated patients with full clinical annotation, these investiga-
tors also investigated the utility of the m7-FLIPI. They did not find significant dif-
ferences in PFS for patients with high- and low-risk scores, but the study was 
underpowered for this end point [44].

In additional analyses, the m7-FLIPI was also shown to be predictive of early 
progression within 24  months (POD24) with 76–77% accuracy [57]; however, 
approximately half of early progressing patients were still classified as low-risk 
m7-FLIPI. A subsequent model was generated, the POD24-prognostic index (PI), 
which consisted of only three gene mutations (EP300, FOXO1, and EZH2) along 
with the FLIPI.  Although the POD24-PI had a higher sensitivity for predicting 
POD24, it came at the expense of lower specificity, suggesting further work is 
needed to characterize the genetic markers that define high-risk groups. The 
m7-FLIPI will also require prospective validation in large clinical cohorts, and its 
ability to prognosticate patients treated with novel therapeutics (which may differ-
entially impact different genetic lesions) is unknown.

A recent French study used gene expression profiling (GEP) of a cohort of 
patients from the PRIMA study to develop an expression-based predictor of PFS 
[58]. This predictor is based on expression levels of 23 genes reflecting both B-cell 
biology and tumor microenvironment. The predictor was further evaluated in three 
separate independent cohorts using RNA obtained from formalin-fixed paraffin- 
embedded tissue and was able to predict PFS independent of FLIPI and mainte-
nance therapy. The median PFS of the combined high-risk groups was 3.1 years 
compared with 10.8 years in the combined low-risk groups [58].
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In the future, tools such as the m7-FLIPI and the GEP score may be used to select 
treatment for patients based on risk of progression at diagnosis, but this concept 
must be tested in large trials.

 Cytogenetics

While cytogenetic abnormalities are identified in most cases of follicular lym-
phoma, they do not generally contribute significantly to clinical prognostication. 
The translocation t(14;18)(q32;q21) is present in approximately 80–90% of cases 
with no evidence of a difference in OS between positive and negative cases [59–61]. 
The consequence of this translocation is high-level expression of BCL2 protein 
resulting in resistance to apoptosis [59]. Approximately 5–15% of FL is found to 
have abnormalities of 3q27 involving the BCL6 gene, a transcription factor that is 
essential for normal germinal center development [60–62]. Cytogenetic abnormali-
ties involving 3q27 appear to be associated with grade 3B histology and a more 
aggressive clinical course [61, 62]. While the majority of lymphomas harboring 
translocations involving both BCL2 and MYC (cytogenetic “double hit”) are high- 
grade lymphomas with an aggressive clinical course, cases of “double hit” FL are 
described [63, 64]. Most commonly, this is associated with high-grade transforma-
tion [63]. While “double hit” cytogenetics are associated with a worse prognosis in 
newly diagnosed high-grade lymphoma, the prognostic impact of these transloca-
tions on histologic transformation is not well established.

 Minimal Residual Disease (MRD) Assessment

The t(14;18) translocation results in the BCL2/IgH fusion gene. Levels of this tran-
script may be used to monitor FL by quantitative PCR in different compartments, 
particularly the bone marrow and blood. There is a significant body of literature that 
establishes the prognostic value of minimal residual disease as defined by persis-
tence of BCL2/IgH in the setting of autologous transplantation in FL [65, 66]. The 
prognostic role of MRD after conventional immunochemotherapy has been more 
contentious. Some studies such as the large Italian FOLL05 trial in the frontline 
setting have shown that molecular tumor burden correlates with the quality of 
response to induction treatment as well as duration of remission [67]. There have 
been others such as the EORTC 20981 study in relapsed FL that did not show an 
impact of post-induction molecular status on duration of remission [68]. Limitations 
of MRD monitoring by BCL2/IgH transcripts include the fact that a molecular 
marker can only be detected in approximately half of patients and that the blood and 
marrow compartments may not be representative of whole-body residual disease.

A. Johnston and J. Trotman



95

 Integration of MRD Plus PET

There is interest in using integrated prognostic measures to improve outcome pre-
diction in FL. For example, in the FOLL05 study, a subset of 41 patients were ana-
lyzed who had both PET and MRD assessment by BCL2/IgH PCR at end of 
induction [69]. This analysis showed that PET and MRD are not strongly correlated 
with each other and can be used as complementary techniques at the end of treat-
ment. Patients who had a negative PET and were MRD negative had significant 
improved PFS at 5 years of 75% compared to 35% if either parameter was positive 
[69]. A similar analysis of the GALLIUM study is underway. The value of such 
integrated analyses to tailor post-induction maintenance treatment will be tested in 
FOLL12 trial.
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Chapter 6
Management of Localized Low-Grade 
Follicular Lymphoma

Neil B. Desai and Sarah A. Milgrom

 Overview of Localized Disease

Follicular lymphoma (FL) is the most common indolent non-Hodgkin lymphoma. 
The majority of FL cases are advanced stage at diagnosis, with frequent nodal and 
bone marrow involvement. Approximately 20% of patients have localized (stage I–
II) disease at the time of presentation [1, 2]. Because early-stage FL is uncommon, 
it is important to exclude the presence of distant disease with a complete staging 
evaluation, including a bone marrow biopsy and PET-CT scan, before embarking on 
a course of definitive local therapy.

In patients diagnosed with localized FL, the median age is 60  years. These 
patients typically have a good performance status and normal LDH. Disease is often 
limited to one nodal region at a peripheral site, such as the neck or inguinal basin. 
Extranodal involvement is observed in approximately 25% of cases [3].

There is great variety in the management approaches used for early-stage 
FL. The National LymphoCare Study was a multicenter, longitudinal, observa-
tional study that included patients treated for FL in academic and community 
practices. It aimed to identify current demographics and patterns of care in the 
United States. Of the 2728 subjects enrolled, 474 patients had stage I disease at 
diagnosis. Management of these patients with stage I disease consisted of radia-
tion therapy (RT) in 23%, rituximab alone in 13%, rituximab with chemotherapy 
in 30%, and observation in 29%. Among stage I patients not receiving RT as 
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initial therapy, 21% received RT within 90 days of completing initial treatment, 
suggesting a planned combined modality approach [2]. Thus, various treatments 
are used frequently in this setting. Furthermore, all of these approaches have been 
associated with favorable outcomes [4]. As no clinical distinction is reliably made 
between grade 1 and 2 diseases and as many centers treat grade 3A or grade 3B 
disease as DLBCL, the goal of this chapter is to discuss the management strate-
gies for early-stage grade 1–2 FL.

 Radiation Therapy

Radiation therapy (RT) is a recommended approach for stage I or contiguous stage 
II, low-grade (grade 1–2) FL and has been the historical standard of care. Multiple 
institutions have reported their experience treating localized FL using definitive 
RT [5–9], as summarized in Table 6.1. These series demonstrated local control 
rates of >90% within the irradiated area. However, relapse with systemic disease 
outside of the radiation field was common, with 10-year relapse-free and overall 
survival rates of approximately 50% and 60%, respectively. A plateau in the dis-
ease-free survival curve was observed beyond 10–15 years, suggesting that a pro-
portion of patients were cured with RT alone. An important limitation of these 
older series is that at least some patients were treated before metabolic imaging 
was used for staging. Therefore, patients may have had undiagnosed advanced-
stage disease. Furthermore, the RT fields were more extensive and salvage options 
more limited, so it may be difficult to apply the data to today’s experience and 
prognosis discussions.

To address these concerns regarding older series, the International Lymphoma 
Radiation Oncology Group (ILROG) reported the outcomes of curative RT for 
localized FL in patients treated in the modern era, all of whom were staged using 
PET-CT scans prior to RT.  In this cohort, the 5-year freedom from progression 
(FFP) was 70.2% and overall survival was 95.8%. The 5-year FFP was 74.3% for 
the subset of patients with stage I disease [10]. Thus, outcomes after RT in these 
PET-staged patients were better than in some earlier series, suggesting that the cura-
tive potential of RT for truly localized FL may have been underestimated 
previously.

 Radiation Dose

The accepted radiation dose for the treatment of FL was established by two random-
ized dose de-escalation studies. First, Lowry et al. randomized patients with indolent 
NHL, primarily grade 1–2 FL, to receive the historical, standard dose of 40–45 Gy or 
the experimental, reduced dose of 24 Gy. No difference in disease response, local 
progression, disease-free survival, or overall survival rates was observed between the 
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arms. Lower toxicity rates were observed in the 24 Gy arm [11]. Since no loss of 
efficacy was associated with the reduced dose compared with the previous standard 
dose, 24 Gy in 12 fractions became the accepted dose for definitive RT.

The reported efficacy of even lower radiation doses prompted the FORT trial. 
This non-inferiority study randomized patients to receive a total dose of 24 Gy in 12 
fractions or 4 Gy in 2 fractions. In the patients treated with just 4 Gy, the overall 
response rate (ORR) was 81% (48% complete response [CR] and 32% partial 
response [PR]). The CR rate was higher in patients treated with 24 Gy. However, 
given the high ORR, ease of administration, and minimal toxicity associated with 
4 Gy, the authors concluded that this very low dose is a useful alternative to 24 Gy 
in instances when local control is less of a priority [12].

Additionally, 4 Gy should be considered if there is concern that 24 Gy may be 
associated with excess toxicity. As one example, in the treatment of FL of the orbit, 
4  Gy in two fractions is associated with high response rates and minimal toxic 
effects [13, 14]. Conversely, moderate doses to the orbit, in the range of 24 Gy, have 
been associated with late toxicity in a substantial proportion of patients [15]. 
Therefore, a reasonable approach for FL of the orbit is to treat with 4 Gy initially 
and to escalate the dose only if needed for refractory disease. This strategy may be 
used in other settings, as well, based on the risk of toxicity from 24 Gy and the 
importance of establishing local control.

 Radiation Volume

Historically, radiation field design has included total lymphoid, extended field, 
involved field, and involved site techniques. No randomized studies have compared 
larger and smaller fields. However, retrospective data published by Campbell et al. 
show no significant difference in the patterns of failure or survival outcomes in patients 
treated with large, regional fields or smaller fields encompassing the involved node(s) 
with margins of no more than 5 cm. The authors conclude that the field size may be 
reduced to include only the involved nodes with a margin of ≤5 cm, without loss of 
efficacy [9]. Based on such data, the ILROG guidelines recommend a “generous” 
involved site approach for the definitive treatment of FL [16], as shown in Fig. 6.1.

 Systemic and Combined Modality Therapy

Lymphoma remains a common cause of death, and distant relapse is the dominant 
pattern of failure after initial treatment with RT for limited-stage FL. The use of 
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systemic therapy, including cytotoxic chemotherapy, immunochemotherapy, and 
anti-CD20 antibody monotherapy, in combination with RT or alone, has been inves-
tigated by multiple groups attempting to address these issues. Thus far, while 
improvements in PFS have been seen with some regimens/combinations, no repro-
ducible benefit in OS has been demonstrated, as summarized in Table 6.2. Thus, the 
use of systemic therapy in limited-stage FL is not recommended routinely outside a 
trial or in select cases with high burden disease.

a

b

c

Fig. 6.1 A 67-year-old 
male presented with a left 
axillary mass. An 
excisional biopsy 
revealed grade 2 
follicular lymphoma. A 
PET-CT showed a 3.7 cm 
left axillary lymph node 
with an SUV of 4, with 
no other evidence of 
disease (a). A bone 
marrow biopsy was 
negative for 
lymphomatous 
involvement. The patient 
was treated with 
definitive radiation 
therapy to a total dose of 
24 Gy (axial slice in (b) 
and coronal slice in (c); 
red isodose line = 24 Gy)

6 Management of Localized Low-Grade Follicular Lymphoma



108

Ta
bl

e 
6.

2 
R

ep
or

ts
 o

f 
ch

em
ot

he
ra

py
 o

r 
co

m
bi

ne
d 

sy
st

em
ic

 a
nd

 r
ad

ia
tio

n 
th

er
ap

y 
fo

r 
lim

ite
d-

st
ag

e 
fo

lli
cu

la
r 

ly
m

ph
om

a

In
st

itu
tio

n

N
um

be
r 

of
 

pa
tie

nt
s 

tr
ea

te
d 

w
ith

 
sy

st
em

ic
 

th
er

ap
y

T
re

at
m

en
t 

re
gi

m
en

 (
s)

Y
ea

rs
 o

f 
tr

ea
tm

en
t

M
ed

ia
n 

fo
llo

w
-u

p 
(y

ea
rs

)
Fr

ee
do

m
 f

ro
m

 
re

la
ps

e
O

ve
ra

ll 
su

rv
iv

al
C

om
m

en
ts

P
ro

sp
ec

ti
ve

M
D

 A
nd

er
so

n 
[1

7]
85

30
–4

0 
G

y 
IF

R
T

 +
 

cy
to

to
xi

c 
re

gi
m

en
 

w
ith

ou
t R

itu
xa

n

19
84

–
19

92
10

72
%

 a
t 1

0 
ye

ar
s

80
%

 a
t 1

0 
ye

ar
s

M
ye

lo
dy

sp
la

si
a 

an
d 

se
co

nd
 c

an
ce

r 
ra

te
s 

w
er

e 
w

or
ri

so
m

e

M
SK

C
C

 [
18

]
44

R
T

 (
re

gi
on

al
 

m
ed

ia
n 

40
 G

y)
 

+
/−

 C
H

O
Px

6

19
80

–
19

88
7

83
%

 v
s.

 4
7%

 
p 

<
 0

.0
3

88
%

 v
s.

 6
6%

 N
S

B
ri

tis
h 

N
at

io
na

l 
Ly

m
ph

om
a 

In
ve

st
ig

at
io

n 
[1

9]

14
8

R
T

 (
25

–3
5 

G
y)

 
+

/−
 o

ra
l 

ch
lo

ra
m

bu
ci

l

19
74

–
19

81
18

33
%

 v
s.

 4
2%

 a
t 

10
 y

ea
rs

 N
S

52
%

 v
s.

 4
2%

 a
t 

10
 y

ea
rs

 N
S

R
et

ro
sp

ec
ti

ve

R
ue

lla
 e

t a
l. 

[2
0]

43
R

itu
xi

m
ab

 ×
4 

cy
cl

es
 →

 R
T

19
99

–
20

11
8.

6
51

%
 a

t 1
0 

ye
ar

s
84

%
 a

t 1
0 

ye
ar

s
N

S 
di

ff
er

en
ce

 in
 P

FS
 o

r 
O

S 
vs

. R
T

 
al

on
e 

on
 M

V
A

Ly
m

ph
oC

ar
e 

[4
]

20
6

C
T

 a
nd

 R
T

 o
r 

ri
tu

xi
m

ab
 a

lo
ne

20
04

–
20

07
4.

75
N

ot
 r

ep
or

te
d

N
ot

 r
ep

or
te

d
M

V
A

 s
ho

w
ed

 P
FS

 b
en

efi
t b

ut
 n

ot
 

O
S 

be
ne

fit
 fo

r i
m

m
un

oc
he

m
ot

he
ra

py
 

+/
−

 R
T

 v
s.

 R
T

 a
lo

ne
 o

r 
ob

se
rv

at
io

n

N. B. Desai and S. A. Milgrom



109

Ja
ni

ko
va

 e
t a

l. 
[2

1]
28

R
itu

xi
m

ab
 o

r 
ri

tu
xi

m
ab

-R
T

19
99

–
20

12
<

5
85

.7
–9

1.
7%

 a
t 

3 
ye

ar
s

85
.7

–1
00

%
 a

t 
3 

ye
ar

s
Sm

al
l r

et
ro

sp
ec

tiv
e;

 li
m

ite
d 

fo
llo

w
-u

p 
in

 R
itu

xa
n 

ar
m

s 
in

 
pa

rt
ic

ul
ar

M
ic

ha
lle

t, 
et

 a
l. 

[2
2]

87
R

itu
xi

m
ab

, 
ri

tu
xi

m
ab

 +
 C

T,
 

+
/−

 R
T

19
67

–
20

11
7

A
t 7

.5
 y

ea
rs

, 6
0%

 
fo

r 
ri

tu
xi

m
ab

 +
 C

T
 

vs
. 1

9–
26

%
 f

or
 

ot
he

r 
th

er
ap

ie
s

66
–1

00
%

 a
t 

7.
5 

ye
ar

s;
 N

S 
di

ff
er

en
ce

 
be

tw
ee

n 
co

ho
rt

s

Po
or

 o
ut

co
m

es
 f

or
 R

T
 a

lo
ne

 a
nd

 
ob

se
rv

at
io

n 
co

ho
rt

s 
at

tr
ib

ut
ed

 to
 

im
ba

la
nc

e 
in

 r
ef

er
ra

l p
at

te
rn

; l
im

its
 

in
te

rp
re

ta
tio

n
M

on
de

llo
 e

t a
l. 

[2
3]

72
R

itu
xi

m
ab

 
+

/−
 I

FR
T

19
95

–
20

12
8

M
ed

ia
n 

5 
ye

ar
s 

ri
tu

xi
m

ab
, 6

 y
ea

rs
 

ri
tu

xi
m

ab
 +

 R
T

N
ot

 s
pe

ci
fie

d
Im

pr
ov

ed
 P

FS
 v

s.
 R

T
 b

ut
 N

S 
di

ff
er

en
ce

 in
 O

S

O
sl

o 
U

ni
ve

rs
ity

 
[2

4]
13

9
C

T
 w

ith
 o

r 
w

ith
ou

t R
T

19
80

–
20

05
15

A
t 1

0 
ye

ar
s,

 ~
25

%
 

fo
r 

C
T,

 ~
45

%
 f

or
 

ob
se

rv
at

io
n,

 
~5

5–
60

%
 f

or
 R

T
 o

r 
C

T
 +

 R
T

A
t 1

0 
ye

ar
s,

 
~5

0%
 f

or
 C

T
 o

r 
ob

se
rv

at
io

n,
 

~7
0%

 f
or

 R
T

 o
r 

C
T

 +
 R

T

Fo
llo

w
-u

p 
sh

or
te

r 
fo

r 
sy

st
em

ic
 

th
er

ap
y-

tr
ea

te
d 

pa
tie

nt
s 

bu
t n

ot
 

sp
ec

ifi
ed

; f
ew

 r
itu

xi
m

ab
 p

at
ie

nt
s.

 
N

S 
di

ff
er

en
ce

 o
n 

M
V

A
 b

et
w

ee
n 

tr
ea

tm
en

t g
ro

up
s

Sa
nc

ho
 e

t a
l. 

[2
5]

73
C

T
 w

ith
 o

r 
w

ith
ou

t R
T

19
89

–
20

12
6.

8
A

t 1
0 

ye
ar

s,
 6

1%
 

fo
r 

C
T

 +
 R

T
 a

nd
 

39
%

 f
or

 C
T

A
t 1

0 
ye

ar
s,

 8
1%

 
fo

r 
C

T
 +

 R
T

 a
nd

 
72

%
 f

or
 C

T

N
S 

di
ff

er
en

ce
 in

 o
ut

co
m

es
 o

n 
M

V
A

 
be

tw
ee

n 
tr

ea
tm

en
t g

ro
up

s;
 ~

1/
2 

pa
tie

nt
s 

re
ce

iv
ed

 r
itu

xi
m

ab

IF
R

T
 in

vo
lv

ed
 fi

el
d 

ra
di

at
io

n 
th

er
ap

y,
 C

H
O

P
 c

yc
lo

ph
os

ph
am

id
e,

 d
ox

or
ub

ic
in

, v
in

cr
is

tin
e,

 p
re

dn
is

on
e,

 R
T

 r
ad

ia
tio

n 
th

er
ap

y,
 C

T
 c

he
m

ot
he

ra
py

, N
S 

no
t s

ig
ni

fi-
ca

nt
, P

F
S 

pr
og

re
ss

io
n-

fr
ee

 s
ur

vi
va

l, 
O

S 
ov

er
al

l s
ur

vi
va

l

6 Management of Localized Low-Grade Follicular Lymphoma



110

 Historical Trials of Adjuvant Chemotherapy 
with Radiotherapy

Early investigations of adding systemic therapy to RT in FL occurred in an era 
before “rigorous” staging techniques or modern classification of indolent NHL, 
which complicates their comparison to current series. Overall, they demonstrated 
that systemic therapy conferred no OS benefit and added toxicities not considered 
justifiable for treatment of asymptomatic, low-burden disease.

• Seymour et  al. [17] at MD Anderson Cancer Center conducted a prospective 
study of risk-adapted chemotherapy (cyclophosphamide, vincristine, predni-
sone, bleomycin +/− doxorubicin depending on risk features) with 30–40 Gy 
IFRT in indolent NHL including 85 patients with limited-stage FL from 1984 to 
1992. With a median follow-up of 10 years, 10-year PFS was 72% and OS 80% 
in FL patients. However, two cases of myelodysplasia and ten second malignan-
cies (four within RT field) and the acute toxicities of therapy tempered enthusi-
asm for this regimen, without direct comparative proof of its benefit in comparison 
to RT alone.

• Yahalom et al. [18] at Memorial Sloan Kettering Cancer Center conducted a ran-
domized prospective trial of regional RT followed by six cycles of CHOP che-
motherapy in 44 patients with stage I intermediate-low-grade NHL between 
1980 and 1988. At a median follow-up of 7 years, there was an improvement 
with combined modality therapy for PFS (83% vs. 47%) but no significant dif-
ference in OS (88% vs. 66%, p = 0.2). Of note, these patients’ treatment predated 
the use of advanced imaging techniques and the current classification of NHL.

• The British National Lymphoma Investigation group conducted a randomized 
trial [19] of low-grade limited-stage NHL from 1974 to 1981  in 148 patients, 
who received either RT alone or RT and oral chlorambucil. At a median 18-year 
follow-up, no PFS or OS difference was seen.

 Retrospective Comparisons of Radiation Alone to Systemic 
Therapy with or Without Radiation

More contemporary retrospective studies have evaluated varying combinations of 
the anti-CD20 antibody with systemic therapy regimens and/or RT.  These have 
found at most a suggestion of benefit for PFS but not OS with the addition of sys-
temic therapy to RT:

• Ruella et  al. [20] evaluated patients with limited-stage grade 1–3A FL who 
underwent either RT alone (n = 51) or RT followed by four cycles of rituximab 
anti-CD20 therapy (n = 43). At a median follow-up of 10.9 years, they found 
improved 10-year PFS in the combined therapy vs. RT alone group on univariate 
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analysis, but not on bivariate analysis adjusting for stage. No difference in OS 
was seen.

• The LymphoCare [4] observational study included a subset report of stage I 
patients who were staged with CT or PET and bone marrow biopsy. This anal-
ysis included a comparison of 206 patients treated with systemic therapy and 
RT to those managed with observation, anti-CD20 therapy, immunochemo-
therapy, or RT alone. A PFS benefit over RT alone or observation was seen on 
multivariable analysis for those receiving either immunochemotherapy or 
combination systemic therapy with RT. Again, no OS difference was identi-
fied. No difference was seen in PFS for these combinations vs. anti-CD20 
monotherapy.

• Janikova et  al. [21] reported a small retrospective series with short follow-up 
(5 years or less for all subgroups) in which 93 patients with stage I–II grade 
1–3A FL were treated with RT alone (n = 65), rituximab alone (n = 14), or ritux-
imab and RT (n = 14). The 3-year PFS was worse for RT alone vs. rituximab/RT 
or rituximab alone (57.4% vs. 85.7% vs. 91.7%, respectively). However, no mul-
tivariable analysis was performed, and time periods and follow-up were substan-
tially different between the RT and combination/rituximab arms. OS was not 
significantly different.

• Michallet et al. [22] reported a series of 145 early-stage FL patients undergoing 
RT, rituximab, chemotherapy, chemotherapy and rituximab, chemotherapy and 
RT, or observation. Improved 7.5-year PFS was seen in the immunochemo-
therapy arm (60%) compared to all other arms (19–26%). However, the excep-
tionally poor performance of these other arms, especially RT, compared to 
multiple other series was noted and ascribed by the authors to referral of patients 
to their center at the time of relapse. Notwithstanding this issue, which clouds 
our assessment of the study comparison, OS was not significantly different 
between arms.

• Mondello et  al. [23] reported on 108 early-stage FL patients treated with RT 
(n = 36), rituximab (n = 38), or combination rituximab and RT (n = 34) with 
8  years of follow-up. Despite the higher incidence of adverse features in the 
rituximab-containing groups, they observed improved PFS for rituximab alone 
or in combination with RT, compared to RT alone (median PFS of 5–6 years vs. 
2.3  years). While OS trended toward improvement in the rituximab arms 
(p = 0.059), it did not reach significance.

• The Oslo University Hospital series [24] included 404 early-stage FL patients 
who underwent RT, observation, chemotherapy, or chemotherapy and RT. Most 
patients were treated before the introduction of rituximab. On multivariate analy-
sis, no differences in PFS or OS were seen according to initial management.

• Sancho et al. [25] reported on 130 patients with limited-stage FL managed with 
RT (n = 46), RT and chemotherapy (n = 30), chemotherapy alone (n = 43), or 
observation (n = 11). No OS benefit was seen, but in those treated with combined 
RT and chemotherapy, multivariable analysis indicated significantly improved 
PFS (HR 0.3, p = 0.024).
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 Ongoing Trials

• MD Anderson Cancer Center is conducting a trial of RT with rituximab followed 
by maintenance rituximab (NCT0143628).

• The German Low-Grade Lymphoma Study Group (GLSG) is conducting the 
MIR (Mabthera® and Involved field Radiation) phase II trial of induction ritux-
imab followed by restaging and concurrent rituximab with RT (NCT00509184).

 Observation

Despite the data for potentially curative treatment with RT, some have argued 
against its use in limited-stage disease, due to the long, indolent natural history of 
FL [26], the frequent relapses outside radiation fields, and the lack of improvement 
in OS. Instead, they have argued for observation in the setting of low-volume dis-
ease. A desire to avoid or delay the toxicity of immediate treatment has thus extended 
to the limited-stage population. This practice pattern is evident from the significant 
rate of observation, in lieu of immediate treatment, in large registry studies, with 
over 400 limited-stage FL patients each, conducted in the United States (28.7%) [2] 
and Norway (~15%) [24]. While published series of selected patients undergoing 
observation have demonstrated no difference in OS compared to immediate therapy 
(excepting a SEER analysis comparing RT- to non-RT-treated patients, which did 
not delineate observed vs. systemic therapy-treated patients [27]), only limited data 
are available regarding observation in the setting of limited-stage disease. 
Nonetheless, observation may be the preferred option in patients with significant 
co-morbidities, noncontiguous stage II disease, or fully resected stage I disease.

 Observation Outcomes

Data for observation in limited-stage low-grade FL stems primarily from retrospec-
tive studies with varying time periods, staging methods, definitions of observation, 
and reasons for treatment initiation. A particularly rigorous investigation from 
Stanford evaluated 43 patients with a median follow-up of 86 months, who under-
went uniform staging with bone marrow biopsy and computed tomography. Of note, 
this study was conducted in the pre-PET era. These patients did not receive any 
therapy for at least 3 months after diagnosis. They achieved an impressive median 
overall survival of 19 years and 10-year freedom-from-treatment rate of 56%. These 
outcomes were superior to those from a series of patients treated with RT [6] from 
the same institution (median overall survival of 13.8 years). However, for the 37% 
of patients who required treatment, overall survival was 8.3  years. Furthermore, 
four patients experienced transformation, even in this highly selected population.
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Soubeyran et al. [28] reported on 26 patients at their institution who were fol-
lowed with observation after full excision of their disease (“stage I0”). They reported 
a 50% crude rate of freedom from relapse after a median follow-up of 6.3 years. The 
predominant pattern of relapse was at distant sites.

In another single institutional retrospective series, Michallet et al. [22] observed 
36 patients (definition not given in manuscript) with unclear median follow-up 
(likely short given the overall cohort was 7-year median follow-up and most obser-
vation patients were treated in more recent era). At 7.5 years, the progression-free 
survival rate was 26% and overall survival was 72%.

Further data has been made available from registry studies or investigations of 
observation in all stages of disease, though not all have specified outcomes for the 
limited-stage cohort [29, 30]. The LymphoCare prospective observational registry 
of FL patients managed from 2004 to 2007 at community practices primarily 
reported outcomes for stage I disease that was “rigorously” staged by bone marrow 
biopsy and either CT or PET. Thirty-five patients were managed with observation, 
defined as having received no therapy for 3 months after diagnosis [4]. This cohort 
did not have actuarial outcomes specified; however, OS was reported to be not sig-
nificantly different for patients who were observed or given immediate therapy, with 
a median follow-up time of 57  months. Lastly, a recent series from the Oslo 
University Hospital [24] compiled outcomes of 63 patients undergoing observation. 
With a median follow-up of 15 years, the crude rate of progression was 46%, and no 
difference in OS was observed for patients who were observed compared to those 
who received immediate therapy.

 Selection for Observation

As observation is used for differing reasons, selection criteria in published work 
have varied. Common reasons include the following:

• Fully excised stage I FL.

 – Rationale: Lower benefit to local therapy in the absence of gross disease.
 – Data: Soubeyran et al. [28] reported a series of 26 patients achieving 50% 

crude relapse-free survival at 6.3 years of follow-up. In the Oslo University 
Hospital series [24], those patients undergoing observation after full excision 
demonstrated superior PFS compared to those with asymptomatic residual 
disease (p = 0.03).

 – Comment: In rigorously staged patients with no residual disease after exci-
sional biopsy, observation may be considered after counseling patients that a 
substantial progression risk may remain. Given the low morbidity of modern 
doses of radiation for FL, performing a more radical surgery to allow observa-
tion is not supported.
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• Concern over RT toxicity due to large field requirement and/or location of 
disease.

 – Rationale: Multifocal areas of noncontiguous FL may require large fields to 
encompass all sites of disease, resulting in more treatment-related toxicity. 
Furthermore, noncontiguous stage II disease may portend a higher risk of 
occult distant involvement outside of the RT field. Additionally, observation 
might be recommended if disease is in close proximity to radiosensitive nor-
mal tissues, causing concern for RT-induced toxicity. Together, a lower thera-
peutic ratio from local RT may justify observation.

 – Data: In the Stanford series [31], the rationale for observation in 33% of cases 
was large abdominal field/salivary gland involvement. Most patients (74%) 
had stage II disease. In the Oslo series [24], observation was recommended in 
43% of cases based on stage II presentation with nonadjacent nodal 
involvement.

 – Comment: As noted in the previous RT section, randomized controlled trials 
of RT for indolent B-cell NHL have recently established a relatively low dose 
of 24 Gy as the standard dose, 4 Gy as an alternative dose with lower control 
but minimal toxicity, and smaller fields for treatment. Thus, while select cases 
of discontinuous widespread or bulky stage II disease may merit consider-
ation of management as “advanced” disease with observation [32], an attrac-
tive alternative is treatment with RT to just 4 Gy. This very low dose results in 
high response rates with minimal risk of toxicity.

• Patient comorbidities.

 – Data: No specific data.
 – Comment: As with other malignancies, an understanding of the life expec-

tancy of a sick or elderly patient relative to the natural history of limited-stage 
FL should guide management. In the setting of a limited life expectancy, the 
use of either observation or very low-dose (4 Gy in two fractions) RT may be 
appropriate.

 Comparison to Treatment

Comparison of outcomes after observation vs. immediate treatment is challenging. 
First, observation cohorts are subject to selection bias. Furthermore, most data for 
observation remains retrospective, with follow-up shorter than the ~10 years typi-
cally needed before the PFS curves plateau after RT. With that said, currently pub-
lished series of observation for limited-stage low-grade FL have not demonstrated 
significant differences in OS compared to immediate therapy with varying 
approaches, including RT, combined modality systemic therapy, and radiation and 
anti-CD20 therapy combinations. These comparative data are summarized below:
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• The Oslo University Hospital [24] analyzed 404 patients with early-stage FL 
managed with either observation (15%; fully excised stage I or discontinuous 
stage II), RT alone (48%), systemic therapy (16%; including cytotoxic regimens, 
immunochemotherapy, or anti-CD20 antibody alone), or combined chemother-
apy and RT (16%). On univariate analysis, RT-treated patients demonstrated 
improved OS compared to systemic therapy-treated patients and a trend toward 
improved OS compared to observation patients (p = 0.054). However, multivari-
able analysis demonstrated no difference in PFS or OS between cohorts.

• Michallet et  al. [22] evaluated 145 patients with limited-stage FL treated or 
referred upon relapse to their hospital from 1967 to 2011 with a median 7-year 
follow-up. Treatment was observation (n = 36), RT (n = 21), rituximab alone 
(n  =  7), chemotherapy/RT (n  =  18), or immunochemotherapy (n  =  36). 
Monotherapy with rituximab was associated with a poor complete response rate. 
Only immunochemotherapy was associated significantly with improved PFS but 
no difference in OS. The authors conclude that observation is reasonable, but, 
when treatment is required, immunochemotherapy may be preferred. However, 
this conclusion is challenged by an exceptionally poor performance in 7.5-year 
PFS of their observation (26%), RT (19%), chemotherapy/RT (26%), and che-
motherapy (23%) cohorts. These PFS rates are significantly inferior to outcomes 
reported for each approach in multiple other series. The authors suggest that 
these outcomes were poor, because some patients were referred to their center at 
the time of relapse.

• The LymphoCare [4] observational registry evaluated a cohort of 206 patients 
with stage I FL who underwent “rigorous” staging, including a bone marrow 
biopsy and PET or CT. The subgroup of 35 patients who were observed experi-
enced no significant difference in OS compared to those treated initially with 
immunochemotherapy, anti-CD20 therapy alone, RT alone, or combined chemo-
therapy and RT. However, PFS was superior for those receiving either combined 
RT and systemic therapy or immunochemotherapy.

 Conclusion

A variety of management approaches are used for early-stage, low-grade FL. The 
standard of care for stage I and contiguous stage II disease remains involved site 
RT. Typically, a dose of 24 Gy is used for definitive therapy; however, a total dose of 
just 4 Gy is reasonable in some cases. Incorporation of systemic therapy into manage-
ment may result in improved PFS, but no improvement in OS has been shown. This 
strategy is an area of active study. Lastly, observation may be an appropriate strategy 
in select patients. A long natural history and evolving treatment approaches compli-
cate the study of FL. Multi-institutional collaboration, with standardized pretreatment 
evaluations, management strategies, and follow-up schedules, is recommended to 
provide further insight into the optimal treatment of early-stage grade 1–2 FL.

6 Management of Localized Low-Grade Follicular Lymphoma



116

References

 1. Solal-Celigny P, Roy P, Colombat P, White J, Armitage JO, Arranz-Saez R, et al. Follicular 
lymphoma international prognostic index. Blood. 2004;104(5):1258–65.

 2. Friedberg JW, Taylor MD, Cerhan JR, Flowers CR, Dillon H, Farber CM, et  al. Follicular 
lymphoma in the United States: first report of the national LymphoCare study. J Clin Oncol. 
2009;27(8):1202–8.

 3. Tsang RW, Gospodarowicz MK. Low-grade non-Hodgkin lymphomas. Semin Radiat Oncol. 
2007;17(3):198–205.

 4. Friedberg JW, Byrtek M, Link BK, Flowers C, Taylor M, Hainsworth J, et al. Effectiveness 
of first-line management strategies for stage I follicular lymphoma: analysis of the National 
LymphoCare Study. J Clin Oncol. 2012;30(27):3368–75.

 5. Gospodarowicz MK, Bush RS, Brown TC, Chua T. Prognostic factors in nodular lymphomas: 
a multivariate analysis based on the Princess Margaret Hospital experience. Int J Radiat Oncol 
Biol Phys. 1984;10(4):489–97.

 6. Mac Manus MP, Hoppe RT.  Is radiotherapy curative for stage I and II low-grade follicular 
lymphoma? Results of a long-term follow-up study of patients treated at Stanford University. 
J Clin Oncol. 1996;14(4):1282–90.

 7. Kamath SS, Marcus RB Jr, Lynch JW, Mendenhall NP. The impact of radiotherapy dose and 
other treatment-related and clinical factors on in-field control in stage I and II non-Hodgkin’s 
lymphoma. Int J Radiat Oncol Biol Phys. 1999;44(3):563–8.

 8. Guadagnolo BA, Li S, Neuberg D, Ng A, Hua L, Silver B, et al. Long-term outcome and mor-
tality trends in early-stage, grade 1–2 follicular lymphoma treated with radiation therapy. Int J 
Radiat Oncol Biol Phys. 2006;64(3):928–34.

 9. Campbell BA, Voss N, Woods R, Gascoyne RD, Morris J, Pickles T, et al. Long-term outcomes 
for patients with limited stage follicular lymphoma: involved regional radiotherapy versus 
involved node radiotherapy. Cancer. 2010;116(16):3797–806.

 10. Brady JL, Binkley MS, Hajj C, Chelius MR, Chau KW, Levis M, et al. Outcome of curative 
radiotherapy for localised follicular lymphoma in the era of 18F-FDG PET-CT staging: an 
international collaborative study on behalf of ILROG. Hematol Oncol. 2017;35(S2):29–31.

 11. Lowry L, Smith P, Qian W, Falk S, Benstead K, Illidge T, et al. Reduced dose radiotherapy 
for local control in non-Hodgkin lymphoma: a randomised phase III trial. Radiother Oncol. 
2011;100(1):86–92.

 12. Hoskin PJ, Kirkwood AA, Popova B, Smith P, Robinson M, Gallop-Evans E, et al. 4 Gy versus 
24 Gy radiotherapy for patients with indolent lymphoma (FORT): a randomised phase 3 non- 
inferiority trial. Lancet Oncol. 2014;15(4):457–63.

 13. Fasola CE, Jones JC, Huang DD, Le QT, Hoppe RT, Donaldson SS.  Low-dose radiation 
therapy (2  Gy x 2) in the treatment of orbital lymphoma. Int J Radiat Oncol Biol Phys. 
2013;86(5):930–5.

 14. Pinnix CC, Dabaja BS, Milgrom SA, Smith GL, Abou Z, Nastoupil L, et al. Ultra-low-dose 
radiotherapy for definitive management of ocular adnexal B-cell lymphoma. Head Neck. 
2017;39(6):1095–100.

 15. Goda JS, Le LW, Lapperriere NJ, Millar BA, Payne D, Gospodarowicz MK, et al. Localized 
orbital mucosa-associated lymphoma tissue lymphoma managed with primary radiation ther-
apy: efficacy and toxicity. Int J Radiat Oncol Biol Phys. 2011;81(4):e659–66.

 16. Illidge T, Specht L, Yahalom J, Aleman B, Berthelsen AK, Constine L, et al. Modern radia-
tion therapy for nodal non-Hodgkin lymphoma-target definition and dose guidelines from 
the International Lymphoma Radiation Oncology Group. Int J Radiat Oncol Biol Phys. 
2014;89(1):49–58.

 17. Seymour JF, Pro B, Fuller LM, Manning JT, Hagemeister FB, Romaguera J, et al. Long-term 
follow-up of a prospective study of combined modality therapy for stage I–II indolent non- 
Hodgkin’s lymphoma. J Clin Oncol. 2003;21(11):2115–22.

N. B. Desai and S. A. Milgrom



117

 18. Yahalom J, Varsos G, Fuks Z, Myers J, Clarkson BD, Straus DJ. Adjuvant cyclophosphamide, 
doxorubicin, vincristine, and prednisone chemotherapy after radiation therapy in stage I low- 
grade and intermediate-grade non-Hodgkin lymphoma. Results of a prospective randomized 
study. Cancer. 1993;71(7):2342–50.

 19. Kelsey SM, Newland AC, Hudson GV, Jelliffe AM. A British National Lymphoma Investigation 
randomised trial of single agent chlorambucil plus radiotherapy versus radiotherapy alone in 
low grade, localised non-Hodgkins lymphoma. Med Oncol. 1994;11(1):19–25.

 20. Ruella M, Filippi AR, Bruna R, Di Russo A, Magni M, Caracciolo D, et al. Addition of ritux-
imab to involved-field radiation therapy prolongs progression-free survival in stage I–II follicu-
lar lymphoma: results of a multicenter study. Int J Radiat Oncol Biol Phys. 2016;94(4):783–91.

 21. Janikova A, Bortlicek Z, Campr V, Kopalova N, Benesova K, Belada D, et al. Radiotherapy with 
rituximab may be better than radiotherapy alone in first-line treatment of early-stage follicular 
lymphoma: is it time to change the standard strategy? Leuk Lymphoma. 2015;56(8):2350–6.

 22. Michallet AS, Lebras LL, Bauwens DD, Bouafia-Sauvy FF, Berger FF, Tychyj-Pinel CC, et al. 
Early stage follicular lymphoma: what is the clinical impact of the first-line treatment strategy? 
J Hematol Oncol. 2013;6:45.

 23. Mondello P, Steiner N, Wasle I, Pitini V, Mian M. Radiotherapy for stage I/II follicular lym-
phoma (FL): is it time for a re-appraisal? Anticancer Res. 2014;34(11):6701–4.

 24. Barzenje DA, Cvancarova Smastuen M, Liestol K, Fossa A, Delabie J, Kolstad A, et  al. 
Radiotherapy compared to other strategies in the treatment of stage I/II follicular lymphoma: a 
study of 404 patients with a median follow-up of 15 years. PLoS One. 2015;10(7):e0131158.

 25. Sancho JM, Garcia O, Mercadal S, Pomares H, Fernandez-Alvarez R, Gonzalez-Barca E, et al. 
The long term follow-up of early stage follicular lymphoma treated with radiotherapy, chemo-
therapy or combined modality treatment. Leuk Res. 2015;39(8):853–8.

 26. Horning SJ, Rosenberg SA. The natural history of initially untreated low-grade non-Hodgkin’s 
lymphomas. N Engl J Med. 1984;311(23):1471–5.

 27. Pugh TJ, Ballonoff A, Newman F, Rabinovitch R.  Improved survival in patients with early 
stage low-grade follicular lymphoma treated with radiation: a surveillance, epidemiology, and 
end results database analysis. Cancer. 2010;116(16):3843–51.

 28. Soubeyran P, Eghbali H, Trojani M, Bonichon F, Richaud P, Hoerni B. Is there any place for 
a wait-and-see policy in stage I0 follicular lymphoma? A study of 43 consecutive patients in a 
single center. Ann Oncol. 1996;7(7):713–8.

 29. Solal-Celigny P, Bellei M, Marcheselli L, Pesce EA, Pileri S, McLaughlin P, et al. Watchful 
waiting in low-tumor burden follicular lymphoma in the rituximab era: results of an F2-study 
database. J Clin Oncol. 2012;30(31):3848–53.

 30. Yuda S, Maruyama D, Maeshima AM, Makita S, Kitahara H, Miyamoto KI, et al. Influence of 
the watch and wait strategy on clinical outcomes of patients with follicular lymphoma in the 
rituximab era. Ann Hematol. 2016;95(12):2017–22.

 31. Advani R, Rosenberg SA, Horning SJ. Stage I and II follicular non-Hodgkin’s lymphoma: 
long-term follow-up of no initial therapy. J Clin Oncol. 2004;22(8):1454–9.

 32. (NCCN) NCCN. NCCN Clinical practice guidelines in oncology. B-cell lymphomas version 
5.2017. In: Network. NCC, editor. 2017.

6 Management of Localized Low-Grade Follicular Lymphoma



119© Springer Nature Switzerland AG 2020 
N. H. Fowler (ed.), Follicular Lymphoma, 
https://doi.org/10.1007/978-3-030-26211-2_7

Chapter 7
Current Management and Novel 
Approaches to the Management 
of Follicular Lymphoma

Jonathon B. Cohen and Brad S. Kahl

Frontline management of follicular lymphoma (FL) requires a careful consideration 
of a number of clinical features including the patient’s age and fitness, burden of the 
disease, prognostic biomarkers, and the patient’s wishes. Strategies for patients with 
newly diagnosed and untreated disease can range from watchful waiting to an 
aggressive, anthracycline-based induction therapy with consideration of post- 
induction consolidation and maintenance. Fortunately, most patients with newly 
diagnosed FL will experience prolonged survival despite the propensity for relapse, 
and as a result, therapy decisions must also take into account the possibility of long- 
term toxicities and the need for future treatments. In this chapter, we review the 
indications for treatment of FL, currently available therapies, and the role of main-
tenance treatment.

 Identification and Management of Patients  
with Low Tumor Burden

The primary goal of the initial evaluation for a patient with untreated FL is to deter-
mine whether or not treatment is actually required at the time of diagnosis. Although 
counterintuitive to many patients who are facing a new diagnosis of cancer, the 
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deferral of initial therapy is often the most appropriate approach and can delay the 
toxicity and risks of therapy for several years. Horning and Rosenberg were among 
the first to describe outcomes for patients with low-grade non-Hodgkin lymphoma 
who were initially observed, reporting a median time to initiation of therapy of 
3 years and a median overall survival of 11 years in a series of 83 patients with low- 
grade NHL at Stanford who were initially observed [1]. Subsequent studies, includ-
ing randomized controlled trials, have failed to identify a survival benefit for patients 
with low-grade NHL who initiate therapy at the time of diagnosis [2–4]. However, 
these studies were all conducted prior to the use of rituximab, and the comparator 
arms included oral alkylating agents, interferon-based immunotherapies, or combi-
nation of cytotoxic regimens. As a result, their impact on treatment decisions in the 
current era is somewhat limited.

Despite the more than 20 years since its publication, the study by Brice et al. 
comparing watchful waiting to either oral alkylator (prednimustine) or interferon- 
alpha supplied the treatment-initiation criteria that are most frequently utilized in 
the modern era (i.e., GELF criteria; Table 7.1). Although they were utilized to iden-
tify “low tumor burden” in a different era, these criteria are frequently utilized in 
current clinical practice.

In the modern (i.e., rituximab) era, additional assessments of early therapy for 
patients with low tumor burden have been completed and suggest excellent out-
comes regardless of approach. The most frequently explored therapy for untreated 
patients is rituximab, which is currently utilized alone and in various combinations 
in the management of patients with untreated and relapsed FL as well as in a main-
tenance approach after initial therapy. Ardeshna et  al. conducted a randomized 
phase 3 study of watchful waiting, 4 weekly doses of rituximab, or 4 weekly doses 
of rituximab followed by maintenance rituximab (1 dose every 2 months for 2 years) 
in 379 patients with untreated FL with a low tumor burden [5]. The criteria to iden-
tify low tumor burden in this study closely approximated the GELF criteria. Similar 
to prior studies, there was no improvement in overall survival (OS) between the 
rituximab-treated and the watch and wait groups. However, patients assigned to 
watch and wait had a significantly shorter time to next treatment (median of 
31 months vs median not reached in the rituximab maintenance group). Additionally, 

Table 7.1 GELF criteria 
for initiation of therapy in 
follicular lymphoma

Any nodal or extranodal mass > 7 cm in diameter
Involvement of at least 3 nodal sites, each >3 cm in diameter
Presence of any systemic and/or B symptoms
Splenic enlargement with inferior margin below the umbilical line
Compression syndrome (ureteral, orbital, gastrointestinal)
Pleural or peritoneal fluid collection
Leukemic phase (> 5 × 109/L circulating cells)
Cytopenias (neutrophil count <1.0 × 109/L or platelet count <100 
× 109/L)
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patients receiving rituximab maintenance reported an improved quality of life with 
decreased anxiety/depression and improvement in the Mental Adjustment to Cancer 
score at 7 months post study entry when compared to patients assigned to watch and 
wait. These findings would suggest that further treatment can be delayed by initiat-
ing therapy early in the course of patients with FL, but the study was limited by the 
fact that retreatment (or initial treatment) with single-agent rituximab was consid-
ered a subsequent therapy. However, rituximab as a single agent utilized as induc-
tion followed by maintenance was associated with good quality of life and limited 
comorbidities and is a reasonable option for patients with low tumor burden. 
However, the true impact of this intervention on the long-term outcome of the dis-
ease is likely modest as nearly all patients with low tumor burden FL will have 
prolonged survival and early intervention does not appear to result in any appre-
ciable difference.

While Ardeshna et al. attempted to explore the role of induction alone vs induc-
tion + maintenance for patients with low tumor burden, the study was amended due 
to low accrual to ultimately be a comparison of watch and wait vs induction + main-
tenance. However, in ECOG 4402 (RESORT), Kahl et al. evaluated the role of ritux-
imab maintenance vs rituximab re-treatment in patients with FL and low tumor 
burden [6]. In this study, 408 patients received 4 weekly doses of rituximab and 
responding patients (n = 299) were randomly assigned to maintenance (one dose of 
rituximab every 13 weeks until progression) or retreatment (observation and retreat-
ment with 4 doses at the time of progression). The primary endpoint for this study 
was time to treatment failure, defined as: no response to rituximab retreatment, time 
to progression of <26 weeks, initiation of an alternative therapy, or inability to com-
plete planned therapy. No differences between arms were identified with regards to 
the primary endpoint of TTF (50% vs 53% at 5 years for retreatment vs mainte-
nance, respectively). However, secondary analyses suggested that patients in the 
retreatment arm were likely to require cytotoxic therapy sooner and to have an infe-
rior response duration when compared to patients receiving maintenance. Subsequent 
analyses of quality of life have identified no significant benefit to either approach [7].

Based on the available studies, observation of patients who are asymptomatic 
and have a low tumor burden remains a reasonable option for newly diagnosed 
patients with follicular lymphoma. We continue to utilize the GELF criteria in the 
absence of a clear alternative approach to identifying patients with high tumor bur-
den requiring therapy. However, in patients for whom watchful waiting is not felt to 
be appropriate due to patient preference or patient-specific clinical findings, induc-
tion with 4 weekly doses of rituximab without maintenance is appropriate therapy 
for the majority of patients and most patients will not require cytotoxic therapy for 
many years (80% free of cytotoxic therapy at 5 years) and will spare the costs asso-
ciated with maintenance rituximab in this cohort of patients likely to experience 
prolonged OS.

Additional assessments of tumor burden have been utilized to justify initiation of 
therapy, including the FL international prognostic index (FLIPI) [8]. Although this 
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index was initially developed in the pre-rituximab era to identify patients at risk for 
early death from FL, its use of several features associated with tumor burden, 
including extent of nodal disease, disease stage, and lactate dehydrogenase level, 
has resulted in its use as an indication for initiation of therapy in several recent stud-
ies including E2408 and CALGB50904, both of which investigated the role of 
intensified induction therapy in patients with high-risk FL [9, 10]. Although there is 
frequent overlap between patients who have high tumor burden by GELF criteria 
and those who have intermediate or high FLIPI, these are not mutually exclusive, 
and it is reasonable to consider both measures when deciding on the appropriate 
timing of therapy. Biologically based approaches to risk stratification of asymptom-
atic patients remains challenging, and while recurrent mutations and gene expres-
sion signatures have been utilized to determine underlying disease risk, these are not 
typically utilized in practice and to date have not superseded clinical assessment 
when determining tumor burden and the need for immediate therapy for newly diag-
nosed patients [11].

 Management of Patients with Advanced-Stage FL

Although there are a number of potential options for patients with limited stage and/
or low tumor burden at the time of diagnosis, most patients with FL will at some 
point in their treatment have advanced-stage disease that requires systemic therapy. 
At the present time, none of the currently available therapies are considered cura-
tive, so it is essential that any discussion of therapy includes considerations of short- 
and long-term toxicities in addition to a review of efficacy and expected remission 
durations.

Historically, > 50% of all patients with FL with newly diagnosed FL have been 
treated with rituximab in combination with chemotherapy [12]. However, identify-
ing the optimal chemotherapy backbone and the best CD20 antibody has been chal-
lenging with a number of studies conducted comparing potential approaches. Most 
patients currently receive either CHOP (cyclophosphamide, doxorubicin, vincris-
tine, and prednisone), CVP (cyclophosphamide, vincristine, and prednisone), or 
bendamustine, nearly always combined with a CD20 monoclonal antibody such as 
rituximab. Additional studies have been conducted to evaluate the role of targeted or 
other novel therapies in the frontline setting, both alone and in combination with 
traditional regimens.

R-CHOP has long been the gold standard regimen for many NHL subtypes, but 
the importance of anthracycline use in the upfront setting for indolent NHL has not 
been as well established. The FOLL05 study conducted in Italy compared R-CVP 
to R-CHOP and to a fludarabine-based therapy (R-FM). In this study, R-CVP was 
inferior to both R-CHOP and R-FM, with a lower response rate and an inferior 
3-year PFS (52% vs 68% (R-CHOP) vs 63% (R-FM), p = 0.011) [13]. This study 
was recently updated after a median follow-up of 7 years and demonstrates no evi-
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dence of an impact on OS with either regimen, although patients treated with R-CVP 
remained at higher risk for relapse and need for subsequent treatment [14].

Both R-CVP and R-CHOP have been compared to R-Bendamustine (B-R) in a 
randomized study. The BRIGHT study was a noninferiority randomized study com-
paring R-CVP or R-CHOP (investigator choice) with B-R, with the primary end-
point of this study being the CR rate [15]. In this study, the CR rate for B-R was 
30% vs 25% for R-CHOP/R-CVP, meeting the noninferiority endpoint, while the 
overall response rate was >90% for both arms. This study was recently updated with 
5-year follow-up, and while the PFS appears to be improved for patients who 
received B-R, there was no difference in OS.

The second large randomized study comparing B-R to R-CHOP was the STiL 
study conducted in Europe [16]. This study randomized 514 patients (279 patients 
with FL) to either B-R or R-CHOP for 6 cycles. Although the study included patients 
with a variety of NHL subtypes, results were presented based on disease histology, 
and within the FL cohort, there was a significant improvement in PFS for B-R com-
pared to R-CHOP (median not reached vs 41 months). Subsequent follow-up for 
this study has continued to demonstrate a benefit in time to next treatment and PFS 
although there is no significant difference in OS between these arms [17].

These studies have consistently identified toxicity concerns for both approaches 
that require consideration when selecting therapy. Myelosuppression is significant 
with both approaches. The rate of grade 3–4 neutropenia with B-R ranges from 
29–44% between the two studies compared to 69–87% for R-CHOP.  However, 
grade 3–4 lymphopenia is increased with B-R (62–74% vs 33–43%). As a result, 
patients receiving both regimens are at risk for while on treatment. Grade 3–4 
thrombocytopenia occurs in up to 12% of patients receiving these regimens with no 
clear difference between B-R and R-CHOP. Fortunately, nonhematologic toxicity ≥ 
grade 3 is unusual with both regimens, although R-CHOP results in alopecia in 
nearly all patients and carries an increased risk of neuropathy and cardiomyopathy 
while B-R is associated with cutaneous reactions more frequently than 
R-CHOP. Despite the reported toxicities while on treatment, both R-CHOP and B-R 
can successfully be administered to patients of nearly all ages with close clinical 
monitoring.

In addition to the investigation of the appropriate chemotherapy backbone for 
untreated patients with FL, the ideal CD20 monoclonal antibody remains a topic of 
study. Rituximab has been included in the management of patients with FL for several 
years after it was demonstrated to improve outcomes for patients receiving CVP and 
CHOP in two separate studies [18, 19]. However, newer antibodies including ofatu-
mumab and obinutuzumab have been assessed in this setting as well [10, 20–22].

Ofatumumab is a fully human monoclonal antibody to CD20 which has been 
evaluated in a number of B-cell malignancies. Its clinical use in FL has been lim-
ited, but it has been safely combined with bendamustine and CHOP in the front-line 
setting where the overall response rate is at least 90% with both regimens [21, 22]. 
These studies were both phase 2 studies, and there are no randomized studies 
 comparing ofatumumab vs rituximab in the front-line setting in FL. Ofatumumab is 
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currently only approved in the United States for chronic lymphocytic leukemia and 
its role in the management of FL is likely very limited. Ofatumumab was recently 
utilized in the upfront setting in CALGB 50904, where it was combined with benda-
mustine ± bortezomib [10]. The study was not designed to identify a benefit vs 
rituximab, and while the ofatumumab was well-tolerated without a significant safety 
concern, the efficacy did not appear to be significantly improved over a similarly 
designed study with rituximab presented simultaneously (E2408) [9].

On the other hand, obinutuzmab is a glyoengineered type II CD20 monoclonal 
antibody and has demonstrated some impressive activity in FL, both in the front- 
line setting and at relapse [20]. The recently published GALLIUM study random-
ized patients with untreated FL to receive either obinutuzmab + chemotherapy or 
rituximab + chemotherapy [20]. Chemotherapy was predetermined at each site and 
could be either bendamustine, CVP, or CHOP. Over 1200 patients were enrolled and 
received between 6 and 8 cycles of therapy. The primary endpoint of the study, PFS, 
compared outcomes between patients receiving rituximab or obinutuzumab regard-
less of chemotherapy regimen, and patients receiving obinutuzumab had improved 
3-year PFS (80% vs 73%, p = 0.001). There was no significant improvement in OS, 
and concerns have been raised regarding the toxicities encountered in this study, 
especially with regards to myelosuppression and infection. At the present time, 
obinutuzumab + chemotherapy is considered an option for patients with FL, is cur-
rently FDA approved for that indication, and is listed in the NCCN Guidelines. 
However, its use has not been universal due to persistent toxicity concerns as well 
as a perceived incremental benefit over rituximab in the GALLIUM study that many 
feel is not reflective of a true clinical improvement.

 Incorporation of Novel Therapies in the Upfront Management 
of Advanced-Stage FL

While most patients in the United States continue to receive chemotherapy-based 
induction regimens when therapy is indicated, a number of newer therapies have 
been investigated, with and without chemotherapy. Lenalidomide is an oral immu-
nomodulator which is currently FDA approved for relapsed mantle cell lymphoma 
in addition to indications in multiple myeloma and myelodysplastic syndrome. It 
has been combined with rituximab in untreated FL in two phase 2 studies with 
slightly different rituximab treatment schedules (weekly during cycle 1, then 4 addi-
tional doses vs day 1 of each cycle) [23, 24]. Patients received treatment for up to 
1 year in both studies, and lenalidomide was dosed at 20–25 mg on days 1–21 of a 
28-day cycle. The overall response rate was 95%, and the CR rate was quite high, 
ranging from 72% to 87%. The duration of response was also high, with a 5-year 
PFS of >70% in both studies. Grades 3–4 hematologic toxicities were relatively 
common, and nonhematologic toxicities were limited but included rash, infection, 
and fatigue among others. In general, the rate of grades 3–4 nonhematologic 
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toxicity is low. However, roughly ¼ of patients required a dose reduction at some 
point in their treatment. As a result of these promising findings, R-lenalidomide has 
recently been compared with R-chemotherapy in the phase 3 RELEVANCE study, 
with formal reporting of the results still pending.

The Bruton’s tyrosine kinase inhibitor, ibrutinib, is currently approved for man-
agement of mantle cell lymphoma, Waldenstrom’s macroglobulinemia, marginal 
zone lymphoma, and chronic lymphocytic leukemia. However, its efficacy in FL has 
been more modest, with a response rate of only 37.5% and median PFS of 14 months 
in a phase 2 study in patients with relapsed/refractory FL [25]. In combination with 
rituximab, however, patients with untreated FL had an overall response rate of 82%, 
and the median PFS was not reached with limited duration of follow-up [26]. 
Further follow-up will be needed to determine whether the ibrutinib is truly provid-
ing benefit in this setting as opposed to the rituximab as the response to single-agent 
rituximab is well described in untreated FL. There are randomized studies currently 
enrolling which will aim to answer this question.

The triplet of rituximab, ibrutinib, and lenalidomide has also been evaluated in a 
phase 1 study through the Alliance cooperative group (A051103) [27]. This study 
included lenalidomide for up to 18  cycles and ibrutinib until progression. There 
were no dose-limiting toxicities identified, but the incidence of rash was high (36% 
of patients with grade 3 rash). The overall response rate was high at 95%, and the 
12-month PFS was 80%. However, the frequency of rash and other toxicities as well 
as lack of clear improvement on other combinations including R-lenalidomide made 
this combination less appealing, and the authors recommended not to pursue this 
triplet further.

Similarly, the PI3K inhibitor, idelalisib, is currently approved as monotherapy 
for relapsed follicular lymphoma but has not been safely combined with other 
agents, especially in the front-line setting [28]. In combination with lenalidomide 
and rituximab (A051202), the incidence of grade 3–4 rash was 50%, and several 
patients experienced hepatotoxicity and sepsis-like syndromes, prompting close of 
the study after only 8 patients were enrolled, and additional studies have confirmed 
the unacceptable toxicity of this combination [29, 30]. In addition, the combination 
studies idelalisib with bendamustine and rituximab in the front-line setting has been 
associated with significant infectious toxicities including pneumocystic jiroveci 
pneumonia and cytomegalovirus reactivation. Additional PI3K inhibitors are cur-
rently being evaluated for indolent NHL and their risks of infectious and immune- 
mediated toxicities continue to be assessed [31].

The proteasome inhibitor bortezomib has also been evaluated in untreated FL, 
and in combination with rituximab, the ORR is 76%, with a CR rate of 44% [32]. 
Based on these promising findings, subsequent trials have evaluated the role of bort-
ezomib in combination with chemotherapy, including a phase 2 study of bortezomib 
combined with R-CHOP [33]. In this phase 2 study that included 20 patients with 
FL, the ORR was 100%, and the 4-year PFS was 83%. To limit neuropathy, the 
vincristine dose was capped at 1.5 mg, and bortezomib was administered at a dose 
of 1.6 mg/m2 on days 1 and 8 of each cycle. Neuropathy of any grade was common, 
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but only 2 patients (out of 29 treated patients across NHL histologies) experienced 
grade 3 neuropathy.

Bortezomib has recently been evaluated in two randomized studies using a 
CD20-antibody + bendamustine backbone (E2408 and CALGB50904) [9, 10]. 
Despite promising efficacy in early studies, including with chemotherapy, neither of 
these studies demonstrated an improvement in PFS outcome with inclusion of bort-
ezomib. While secondary analyses may ultimately find a subset of patients who may 
benefit from its use, we would generally not recommend combination of bortezomib 
with bendamustine-based induction therapies in FL.

 Summary of Induction Approaches

We have summarized the currently available data for the most commonly utilized 
(and recently studied) approaches to induction therapy for advanced-stage FL in 
Table 7.2. While we await further description of outcomes from studies that are 

Table 7.2 Currently available and investigated induction therapies for advanced-stage FL

Regimen Source ORR/CR rate PFS OS

Rituximab E4402/Kahl [6] 71%/12% – 5 years: 94%
R-CVP Marcus [35]

FOLL05/Federico [13]
81%/41%
88%/67%

38mo (DOR)
3 yr: 52%

4 yr: 83%
–

R-CHOP FOLL05/Federico [13]
StIL/Rummel [16]

93%/73%
91%/30%a

3 yr: 68%
Med: 41mo

–
10 yr: 66%

R-B StiL/Rummel
BRIGHT/Flinn [15]
E2408/Evens [9]

93%/40%a

97%/31%a

90%/58%

Med: NR
5 yr: 66%
3 yr: 74–76%

10 yr: 71%
5 yr: 82%
3 yr: 84–87%

R-Lenalidomide Fowler [24]
CALGB50803/Martin [23]

98%/87%
95%/72%

3 yr: 79%
5 yr: 86%

3 yr: 94%
5 yr: 100%

G-CHOP GALLIUM/Marcus [20, 36] 3 yr: 80.6%
G-Bendamustine GALLIUM/Marcus [20, 36] 3 yr: 84.1%
O-Bendamustine CALGB50904/Blum [10] 92%/59% 4 yr: 53% 4 yr: 87%
R-Ibrutinib Fowler [37]

Arm 1: R-Ibrutinib
Arm 2: Ibr lead-in

85%/35%
75%/35%

1 yr: 87%
1 yr: 77%

1 yr: 98%
1 yr: 100%

B-V-R E2408/ Evens [9] 91%/74% 3 yr: 81% 3 yr: 90%
B-V-O CALGB50904/Blum [10] 84%/57% 4 yr: 67% 4 yr: 84%
V-RCHOP Cohen [33] 100%/75% 4 yr: 83%a 4 yr: 93%a

Note: The authors recommend a review of individual studies when considering the impact of these 
data as studies often have differing inclusion/exclusion criteria and tumor burden requirements for 
study entry
Abbreviations: ORR overall response rate, CR complete response, PFS progression-free survival, 
OS overall survival, R Rituximab, CVP cyclophosphamide, vincristine, prednisone, CHOP cyclo-
phosphamide, doxorubicin, vincristine, prednisone, B bendamustine, G obinutuzumab, O ofatu-
mumab, V bortezomib
aDenotes study that included additional indolent NHL subtypes
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evaluating novel therapies in combination and separate from chemotherapy, most 
patients are safely and effectively managed with chemotherapy-based induction 
regimens. While the prospect of a non-chemotherapy-based induction regimen is 
intriguing, one must be mindful of the financial burden of long-term oral therapy as 
well as the impact on quality of life of long-term therapy, especially when “mild” 
toxicities persist for many months [34].

 Post-induction Outcomes

Fortunately, most patients with FL will respond to initial therapy, regardless of the 
chosen regimen, and survival is prolonged for most patients with FL. In the FLASH 
study which combined patient-level outcomes from 13 randomized studies, the 
median PFS after induction therapy for FL was >7 years, and achievement of CR at 
30 months post initiation of induction therapy was considered a suitable surrogate 
for PFS [38]. However, a subset of patients (19–25%) will experience a relapse of 
disease within 2 years of diagnosis and will have inferior outcomes. In an analysis 
from the National LymphoCare Study, only 50% of patients treated with R-CHOP 
with early progression were alive at 5 years compared to 90% of patients who did 
not experience an early relapse. These findings were validated in the FLASH cohort, 
where the 5-year OS for early progressors is 62% vs 87.5% in patients who do not 
experience early progression [39].

Management of patients with early relapse is challenging and is the subject of 
many ongoing investigations, including S1608, which will randomize patients with 
early relapsing FL to three arms: (a) obinutuzumab + umbralisib; (b) obinutuzumab 
+ lenalidomide; (c) obinutuzumab + CHOP. In addition, the role of stem cell trans-
plantation has been assessed for patients with early relapse, and autologous stem 
cell transplant appears to improve outcomes compared to patients who do not 
receive autologous transplant from a NLCS/CIBMTR study recently published 
[40]. The role of allogeneic transplantation in this setting is also being evaluated. 
Additional approaches to the management of relapsed/refractory FL are discussed 
in more detail in Chap. 12.

 Post-induction Therapies Designed to Improve Outcomes

 Rituximab Maintenance

Despite the likelihood of prolonged survival for most patients with advanced-stage 
FL, attempts to prolong the initial duration of response are ongoing given the fact 
that nearly all patients with FL will ultimately relapse. The most frequently utilized 
approach to post-induction therapy is rituximab monotherapy, which has been uti-
lized in a variety of schedules and settings. To date, none of the published studies 
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have identified an OS advantage with maintenance rituximab although there does 
appear to be a consistent benefit in PFS.

Some of the initial evaluations of maintenance rituximab included various sched-
ules. Hainsworth et al. published the results of a phase 2 study which utilized ritux-
imab monotherapy administered for 4 consecutive weeks every 6 months for up to 
2 years (for total courses) [41]. In this series of 60 patients, the ORR at the end of 
treatment was 73%, and the median PFS was 34 months. This maintenance schedule 
was also utilized in E1496, which randomized patients receiving CVP to rituximab 
maintenance (given for 4 weekly doses every 6 months for 2 years) or observation 
[42]. This study was updated recently with prolonged follow-up, and the mainte-
nance arm outperformed the observation arm (median PFS 4.8 years vs 1.3 years) 
but there is no significant difference in OS [43]. Ghielmini et al. conducted a ran-
domized study of rituximab maintenance where all patients received 4 weekly doses 
and were then randomized to observation vs 4 additional doses of rituximab spaced 
2 months apart [44]. The group of untreated patients receiving maintenance had 
improved PFS compared to the observation group (36 vs 19 months).

The largest study to date to evaluate the role of maintenance rituximab in FL was 
the PRIMA study which assessed rituximab administered as a single dose every 
3  months for up to 2  years after completion of one of three induction therapies 
(R-CHOP, R-CVP, or R-fludarabine, cyclophosphamide, mitoxantrone) [45]. The 
study included roughly 1200 patients, and the 3-year PFS was 75% for the mainte-
nance group and 58% in the observation group (< 0.0001). There were also signifi-
cant improvements in time to next anti-lymphoma therapy and time to next 
chemotherapy, although there were no significant differences in OS. The study was 
recently updated with longer-term follow-up, and the maintenance arm continues to 
outperform the observation arm, with a 10-year PFS of 51% vs 35% [46]. However, 
the OS continues to be identical (80%) in both arms.

Despite the evidence of benefit with rituximab maintenance after CVP, R-CVP, 
and R-CHOP, its use in the modern era when bendamustine is more frequently uti-
lized is less clear. There have been no randomized studies designed to evaluate the 
role of maintenance rituximab after receipt of B-R. The German low-grade lym-
phoma study group recently presented the MAINTAIN trial which randomized 
patients receiving B-R to 2 vs 4 years of rituximab maintenance, at a schedule of 1 
dose every 2 months for 2 years [47]. While there appeared to be a trend toward a 
PFS benefit with 4 years of maintenance vs 2 years, this was not statistically signifi-
cant (HR 0.63, 95% CI: 0.36–1.11). The authors also compared the 2-year arm to 
the previously published StiL NHL1 study that compared B-R to R-CHOP without 
maintenance [16], and there was a significant improvement in PFS for patients 
receiving maintenance (HR 0.68, 95%CI: 0.47–0.87), although it is important to 
recognize the limitations of a cross-study comparison.

A large North American retrospective study evaluating this question was also 
recently presented by Hill and colleagues and suggested that patients achieving a 
CR after bendamustine-based induction did not benefit from maintenance rituximab 
while patients achieving PR did appear to experience a benefit in PFS (but not OS) 
[48]. A secondary analysis of the BRIGHT study also evaluated the role of  rituximab 
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maintenance for patients receiving B-R after completion of study therapy at the 
discretion of the investigator [49]. The schedule/duration of rituximab maintenance 
was not prescribed by the study and varied by investigator. In this study, there did 
appear to be an improvement in PFS for patients receiving rituximab maintenance 
vs those that were observed. Although there appeared to potentially be a benefit in 
OS as well, the study requires cautious interpretation due to the many limitations 
inherent in this type of analysis.

In general, maintenance rituximab can be considered to improve PFS, especially 
in patients who are not receiving bendamustine as part of their induction therapy. 
Patients who do receive maintenance rituximab should do so with the understanding 
that there is likely no long-term OS benefit. In addition, toxicities associated with 
therapy are often limited but can include serious infections. Unfortunately, there is 
not a widely adapted schedule, although most physicians currently utilize a once 
every 2- or 3-month schedule. The RESORT trial (E4402) described a potentially 
clinically significant decrease in rituximab blood concentrations for patients receiv-
ing maintenance every 3 months, suggesting that a schedule of maintenance every 
2 months may be more appropriate, although these schedules have not been com-
pared in a randomized study [50].

 Incorporation of Additional Agents as Maintenance in FL

While rituximab (or other CD20 antibodies) have been most frequently utilized in FL 
patients achieving first remission, other agents, including lenalidomide, have been 
assessed. In E2408, one arm included R-lenalidomide maintenance, and other studies 
have included a prolonged course of lenalidomide [9]. To date, none of these studies 
have suggested a role for additional agents as maintenance for patients achieving a 
first remission, although the definition of what constitutes “induction” vs “consolida-
tion” or “maintenance” is becoming more challenging in the era of chronic, oral 
therapies. At this time, maintenance therapy with agents other than rituximab or 
obinutuzumab should only be undertaken in the context of a clinical trial.

 Long-Term Toxicities Associated with Therapy

Most patients will recover from treatment without significant toxicities, and short- 
term toxicities including nausea/vomiting, alopecia, and acute myelosuppression 
are frequently manageable with current supportive care measures. Given the 
length of survival expected for most of the patients, however, careful monitoring 
of latent toxicities is important. Up to 6% of patients in the National Lymphocare 
study experienced deaths related to treatment [51]. Commonly encountered issues 
include conditions related to bone marrow toxicity (myelodysplastic syndrome 
and acute myelogenous leukemia), secondary malignancies, and occasionally 
long-term organ toxicity.
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Given the latency of many of the toxicities identified, long-term follow-up from 
prior clinical trials is often the best method of identifying long-term toxicities. The 
FOLL05 study compared R-CVP vs R-CHOP vs R-FM in untreated FL and was 
recently updated. Out of 504 patients randomized, 41 secondary malignancies were 
identified, impacting almost 10% of patients at 8 years, and including 21 patients 
who never experienced a relapse of their FL [14]. In the StiL NHL1 study compar-
ing B-R to R-CHOP, 75 secondary malignancies (out of 447 patients) have been 
encountered with long-term follow-up, including 14 hematologic malignancies 
[17]. In addition to the potential risk of secondary malignancies related to chemo-
therapy exposure, the risk of malignancies is increased in patients who complete a 
series of radiographic exams. In one study examining the impact of serial CTs on an 
individual’s cancer risk, the risk of death from lung cancer, for example, for a 
20-year-old female completing 10 full-body CT scans, is estimated at 0.47% [52]. 
Although this represents a small absolute increase in mortality risk related to scans, 
it is critical that physicians consider the potential long-term ramifications of serial 
CT scans for patients with FL who are in complete remission, especially as there 
may not be any long-term lymphoma-related benefit [53]. The identification of late 
secondary malignancies is always concerning although it is also important to recog-
nize that patients who develop one cancer are more likely to develop a second can-
cer and that FL is typically a disease of elderly patients, who are also predisposed to 
the development of cancer. Given the typically prolonged life expectancy for 
patients with FL, we recommend that they continue to receive all recommended 
age-appropriate cancer screenings, including dermatologic skin exams, prostate 
exam, mammogram, and colonoscopy, as indicated and in discussion with their pri-
mary care physicians.

Additional long-term toxicities may be related to the chemotherapy received and 
should be considered when selecting a treatment. For example, the long-term inci-
dence of anthracycline-induced cardiomyopathy is low, but this can be a devastating 
result of treatment considering the length of life expected in this disease. Although 
much of the literature in this arena is based on breast cancer outcomes, it is clear that 
anthracyclines can be associated with increased risk of heart failure in patients with 
NHL and the current NCCN survivorship guidelines recommend close monitoring 
for cardiac symptoms, consideration of an echocardiogram after 1  year post- 
treatment, and management of modifiable risk factors during and after treatment.

 Conclusions

Evaluation and management of advanced-stage FL requires consideration of the 
patients’ comorbidities and wishes regarding therapy given the fact that most newly 
diagnosed patients can expect a prolonged life span, regardless of the type of ther-
apy chosen. In many cases, no therapy is required and patients can be observed for 
several years without any significant impact on their OS. When therapy is indicated, 
a number of regimens are currently available and should be chosen in collaboration 
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with the patient based on expected short- and long-term toxicities and expected 
remission duration. While there are a number of currently available prognostic 
markers, none are as informative as the progression of disease within 24 months, 
which unfortunately is not known at the time of diagnosis and initial therapy selec-
tion. Future studies are needed to identify which patients are at highest risk for early 
progression and require alternative approaches to prevent premature death from 
FL. For the remaining patients, life expectancy may approach that of the general 
population and management of treatment-related toxicities will allow these patients 
to enjoy a good quality of life throughout their disease course.
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Chapter 8
Transformed Follicular Lymphoma

Michael J. Leukam and Sonali M. Smith

 Introduction

Follicular lymphoma (FL) is the prototype of indolent lymphomas and typically 
has a prolonged clinical course with waxing and waning disease burden requiring 
intermittent therapy. However, this indolent phenotype can undergo biologic trans-
formation to a more aggressive histology, mandating a distinct clinical approach 
with urgent intervention. The earliest description of transformed follicular lym-
phoma (TFL) was in 1942 by Gall and Mallory when they described an aggressive 
lymphoma arising 8 years after an initial diagnosis of FL [1]. Since then, the defini-
tion of TFL includes any follicular lymphoma that acquires a more aggressive 
clinical picture, and upon re-biopsy, will show diffuse large B-cell lymphoma, 
high-grade B-cell lymphoma, Hodgkin lymphoma, lymphoblastic lymphoma or 
gray zone lymphoma, with a prognosis equal to or worse than the aggressive sub-
type it most resembles [2–7]. The management of TFL is not uniform, and there is 
a lack of dedicated prospective trials for this subset of lymphomas. Nevertheless, 
outcomes in the modern era appear to be improving, and more targeted therapies 
are on the horizon.
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 Pathogenesis of Transformed Follicular Lymphoma

The eventual emergence of a transformed follicular lymphoma has its seeds in the 
premalignant phase, likely from a common progenitor cell. The mutational gene 
expression profile of a transformed lymphoma retains genomic markers of a normal 
B cell, a purported common progenitor (premalignant) B cell, and a follicular lym-
phoma, in addition to the aggressive acquired phenotype.

The specific oncogenes driving histologically transformed follicular lymphomas 
have roots in the normal function of germinal center B cells. Noncancerous B cells 
in the light zone of the germinal center first undergo somatic hypermutation but not 
cell division [8]; they express low levels of the growth-promoting proto-oncogene 
BCL6 [9]. After somatic hypermutation and class switch recombination, B cells in 
the light zone undergo selection based on antigen presentation by follicular helper 
T cells and dendritic cells. B cells with weak B-cell receptor affinity are targeted for 
apoptosis, while those selected by the helper cells initiate cell division in part 
through upregulation of MYC and NF-κB [10, 11]. These selected cells migrate to 
the dark zone, where they undergo clonal expansion and proliferation [8]. Normal B 
cells in the dark zone express high levels of BCL6, which suppresses DNA damage- 
sensing and checkpoint proteins (such as TP53, CDKN1A, and ATR), anti-apoptotic 
proteins such as BCL2, and expression of growth-promoting oncogenes such as 
MYC [9, 12–15]. The journey to a malignant B cell is marked by abnormal expres-
sion of some of these normally suppressed genes in a cell already primed for brisk 
proliferation.

 Early Mutations Attributable to Progenitor Cells

The mutational pattern of purported common progenitor cells within an individual 
patient has been investigated through identifying mutations common to all lympho-
matous clones, including both indolent and transformed clones. The earliest 
genomic event, present in 80–90% of patients, is a translocation between chromo-
some 14 and 18 resulting in the juxtaposition of the anti-apoptotic oncogene BCL2 
and the heavy-chain enhancer region (IgH), or a different rearrangement resulting in 
deregulated increased BCL2 expression [16–18]. BCL2 rearrangements likely occur 
at an early stage in B-cell development in the bone marrow during VDJ recombina-
tion. Instability at the IgH site on chromosome 14 is associated with defective Rag1- 
mediated VDJ recombination, and breaks at chromosome 18 near the BCL2 locus 
are believed to be due to the inherent fragility of CpG island sites [19, 20]. Those 
patients without a BCL2-IgH rearrangement fall into two subgroups: those that 
demonstrate an elevated BCL2 protein level without the BCL2-IgH rearrangement 
[18, 21] and those with elevated BCL6 levels, which can be associated with BCL6 
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rearrangements [22] or trisomy 3 [23]. Overexpression of a cell survival factor 
seems to be necessary but not sufficient for the development of follicular lym-
phoma – an identical BCL2-IgH re-arrangement to that seen in follicular lymphoma 
can be found in up to 50% or more of healthy blood donors [24].

Though common progenitor clones gain anti-apoptotic properties promoting cell 
survival in the bone marrow, they can continue to differentiate similarly to normal 
germinal center B cells. Additional common mutations may explain the transition to 
a follicular lymphoma. Mutations in genes coding for chromatin remodeling factors 
such as CREBBP, KMT2D (also known as MLL2), and EZH2 are additional events 
seen across both nontransformed and histologically transformed disease within 
patients [25–28]. CREBP mutations are among the earliest attributable mutations to 
the development of follicular lymphomas in hierarchical mutational analysis and 
are associated with a decreased antigen presentation phenotype which may aid in 
the avoidance of immune surveillance [29]. EZH2 and KMT2D mutations are both 
associated with promotion of the germinal center phenotype and decreased expres-
sion of tumor suppressor genes [27, 28, 30]. Mutations in some cell signaling path-
ways are also seen in paired samples of follicular lymphoma and histologically 
transformed lymphoma in the same patient, indicating the mutation typically pre-
cedes histologic transformation. For example, mutations in RRAGC are uniquely 
enriched in follicular lymphoma patients and are seen in paired transformed tumors 
as well [31].

Early mutations in the purported common progenitor population are associated 
with the later phenotype of histologically transformed lymphoma. Founder popula-
tions containing BCL2 rearrangements, when transformed, tend to fall into the ger-
minal center B-cell (GCB) phenotype, while the absence of a BCL2 rearrangement 
predicts for an activated B-cell (ABC) phenotype [32] (Table 8.1).

Table 8.1 Mutations seen in both FL and TFL (possibly originating in a common progenitor cell)

Mutation Effect Frequency References

BCL2 re-arrangement, 
t(14;18)

Increased BCL2 expression, cell 
survival

80–90% [16–18]

BCL6 re-arrangement Increased BCL6 expression, cell 
survival

~30% of t(14;18) 
negative FL

[21, 22]

Trisomy 3 Multiple effects, increased 
BCL6

40% of t(14;18) 
negative FL

[23]

KMT2D loss of 
function

Chromatin remodeling, 
epigenetic dysregulation

35–80% [27, 28, 30]

CREBBP loss of 
function

Chromatin remodeling, 
epigenetic dysregulation

50–60% [25, 26, 29, 
33]

EZH2 loss of function Chromatin remodeling, 
epigenetic dysregulation

20–25% [25, 26, 34]

RRAGC loss of function Increased mTorc signaling 18–25% [31]
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 Patterns of Clonal Evolution

To investigate the patterns of clonal evolution in transformed follicular lymphoma, 
a series of elegant experiments have been carried out which take advantage of the 
tendency of follicular lymphoma cells to undergo somatic hypermutation and class 
switch recombination of the variable regions of the immunoglobulin heavy chain in 
a similar fashion to normal germinal-center-derived B cells. After creating a taxon-
omy of mutations in the immunoglobulin heavy chain, investigators have not found 
evidence of linear, stepwise evolution in follicular lymphoma clones, but rather, 
found a pattern of branched, divergent complex evolution that suggests multiple 
lineages arising from a progenitor population [35–39]. Additional studies investi-
gating class switch recombination, copy number alterations, and uniparental disomy 
confirm the pattern of branching clonal evolution of both follicular lymphoma 
clones and histologically transformed follicular lymphoma from a common trunk 
consistent with a progenitor population [38, 40, 41]. More recently, next-generation 
sequencing techniques combined with phylogenetic analyses of both coding and 
noncoding elements have been applied to the question of clonal evolution in histo-
logic transformation. When comparing paired sequential follicular lymphoma and 
histologically transformed tumors, one study found that all cases progressed via 
branched divergent evolution [25] while another study found 80% of cases pro-
gressed via branched evolution while 20% had elements of a linear sequential model 
[26]. Thus, there is building support for a common progenitor cell that gives rise to 
both the indolent and transformed component in follicular lymphoma.

 Genomic Changes Associated with Transformation

A loss of programmed cell death is a hallmark of both FL and TFL. An interesting 
mutational pattern has been found in the FAS gene, a cell surface death receptor that 
is a member of the tumor necrosis factor superfamily. In the nonmalignant germinal 
center, signaling via FAS receptor triggers apoptosis in B cells that fail selection due 
to weak affinity or self-reactivity [42]. Approximately one-third of the TFL cases 
examined harbored a FAS mutation [26]. The mutation was also present in the FL 
precursor of all paired samples with a FAS mutant TFL, but was absent in all 
unselected FL cases. This suggests that FAS mutation might be a predictor of trans-
formation, though further investigation would be required to establish test 
characteristics.

While epigenetic and pro-survival factors dominate early development of FL, 
transformation is marked by oncogenic activation and loss of tumor suppressors. 
The well-described tumor suppressor gene TP53 encodes a transcription factor with 
a broad range of antiproliferative downstream effects including control of cell cycle 
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arrest, apoptosis, senescence, DNA repair, and metabolism [43]. Mutations in TP53, 
loss of chromosome arm 17p (which contains TP53), and upregulation of the TP53 
repressor MDM2 are specifically enriched in histologically transformed lymphomas 
[44–47]. CDKN2A is a tumor suppressor gene that acts, in part, to suppress the func-
tion of TP53. Mutations in CDKN2A are rare at the time of diagnosis of FL, but 
when present, portend a poor response to therapy and a poor overall survival [48]. 
Bi-allelic loss of function of CDKN2A is relatively common in TFL and, through its 
effects on the DNA-repair pathway through TP53 and the loss of regulation of the 
cell cycle, may represent an important step in the development of mutations and 
proliferative ability in TFL [26].

Somatic hypermutation is the mechanism by which proliferating B cells diver-
sify the B-cell receptor prior to affinity selection. This process involves a highly 
increased rate of mutation in the B-cell receptor locus mediated by activation- 
induced cytosine deaminase (AID) [49]. De novo DLBCL often contains mutations 
in the 5′ untranslated or coding regions of multiple genes consistent with aberrant 
AID activity. These phenomena, deemed “aberrant somatic hypermutation,” are not 
found in nonmalignant germinal center B cells or in nontransformed FL [50], but 
can be found at the time of transformation in serial samples of TFL cases [26, 51]. 
Many of the targeted genes in aberrant somatic hypermutation have a known onco-
genic function (e.g., PAX-5 and MYC), which suggests a possible pathogenic role 
for this process in transformation (Table 8.2; Fig. 8.1).

Table 8.2 Frequency of selected mutations in transformed FL

Mutation Effect of mutation Frequency in TFL
Frequency 
in FL References

TP53 loss of 
function

Loss of DNA repair, 
loss of cell cycle 
control

30% 15% [26, 45, 46, 
52]

MDM2 
overexpression

Suppression of TP53 80% 0% [44]

MYC Cell growth, altered 
metabolism, genomic 
instability

25% translocations, 
33% amplifications

0% [26, 52]

CDKN2A Increased proliferation 46% 0–8% [26, 48]
FAS Increased cell survival 33% Unknown [26]
B2M Alterations in 

interactions with 
surrounding T-cells

25% 10% [52]

CD58 Alterations in 
interactions with 
surrounding T-cells

5% 0% [26]

Aberrant somatic 
hypermutation

Deletions and 
insertions in 5′ region 
of several genes

55–87% Unknown [26, 51]

8 Transformed Follicular Lymphoma



140

 Role of the Tumor Microenvironment in Transformation

Gene expression profiling studies have confirmed the critical role of the FL micro-
environment in terms of prognosis. The rich immunologic environment of a lymph 
node, including follicle dendritic cells, T cells, and other B cells contributes to the 
risk of transformation as well [53]. The role of the surrounding microenvironment 
in the development of FL and subsequent histologic transformation is an active area 
of research. The development of FL is associated with a decrease in clonal diversity 
in tumor-associated CD8+ T cells [54] and a decrease in nonmalignant germinal 
center B cells [55]. In a large gene expression profile study of follicular lymphoma 
patients, the strongest predictors of early mortality were alterations in gene expres-
sion in nonmalignant T-cell populations [56], and the T-cell populations in “poor- 
risk” FL with early transformation have a different phenotype than in “good-risk” 
FL unlikely to undergo early transformation, namely, a T-helper1 phenotype [57, 
58]. A shorter time to transformation is seen in FL patients who are found to have 
higher levels of immune checkpoint protein expression such as PD1 on infiltrating 
T cells [59]. Finally, mutations in FL cells which further affect interactions with 
surrounding T cells such as beta-2 microglobulin [52] and CD58 [26], and a fall in 
the absolute number of infiltrating T cells [60, 61], are specifically associated with 
histologic transformation. These findings together suggest a role for alterations in 
interactions with the microenvironment in pathogenesis and immune evasion in 
histologic transformation. A model for transformation in which a supporting acti-
vated immune network drives rapid mutation in FL cells, leading to genomic insta-
bility and accumulation of transformative mutations, is supported by gene 
expression and cytokine profiling studies [61]. Further studies of the role of the 
microenvironment in development of TFL may allow better prognostication of 
high-risk patients requiring escalated therapy or early consolidation and may 
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Fig. 8.1 Simplified summary of genomic evolution of transformed follicular lymphoma
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further elucidate the mechanisms and appropriate application of immunomodula-
tory or immune checkpoint inhibitor therapies.

 Definition and Diagnosis of Transformed Follicular 
Lymphoma

Patients with follicular lymphoma have an approximate 2–3% risk of transformation 
to aggressive lymphoma, although overall rates of transformation may be decreasing 
following the introduction of monoclonal antibodies [6, 62–65]. Of note, there may 
be a population with FL who will never transform, as several studies have identified 
a possible plateau in the transformation rate after approximately 15 years [66, 67].

 Histologic Definition

The definition of TFL includes any follicular lymphoma that acquires a more 
aggressive clinical picture, and upon re-biopsy, will show diffuse large B-cell lym-
phoma, high-grade B-cell lymphoma, Hodgkin lymphoma, lymphoblastic lym-
phoma or gray zone lymphoma, with a prognosis equal to or worse than the 
aggressive subtype it most resembles [2–7]. Not all clinically suspected cases of 
TFL will be found to have true histologic transformation on biopsy, and not all con-
firmed cases of TFL on biopsy will demonstrate clinical signs of transformation, 
complicating inclusion criteria for clinical trials [68].

Histologic grade 3B follicular lymphoma bears particular mention as a challeng-
ing disease which straddles the narrow divide between high-grade follicular lym-
phoma and DLBCL, containing features of both. Increasing histologic grades of FL 
are defined by an increasing number of centroblasts per high power field. If there are 
more than 15% centroblasts per high power field, the disease is classified as grade 
3B, and a diffuse, follicular-obliterating architecture of solid sheet of centroblasts is 
observed that is similar, yet distinct from DLBCL [69]. The lack of characteristic 
surface markers such as CD10, the relative paucity of mutations are typically found 
in FL such as IGH re-arrangement, and an increased frequency of mutations not 
frequently seen in FL such as BCL6 translocations or rearrangements suggests that 
grade 3B FL is not an evolutionary step in the transformation of lower grade FL but 
rather a distinct entity [70–73]. The mutational landscape of grade 3B FL is hetero-
geneous, frequently having more in common with germinal center B-cell lymphoma 
than grade 1–2 FL, despite the histologic similarity with FL [74]. Clinically, areas of 
DLBCL are frequently found in close examination of grade 3B FL biopsies, which 
would reclassify the disease as TFL [75]. Those remaining cases have an outcome 
similar to DLBCL and are  usually treated clinically as transformed [76, 77]. Further 
research is necessary to clarify the driving pathways in grade 3B FL and DLBCL to 
elucidate potential pharmacologic targets.
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 Clinical Diagnosis

Due to the clonal heterogeneity of FL and the possibility for isolated initial areas of 
transformation, confirming a histologic diagnosis of transformation is not always 
straightforward. When following patients with known FL over time, transformation 
may be first suggested by a change in overall clinical status and emergence of symp-
toms. Clinical features suggestive of potential transformation include declining per-
formance status, new “B” symptoms, rapid growth of nodal disease, increased 
extranodal sites of disease, newly disseminated disease, development of cytopenias, 
elevated serum lactate dehydrogenase, elevated serum calcium, and increase in 
International Prognostic Index score [6, 66, 78, 79].

If transformation is clinically suspected, biopsy confirmation should be pursued 
both for diagnostic and prognostic analysis. Identifying the best site for biopsy can 
be difficult, particularly since the transformation may not be present in all involved 
disease sites. A useful tool in identifying the ideal site for biopsy is functional imag-
ing with FDG-PET, where the area with the highest uptake is most likely to reveal 
the aggressive component. In one study of biopsy-proven TFL, the corresponding 
standardized uptake value (SUV) on the concurrent PET scan ranged from 3 to 38 
with a median of 12 [80]. The specificity for transformation of elevated SUV on 
PET increases with higher SUV; a cutoff of 10 is approximately 80% specific for 
transformation [81], whereas a cutoff of 13 confers a specificity of approximately 
90% [82] and a cutoff of 14 is associated with specificity of approximately 95% 
[83]. An SUV of 17 or above demonstrates a positive predictive value of 100% in 
one study [83]. Biopsy remains the gold standard for diagnosis and provides addi-
tional clinical information which may alter treatment such as the development of 
“double-hit lymphoma” (see below); therefore, a highly suspicious PET scan should 
be followed by biopsy targeted toward the areas with highest SUV.

However, not all patients will have a diagnostic specimen despite a strong clini-
cal suspicion of transformation, and not all patients will have accessible sites for 
biopsy. Because of the extensive clonal heterogeneity and sampling error, a biopsy 
may still miss the critical site of transformation due to sampling error. In the event 
of concerning clinical signs/symptoms and suspicious PET, a negative biopsy can-
not be taken as evidence for a lack of transformation. Additional biopsy or treatment 
for TFL based on clinical and radiographic findings alone may need to be pursued 
in those cases.

 Treatment of Transformed Follicular Lymphoma

The treatment of TFL depends on the clinical context, with three frequently encoun-
tered scenarios: simultaneous diagnosis with FL, subsequent transformation after a 
known diagnosis of FL that is treatment-naïve, and subsequent transformation fol-
lowing prior therapy for established FL. Historically, patients with TFL had a very 
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poor prognosis, with five-year overall survival rates under 25% [66, 84]. Therefore, 
TFL was treated aggressively, including incorporation of up-front autologous or 
allogeneic hematopoietic stem cell transplant (SCT). In the pre-rituximab era, use 
of early autologous SCT (ASCT) consolidation improved survival rates in patients 
with transformed follicular lymphoma to approximately 50% [85]. In the modern 
era of chemoimmunotherapy era (marked by the addition of the anti-CD20 antibody 
rituximab to cyclophosphamide, doxorubicin, vincristine, and prednisone, known 
as “R-CHOP”), outcomes have substantially improved, and the ability to achieve 
complete remission and long-term survival akin to de novo DLBCL is possible.

 Chemoimmunotherapy

The treatment of TFL in all cases (simultaneous diagnosis of transformed and indo-
lent components, treatment naïve transformation of known indolent lymphoma, and 
transformation of previously treated indolent lymphoma) starts with chemoimmu-
notherapy, specifically R-CHOP. Rates of complete remission and overall survival 
are similar after treatment with standard chemoimmunotherapy to matched patients 
with DLBCL; however, the group with transformed disease have a higher rate of 
relapse of indolent lymphoma [78]. While the aggressive, histologically trans-
formed component of TFL requires urgent intervention and can potentially be suc-
cessfully treated, the underlying follicular lymphoma is not considered curable and 
is subject to late relapse even after successful therapy.

Outcomes after initial treatment for patients with both DLBCL and transformed 
indolent lymphomas have improved in the rituximab era of combined chemoimmu-
notherapy [65]. The current recommendation for most patients who present with 
transformed disease at the time of first diagnosis or who have been followed with 
observation only is standard chemoimmunotherapy such as rituximab, cyclophos-
phamide, doxorubicin, vincristine, and prednisone (R-CHOP). Retrospective stud-
ies suggest a long-term survival rate of approximately 60% for minimally pretreated 
after up-front treatment with standard chemoimmunotherapy [65, 85, 86]. There is 
some limited evidence from a noncontrolled study that supports consolidative autol-
ogous or allogeneic SCT after chemotherapy, based on superior short-term out-
comes compared to historical controls [87]. However, more recent studies have 
found nonsignificant differences in survival comparing TFL to de novo DLBCL 
treated with standard chemoimmunotherapy [88]. Given the reasonable rate of long- 
term survival (similar to that of de novo DLBCL) with or without consolidation 
therapy, and the inability to cure the indolent lymphoma even with aggressive con-
solidation therapy, patients who achieve a complete remission after initial therapy 
are not routinely recommended for consolidative autologous SCT (ASCT). There 
are no currently validated methods to identify patients at higher risk of relapse with 
minimally treated histologically transformed disease who might benefit from ASCT, 
though such a tool would be of great usefulness.
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 Special Case: Patients with Prior Anthracycline Exposure

The choice of chemotherapy should take into account prior exposure to anthracy-
clines. Patients receiving multiple lines of therapy for incurable, recurrent diseases 
such as FL are at risk for reaching cardiotoxic lifetime doses of anthracycline che-
motherapy. Regimens such as R-ICE (rituximab, ifosfamide, carboplatin, and eto-
poside) [89], GDP or DHAP, followed by high-dose chemotherapy and transplant 
should be considered for patients with prior anthracycline exposure. For those who 
have not been previously exposed to anthracyclines or who can tolerate additional 
exposure, the combination of rituximab, etoposide, prednisone, vincristine, cyclo-
phosphamide, and doxorubicin (R-EPOCH) demonstrated good activity in a phase 
II study as a salvage agent for CD20+ relapsed and refractory lymphomas (includ-
ing transformed follicular lymphomas) with a 28% rate of complete response and 
median event-free survival of approximately 12 months [90]. In that trial, 19 of the 
50 patients (38%) proceeded to high-dose chemotherapy and ASCT [90]. In sum, in 
patients with newly diagnosed follicular lymphoma previously treated with chemo-
therapy, the current evidence supports treatment with salvage chemotherapy fol-
lowed by consolidative ASCT if the disease demonstrates chemosensitivity. The 
choice of salvage therapy should take into account prior therapy to minimize 
toxicity.

 Special Case: “Double Hit Lymphoma”

Approximately 25% of new diagnoses of TFL are “double-hit lymphoma (DHL)” or 
“high-grade B-cell lymphoma, with MYC and BCL2 and/or BCL6 rearrangements” 
which is now recognized as a separate entity from DLBCL in the 2016 World Health 
Organization classification system [69]. The term “double hit” refers to the dual 
presence of MYC-associated proliferation plus BCL2-associated anti-apoptotic 
effects related to chromosomal rearrangements and leading to a very aggressive and 
chemoresistant phenotype. DHL that arises from FL has a similarly poor prognosis 
to de novo diagnoses when treated with standard-dose chemoimmunotherapy regi-
mens such as R-CHOP [91–93]. While prospective data supporting the use of inten-
sified therapy in this population is lacking, retrospective studies suggest superior 
outcomes when intensified chemotherapeutic regimens such as either dose-adjusted 
EPOCH-R (etoposide, prednisone, vincristine, cyclophosphamide, and doxorubi-
cin), R-hyperCVAD (hyperfractionated cyclophosphamide, vincristine, doxorubi-
cin, and dexamethasone alternating with methotrexate and cytarabine), or 
R-CODOX-M/IVAC (cyclophosphamide, vincristine, doxorubicin, and high-dose 
methotrexate alternating with ifosfamide, etoposide, and cytarabine) are used in 
place of R-CHOP [94]. In patients with DHL who achieve complete remission after 
completion of initial chemotherapy, there has been no demonstrated benefit in ret-
rospective studies of consolidative SCT [93, 94].

M. J. Leukam and S. M. Smith



145

 Role of Consolidative Stem Cell Transplant

Patients exposed to prior lines of chemotherapy for indolent lymphoma prior to 
transformation have a poorer response to standard therapy after transformation [95], 
particularly those patients previously exposed to rituximab [89]. The best outcomes 
in this patient group have been achieved with salvage chemotherapy as a bridge to 
consolidative high-dose chemotherapy and ASCT, so long as there is chemosensi-
tive disease and a reasonable performance status. This approach is supported by a 
subset analysis from a large National Cancer Institute of Canada Clinical Trials 
Group study which found similar outcomes of both patients with relapsed/refractory 
DLBCL and transformed indolent lymphomas (including follicular lymphoma) 
after either gemcitabine, dexamethasone, and cisplatin (GDP) or dexamethasone, 
cytarabine, and cisplatin (DHAP) and then high-dose chemotherapy with ASCT. In 
both the transformed indolent group and DLBCL group, the 4-year survival was 
approximately 40% [96]. Another study comparing outcomes after high-dose che-
motherapy and ASCT in heavily pretreated DLBCL and transformed indolent lym-
phoma patients found approximately 60% 3-year survival in both groups without a 
significant difference in outcomes based on immunohistochemically defined cell of 
origin [97].

One limitation to ASCT is reduced eligibility due to disease refractoriness, 
comorbidities, or advanced age/frailty. In a series of 105 consecutive referrals for 
ASCT for transformed indolent lymphomas, only 48% actually proceeded with 
ASCT; those patients not offered transplant were primarily due to progressive dis-
ease [98]. In those cases of TFL where initial salvage therapy does not show a che-
mosensitive response (progressive or refractory disease), currently available options 
include clinical trials, chimeric antigen receptor T cells (CAR-T), allogeneic hema-
topoietic stem cell transplant (SCT), or radioimmunotherapy; clinical trial partici-
pation should be a high priority. Given the histologic and genomic similarity of 
histologically transformed lymphoma and DLBCL, and the lack of dedicated trials 
for relapsed/refractory TFL, support for these various treatment strategies is extrap-
olated from the DLBCL literature and those trials that included TFL in the popula-
tion of aggressive lymphoma patients.

A major limitation of allogeneic SCT for the treatment of follicular lymphomas 
including relapsed/refractory cases is the significant associated nonrelapse mortal-
ity. In several comparisons of myeloablative allogeneic SCT to ASCT for all patients 
with transformed follicular lymphomas, there was no improvement in overall 
 survival, but significantly more toxicity in the allogeneic transplant group [85, 99, 
100]. While reduced-intensity allogeneic SCT has shown efficacy in multiply 
relapsed transformed follicular lymphoma (47% 4-year survival), there remains 
considerable toxicity (32% 4-year non-relapse mortality) [101]. Therefore, until 
further measures are developed to limit toxicity of allogeneic SCT, this therapy 
should be reserved for patients who experience early relapse after ASCT or who are 
otherwise ineligible for ASCT.
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 Biologic and Targeted Agents

Targeted therapies and immunotherapies are currently in use and under investigation 
for relapsed and refractory aggressive B-cell lymphomas including TFL, including 
radioimmunotherapy, immunomodulatory agents, and immune checkpoint inhibitors. 
Few of the single-agent therapeutic options for refractory or relapsed disease have 
been compared to each other. Given the limited data to guide therapy for relapsed/
refractory TFL, referral for evaluation for a clinical trial is always preferred.

 Radioimmunotherapy

Yttrium-90 (Y90) ibritumomab tiuxetan, an anti-CD20 antibody conjugated to a 
beta-emitting radioactive source, was FDA-approved in 2002 for treatment of spe-
cific lymphomas including transformed follicular lymphoma. Patients with disease 
resistant to standard chemoimmunotherapy may be considered for second-line 
radioimmunotherapy. Multiple studies have compared Y90 ibritumomab tiuxetan to 
rituximab monotherapy, finding superior outcomes with the radioimmunotherapy, 
including some patients with long-term responses (time to progression greater than 
3 years in 24% of patients) [102–104]. A study of Y90 ibritumomab tiuxetan mono-
therapy in patients with relapsed or refractory aggressive B-cell lymphomas and 
who were ineligible for ASCT or allogeneic SCT (primarily due to age) found an 
impressive ORR of 65–67%, but a poorer median survival in patients previously 
treated with rituximab (21.4 months vs 4.6 months) [105]. A retrospective registry 
study of 215 patients treated with radioimmunotherapy included 39 patients treated 
with Y90 ibritumomab tiuxetan as monotherapy for relapsed/refractory aggressive 
large B-cell lymphoma, and found a two-year overall survival rate of 50%, which 
compares favorably to historical controls (the authors cite, as comparison, the 40% 
three-year overall survival rate in the CORAL study of salvage chemotherapy and 
ASCT [89]). Trials comparing radioimmunotherapy to other salvage therapy options 
including ASCT or allogeneic SCT are lacking, and uptake of radioimmunotherapy 
in general has been hampered by concerns for acute and delayed hematologic toxic-
ity including risk of secondary hematologic malignancies as well as difficulties with 
reimbursement and in finding partners in radiation oncology to administer the medi-
cation [106]. However, secondary hematologic malignancies have actually been 
rare in clinical practice [107]. Further refinement of treatment protocols and com-
parative studies clarifying the place of radioimmunotherapy in the sequence of 
therapies for relapsed and refractory disease may lead to a larger role in the future.

 Therapies Targeting the Microenvironment

Lenalidomide is an immunomodulatory agent which is approved for the use of sev-
eral hematologic malignancies including multiple myeloma, and has been 
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investigated specifically in relapsed/refractory TFL. A phase II trial of lenalidomide 
monotherapy in patients with relapsed or refractory aggressive non-Hodgkin lym-
phoma included a subset analysis of 23 patients with TFL, finding an ORR in 57% 
of those patients, and a median PFS of 7.7 months [108]. This compares favorably 
to other studies of single-agent salvage therapy in this population. For example, in 
a phase II trial of bendamustine in relapsed/refractory FL (including 20% trans-
formed cases), there was a median duration of response of 2.3 months in the TFL 
subgroup. Lenalidomide has also been studied in combination with rituximab in 
relapsed/refractory aggressive B-cell lymphoma. In a phase II trial of lenalidomide 
with rituximab (“R-squared” regimen), 9 out of 45 total patients with significant 
pretreatment burden had transformed follicular lymphoma; an ORR of 33%, median 
PFS of 3.7 months, and median OS of 10.7 months were observed [109]. In that 
trial, the patients who responded proceeded with SCT, which improved the median 
response duration to 30.9 months [109].

Based on the known immune dysregulation of the microenvironment in transfor-
mation to and maintenance of aggressive lymphoma, including overexpression of 
immune checkpoint protein programmed death 1 (PD1) [59, 110], immunotherapies 
such as checkpoint inhibitors have been investigated as a promising future therapy 
for both indolent and transformed lymphoma. A phase II trial of an immunotherapy 
agent (pidilizumab) in patients who had residual disease after ASCT included 13/66 
patients with transformed indolent lymphoma, demonstrating a 16-month PFS of 
72% and an ORR of 51% among patients with measurable disease [111]. Another 
anti-PD1 antibody (nivolumab) has been tested in various hematologic malignan-
cies including both DLBCL and FL. A phase II study of nivolumab in patients with 
relapsed/refractory lymphoid malignancies found a rate of partial or complete 
response in 38% of patients with DLBCL and 40% of patients with FL [112]. 
Further studies are ongoing in both aggressive and indolent lymphomas.

 Emerging and Future Approaches

While there are few studies focusing solely on transformed follicular lymphoma or 
other transformed indolent lymphomas, many trials for FL or DLBCL also include 
cases of TFL, and potential effectiveness in TFL can be extrapolated to some extent 
from the response of FL and DLBCL in pioneering trials of cell therapy and targeted 
agents. While some of the treatments discussed in this section have gained FDA 
approval, none are yet in widespread use.

 Cellular Immunotherapy

A recently developed cellular therapy using bioengineered T cells targeting CD-19 
antigens present on lymphoma cells (CAR-T therapy) has shown promise in 
relapsed/refractory lymphomas including transformed FL. Patients undergoing this 
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therapy undergo T-cell harvesting, followed by insertion of a chimeric T-cell recep-
tor targeting CD19 with additional activating factors. After expansion of the engi-
neered cohort, the patient receives T-cell depleting chemotherapy followed by 
infusion of the engineered cells. A phase I trial of axicabtagene ciloleucel (axi-cel) 
anti-CD19 CAR-T product included patients with TFL, and demonstrated a remark-
able rate of durable remission in otherwise refractory patients (40% CR rate at 
18 months). Based on remarkable results in phase I trials (see Table 8.3), the FDA 
granted approval to axi-cel for the indications including the treatment of 

Table 8.3 Selected clinical trial results in TFL

Drug studied Target

Type 
of 
trial

Population 
studied Outcomes References

Axicabtagene 
ciloleucel 
(CAR-T)

CD19 Phase 
I

TFL 16% ORR: 82%
CR: 54%
18-month OS: 52%
18-month CR: 40%

[114]

CTL019 (CAR-T) CD19 Phase 
I

Included 
relapsed/
refractory FL 
and DLBCL

CR (DLBCL): 43%
CR (FL): 71%

[116]

Ibrutinib BTK Phase 
I

FL 29%
DLBCL 13%

ORR: 60%
CR: 16%

[120]

Ibrutinib BTK Phase 
II

Relapsed/
refractory FL 
(all patients)

ORR: 37.5%, poorer 
response with 
CARD11 mutations

[121]

Copanlisib PI3K Phase 
II

Relapsed/
refractory 
indolent and 
aggressive 
lymphomas

ORR: 27.1% in 
aggressive lymphoma. 
Increased activity in 
PI3K overexpressors.

[125]

Fostamatinib Syk Phase 
I/II

Indolent and 
aggressive 
lymphoma;
FL 31%
DLBCL 34%
TFL 9%

ORR (FL): 10%
ORR (DLBCL): 24%, 
1 out of 6 TFL had 
response

[129]

Entospletinib Syk Phase 
II

Indolent 
lymphoma, FL 
59%

ORR: 13% [130]

Venetoclax BCL2 Phase 
I

Non-Hodgkin 
lymphoma;
DLBCL 32%
FL 27%

ORR (FL): 38%
PFS (FL): 11 months
ORR (DLBCL): 18%
PFS (DLBCL): 
1 month

[131]

Venetoclax + 
rituximab or 
bendamustine

BCL2 Phase 
II

FL Early results: ORR 
33% with venetoclax + 
rituximab

[132]
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transformed follicular lymphoma after two prior lines of systemic therapy [113–
115]. A second (not yet approved) anti-CD19 CAR-T construct (CTL019) was 
tested in patients with relapsed/refractory FL or DLBCL, finding a similarly impres-
sive initial remission rate (Table 8.3) [116]. Wide deployment of CAR-T therapy for 
lymphoma is currently limited by cost, need for specialized centers to administer 
the therapy, and significant toxicities such as cytokine-release syndrome and neuro-
toxicity [115]. Further studies will be required to assess the durability of response, 
the need for further consolidative therapy, and to optimize both the CAR-T product 
and response protocols to minimize toxicity.

Table 8.3 (continued)

Drug studied Target

Type 
of 
trial

Population 
studied Outcomes References

Vorinostat HDAC Phase 
I

Indolent 
lymphoma 
including FL (4 
patients)

2 unconfirmed CR 
(one lasted 
18 months), 1 PR.

[138]

Vorinostat HDAC Phase 
II

Included 17 FL 
patients

ORR (FL): 47%
PFS (FL): 15.6 months

[139]

Vorinostat HDAC Phase 
II

Included 39 
patients with 
R/R FL

ORR (FL): 49%
PFS (FL): 20 months

[140]

Vorinostat + 
rituximab

HDAC Phase 
II

Indolent NHL 
including FL

ORR: 46%
ORR (treatment 
naïve): 61%

[141]

Abexinostat HDAC Phase 
I/II

14 patients with 
FL

ORR (FL): 64.3%
PFS (FL): 20.5 months

[142]

Abexinostat HDAC Phase 
II

Included 
DLBCL and FL

ORR (FL): 56%
Response duration 
(FL): 10.2 months
ORR (DLBCL): 31%
Response duration 
(DLBCL): 1.9 months

[143]

Mocetinostat HDAC Phase 
II

Included 
DLBCL and FL

ORR (FL): 11.5%
PFS (FL responders): 
11.8 months
ORR (DLBCL): 
18.9%
PFS (DLBCL 
responders): 
26.3 months

[144]

Vorinostat + 
azacitidine + 
high-dose 
chemotherapy

HDAC, 
hypo- 
methylator

Phase 
I

R/R DLBCL 15-month EFS: 65%
15-month OS: 77%

[135]

Decitabine + 
R-CHOP

Hypo- 
methylator

Phase 
I

DLBCL CR rate: 91.7% [137]
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 Therapy Targeting Cell Signaling Pathways

Consistently, mutations causing aberrant B-cell survival (such as BCL2 and BCL6) 
and epigenetic dysregulation (KMT2D, EZH2, CREBBP, and others) are seen early 
in the development of FL. Therapies targeting intracellular and intercellular signal-
ing pathways relating to mutations underlying both indolent and transformed FL 
may be useful both in the treatment of TFL and in the prevention of relapse of the 
indolent component.

Targeting Signaling Pathways

B-cell receptor signaling is necessary for B-cell survival during selection in the light 
zone of the follicle. A “failure to die” through overexpression of survival factors 
such as BCL2 is a canonical early mutation in the development of FL, but is by itself 
insufficient for lymphomagenesis. A potential second-growth signal has been iden-
tified in activation of the B-cell receptor (BCR) pathway. A significant proportion of 
FL cell lines have found to have self-antigen recognition leading to constitutive 
activation of BCR signaling [117], and mutations in the BCR pathway are found in 
approximately 45% of cases of FL [118]. Several individual elements in the BCR 
pathway have been investigated in follicular and aggressive lymphomas that may 
prove useful in certain cases of TFL.

Bruton’s tyrosine kinase (BTK) is tightly associated with the BCR, and is neces-
sary for activation of downstream signaling that results from activation of the BCR 
[119]. Ibrutinib (PCI-32765) is a selective, irreversible small-molecule inhibitor of 
BTK which has been studied in several B-cell malignancies [120]. Ibrutinib has 
been studied in multiple B-cell malignancies including DLBCL and FL with 
response rates ranging from approximately 40–60% with some complete responses 
(see Table 8.3) [120, 121]. Interestingly, single-agent activity of ibrutinib in refrac-
tory cases of the activated B-cell (ABC) subtype of DLBCL (which represents the 
minority of TFL) is particularly potent compared to the GCB subtype [122]. To 
date, ibrutinib has not yet been studied specifically in TFL, though by extrapolation 
from efficacy in FL and DLBCL, it may have a future role in selected cases.

The phosphatidylinositol 3-kinase (PI3K) family of intermediate signaling mol-
ecules are involved in several cellular processes downstream of B-cell receptor acti-
vation that are implicated in tumorigenesis, including survival and growth [123]. 
While the PI3K-delta inhibitor idelalisib has shown promising activity in indolent 
lymphomas including FL, it has not yet been shown to have a significant effect as 
monotherapy for aggressive lymphoma [124]. Copanlisib, another PI3K inhibitor 
with both delta and alpha inhibition, has been shown to have activity in aggressive 
lymphoma (see Table 8.3). Increased antitumor activity was seen in those patients 
whose tumors had increased expression of PI3K, suggesting a role for personalized 
therapy based on pretreatment expression patterns [125].

Spleen tyrosine kinase (Syk) signaling in FL and DLBCL increases cell survival 
as well as activation of the cell cycle [126, 127]. Syk activity has also been linked to 
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tumor cell invasion and angiogenesis in follicular lymphoma [128]. Several trials of 
Syk inhibitors have found a modest response rate in indolent lymphomas, but a 
somewhat better rate in aggressive lymphoma (see Table 8.3) [129, 130]. One out of 
the 6 TFL patients included in a trial of the Syk inhibitor fotstamatinib had a 
response to therapy. Future studies may be focused on the use of Syk inhibitor in 
combination with other therapies for aggressive lymphoma given the limited 
response rate in trials of monotherapy [129].

Pro-survival Pathways

Given the importance of BCL2 and other pro-survival factor overexpression in lym-
phomagenesis of FL, there is biologic plausibility to targeting these factors in treat-
ment of the disease. Venetoclax, an oral selective BCL2 inhibitor, has been more 
effective as monotherapy in nontransformed FL than in aggressive lymphoma (see 
Table 8.3) [131]. Venetoclax has also been studied in combination with therapies 
such as rituximab and bendamustine in FL [132]. Studies of venetoclax monother-
apy or in combination with chemoimmunotherapy in aggressive lymphomas are 
ongoing. Due to the high frequency of BCL2 mutations in TFL, owing to the IgH 
re-arrangement in the founding progenitor cell population, BCL2 inhibition may be 
uniquely potent in TFL compared to other aggressive lymphomas, though this 
hypothesis has yet to be supported by trial data.

 Epigenetic Modifying Agents

Preclinical studies have identified histone deacetylation and DNA hypermethylation 
as mechanisms of chemoresistance in relapsed/refractory aggressive lymphomas 
[133]. Because of the prevalence of early mutations in epigenetic regulatory genes 
in FL and persistence to TFL, epigenetic modification therapy may potentially be 
useful in treating aggressive and indolent forms of FL and is an active area of inves-
tigation. Multiple histone deacetylase inhibitors (HDAC inhibitors) have been stud-
ied in non-Hodgkin lymphoma, particularly in indolent lymphomas, with some 
evidence of single-agent activity, and certain HDAC inhibitors have been FDA 
approved for use in cutaneous and peripheral T-cell lymphomas. Specifically, vori-
nostat, abexinostat, and mocetinostat, all oral HDAC inhibitors, have been studied 
in several phase I and II trials in both FL and DLBCL (see Table 8.3). The ORR in 
trials of HDAC inhibitor monotherapies for both FL and DLBCL have been limited, 
though some of those responders have had prolonged responses. A significant 
improvement in ORR is seen in combination with rituximab (see Table 8.3), particu-
larly in treatment-naïve disease. Given the potential promise of HDAC inhibition in 
treatment of both indolent and aggressive lymphomas, especially in combination 
with established therapies, these agents may have a particular role in the treatment 
of transformed lymphomas that contain characteristics of both indolent and aggres-
sive lymphoma.
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One limitation to HDAC inhibition is that when histone deacetylation is inhibited 
in cell lines, the activity of DNA methyltransferases can be increased. Methylation 
of CpG residues in the promoter region of a gene leads to significantly decreased 
expression, or epigenetic “silencing.” Increased methyltransferase activity was 
observed following exposure to an HDAC inhibitor in a study of vorinostat plus 
high-dose chemotherapy for ASCT conditioning [134]. A follow-up study added a 
hypomethylating agent to the vorinostat plus high-dose chemotherapy regimen and 
found that double epigenetic modulation of high-dose chemotherapy engendered a 
surprisingly high event-free and overall survival in refractory aggressive lymphoma 
compared to historical data (see Table 8.3) [135].

Even in the absence of HDAC inhibitor exposure, non-Hodgkin lymphoma cells 
have increased DNA methylation compared to nonmalignant cells. One study of the 
PTPL1 tumor suppressor gene found that it was methylated and suppressed in 
approximately 60% of DLBCL samples and only 6% in control reactive lymph 
nodes [136]. In that same study, PTPL1 expression was restored in cultured cell 
lines upon exposure to the hypomethylating agent 5-azacitidine, suggesting a poten-
tial therapeutic role. In another study, an elegant series of in vitro studies demon-
strated direct growth inhibition of DLBCL cell lines upon exposure to the 
hypomethylating agent decitabine as well as potentiation of the lethal effect of 
doxorubicin [137]. These findings were confirmed in cell lines derived directly from 
newly diagnosed DLBCL cases and several genes with differential methylation and 
therefore expression were identified. Finally, the investigators launched a phase I 
trial of decitabine pretreatment prior to R-CHOP in patients with newly diagnosed 
DLBCL, finding a complete response in 11/12 patients. Ten of those 11 responders 
remained in a complete remission at 13-month follow-up. While these studies were 
done in patients with DLBCL, the prevalence of mutations in epigenetic regulatory 
genes in FL and TFL suggests that these treatments may be particularly important 
in the treatment or even prevention of TFL.  Further studies of hypomethylating 
agents in non-Hodgkin lymphoma are ongoing (Table 8.3).

 Combination Therapy

Given the limited benefits seen within trials of monotherapy with targeted agents, 
researchers have studied combinations of targeted therapies with different mecha-
nisms of action in non-Hodgkin lymphoma. In one recent relevant preclinical study, 
FL and activated B-cell subtype DLBCL cell lines with resistance to the B-cell 
signaling inhibitor ibrutinib were found to be particularly sensitive to BCL2 inhibi-
tion with venetoclax, and a synergistic effect was observed in cell lines with expo-
sure to both venetoclax and ibrutinib [145]. A phase I trial of idelalisib (PI3K 
inhibitor), lenalidomide (immunomodulatory agent affecting the microenviron-
ment), and rituximab (anti-CD20 antibody) in patients with follicular lymphoma 
demonstrated excessive toxicity including unexpected toxicities not anticipated 
from the use of the agents in single-agent trials [146]. This demonstrates a risk of 
combination targeted therapies: the “on target, off tumor” effects of inhibiting 
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multiple critical cell signaling pathways may lead to synergistic toxicities that are 
severe and difficult to predict. Delivery systems that are specific to tumor cells or 
development of more specific targeted therapies that preferentially target malignant 
cells may be necessary before wide adoption of combinations of targeted therapies 
is feasible.

Another potential strategy is the use of drugs with more than one mechanism in 
a single agent. For example, a phase I trial of CUDC-907 monotherapy – which is 
both a histone deacetylase (HDAC) inhibitor and a PI3K inhibitor – in relapsed/
refractory multiple myeloma and lymphoma found three responders in the five 
patients enrolled with transformed follicular lymphoma [147]. The safety profile in 
this trial was acceptable with dose reductions due to adverse events in 14% and 
treatment discontinuation in 16%.

 Conclusion

Histologic transformation of indolent FL remains a diagnostic and therapeutic chal-
lenge despite an increasing understanding of the biology of transformation and 
advancements in therapy. It is now known that TFL emerges from one of many FL 
clones, most likely from a common progenitor cell that does not represent the domi-
nant FL clone in many cases. Genomic changes associated with transformation dif-
fer from those implicated in FL lymphomagenesis and include classic tumor 
suppressor and growth-promoting genes. Aberrant somatic hypermutation and fail-
ure of apoptosis are thought to drive much of the increased mutational burden over 
time in FL, and the constant rate of transformation of 2–3% per year supports a 
model of steady accumulations of mutations until a critical threshold for histologic 
transformation to an aggressive lymphoma is met.

Diagnosis of TFL requires careful monitoring for clinical changes that might 
signal a change in the underlying disease, with confirmatory testing consisting of 
PET imaging and biopsy. While biopsy is the “gold standard” diagnostic test, 
 treatment must be initiated at times if clinical suspicion is high enough and a biopsy 
is not technically or practically obtainable.

The frontline treatment of TFL is chemoimmunotherapy, usually with 
R-CHOP. Anthracycline-sparing regimens such as R-ICE should be considered in 
patients with significant prior anthracycline exposure. Intensified regimens such as 
DA-EPOCH-R should be considered for patients with higher risk features such as 
concomitant MYC and BCL2 rearrangements. Historically, most TFL patients who 
responded to chemotherapy were offered ASCT, though currently this is limited to 
patients who have chemosensitive disease and were exposed to one or more lines of 
cytotoxic chemotherapy for FL, and for patients with relapsed or refractory TFL 
which is sensitive to salvage chemotherapy. Patients who relapse early after ASCT 
could be considered for allogeneic SCT, though transplant-related mortality and 
morbidity limits use of this therapy. Refractory disease or multiply-relapsed disease 
should lead to a referral for a clinical trial, or consideration of emerging therapies 

8 Transformed Follicular Lymphoma



154

such as CAR-T cellular immunotherapy or radioimmunotherapy. Areas of active 
research in TFL therapy include small molecule inhibitors and antibodies targeting 
B-cell receptor signaling or anti-apoptotic pathways, therapies aimed at modifying 
the microenvironment, and epigenetic modifying agents.

Despite progress, there is significant room for improvement in the diagnosis and 
treatment of TFL. Future research could help better elucidate the mechanisms of 
transformation and allow for treatment aimed at prevention of transformation, or 
discover a treatment for TFL that also prevents later relapse of indolent disease. 
Interpreting trial data for TFL can be difficult given the low numbers at any indi-
vidual center and exclusion of TFL from many trials of aggressive lymphomas. 
Cooperative trials will be necessary to answer many of the open questions about 
optimal treatment in TFL.
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Chapter 9
Cellular Therapy for Follicular Lymphoma

Ok-kyong Chaekal, Paolo Strati, and Koen van Besien

 Introduction

Follicular lymphoma is an exquisitely chemosensitive disorder, with a high response 
rate, but upon treatment with conventional chemotherapy also a very high recur-
rence rate. A dogma, emerging in the early days of combination chemotherapy, and 
hard to dispel is that follicular lymphoma is an incurable disorder. Dose intensifica-
tion with autologous stem cell rescue was one of the earliest methods available to 
overcome inherent resistance of residual lymphoma cells and has proven remark-
ably effective. Allogeneic transplantation avoids some of the problems associated 
with autologous transplantation such as the issue of bone marrow involvement and 
also exploits GVL effects. Both procedures therefore convincingly prove that fol-
licular lymphoma is curable.

But both autologous and allogeneic transplantation have limitations and toxici-
ties, and – mainly due to the increased availability of novel therapies – their use has 
become more limited. Here, we review the data on both procedures and discuss their 
current indications and outcomes. We also briefly introduce the concept of CAR-T 
cell therapy which has revolutionized the treatment of aggressive B-cell lymphomas 
and which also has great potential in follicular and transformed lymphoma.
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 Autologous Transplantation Initial Experience

In 1988, Frei et  al. showed in preclinical models a linear correlation between 
increasing doses of chemotherapy and tumor cell apoptosis, providing the rationale 
for high-dose chemotherapy followed by autologous stem cell transplant as a thera-
peutic strategy in patients with relapsed refractory malignancies [1]. Groups at 
Dana Farber in Boston [2] and at St. Bart’s in London [3] were the first to systemati-
cally investigate autologous transplantation for follicular lymphoma. They used a 
TBI containing conditioning regimen and reported that patients transplanted in sec-
ond or third remission obtained durable remissions in approximately 50% of cases. 
These data have been repeatedly updated and most remissions have been durable. 
With a length of follow-up of a minimum of 12  years, 10-year progression-free 
survival was 48%, and 10-year overall survival was 54% [4]. Of interest, longer 
survival was observed for patients receiving autologous stem cell transplant at the 
time of second remission as compared to subsequent time-points, supporting its use 
at early stage of treatment.

But these initial studies also found a high rate of therapy-related MDS. The risk 
for MDS persisted for up to 10 years after transplant and its cumulative rate was 
approximately 10% [5]. Subsequent studies have confirmed these findings but also 
have identified the major risk factors for t-MDS. It is associated with more advanced 
patient age, more previous relapses (and therefore more prior exposure to chemo-
therapy), and also the use of TBI and or high-dose etoposide in conditioning regi-
mens [5]. In subsequent studies, TBI has been mostly avoided for this very reason 
and instead BEAM chemotherapy (BCNU –Etoposide-Cytarabine-Melphalan) has 
been used. Provocative studies have shown that in a substantial fraction, the marrow 
of patients destined to develop MDS harbored chromosomal abnormalities even 
before transplant [6, 7]. This suggests that chemotherapy exposure prior to trans-
plant contributes to a substantial degree to the occurrence of t-MDS after 
transplant.

A retrospective analysis of 693 patients with relapsed refractory follicular lym-
phoma from the EBMT registry, treated with autologous stem cell transplant at time 
of first or second remission, between 1979 and 1995 (before rituximab was avail-
able), the majority after conditioning with TBI, confirmed the curative potential of 
this therapeutic strategy in patients with chemotherapy-sensitive disease [8]. Three 
hundred and seventy-five patients (54%) relapsed at a median of 1.5  years post 
autologous transplant (range 1 month–13.5 years). Ten-year and 15-year progression- 
free survival were 31% and 27%, respectively, and factors associated with shorter 
survival were low quality of response before transplant, and use of conditioning 
regimens other than TBI. Ten-year and 15-year overall survival were 52% and 47%, 
respectively, and factors associated with shorter survival were primary refractory 
disease, age > 45, and TBI-based conditioning. Non-relapse mortality was higher 
for those receiving TBI. These apparently contradicting results may be due to the 
fact that while experiencing a longer progression-free survival, patients receiving 
conditioning with TBI had a higher incidence of second cancers (13.5% vs 3.5%), 
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particularly therapy-related MDS and AML (8.5% vs 1.7%), as compared to patients 
who received non-TBI-based conditioning.

A subsequent retrospective analysis was performed by the German group, and 
included 241 patients with relapsed refractory follicular lymphoma, treated with 
autologous stem cell transplant between 1990 and 2002 [9]. TBI was used as condi-
tioning, while BEAM or Bu/Cy was reserved to patients who had been previously 
irradiated. After a median follow-up of 8 years, 10-year progression-free survival 
was 49% and 10-year overall survival was 75%. Of interest, a plateau in progression- 
free survival was observed at year 6, suggesting a subgroup of patients were cured.

The impact of the introduction of rituximab and the use of more effective non- 
TBI- based conditioning has been assessed in more recently published studies. The 
Canadian group performed a retrospective analysis of 100 patients with relapsed 
refractory follicular lymphoma treated with autologous stem cell transplant at the 
time of first or second remission and for primary refractory disease, between 1993 
and 2008 [10]. Patients were younger than 70 years, had a good performance status, 
and about half received a non-TBI-based conditioning. After a median follow-up of 
5 years, 5-year progression-free survival was 56% (estimated 54% at 10 years), and 
5-year overall survival was 70% (estimated 63% at 10  years). Use of rituximab 
within 6 months from transplant was associated with longer progression- free sur-
vival. Three out of 4 patients who later developed therapy-related MDS or AML had 
received TBI as conditioning regimen.

The British group has conducted a retrospective analysis of 70 patients, aged 
<70, with relapsed follicular lymphoma treated with autologous stem cell transplant 
preceded by BEAM conditioning [11]. 66% of patients had received rituximab as 
part of their treatment before transplant, and 84% were transplanted at the time of 
first or second remission. After a median follow-up of 7  years (maximum of 
20 years), 7-year progression-free survival was 60%, and OS was 76%. Patients 
transplanted in first or second remission fared better than those transplanted in sub-
sequent remissions, showing a plateau in progression-free survival at year 6. In 
addition, 3 out of 3 patients who developed therapy-related malignancies had 
received transplant beyond first or second remission, corroborating the idea that the 
number of chemotherapy regimens used before transplant may increase the risk to 
develop second cancers.

Recently, the Spanish GELTAMO group reported the long-term outcomes of 655 
patients with follicular lymphoma who had undergone autologous transplantation 
between 1989 and 2007 [12]. Only 16% received TBI containing regimens.

Approximately a third had transplant in first remission, the remainder with more 
advanced disease. With a median follow-up of 12 years from autologous transplant 
median PFS and overall survival were 9.7 years and 21.3 years respectively. The 
best predictor of outcome was disease status at transplant (Fig. 9.1). Patients who 
underwent HDT/autologous transplant in CR1 had projected 12-year PFS and OS of 
74% (95% CI, 66–80%) and 78.5% (95% CI, 72–79%), respectively. For patients 
with more advanced disease, prior exposure to rituximab was a favorable feature. 
For patients who underwent transplantation in CR ≥2 or PR ≥2 who had received 
rituximab before autologous transplant (n  =  90), 9-year PFS and OS were 61% 
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(95% CI, 51–73%) and 75% (95% CI, 65–80%), respectively, with no relapses 
occurring beyond 5.1 years after autologous transplant. The cumulative incidence of 
second malignancies was 6.7% at 5 years and 12.8% at 10 years. For t-AML/MDS 
the figures were 2.5% and 6.8%, respectively.

Collectively, these analyses – as summarized in Table 9.1 – establish a number of 
findings.

• Virtually no relapses are observed 6 years after autologous stem cell transplant. 
Therefore, follicular lymphoma can be cured by autologous transplantation.

• Several studies showed that prior treatment with rituximab improves long-term 
survival and progression-free survival after autologous transplantation [11, 12].

• TBI-based conditioning is associated with a higher risk to develop therapy- 
related malignancies, particularly MDS and AML [5, 8, 13, 14], not observed 
with the use of BEAM. But t-MDS is also associated with older age [13, 14] and 
with more extensive pretreatment [5, 13] which may induce premalignant lesions 
prior to transplant and cell collection.

• Second remission, as compared to first or subsequent remissions, may be the 
optimal time to pursue autologous stem cell transplant, balancing potential 
 benefits and risks [4, 8, 11]. Some have recently argued – again – for its use 
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Fig. 9.1 Autologous transplant in 655 patients with follicular lymphoma reported by 
GELTAMO.  Outcomes in patients according to disease status at transplantation. Shown are 
Kaplan–Meier curves of PFS (a) and OS (b) from the time of HDT/autologous transplant accord-
ing to disease status at the time of HDT/autologous transplant. PD, refractory disease. The overall 
patient population according to the decade of transplantation: 1989–1999 versus 2000–2007. 
Shown are Kaplan–Meier curves of PFS (a) and OS (b) from the time of HDT/autologous trans-
plant. (Reprinted from Jimenez-Ubieto et al. [12], (C) 2017, with permission from Elsevier)
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Table 9.1 Autologous transplant performed for relapsed follicular lymphoma

Study No.

Median 
follow-up 
(years) Conditioning

EFS/
PFS 
(%)

Overall 
survival 
(%)

TRM 
(%)

Relapse 
rate (%) Comments

Schouten 
et al. 
(2003) 
[15]

89 5.75 TBI based 55 71 10 43 Only prospective 
trial comparing 
autologous 
transplant and 
chemotherapy 
only

Montoto 
et al. 
(2007) [8]

693 10.3 TBI based 31 52 9 
(5-year)

54 13.5% 
secondary 
malignancies in 
TBI based vs 
3.5% in 
non-TBI 
conditioning

Rohatiner 
et al. 
(2007) [4]

121 13.5 TBI based 48 54 22 49.5 15 secondary 
AML/MDS, 4 
other secondary 
malignancies

Kornacker 
et al. 
(2009) [9]

241 8 TBI based 49 75 6.2 47 Five secondary 
neoplasms; only 
3/103 relapses 
occurred after 
6 years

Peters 
et al. 
(2011) 
[10]

100 5.4 Variable, 
40% TBI

56 70 7 40 Improved EFS 
if rituximab 
administered 
within 6 months 
of autologous 
transplant

Kothari 
et al. 
(2014) 
[11]

70 6.8 BEAM 60 76 12 NR All secondary 
malignancies 
occurred in 
patients 
transplanted in 
later than second 
remission

Jimenez- 
Ubieto 
(2017) 
[12]

655 12 Variable 
17% TBI

49 62 10 42 Improved EFS if 
pre-transplant 
rituximab, 
female, disease 
status and short 
interval 
diagnosis to 
autologous 
transplant. 6/8% 
t-AML and 
MDS

EFS event-free survival, PFS progression-free survival, TRM transplant-related mortality, TBI total 
body irradiation, BEAM BCNU/etoposide/Ara-C/melphalan
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as consolidation of first remission [12]. This will be discussed in the next 
section.

To date only one phase 3 randomized study, the C.U.P. (Conventional chemo-
therapy, Unpurged graft, Purged graft) trial, conducted by the EBMT group, has 
investigated the safety and efficacy of autologous stem cell transplant in patients 
with relapsed refractory follicular lymphoma [15]. The study included 89 patients, 
aged <65, accrued during the pre-rituximab era, randomized to 3 treatment arms: 
CHOP-like only, CHOP-like followed by purged TBI, and CHOP-like followed by 
unpurged TBI. In light of poor accrual, the study was terminated early, and the 2 
TBI arms were combined in a single group for the final statistical analysis.

Two-year progression-free survival and 2-year overall survival were significantly 
longer for patients randomized to the TBI-containing arm as compared to the che-
motherapy only arm (55% vs 26%, and 71%v vs 46%, respectively).

Efforts to further improve on the efficacy of autologous transplant have mostly 
relied on the intensification of the conditioning regimen but have largely failed. 
Radio-immunotherapy using tositumomab (Bexxar ®) or ibritumomab (Zevalin®) in 
combination with BEAM has been extensively tested in recurrent B-cell lymphoma, 
including follicular lymphoma, and were not superior to Rituximab BEAM [16]. 
Bento et  al. recently reported an EBMT registry study comparing R-BEAM with 
Z-BEAM in follicular lymphoma and did not find any differences in outcome [17].

 Randomized Studies: Newly Diagnosed

The majority of studies of autologous stem cell transplant as a consolidation strat-
egy at the time of first remission have been performed in the pre-rituximab era and 
have used either high-dose or CHOP-like chemotherapy only as conditioning 
regimen.

Two-hundred and forty patients with relapsed advanced-stage follicular lym-
phoma were enrolled in the German Low Grade Lymphoma Study Group (GLSG) 
and randomized at the time of first remission to either autologous stem cell trans-
plant or maintenance with interferon alpha [18]. At a median follow-up of 4 years, 
2-year progression-free survival was significantly higher for the patients enrolled in 
the transplant arm (79% vs 53%). However, patients treated with transplant were 
also more likely to develop therapy-related malignancies (4% vs 0%). A similar 
patient population was included in the GELA (Groupe d’Etude des Lymphomes de 
l’Adulte) study and compared CHOP-like chemotherapy combined with interferon- 
alpha to CHOP/TBI-based conditioning followed by autologous stem cell transplant 
as a consolidation strategy at the time of first remission [19]. After a median follow-
 up of 7  years, no differences in 7-year progression-free survival (28% vs 38%, 
p = 0.11) or 7-year overall survival (71% vs 76%, p = 0.53) were observed between 
the 2 groups. Another French study, the GOELAMS trial, also compared CHOP- 
like chemotherapy combined with interferon-alpha to TBI-based conditioning fol-
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lowed by autologous stem cell transplant as a consolidation strategy at the time of 
first remission [20]. Patients randomized to transplant had a significantly longer 
5-year progression-free survival (60% vs 48%, p = 0.05), confirmed on a recent 
follow-up, showing a longer 9-year progression-free survival (64% vs 39%, 
p = 0.004) [21]. However, patients randomized to transplant also had a higher risk 
to develop second cancers (19% risk at 5 years), including 6 cases of MDS/AML 
and 4 cases of solid tumors, leading to death in 7 patients, as compared to none in 
the non-transplant arm.

Only one randomized phase 3 study, the Italian GITMO trial, comparing chemo-
therapy to a non-TBI-based conditioning regimen followed by autologous trans-
plant at the time of first remission has been conducted in the rituximab era [22]. 
One-hundred and thirty-six patients, aged <60, with relapsed advanced stage fol-
licular lymphoma were included in the study. Patients randomized to transplant had 
a significantly longer 4-year progression-free survival (61% vs 28%), but no differ-
ences in overall survival were observed between the 2 arms, likely as a conse-
quence of a higher incidence of therapy-related malignancies in the transplant arm 
(7% vs 2%).

The lack of clinical benefit on overall survival with autologous transplant as 
consolidation for first remission has also been confirmed in a meta-analysis of 701 
relapsed patients from 3 different randomized phase 3 studies [23]. As a conse-
quence, the EBMT Lymphoma working party has agreed on supporting the use of 
autologous transplant after relapse, but not as consolidation of first remission [24]. 
Most recently however, the Spanish group found  – with a median follow up of 
12  years (interquartile range 8–15  years)  – a projected 12  year PFS of 74% for 
patients transplanted in first remission. They argue that previous studies lacked suf-
ficient follow-up, that autologous transplant remains a superior treatment and that it 
should be considered for patients in first remission [12].

 Purging and Maintenance

Based on concern raised by early reports of potential contamination of autolo-
gous grafts with residual tumor cells, graft purging, by means of ex  vivo or 
in vivo use of either monoclonal antibodies of chemotherapy, has become a sig-
nificant focus of research in the field of autologous stem cell transplantation in 
patients with lymphoma [2, 25]. This is particularly relevant in patients affected 
by follicular and mantle cell lymphoma, in whom bone marrow involvement is a 
frequent finding [26, 27].

In a retrospective analysis conducted by the CIBMTR (Center of the International 
Bone Marrow Transplant Registry), patients receiving ex vivo purged autologous 
stem cell transplant had a significantly longer progression-free survival (p = 0.003) 
and overall survival (p  =  0.004) than patients receiving an unpurged graft [28]. 
Similar findings were confirmed in a subset analysis of patients affected by follicu-
lar lymphoma [29].
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Given the technical difficulty associated with the use of ex vivo purging, subse-
quent studies have focused on the investigation of in vivo purging via use of mono-
clonal antibodies, based on encouraging preclinical data reported with the in vivo 
use of rituximab and high-dose cytarabine in patients with follicular and mantle cell 
lymphoma [30, 31]. The latter technique was investigated by an Italian group in a 
prospective phase 2 study, including 64 patients with relapsed refractory follicular 
lymphoma [32]. Purging was confirmed through PCR for bcl-2  in all evaluable 
patients, comparing favorably to historical controls with chemotherapy only, and 
associating with longer duration of remission after transplant.

The use of in vivo purging with rituximab was evaluated by the EBMT Lymphoma 
working party in a phase 3 randomized trial, including 280 patients [33]. After a 
median follow-up of 8  years, no differences in 10-year PFS were observed for 
patients randomized to the purged arm as compared to the unpurged arm (48% vs 
42%, p = 0.18). The same study also evaluated the use of rituximab maintenance – a 
strategy widely used after frontline treatment for follicular lymphoma. Patients 
were randomized to four post autologous transplant doses of rituximab each given 
2 months apart vs no maintenance. Ten-year PFS at 54% was significantly superior 
for those receiving maintenance vs 37% for those receiving no maintenance 
(p = 0.01). Neither purging nor maintenance affected overall survival. Since main-
tenance rituximab is relatively straightforward and non-toxic, we usually recom-
mend its use after autologous transplant for follicular lymphoma. In an effort to 
increase the efficacy of maintenance therapy, others have combined rituximab with 
interferon and in phase 2 studies have reported excellent long-term survival and 
MRD negativity [34].

 Current Role of Autologous Transplantation, Survival, QOL, 
Toxicities, and Cost

The introduction of rituximab was a watershed event in the treatment of lym-
phoma leading to dramatically improved survival [35]. Since then several new 
drugs and classes have been added to the armamentarium including newer mono-
clonals, imids, BTK inhibitors, PI3 kinase inhibitors, bendamustine, and most 
recently bcl2 inhibitors [36]. There are a plethora of treatment options for patients 
with recurrent disease. What role does autologous transplantation still have in this 
landscape?

A recent report focused on patients with early treatment failure, i.e., failure 
within 2 years after initial therapy [37]. Such patients constitute approximately 20% 
of all patients with follicular lymphoma and are increasingly recognized as those 
with the worst prognosis [38, 39]. By using two registries, the national lymphocare 
study and the CIBMTR registry, they were able to assess the effect of autologous 
transplant on long-term survival in patients with early treatment failure. All patients 
received rituximab-based chemotherapy as frontline treatment; 174 non-auto HCT 
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patients and 175 auto HCT patients were identified. There was no difference in 
5-year OS between the 2 groups (60% versus 67%, respectively; p  =  0.16). A 
planned subgroup analysis showed that patients with ETF receiving auto HCT soon 
after treatment failure (≤1 year of ETF; n = 123) had higher 5-year OS than those 
without auto HCT (73% versus 60%, p = 0.05) (Fig. 9.2). On multivariate analysis, 
early use of auto HCT was associated with significantly reduced mortality (hazard 
ratio, 0.63; 95% confidence interval, 0.42–0.94; p = 0.02). These data are reminis-
cent of the historical data which consistently show that more benefit is derived from 
autologous transplantation when used earlier in the course of the disease.

Similar results were reported by Jurinovic et al. [40]. They analyzed a group of 
younger patients with follicular lymphoma who relapse after initial chemotherapy 
with CHOP, RCHOP, or MCP given as frontline therapy in prospective trials. One 
hundred and sixty-five such patients were identified of whom 113 had early relapse 
(i.e., POD24 or relapse within 24  months of initial diagnosis). Among the 113 
POD24 patients, 52 underwent cytoreduction followed by SCT as part of second- 
line therapy, and 46 did not undergo autologous transplant despite successful cytore-
duction. Autologous transplant for POD24 patients was associated with significantly 
higher 5-year second-line PFS (adjusted HR 0.36, 95% CI [0.22;0.59], p < 0.0001) 
and OS rates (adjusted HR 0.52, 95% CI [0.29;0.93], p  =  0.027) (Fig.  9.3). 
Multivariate analysis demonstrated that autologous transplant had a stronger impact 
on favorable treatment outcome compared to the addition of rituximab.

Finally, a retrospective analysis from the Provincial Alberta Cancer Registry and 
Alberta Lymphoma Database in Canada identified 517 patients with follicular 
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lymphoma under the age of 70, of whom 84 had a relapse within 24 months from 
completing chemoimmunotherapy [41]. Five-year survival was superior for 50 
patients who received autologous transplantation compared to 34 non-transplanted 
patients within the early relapse group (85.4% vs 57.9%, p = 0.001),

These data provide strong evidence for a benefit of autologous transplantation in 
patients with unfavorable features, i.e., early treatment failure after appropriate ini-
tial therapy (Vignette 9.1). For those with more prolonged initial remissions, we are 
not aware that any study showed a survival benefit for autologous transplant. Still, 
we consider it an attractive treatment option for younger patients with recurrent fol-
licular lymphoma [42]. Indeed it offers the prospect of cure in contrast to the novel 
drugs, none of which are considered curative and which require prolonged or indefi-
nite administration, with major problems of compliance, cost, and an incompletely 
established toxicity profile. In several cases, post approval observations have uncov-
ered serious unexpected toxicities of so-called targeted treatments [43, 44]. 
Autologous transplant on the other hand has gone through an evolution in condi-
tioning regimens and patient selection that have led to gradual improvement in out-
come and reduction in toxicities. Lastly, the toxicity of intensive therapy may be 
preferable to the cumulative toxicity of prolonged exposure to drugs. Retrospective 
studies demonstrate that definitive therapy with autologous transplant results in bet-
ter quality of life compared with non-curative approaches [45].

 Allogeneic Transplantation

Historically, the use of allogeneic stem cell transplantation in patients with relapsed 
refractory low-grade lymphoma has been reserved to cases failing all other standard 
therapeutic options [46]. But few patients have relapsed after allogeneic transplanta-
tion, showing its curative potential even in patients unable to achieve remission. The 
efficacy of allogeneic stem cell transplant in patients with low-grade lymphoma is 
mainly due to its graft versus lymphoma effect [47, 48], along with the absence of 
graft contamination [28].

Other than patient qualification, the issues which have surrounded the integration 
of allo-SCT into treatment strategies include the timing of transplant, intensity of 
conditioning regimens (myeloablative-MAC or reduced intensity-RIC), and efforts to 
reduce transplant related mortality (TRM) with methods such as graft manipulation. 
The data on the largest studies are summarized in Table 9.2 and briefly discussed here.

One-hundred and thirteen patients from 50 different centers, treated with sibling 
allogeneic stem cell transplant, mostly preceded by TBI-based regimen, were 
included in an initial observational study conducted by the CIMBTR [49]. Three-
year PFS and 3-year OS were both 49%. Factors associated with longer survival 
were young age, good performance status, achievement of remission before trans-
plant, and use of a TBI-based conditioning regimen. CIBMTR subsequently ana-
lyzed 904 patients with relapsed refractory follicular lymphoma, 176 treated with 
sibling allogeneic transplant (all receiving myeloablative conditioning, the majority 
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TBI-based) and 728 with autologous transplant [29]. Despite more advanced dis-
ease and worse performance status, patients treated with allogeneic stem cell trans-
plant had a lower recurrence rate than patients treated with autologous transplant. 
However, no differences in progression-free or overall survival were observed, 
mostly as a consequence of a higher transplant-related mortality in the allogeneic 
arm (30%). Similar results were observed in the EBMT registry study, with a 4-year 
transplant-related mortality of 38% in the allogeneic group [50].

As a consequence, subsequent studies were aimed at decreased transplant-related 
mortality, while preserving the efficacy of allogeneic stem cell transplant. To this 
regard, lower transplant-related mortality had been reported in small-size retrospec-
tive studies with the use of reduced intensity conditioning as opposed to myeloabla-
tive regimens [51]. To confirm these findings, the CIBMTR retrospectively analyzed 
the outcome of 208 patients with relapsed refractory follicular lymphoma treated 
with either regimen between 1997 and 2002 [52]. The use of a reduced intensity 
regimen was associated with a higher rate of relapse and acute and chronic GVHD 
at 3 years. However, it was also associated with a significantly lower transplant-
related mortality, translating in similar progression-free and overall survival as com-
pared to the use of myeloablative regimens.

These data supported the worldwide use of reduced intensity conditioning over 
myeloablative regimens in the following years. To this regard, the MD Anderson 
group retrospectively analyzed the long-term outcome of 47 young patients with 
relapsed follicular lymphoma, receiving reduced intensity conditioning followed by 
sibling allogeneic stem cell transplant, mostly matched, at time of remission [53]. 
The conditioning regimen included fludarabine (at the dose of 30 mg/m2/daily) and 
cyclophosphamide (at the dose of 750 mg/m2/daily) for 3 days, while rituximab (at 
the dose of 375 mg/m2 on day −13 and 1000 mg/m2 on day −6, +1, and + 8) was 
used to prevent GVHD. All patients achieved complete remission, 11% experienced 
grade ≥  2 acute GVHD and 36% grade ≥  2 chronic GVHD.  Transplant-related 
mortality at 1 year was 10%, 5-year progression-free survival was 83%, and 5-year 
overall survival 85%. In a more updated follow-up, 9-year PFS was 72% and 9-year 
OS was 78%, with a plateau in survival at year 6 [54]. It is important to note, how-
ever, that patients included in this study were mostly young, with a good perfor-
mance status, and sensitive to chemotherapy, likely explaining their excellent 
outcome. In addition, the use of reduced intensity conditioning remained associated 
with a high risk of chronic GVHD, a common cause of morbidity in patients receiv-
ing allogeneic transplant [55, 56]. An updated registry study was recently reported 
jointly by CIBMTR and EBMT [57]. Sureda et al. reported on 1567 patients who 
underwent allo-transplant for follicular lymphoma from HLA-identical donors 
(73% matched sibling and 27% HLA-identical unrelated donor) between 2001 and 
2011. The median follow-up was 55 months. The 5-year probabilities of OS and 
PFS were 61% and 52%, respectively. The 5-year cumulative incidences of disease 
progression/relapse and TRM were 19% and 29%, respectively. This latest analysis 
confirms in a very large patient cohort, the extremely low rate of disease recurrence 
occurring after allogeneic transplant. The authors also conducted a multivariate 
analysis and found that chemoresistant disease, older age, heavy pretreatment, poor 
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performance status (PS), and myeloablative protocols were predictors for worse 
survival. In contrast to a prior analysis [52], they did not find an increase in relapse 
rate associated with reduced intensity conditioning. As the authors acknowledge, 
this multivariate analysis has considerable limitations, mainly related to the large 
proportion of patients with missing data on performance score (32%), histology 
(26%), prior treatment (45%), GVHD prophylaxis (18%), etc.

The ravages of chronic GVHD have led many to investigate the use of in vivo 
T-cell depletion. In a British study, including 88 patients with relapsed-refractory 
B-cell lymphoma, T-cell depletion with alemtuzumab resulted in a grade ≥ 2 chronic 
GVDH rate of 7%, a transplant-related mortality of 8%, and a 3-year progression- 
free survival of 65% (including patients who needed donor lymphocyte infusion) 
[58]. The same approach was subsequently used in a multicenter prospective trial 
including 82 young patients treated with allogeneic stem cell transplant (half of 
which from unrelated donor) at time of remission, between 1998 and 2009 [59]. 
After a median follow-up of almost 4 years, grade ≥ 2 chronic GVHD rate was 20%, 
transplant-related mortality rate 15%, and 4-year PFS was 76% (including patients 
who needed donor lymphocyte infusion). In a European study, the outcome of 88 
patients receiving alemtuzumab or ATG was compared to that of 76 patients who did 
not undergo any T-cell depletion [60]. Patients receiving T-cell depletion had a sig-
nificantly lower incidence of grade ≥ 2 acute GVHD (17% vs 31%, p = 0.04) and 
chronic GVHD (33% vs 73%, p  <  0.001), but similar progression-free survival 
(including patients who needed donor lymphocyte infusion as salvage strategy).

 Role of Donor

For many patients who do not have a matched sibling donor available at the time of 
allogeneic transplant, alternative options are matched unrelated donors, cord blood, 
and haploidentical donors.

In a retrospective analysis of the EBMT registry, including 131 patients treated 
with a matched unrelated donor transplant between 2000 and 2005, at a median 
follow-up of 3  years, grade ≥  2 acute GVHD was reported in 37% of patients, 
chronic GVHD in 48%, and 3-year progression-free and overall survival were 47% 
and 51%, respectively [61]. Of interest, reduced intensity conditioning was the pre-
ferred regimen, and about half of patients had progressed after autologous stem cell 
transplant.

The clinical outcome associated with the use of umbilical cord blood in patients 
with chemo-sensitive lymphoma has also been retrospectively analyzed by the 
EBMT registry [62]. The majority of patients received single cord transplant after a 
reduced intensity regimen. Among patients with low-grade lymphoma, 1-year 
transplant- related mortality was 20%, 1-year progression-free survival 60%, and 
1-year overall survival 68%.

Haplo-identical transplantation is also increasingly being utilized and provides a 
readily available treatment option for many patients lacking unrelated donors. Several 
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registry studies show outcomes in lymphoma patients that are comparable with those 
of related and unrelated donor transplant [63, 64]. We and others have explored the 
use of haplo-cord transplantation; by combining a mismatched graft with a cord 
blood unit, we observe rapid engraftment and very limited risks of GVHD [65]. We 
recently reported excellent outcomes in 42 patients with lymphoma (Vignette 9.2) 
[66]. This procedure – though technically more complex than haplo- identical trans-
plantation – results in faster engraftment and lower rates of chronic GVHD [67]. By 
using an unrelated mismatched donor, it may also provide a transplant option for the 
approximately twenty percent of patients who lack suitable haplo-identical donors 
[68]. Collectively- despite rapidly evolving technologies- these data point to rapid 
improvements in outcome for alternative donor transplant for lymphoma. A donor 
can be identified for all and in the recommendation for transplant, and donor avail-
ability or donor type should no longer be a major determinant in the formulation of a 
transplant recommendation for patients with lymphoma [69].

 Role in Transformed Lymphoma

About 3–5% of patients with follicular lymphoma experience transformation to 
large B-cell lymphoma every year, with a subsequent median survival of less than 
2 years [70, 71]. Autologous stem cell transplant is an effective consolidation strat-
egy for these patients, with a 5-year progression-free survival of 30% and a 5-year 
overall survival of 51% reported in a EBMT retrospective analysis of 50 chemosen-
sitive patients [72], and similar findings observed in smaller studies [73–76].

A Canadian group has recently retrospectively compared the outcome of 22 
patients with chemo-sensitive non-bulky transformed follicular lymphoma treated 
with autologous transplant, to that of 97 patients treated with allogeneic transplant 
and 53 receiving rituximab-based chemotherapy only [77]. No difference in 5-year 
overall survival was observed among the 3 groups (65% vs 46% vs 61%, p = 0.24). 
However, after adjusting for confounding factors, such as type of salvage chemo-
therapy regimen, a modest survival benefit was observed for autologous stem cell 
transplant over chemotherapy alone, while allogeneic stem cell transplant remained 
associated with a high rate of transplant-related mortality.

CIMBTR retrospectively analyzed the outcome of 108 patients with transformed 
follicular lymphoma treated with autologous transplant to that of 33 patients treated 
with allogeneic transplant [78]. While autologous transplant was associated with 
prolonged survival in the majority of patients, among patients treated with alloge-
neic stem cell transplant, a survival benefit was observed only for those receiving 
reduced intensity conditioning, likely as a consequence of decreased treatment- 
related mortality.

At this time, the optimal treatment of patients with transformed follicular lymphoma 
remains an active field of investigation. Multiple factors, including disease burden, 
chemo-sensitivity, and patient general conditions need to be weighed, both autologous 
and allogeneic stem cell transplant representing potential therapeutic options.
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 CAR-T Cells

CAR-T cell technology (Chimeric antigen receptor) has revolutionized the manage-
ment of B-cell ALL and of refractory diffuse large B-cell lymphoma. CAR-T cells 
are patient-derived lymphocytes that are transduced in vitro with a chimeric recep-
tor, part antibody, part co-signaling domain, part T-cell signaling domain. Anti-CD19 
CAR-T have resulted in impressive and durable responses in patients with refrac-
tory ALL and large cell lymphoma [79]. The CAR-T cell field is developing rapidly 
with studies of modified CARs and new targets being reported daily. Most of the 
studies have been conducted in aggressive and transformed lymphoma, where 
approximately 50% of treated patients obtain durable remissions – a rate of response 
that is unheard of with other therapies. Experience in untransformed follicular lym-
phoma remains limited at present although some of the initial observations were 
made in this setting [80]. The toxicity of CAR-T cell therapy is considerable and 
includes severe cytokine release syndrome and neurological toxicity [81]. 
Commercial products have only recently been approved and the use of CAR-T cells 
is – for now – restricted to experienced centers [82].

 Case Vignettes

Case Vignette 9.1
A 35-year-old woman presented with right-sided dull abdominal and flank 
pain. CT chest, abdomen, and pelvis showed retroperitoneal, mesenteric, pel-
vic, and inguinal adenopathy. A left inguinal lymph node biopsy showed 
grade 1 follicular lymphoma. She initially was observed, but 4 years later, 
because of slow disease progression, started Rituxan × 4 weekly treatments 
and obtained a partial response. Shortly thereafter she presented with chin 
numbness and subtle MRI abnormalities, but negative lumbar puncture. 
Because of concern over possible CNS involvement, she was treated with 
R-CHOP x6 and high-dose methotrexate. One and a half year later, she pre-
sented with widespread adenopathy, splenomegaly, and lytic lesions in the 
femur. Repeat biopsy was consistent with follicular lymphoma.

She then received 6 cycles of bendamustine-rituximab with excellent clini-
cal response. This was followed by autologous stem cell collection and autol-
ogous stem cell transplantation using BEAM conditioning. She remains in 
remission 2 years after autologous stem cell transplantation.
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Note: This chapter is based in part on an earlier publication: Stem cell trans-
plantation in follicular  lymphoma, by Satyajit Kosuri and Koen Van Besien, in 
Clinical Guide to Transplantation in lymphoma. Eds. Bipin Savani and Mohammed 
Mohty (Wiley Blackwell, 2015) [83].
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Chapter 10
Antibody Therapy in Follicular Lymphoma

J. C. Villasboas and Grzegorz S. Nowakowski

 Introduction

The use of monoclonal antibodies (mAbs), alone or in combination with chemo-
therapy, is commonplace in the management of patients with B-cell lymphomas and 
many other cancers. With the growing number of novel therapeutic strategies devel-
oped in the recent years, it is easy to take for granted the major advance that mono-
clonal antibody therapy represents for the field of Oncology. This chapter will 
review the scientific evidence supporting the use of mAbs in follicular lymphoma 
(FL) with a focus on molecules targeting CD20, CD19, and CD22. We will also 
provide an overview of antibody-drug conjugates and look at the prospects of novel 
targets for mAb therapy in FL. The studies discussed in this section include patients 
with indolent B-cell NHL, primarily those with follicular lymphoma histology 
grades 1 to 3a. Studies focused on patients with grade 3b or transformed follicular 
lymphomas are excluded from this review. When possible, studies are discussed in 
chronological order of publication to facilitate understanding of how practice pat-
terns changed as new scientific evidence emerged.

 Monoclonal Antibodies Targeting CD20

 Rituximab

In the fall of 1997, Rituximab received regulatory approval in the United States 
and became the first monoclonal antibody available for the treatment of human 
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cancer. This landmark approval inaugurated a new paradigm of cancer treat-
ment, fueled by the discovery of targetable cancer antigens and supported by 
technological advances in antibody production systems. The impact of ritux-
imab – a type I chimeric IgG1 monoclonal antibody with specificity for CD20 – 
is such that the history of lymphoma treatment is dichotomized between 
pre- and post-rituximab eras [1]. The experience with the use of rituximab in 
FL is extensive and dates back to the very first publication that led to FDA 
approval of the drug in the United States as summarized in Figs. 10.1 and 10.2. 
Despite numerous attempts at challenging its role, rituximab retains center 
stage position in the management of FL which is anchored on solid scientific 
evidence reviewed here.
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Fig. 10.1 Chronological overview of rituximab monotherapy clinical trials in follicular lym-
phoma. Individual studies are identified by lead author, setting, and primary population enrolled. 
Trials are stratified by phase of development (phase I, phase II, phase III) and connectors indicate 
the year of publication of original manuscript. Asterisks (∗) indicates studies with maintenance or 
extended rituximab treatment schedules. Publications with updated results of previously published 
studies were excluded. r/r relapsed/refractory, B-NHL B cell non-Hodgkin lymphoma, iNHL indo-
lent non-Hodgkin lymphoma, FL follicular lymphoma
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 Initial Studies of Rituximab Monotherapy in Relapsed/Refractory FL

The first trials evaluating the clinical efficacy of rituximab in FL consisted of single- 
arm phase I/II studies in patients with relapsed or refractory disease [2–4]. The 
seminal paper which led to regulatory approval of the drug in the United States was 
published by McLaughlin and colleagues in 1998 [5]. In this multicenter study, a 
total of 166 patients with relapsed or refractory indolent B-cell lymphomas express-
ing CD20 were treated. Patients with tumors equal or greater than 10  cm were 
excluded from participation. The majority of enrolled patients had follicular 
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Fig. 10.2 Chronological overview of clinical trials combining rituximab with chemotherapy in follicu-
lar lymphoma. Individual studies are identified by lead author or group, setting, and primary popula-
tion enrolled. Trials are stratified by phase of development (phase II, phase III) and connectors indicate 
the year of publication of original manuscript. Asterisks (∗) indicates studies with maintenance or 
extended rituximab treatment schedules. Publications with updated results of previously published 
studies were excluded. r/r relapsed/refractory, B-NHL B cell non-Hodgkin lymphoma, iNHL indolent 
non-Hodgkin lymphoma, FL  follicular lymphoma, MCL  mantle cell lymphoma, R  rituximab, 
CHOP cyclophosphamide, doxorubicin, vincristine, and prednisone, GLGLSG German Low-Grade 
Lymphoma Study Group, FCM fludarabine, cyclophosphamide, and mitoxantrone, CVP cyclophos-
phamide, vincristine, and prednisone, MCP mitoxantrone, chlorambucil, and prednisolone, RR ritux-
imab retreatment, MR maintanance rituximab, FM fludarabine, mitoxantrone, Benda bendamustine, 
CHVP cyclophosphamide, adriamycin, etoposide, and prednisolone, I interferon
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histology (71%) and all received four weekly doses (375 mg/m2) of the antibody, at 
the time known as IDEC-C2B8. The objective response rate for the entire cohort 
was 48% (6% complete responses) with 60% of the FL patients responding to treat-
ment. The projected median time to progression was 13 months and the drug was 
associated with very few high-grade adverse events (beyond what is now known to 
be typical infusion reactions).

A companion study, published in 1999 by Davis and colleagues, extended the eval-
uation of rituximab’s efficacy to patients with bulky relapsed/refractory indolent B-cell 
lymphomas [6]. A total of 31 patients were treated in this small single- arm study 
including 22 patients (71%) with follicular histology. The same treatment schedule and 
dosage was used and once again rituximab proved safe. The overall response rate for 
the entire cohort was 39% (12 patients) including one complete response.

By the end of the year 2000, three additional phase II studies had been published 
confirming the safety and efficacy of rituximab monotherapy in the treatment of 
relapsed/refractory FL around the world. The German Low-grade Lymphoma Study 
group treated a total of 38 patients with indolent histologies and showed a 47% 
overall response rate after 4 weekly infusions [7]. In the United Kingdom, Foran 
and colleagues reported a similar overall response rate (46%) using the same treat-
ment schedule [8]. In the United States, Piro and colleagues demonstrated an overall 
response rate of 57% after treating 37 patients with an extended regimen (8 weekly 
doses of 375 mg/m2) [9].

Collectively, these initial studies served as a consistent display of rituximab’s 
clinical performance and safety, leaving no doubt that it was here to stay.

 Studies of Rituximab Monotherapy in Untreated FL

A second wave of trials testing the efficacy of single-agent rituximab in the frontline 
treatment of FL followed these seminal studies. Hainsworth and colleagues pub-
lished in 2000 the first report of a phase II study using single-agent rituximab as 
initial systemic therapy for patients with indolent B-NHL [10]. The original publi-
cation reported on the first 39 patients (64% with follicular histology) who were 
treated with the standard rituximab induction schedule (four weekly infusions of 
375 mg/m2). At the time of first evaluation (6 weeks), 54% of patients had achieved 
an objective response including 5% complete remissions. Patients without primary 
refractory disease were treated with an extended regimen consisting of additional 
4-week courses repeated every 6 months for up to 2 years. Updated results were 
published 2 years later on a total of 60 evaluable patients [11]. At the time of 
extended follow-up, the objective response rate following induction (at the 6-week 
mark) for the cohort was 47%, which increased to 73% with additional infusions of 
rituximab in the extended regimen.

A second report on the use of frontline single-agent rituximab was published by 
Colombat and colleagues in 2001 [12]. A total of 49 patients with follicular lymphoma 
and low tumor burden received standard rituximab induction followed by observation. 
The overall response rate was 73% including 26% achieving a complete remission (of 
which 6% was unconfirmed). At the 1-year post-treatment mark, response was main-
tained by most (92%) of the patients who achieved a complete remission and many 
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(61%) of the patients with a partial response. These outstanding results were updated 
in 2012 when the 7-year follow-up report was published [13]. With longer follow-up, 
best overall response was reported at 80% including 52% with complete remissions. 
Median progression-free survival was 23.5 months and overall survival 92%. Seven 
patients (15%) remained free of progression, demonstrating that long-term responses 
are possible in select FL patients after a single 4-week course of frontline rituximab.

A third phase II study of frontline single-agent rituximab was published by the 
North Central Cancer Treatment Group (NCCTG) in 2005 [14]. Enrollment in this 
trial was restricted to untreated advanced stage (III/IV) grade 1 FL who received 
standard rituximab induction followed by observation. A total of 36 patients were 
treated with overall response rate of 72% and 36% complete remissions. Median 
time to progression was 2.2 years.

By the end of 2012, a couple of additional studies had reported similarly high 
response rates with mild toxicity for the frontline use of rituximab in FL [15, 16]. 
Collectively, these studies created significant equipoise for a comparison between 
observation and rituximab monotherapy as a standard strategy for the management 
of newly diagnosed FL.

The much-expected head-to-head comparison between observation (watch-and- 
wait) and rituximab in untreated FL was published in 2014 [17]. In this international 
landmark phase III study, Ardeshna and colleagues randomized 379 newly patients 
with asymptomatic, advanced stage, non-bulky FL to one of three treatment groups: 
(1) watch-and-wait, (2) standard rituximab induction (375  mg/m2 weekly for 
4 weeks), and (3) standard rituximab induction followed by maintenance (12 addi-
tional infusions repeated every 2 months). The original design of the trial was set 
out to answer two fundamental questions: (1) Is rituximab superior to observation 
in the management of advanced stage, non-bulky, asymptomatic FL? (2) Is an 
extended rituximab schedule (maintenance) superior to a single 4-week course in 
these patients? Unfortunately, the arm consisting of standard rituximab induction 
was prematurely closed due to poor accrual and the trial was amended for a 2-arm 
study (observation versus rituximab induction followed by maintenance). A total of 
379 patients were assigned (1:1) between the watch-and-wait and maintenance 
rituximab arms. At the 3-year mark, 46% of patients in the watch-and-wait group 
remained without treatment compared to 88% in the maintenance arm. Quality-of- 
life measurements obtained midway through the first year of rituximab maintenance 
(measured at month 7 and compared to baseline) favored the treatment arm. Overall 
survival was the same for both groups with greater than 90% of the patients alive at 
3 years regardless of assignment. Serious adverse events were rare and no treatment- 
related deaths occurred. In the absence of an overall survival benefit, the results of 
this study leave plenty of room for argument on both sides of the aisle. Proponents 
of the watchful-wait approach are quick to point out that almost half of the patients 
in the observation group did not require treatment by 3 years, arguing that unneces-
sary treatment will be given to roughly half of all FL patients if rituximab is admin-
istered universally to newly diagnosed cases. On the other hand, pro-treatment 
proponents highlight the improvement in the quality of life after initiation of ritux-
imab treatment, often labeling the observation strategy as “watch-and-worry.” 
Ultimately, the debate of the optimal management of asymptomatic newly diag-
nosed FL is still ongoing [18]. This underscores the need for an individualized 
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approach, taking into account both clinical and biological factors along with 
patients’ preferences and values.

 Rituximab in Combination with Chemotherapy

Studies combining rituximab to multiagent chemotherapy (Fig. 10.2) were the natu-
ral step once the efficacy and safety of monotherapy was demonstrated. The first 
published report in indolent lymphomas was authored by Czuczman and colleagues 
in 1999 [19]. In this phase II trial, 40 patients (majority untreated) with indolent 
lymphomas received 6 cycles of rituximab in combination with CHOP (cyclophos-
phamide, doxorubicin, vincristine, and prednisone). An impressive response rate of 
95% (with 55% complete responses) was shown with no obvious toxicity beyond 
that expected for CHOP alone. The 9-year follow-up report was published in 2004 
demonstrating 100% response rate and 87% complete responses. A long duration of 
response was evident with the extended follow-up where the median time to pro-
gression exceeded 80 months.

Additional support for the combination of rituximab to multiagent chemotherapy 
in relapse/refractory FL came from two phase III trials. In the first study by the 
German Low-Grade Lymphoma Study Group, a cohort of 147 patients with relapsed 
indolent lymphomas (44% of which was FL) was randomly assigned for treatment 
with FCM (fludarabine, cyclophosphamide, and mitoxantrone) plus or minus ritux-
imab [20]. The addition of rituximab was associated with increase in response rate 
and superior progression-free as well as overall survival. The second study random-
ized 465 patients with relapsed/refractory FL to receive CHOP plus or minus ritux-
imab. The addition of rituximab to CHOP in this study increased response rate and 
prolonged progression-free survival. Eligible responding patients underwent a sec-
ond randomization between observation and maintenance rituximab consisting of 
infusions every 3 months for a total of 2 years. Extended treatment with rituximab 
was associated with longer progression-free and overall survival with larger treat-
ment effect observed in patient who did not receive rituximab as part of the induc-
tion regimen.

Four large phase III studies evaluated the benefit of adding rituximab to chemo-
therapy into the frontline treatment of patients with FL. The first study by Marcus 
and colleagues reported on 321 patients randomized for treatment using CVP 
(cyclophosphamide, vincristine, and prednisone) with or without rituximab [21]. 
The addition of the monoclonal antibody increased overall and complete response 
rates and prolonged progression-free survival. Extended follow-up showed that the 
benefit translated in improvement in all measured clinical outcomes including over-
all survival [22]. The second study by Hiddemann and colleagues reported on 428 
patients with untreated FL randomly assigned for treatment between CHOP and 
R-CHOP [23]. Once again, the addition of rituximab improved all measures of 
treatment efficacy including overall survival without increased incidence of serious 
adverse reactions. The third study, authored by Herold and colleagues, reported on 
201 patients with untreated FL randomized to receive MCP (mitoxantrone, chlo-

J. C. Villasboas and G. S. Nowakowski



195

rambucil, and prednisolone) with or without rituximab. Response and survival rates 
were improved with rituximab. The fourth study by Salles and colleagues reported 
on 358 patients randomly assigned for treatment with CHVP (cyclophosphamide, 
adriamycin, etoposide, and prednisolone) plus interferon with or without the addi-
tion of rituximab. Response and progression-free survival was significantly 
increased with rituximab. This was the only study out of the four that failed to show 
a statistically significant improvement in overall survival with the addition of ritux-
imab. Although each trial used a different chemotherapy backbone, they all deliv-
ered a similar underlying message: rituximab + chemotherapy is superior to 
chemotherapy alone in the frontline treatment of FL.

At this point the question was no longer whether rituximab should be added to 
chemotherapy but rather which chemotherapy backbone would be the best partner 
for rituximab in the frontline management of FL.  Two large phase III studies 
attempted to answer this question by providing a series of head-to-head compari-
sons. Study FOLL05, conducted by the Fondazione Italiana Linfomi, randomized 
534 patients with untreated FL to treatment with rituximab added to one of the 3 
chemotherapy backbones: CHOP, CVP, or FM (fludarabine, mitoxantrone) [24]. All 
arms achieved overall responses greater than 88% which was not statistically differ-
ent between the groups. R-CVP performed inferior to the other 2 arms in terms of 
progression- free survival while R-FM was associated with higher incidence of 
severe neutropenia. Although no clear winner was declared, it seemed that R-CHOP 
combined the best risk-benefit ratio of the three regimens studied. The landmark 
study by Rummel and colleagues of the StiL group reported on 514 patients with 
untreated indolent lymphoma (54% of which had FL) randomized for treatment 
with either bendamustine plus rituximab (BR) or R-CHOP. A non-inferiority design 
was applied with a 10% prespecified margin for the primary outcome of progression- 
free survival (PFS). Ultimately, treatment with BR proved superior to R-CHOP with 
a median PFS exceeding 69 months in the BR groups compared to 31.2 months in 
the R-CHOP group. In addition, the adverse event profile of BR proved more favor-
able compared to R-CHOP. As a direct result of this study, bendamustine plus ritux-
imab has been incorporated as the preferred frontline regimen for patients with FL 
requiring treatment by many guidelines around the globe.

 Rituximab Maintenance in FL

The concept of rituximab maintenance therapy has been tested in a number of ran-
domized trials in FL, all of which demonstrated improvement in progression-free 
survival (or related time-to-event outcome) but failed to show a consistent measur-
able improvement in overall survival. The first two phase III studies looking at this 
question in the relapsed/refractory population were published in 2006. Using a two- 
stage design, Forstpointner and colleagues randomized 105 patients with relapsed/
refractory FL who had responded to induction therapy using the FCM or R-FCM 
(part of a separate randomization) to observation or extended rituximab (2 addi-
tional 4-week courses after 3 and 9 months) [25]. Duration of response was increased 
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with the extended schedule. Using a similar design, van Oers and colleagues ran-
domized 334 patients with relapsed/refractory FL who achieved a response to 
induction (CHOP or R-CHOP) to receive rituximab maintenance (every 3 months 
for 2 years) or observation [26]. The extended rituximab arm experienced longer 
progression-free survival and overall survival in their first report published after a 
median follow-up of 33 months. In an updated report with mature follow-up (median 
6 years), the PFS benefit was maintained but the 5-year overall survival did not 
reach a statistically significant difference between the groups [27].

The first phase III study to examine the benefit of rituximab maintenance in the 
frontline setting of FL was published in 2009 by Hochster and colleagues from the 
Eastern Cooperative Oncology Group (ECOG) [28]. E1496 randomized 311 
patients with indolent lymphoma (90% FL) who had stable disease or response after 
CVP induction to rituximab maintenance (4-week course every 6  months for 
2  years). Median progression-free survival was improved with maintenance but 
overall survival failed to reach statistical significance.

Investigators from the Swiss Group for Clinical Cancer Research (SAKK) tested a 
different rituximab maintenance schedule consisting of 4 doses every 2 months in a 
mixed cohort of patients with FL (64 untreated and 138 relapsed) [16]. On the SAKK 
35/98 study, all patients received induction treatment with rituximab monotherapy and 
the 151 individuals who did not progress proceeded to randomization between obser-
vation and extended treatment. Again, additional doses of rituximab were associated 
with longer PFS but not with a statistically significant difference in overall survival.

The Prima study, published in 2011, was designed to be the definitive answer to 
the debate over rituximab maintenance in untreated FL in the post-rituximab era 
[29]. In this multicenter international phase III trial, 1217 patients with untreated FL 
and high tumor burden were induced with one of three rituximab-containing che-
motherapy protocols according to investigator choice (R-CVP, R-CHOP, or 
R-FCM). The 1019 patients who achieved at least a partial response went on to be 
randomized between observation and rituximab maintenance (every 2 months for 
2 years). After a median follow-up of 36 months, PFS improved from 57.6% in the 
observation group to 74.9% in the maintenance group. Survival was excellent in 
both groups and no statistically significant difference was detected. Updated results 
after almost 10  years of follow-up were presented at the American Society of 
Hematology annual meeting in December 2017, confirming a sustained PFS benefit 
for the maintenance arm and an identical overall survival between groups.

ECOG 4402 (also known as the RESORT trial) examined a different question by 
randomizing patients with untreated FL to either maintenance rituximab or re- 
treatment rituximab at the time of relapse [30]. In this study, 289 patients with 
untreated FL and low tumor burden who had achieved a response to induction ritux-
imab monotherapy were randomly assigned to either group. A composite primary 
endpoint of time-to-treatment failure was used. At 3  years, more patients in the 
maintenance group remained free of cytotoxic chemotherapy treatment but no sig-
nificant difference was noted in the primary outcome. The authors concluded that 
re-treatment with rituximab provided similar degree of disease control with less 
rituximab usage.
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In the absence of a consistent overall survival benefit, there is currently no agreed 
universal consensus on the advantages of rituximab maintenance compared to 
observation in the management of FL patients who responded to induction treat-
ment. Curiously, the most popular use of rituximab maintenance is following a suc-
cessful induction using BR (bendamustine and rituximab). Since none of the phase 
III maintenance trials utilized BR as their backbone, this application is largely based 
on extrapolation from other multiagent chemoimmunotherapy bundles and non- 
randomized data. A reasonable approach is to offer extended treatment for patients 
with high burden symptomatic disease, in whom prolongation of the disease-free 
interval is expected to translate into improved quality of life and outweigh the risks 
of prolonged rituximab treatment. Ultimately, treatment individualization returns to 
center stage in the discussion of treatment strategies for patients with FL who 
require active treatment.

 Obinutuzumab

Obinutuzumab (GA101 or Gazyva) is a type II humanized IgG1 monoclonal anti-
body targeting CD20 displaying enhanced cytolytic activity against B cells in pre-
clinical studies [31, 32]. This glycoengineered molecule is the most active contender 
in the challenge to overthrow rituximab from its dominant position in the treatment 
of follicular lymphomas. In early phase I studies, obinutuzumab monotherapy 
showed overall response rates ranging from 32% to 48% in B-NHL patients with 
relapsed/refractory disease [33–35]. No concerning safety signals were detected 
and the drug moved forward in the development pipeline.

Three phase II studies (GAUDI, GAUGUIN, and GAUSS) further examined the 
clinical efficacy of obinutuzumab in patients with follicular lymphoma. The GAUDI 
study (BO21000) published in 2013 evaluated the safety and efficacy of obinutu-
zumab (G) added to two different chemotherapy backbones (G-CHOP or G-FC) 
using a randomized phase II design [36]. Responders were eligible for extended 
treatment with the antibody every 3 months for up to 2 years. A total of 56 patients 
with relapsed/refractory FL were treated and response rates after induction were 
encouraging in both the G-CHOP (ORR 96%; CR 39%) and G-FC (ORR 93%; CR 
50%) arms. Safety profile was compatible to that expected for multiagent chemoim-
munotherapy protocols. The phase I/II GAUGUIN study tested the safety and effi-
cacy of single-agent obinutuzumab in patients with relapsed/refractory B-NHL 
[37]. A total of 40 patients were treated in the indolent NHL cohort (85% FL) and 
randomized between two dosages of the drug (400 mg on days 1 and 8 of cycle 1 
followed by 400 mg on day 1 of cycles 2–8; or 1600 mg on days 1 and 8 of cycle 1 
and 800 mg on day 1 of cycles 2–8). The highest dose cohort had greater activity, 
with an overall response rate of 55% (9% complete responses) including some 
patients with rituximab-refractory disease. The first head-to-head comparison 
between rituximab and obinutuzumab came from the GAUSS study [38]. In this 
phase II trial, 175 patients with rituximab-sensitive relapsed indolent B-NHL (85% 
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FL) were randomized for treatment with either rituximab or obinutuzumab. Patients 
without disease progression continued on a maintenance schedule of their assigned 
antibodies for up to 2 years. Overall response to obinutuzumab was 45%, which was 
not statistically different compared to rituximab. Progression-free survival did not 
differ between the groups and the trial was essentially negative. Despite the loss in 
this first round, obinutuzumab proceeded to challenge rituximab in phase III trials.

Two phase III trials (GADOLIN and GALLIUM) further examined the activity 
of obinutuzumab in the management of FL patients, each leading to an approved 
indication of this agent in FL. The GADOLIN study, published in 2016 by Sehn and 
colleagues, was a phase III study evaluating the activity of obinutuzumab combined 
to bendamustine in patients with rituximab-refractory indolent B-NHL [39]. 
Included in the definition of rituximab refractoriness were patients who failed to 
respond or progressed during treatment with a rituximab-containing regimen, along 
with patients whose disease relapsed within 6 months of the last dose of rituximab. 
A total of 396 patients (81% FL) were randomly assigned for treatment with either 
single-agent bendamustine (B) or bendamustine plus obinutuzumab (BG). Non- 
progressing patients in the obinutuzumab arm continued on maintenance therapy 
for up to 2 years. The trial was stopped early for benefit after it had met its primary 
endpoint of progression-free survival on planned interim analysis (median PFS of 
14.9 months for the bendamustine group and not reached for the obinutuzumab plus 
bendamustine arm). No difference in overall survival was detected at the time of 
analysis. The safety profile of the BG arm was comparable to the B arm. Based on 
the results of GADOLIN the FDA approved in February of 2016 obinutuzumab for 
use in combination with bendamustine followed by binutuzumab monotherapy in 
patients with FL who relapsed after, or are refractory to, a rituximab-containing 
regimen. The GALLIUM study, published in 2017 by Marcus and colleagues, 
enrolled 1202 patients with untreated advanced-stage FL [40]. In this multicenter 
trial, patients were randomly assigned for treatment with chemotherapy added to 
either obinutuzumab or rituximab. Three chemotherapy regimens were used (CHOP, 
CVP, or bendamustine) and the choice of regimen was stipulated individually at 
each site where all patients received the same induction protocol. Responding 
patients continued with maintenance therapy of the same antibody contained in 
their induction regimen for up to 2 years. The trial was also stopped early for benefit 
after meeting its primary endpoint of progression-free survival in a pre-planned 
interim analysis showing an absolute increase of 6.7% in the estimated 3-year PFS 
in favor of obinutuzumab. Overall response rate was greater than 86% and did not 
differ between groups. High-grade (grades 3–5) and serious adverse reactions were 
more frequent in the obinutuzumab group and overall survival did not differ between 
groups. Based on the results of GALLIUM, the FDA extended the indication of 
obinutuzumab (in combination with chemotherapy and followed by maintenance) 
to include patients with untreated advanced stage FL.

The approval of obinutuzumab in FL extends the treatment portfolio for these 
patients but leave plenty of room for discussion of the optimal monoclonal antibody 
of choice in FL. Because GALLIUM did not include an arm with rituximab mono-
therapy, its results mainly apply for those patients in whom their treating physician 
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deem eligible and requiring of chemotherapy. Additionally, because both GALLIUM 
and GADOLIN included mandatory maintenance therapy for responding patients, 
the applicability of results are questionable in patients who do not desire or are not 
eligible for extended therapy. There is an ongoing concern for the long-term safety 
of rituximab maintenance (2 or 4  years) following BR induction as new data 
emerges. In the absence of an overall survival benefit and in the presence of a signal 
for increased toxicity noted on the results of GALLIUM, the battle for the title of 
monoclonal antibody of choice in FL continues.

 Ofatumumab

Ofatumumab, a fully human monoclonal antibody targeting a different epitope of 
CD20, is the other member of the second-generation class of monoclonal antibodies 
being tested in B-NHL. Three early-stage trials testing the safety and activity of 
ofatumumab in FL have been published thus far. The first study, published in 2008 
by Hagenbeek and colleagues, was a phase I/II trial testing different single-agent 
dosages of the drug in a total of 40 patients with relapsed/refractory FL [41]. No 
concerning safety signals were found and response rates varied from 20% to 63% in 
the different dose-level cohorts. The subsequent 2 studies were published in 2012 
and both authored by Czuczman and colleagues. One of the studies focused on 
patients with untreated FL which were treated in a phase II design with ofatumumab 
CHOP and randomized to one of two dose levels of ofatumumab (O-CHOP) [42]. A 
high response rate was demonstrated (greater than 90% in both arms) and no exces-
sive or unexpected toxicity was identified. The other study focused on patients with 
rituximab-refractory disease and enrolled a total of 116 patients with heavily pre-
treated FL [43]. Patients were treated with ofatumumab monotherapy at two ran-
domly assigned dose levels. Overall response rates were 10% and 13% at the lower 
and higher dosages respectively. Compared to obinutuzumab, the experience with 
ofatumumab is more limited and preliminary. As obinutuzumab continues to 
actively challenge rituximab and gain ground as with approved indication for the 
treatment of FL the future of ofatumumab in this disease remains uncertain.

 Monoclonal Antibodies Targeting CD19

Monoclonal antibodies targeting CD19, another surface marker commonly 
expressed by B-lineage NHL cells, have been recently developed. Although no 
approved indications for this class of molecules exist in lymphoma, ongoing studies 
are evaluating the role of targeting CD19 in this disease. MOR208 (XmAb 5574) is 
a humanized monoclonal antibody against CD19 with an engineered FC receptor 
for enhanced cytotoxic activity. Preclinical studies have shown promising activity 
[44–47] but clinical studies are still early in development and primarily focused in 

10 Antibody Therapy in Follicular Lymphoma



200

chronic lymphocytic leukemia [48]. Ongoing studies combining MOR208 with the 
immunomodulatory drug lenalidomide seem particularly promising. Another mol-
ecule of the anti-CD19 class is inebilizumab (MEDI-551), a glycoengineered mol-
ecule with potent B-cell depleting activity in vitro [49, 50]. Trials with the drug are 
ongoing but published results in indolent B-cell lymphoma patients are still lacking. 
The recent development of chimeric antigen receptor (CAR) T-cell therapy target-
ing CD19 poses a logistical challenge for further development of monoclonal anti-
bodies targeting CD19 in lymphoma. There is at least the theoretical concern that 
using anti-CD19 antibodies prior to CAR-T cell therapy may decrease the efficacy 
of the chimeric lymphocytes by exerting selective pressure on CD19-expressing 
malignant cells. Despite its logical appeal, targeting CD19 with monoclonal anti-
bodies has no current role in the clinical management of follicular lymphoma and 
remains an area of scientific investigation.

 Monoclonal Antibodies Targeting CD22

Utilizing monoclonal antibodies to target additional antigens on the surface of 
malignant B cells was a natural unfolding in the field of cancer immunotherapy 
inaugurated by the introduction of rituximab. Epratuzumab, a humanized IgG1 
against CD22, targets a molecule strongly expressed in follicular, marginal zone and 
mantle B cells as well as many B-NHL cells. The first report evaluating the safety 
and activity of epratuzumab in B-NHL was published by Leonard and colleagues in 
2003 [51]. In this phase I/II study, 50 patients with relapsed indolent B-NHL (72% 
FL) were treated in escalating dose-level cohorts of the antibody weekly for four 
treatments. No dose-limiting toxicity was identified and an objective response was 
seen in 18% of patients – all with follicular histology. Median duration of response 
was 79.3 weeks which provided a good lead for further research of this agent in 
FL. Due to their favorable toxicity profile and potential synergistic activity, further 
studies of epratuzumab evaluate the anti-CD22 antibody in combination with ritux-
imab. The first report of dual monoclonal antibody therapy was published in 2005 
by Leonard and colleagues [52]. In this phase II study, 23 patients with recurrent 
B-NHL (68% FL) received epratuzumab and rituximab weekly for four doses. The 
combination was well tolerated and 67% of patients with FL achieved a response 
(including 60% complete remissions). Responses seemed durable, with median 
time to progression of 17.8 months in patients with indolent histologies. A second 
phase II study with almost identical design was published in 2006 by Strauss and 
colleagues [53]. A total of 65 patients (52% FL) with relapsed/refractory B-NHL 
were treated with the dual monoclonal antibody strategy and 64% of patients with 
FL showed an objective response. A third multicenter phase II trial further solidified 
the notion that combined anti-CD19 and anti-CD22 antibody therapy was safe and 
efficacious in indolent B-NHL [54]. This report, published in 2008 by Leonard and 
colleagues, focused on indolent histologies and showed an overall response rate of 
54% in the 41 patients with relapsed FL including 24% complete responses. A 
remarkably durable response was shown in this study with median duration of 
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13.4 months in FL patients. These preliminary studies in relapsed FL patients pro-
vided the rationale for the CALGB 50701 study, testing the activity of epratuzumab 
combined with rituximab in untreated FL patients [55]. In this phase II study, a total 
of 59 patients with FL were treated with an induction regimen combining the two 
antibodies followed by repeated infusions every 8 weeks for four additional treat-
ments. Toxicities were mild and compatible with that of rituximab monotherapy. An 
overall response rate of 88% was shown, including 42% with complete responses. 
Responses once again seemed durable with 60% of patients maintain a response by 
3 years. Despite a very strong signal in FL patients, favorable toxicity profile and 
potential for synergistic treatment combined with rituximab, drug development for 
epratuzumab in follicular lymphoma came to a halt likely due to competing strate-
gies that emerged around the same time period. Epratuzumab currently has no active 
role in the management of FL outside a clinical trial.

 Antibody-Drug Conjugates in Follicular Lymphoma

The term antibody-drug conjugates (ADCs) is used to describe therapeutic molecules 
that combine the specificity of monoclonal antibodies with a cytotoxic payload that is 
meant to be delivered precisely to the interior of cells expressing the target. Many 
ADCs are already in clinical use currently such as trastuzumab emtansine (breast 
cancer) and brentuximab vedotin (Hodgkin lymphomas and other CD30+ lymphoid 
malignancies). A variety of ADCs have been tested in B-cell NHL but for the most 
part only a few have shown a strong enough signal to proceed to later stages of clinical 
experimentation. Two such molecules deserve special mention in the context of FL 
and will be discussed here: coltuximab ravtansine, and inotuzumab ozogamicin.

Coltuximab ravtansine (SAR3419 or huB4-DM4) is an ADC combining a 
humanized IgG1 monoclonal antibody against CD19 (huB4) to a potent microtu-
bule inhibitor (DM4). In a first-in-human phase I trial, the drug was given in escalat-
ing doses to a cohort of 39 patients (44% FL) with relapsed/refractory B-NHL [56]. 
The maximum tolerated drug was determined to be 160 mg/m2 every 21 days and 
74% of all patients demonstrated a reduction in tumor size. Toxicity was generally 
mild and the drug was felt to have a favorable adverse event profile. A separate 
phase I study evaluating a weekly dosing schedule found increased toxicities, likely 
due to its long terminal half-life, and anti-lymphoma activity in the order of 30% 
[57]. Despite a signal of activity in FL, no active trials currently exist for this drug 
in this population. Drug development for coltuximab ravtansine continues in diffuse 
large B cell lymphoma.

Inotuzumab ozogamicin (CMC-544) is an ADC that combines a humanized IgG4 
monoclonal against CD22 (G544) with a cytotoxic antibiotic (calicheamicin). The 
drug is currently approved for the treatment of relapsed/refractory pre B-cell acute 
lymphoblastic leukemia. Early indication of its activity in relapsed/refractory FL 
patients was noted on the phase I trial designed to establish the safety of the drug and 
determine the maximum tolerated dose [58]. The study enrolled 79 patients with 
relapsed/refractory B-NHL of various histologies. The objective response rate at the 
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end of treatment was 39% for the entire cohort and 68% for all patients with follicular 
NHL treated at the MTD. A parallel phase I study in a Japanese cohort of relapsed/
refractory FL lymphoma patients found a similar maximum tolerated dose. Overall 
response rate in the Japanese study was 85% (54% complete responses) confirming a 
strong early signal of activity in this population. A subsequent phase I/II study evalu-
ated the safety and efficacy of inotuzumab in combination with rituximab in patients 
with relapsed/refractory B-NHL. A total of 119 patients were enrolled (35% FL) and 
the study confirmed the maximum tolerated dose found in single-agent studies. An 
objective response rate of 87% was seen in FL patients and the median progression-
free survival for the FL cohort had not been reached at the time of the publication. At 
this time inotuzumab ozogamicin remains an investigational drug in FL and drug 
development has halted in this particular population of lymphoma patients.

 Conclusion

Monoclonal antibodies are a vital part of the armamentarium used to treat patients 
with follicular lymphomas. Dozens of studies, thousands of patients, and decades of 
clinical experience strongly support the use of these drugs in the treatment of 
patients with follicular lymphoma and other hematological malignancies. Since the 
introduction of rituximab, the first mAb approved for the treatment of human can-
cer, the evolution in the treatment FL mirrors the trajectory of drug development in 
the field of monoclonal antibody therapy as we hope to have shown in this chapter. 
While rituximab remains a centerpiece in the management of most patients with FL, 
next-generation molecules with enhanced properties begin to claim their own space 
in the drug portfolio, as evidenced by recent FDA approvals. As the field of oncol-
ogy embarks on the next phase of cancer immunotherapy, which brings checkpoint 
inhibitors and CAR-T cells, it will be critical to examine how these new drugs can 
build on the solid advances gained with the advent of mAb therapy. In a fast-paced 
and ever-changing field, careful examination of the immunological ecosystem 
where the tumor is inserted will be critical to increase our chances of success.
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Chapter 11
Molecular Targeting  
in Follicular Lymphoma

Loretta J. Nastoupil

 Introduction

Follicular lymphoma (FL) is typically an indolent disease that is sensitive to a vari-
ety of immunotherapy and chemotherapy agents; however, FL exhibits a continuous 
pattern of relapses with decreasing sensitivity to treatment over time [1–3]. Common 
initial management strategies for FL vary from watchful waiting for low tumor bur-
den or asymptomatic patients to rituximab (chimeric monoclonal CD20 antibody) 
monotherapy to chemo-immunotherapy for high tumor burden patients with com-
mon chemotherapy regimens consisting of bendamustine, CHOP (cyclophospha-
mide, doxorubicin, vincristine, prednisone) or CVP (cyclophosphamide, vincristine, 
prednisone) in combination with rituximab or obinutuzumab (glycoengineered 
humanized monoclonal CD20 antibody) followed by maintenance therapy with the 
monoclonal antibody [1, 4–8]. Choice of treatment depends on multiple factors 
including patient-specific factors such as age, performance status, and comorbidi-
ties as well as tumor-specific factors such as tumor burden, histologic grade, and 
treatment objectives. Prognosis and quality of life including treatment-related side 
effects also play a role in decision making.

In the relapsed setting, treatment options are equally abundant and dependent on 
similar patient- and disease-specific characteristics with one exception, which 
includes the consideration of prior therapy and the outcomes associated with prior 
therapies. Despite a paucity of drug approvals for a number of years for relapsed 
indolent lymphoma, the past few years have resulted in rapid development with 
several drugs approved for the management of FL. Outcomes for patients with FL 
are improving and likely reflect the expanding treatment landscape, improved 
understanding of lymphoma biology, and improvement in supportive care. This is 
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good news for our patients. Despite these advances there are still unmet needs in the 
management of FL in modern times including improvement in risk stratification and 
development of novel therapy that will result in indefinite remission without a det-
rimental impact on the quality of life.

This chapter will highlight our current understanding of the B-cell receptor 
(BCR) signaling pathway and the application of successful therapeutic targets that 
have resulted in FDA approval, including idelalisib and copanlisib. In addition, we 
will discuss potential mechanisms of resistance and rationale combinations that 
may overcome these resistance pathways. Lastly, we will discuss new agents cur-
rently in early phase development that may shape the treatment landscape in the 
near future.

 The B-Cell Receptor Signaling Pathway

Targeted therapy has been considered to be the preferred approach to cancer therapy 
with the potential to reduce toxicity and improve upon efficacy. The success story of 
targeted therapy in chronic myelogenous leukemia (CML) has generated enthusi-
asm and dedication to identifying critical pathways for lymphomagenesis and sur-
vival. B cells are defined by the rearrangement of immunoglobulin heavy (IgH) and 
light (IgL) chain genes, leading to the expression of a unique BCR. Signals from the 
BCR act through downstream signaling pathways that drive proliferation, growth, 
and survival of a normal B cell. BCR signaling has also been shown to be manipu-
lated and critical to most B-cell malignancies and provides a number of therapeutic 
targets (Fig.  11.1). Antigen-dependent and antigen-independent activation of the 
BCR pathway are fundamentally different mechanisms of BCR signaling [9, 10], 
although the contribution of these two types of signaling in FL and across chronic 
lymphocytic leukemia (CLL) and non-Hodgkin lymphoma (NHL) subtypes is 
debatable. Though there remains much to be learned about targeting the BCR path-
way in FL lymphoma, this appears to be an attractive approach with a number of 
BCR tyrosine kinase inhibitors with proven efficacy and several more in develop-
ment for patients with relapsed FL.

 Phosphoinositide 3-Kinase (PI3K) Inhibitors

Idelalisib is an oral PI3Kδ inhibitor, and was FDA approved in 2014 for the treat-
ment of relapsed FL patients who have received at least two prior systemic thera-
pies. This approval was based on the results of a single-arm, phase II multicenter 
study enrolling 125 patients with indolent NHL who were refractory to rituximab 
(monoclonal CD20 antibody) and an alkylating agent or were refractory to their 
most recent therapy [11]. These patients were heavily pretreated with a median of 
four prior therapies (range, 2–12). This study included 72 subjects with relapsed 

L. J. Nastoupil



209

FL. Subjects received 150 mg of idelalisib by mouth twice daily until disease pro-
gression or unacceptable toxicity. The overall response rate (ORR) was 57% with 
6% achieving a complete response (CR). The median time to response was 
1.9  months with a median duration of response of 12.5  months and median 
progression- free survival (PFS) of 11 months. The most common adverse events of 
grade 3 or higher were neutropenia (27%), elevation in liver enzymes (13%), diar-
rhea (13%), and pneumonia (7%). Prior to the introduction of idelalisib, outcomes 
for patients with relapsed FL who had failed at least two prior therapies were poor 
with remissions and responses diminishing with each relapse and ultimately patients 
were dying as a result of refractory or transformed lymphoma. Idelalisib was truly 
a breakthrough in the management of relapsed FL.

There are four different isoforms of PI3K. PI3Kδ and PI3Kγ expression is largely 
restricted to hematopoietic cells whereas PI3Kα and PI3Kβ are ubiquitously 
expressed [12, 13]. Key signal transduction from the BCR in B cells is largely 
dependent on PI3Kδ, whereas both PI3Kδ and PI3Kγ are responsible for signaling 
in T cells. Sole inhibition of PI3Kδ impairs CD8+ cytotoxic T cells and blocks the 
ability of naïve CD4+ cells to proliferate, expand, and differentiate into helper T cell 
subsets [14, 15]. In addition, PI3Kδ is critical for T reg survival and function [16]. 
Knockout mice, p110δ deficient, develop an autoimmune colitis thought to be due 
to an impaired ability of T regs to restrain inflammation in response to the colon 
microbiome [17, 18]. Inhibiting PI3Kδ with an agent such as idelalisib can, in addi-
tion to impairing BCR signaling in malignant B cells, impair the function of 
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conventional T cells, which is often counterbalanced by a decrease in T reg function 
resulting in unrestrained immune-mediated adverse effects such as rash, colitis, 
transaminitis, and pneumonitis, which may explain the unique toxicity profile asso-
ciated with idelalisib. In addition, increased rates of infection have been associated 
with idelalisib, which may be secondary to drug-induced neutropenia and increased 
risk for opportunistic infections due to impairment of T-cell function. Patients 
should be monitored closely for toxicity while on idelalisib. Early intervention may 
be critical to avoiding untoward morbidity and mortality. In addition, introducing 
idelalisib to patients that are previously untreated or with few prior therapies (<) 
may result in unacceptable toxicity and is not advised.

Preclinical data suggest that complete abrogation of signaling from the BCR 
may require inhibition or both PI3Kα and PI3Kδ [19]. Furthermore, p110α gene 
amplification and PTEN loss of expression are commonly seen in mantle cell lym-
phoma (MCL) and diffuse large B-cell lymphoma (DLBCL) suggesting that effi-
cacy may be enhanced with targeting more than one isoform of PI3K in B-cell 
lymphomas [20–22]. Copanlisib is an intravenous (IV) pan-PI3K inhibitor, though 
the predominant activity is through inhibition of PI3Kα and PI3Kδ isoforms.

Copanlisib was FDA approved in 2017 for the treatment of adult patients with 
relapsed FL who have received at least two prior systemic therapies. Approval was 
based on the results of a phase II study, CHRONOS 1 part B. Copanlisib (60 mg IV) 
was administered on days 1, 8, and 15 of a 28-day cycle and continued until disease 
progression or unacceptable toxicity. In the FL subset (N  =  104), the ORR was 
58.7% (14.4% CR and 44.2% PR [partial response]) [23]. With a median duration 
of treatment of 22 weeks, the median PFS was 11.2 months. The most common 
treatment-related adverse events (all grade) were transient hyperglycemia (49%) 
and hypertension (29%). Other adverse events grade  ≥3 included neutropenia 
(19%), diarrhea (4%), lung infection (11%), pneumonitis (1.4%), and colitis (0.7%). 
There were two nonfatal opportunistic infections. Elevated ALT and AST were 
observed in 23% and 28%. Based on the efficacy and manageable safety profile, 
copanlisib was approved for the management of relapsed or refractory FL in third 
line or greater.

The toxicity profile of copanlisib (PI3Kα and PI3Kδ inhibitor) is different in 
comparison to idelalisib (PI3Kδ inhibitor) which can be attributed to the addition of 
inhibiting the alpha subunit, but may also be attributed to differences in administra-
tion. Hyperglycemia is a known side effect of PI3Kα inhibition. Hypertension has 
been observed with other tyrosine kinase inhibitors, but not with other PI3K inhibi-
tors to date. Both the hyperglycemia and hypertension are transient, resolving 
within 24 hours of the infusion. The lower incidence of diarrhea, colitis, and transa-
minitis may be attributed to the intermittent IV dosing schedule of copanlisib and 
bypass of hepatic first-pass metabolism. Longer follow-up will be necessary to 
gauge whether copanlisib truly is associated with less immune-mediated adverse 
effects as the onset of colitis has been described after 6 months of drug exposure 
with idelalisib. Nonetheless, confirmatory phase III trials of copanlisib-based ther-
apy are currently enrolling patients with indolent NHL.
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Additional PI3K inhibitors under development include umbralisib, PI3Kδ inhib-
itor with a unique chemical structure in comparison to other PI3Kδ inhibitors and a 
differentiated safety profile which may be the result of the chemical structure. 
Safety data from the early phase studies with umbralisib suggest rates of transami-
nitis rate of 6% (grade ≥3 3%), pneumonitis 1%, neutropenia 19% (grade ≥3 16%), 
and diarrhea 42% (grade ≥3 2%) [24], lower rates than what has been reported with 
other PI3Kδ inhibitors. Preliminary efficacy also appears promising with umbral-
isib. Phase III studies with umbralisib-based regimens in NHL and CLL are 
ongoing.

Duvelisib, a dual inhibitor of PI3Kδ and PI3Kγ, was reported to have an ORR of 
41% in patients with relapsed/refractory FL in the phase II, single-arm DYNAMO 
study [25]. The median PFS was 8.4 months and the toxicity profile was similar to 
what had been previously described with idelalisib. The addition of the PI3Kγ inhi-
bition did not seem to improve upon the efficacy observed with idelalisib and with 
a similar safety profile, these results were disappointing. Despite this, duvelisib is 
still under clinical development in combination with monoclonal CD20 antibodies 
and chemotherapy.

 Bruton Tyrosine Kinase (BTK) Inhibitors

BTK is a nonreceptor kinase in the BCR signaling pathway (Fig. 11.1). A functional 
BTK is essential to normal B-cell development as demonstrated by the absence of 
B cells in patients with Bruton agammaglobulinemia who have inactivating BTK 
mutations [26]. Ibrutinib is an orally available, first in class, irreversible inhibitor of 
BTK. In the initial phase I study of ibrutinib, in patients with relapsed/refractory 
B-cell malignancies, no maximum tolerated dose was reached and the side effect 
profile was favorable with minimal myelosuppression and no significant reduction 
in normal B cells or immune globulin levels suggesting that blockade of BTK as 
opposed to an inactivating mutation had minimal impact on normal B-cell develop-
ment [27]. Notable responses were also observed across histologies in this phase I 
dose escalation study, leading to further development and FDA approval of ibrutinib 
for several B-cell malignancies including CLL, MCL, marginal zone lymphoma 
(MZL), and Waldenstrom’s macroglobulinemia.

Six of 16 (37.5%) subjects with FL in the phase I study achieved an objective 
response to ibrutinib, with three subjects achieving a CR (18.8%). A multi-center, 
phase II study was conducted to examine the efficacy and safety of 560 mg of ibru-
tinib administered daily in patients with relapsed FL [28]. Ibrutinib was continued 
until disease progression or intolerance. The ORR was 37.5% (CR 12.5%), and 
median PFS was 14 months. Patients with rituximab-sensitive disease were much 
more likely to respond to ibrutinib in this study (52.6% versus 16.7%; P = 0.04). 
CARD11 mutations were present in 16% (5/31) of patients and predicted resistance 
to ibrutinib with only wild-type patients responding. The toxicity profile was 
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manageable and similar to prior studies. However, the modest activity of ibrutinib 
as a single agent in the relapsed setting was disappointing and suggests ibrutinib as 
monotherapy in relapsed FL should not be pursued.

Patients with newly diagnosed FL often present with advanced stage and remain 
incurable with standard therapy. There is no agreed-upon standard of care for previ-
ously untreated FL. FL often impacts elderly patients with comorbidities who may 
not be optimal candidates for chemotherapy-based approaches. In addition to clini-
cal prognostic factors, biologic or immune signatures suggest the microenvironment 
plays a pivotal role in FL pathogenesis and prognosis. Novel, well-tolerated thera-
pies that effectively target the microenvironment would be advantageous. In addi-
tion to targeting BTK and inhibiting BCR signaling, ibrutinib has been shown to 
impact the microenvironment through disruption of cell adhesion, chemotaxis, 
stromal-tumor interaction, decrease in inflammatory cytokines, and changes in 
T-cell subsets, and T-cell activation and pseudoexhaustion [29]. Therefore, exami-
nation of ibrutinib in combination with rituximab in untreated FL patients, particu-
larly those not suitable for chemotherapy-based regimens, was pursued.

A multicenter, phase II study with treatment-naïve FL (grade 1, 2, and 3a, stage 
II–IV disease) were treated according to 1 of 2 treatment schedules [30, 31]. In Arm 
1, patients received 560  mg of ibrutinib daily, until progressive disease (PD) or 
unacceptable toxicity, combined with rituximab 375 mg/m2 IV once weekly for 4 
doses for the first 4 weeks of the study. In Arm 2, the two agents were staggered with 
patients receiving a lead-in of ibrutinib 560 mg for 8 weeks, and then concurrently 
with rituximab 375 mg/m2 once weekly for 4 doses, followed by continuous ibruti-
nib until PD or unacceptable toxicity. The purpose of the Arm 2 design was to iden-
tify biomarkers that may predict ibrutinib sensitivity or resistance. At a median time 
on study of 22 months for Arm 1, the ORR was 85%, 35% (21/60) CRs and 50% 
(30/60) PRs. At a median time on study of 15 months for Arm 2, the ORR was 75%, 
35% (7/20) CRs and 40% (8/20) PRs. The 12-month PFS rates were 87% (Arm 1) 
and 77% (Arm 2). Common grade ≥3 adverse events in either Arm (1 or 2) included 
maculopapular rash (5% and 10%, respectively), fatigue (7% and 5%), pyrexia (3% 
and 10%), and diarrhea (Arm 2 only-10%). As a result of the high ORR and no new 
safety findings, a randomized study investigating ibrutinib in combination with 
rituximab versus rituximab monotherapy in treatment naïve FL patients is currently 
enrolling. High response rates in untreated FL is not uncommon, but the favorable 
safety profile of this non-chemotherapy approach if superior in efficacy to rituximab 
may provide a treatment option for elderly patients with untreated FL that are not 
suitable for chemotherapy-based approaches.

Additional BTK inhibitors are currently under investigation in FL. Acalabrutinib 
is a more selective BTK inhibitor than ibrutinib with no effect on ITK, Tec, and 
EGFR which may explain a differentiated safety profile. Acalabrutinib has been 
associated with favorable ORR in relapsed CLL (95%) [32] and MCL (81%) [33]. 
Acalabrutinib was FDA approved for patients with MCL who have received at least 
one prior therapy in 2017 and is under investigation in B-cell malignancies includ-
ing FL. BGB-3111 (BeiGene, Ltd) is a highly selective and more potent BTK inhib-
itor than ibrutinib with superior oral bioavailability and higher BTK specificity [34]. 
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Preliminary results of the phase Ib study of BGB-3111  in relapsed or refractory 
B-cell malignancies reported an ORR in FL patients of 41% [35]. Further study of 
BGB-3111 in combination with obinutuzumab in FL is ongoing.

Though caution must be taken when making cross-trial comparisons, BTK inhibi-
tion in FL is associated with only modest efficacy. Future development will require 
combination therapies. The simplest combination includes the addition of a mono-
clonal antibody given studies thus far have demonstrated promising efficacy and no 
additive or concerning toxicity profiles. Rationale combinations developed to 
enhance synergism require additional molecular profiling and interrogation of the 
microenvironment. Synthetic lethality has been described in DLBCL cell lines with 
ibrutinib in combination with the immune modulator lenalidomide (derivative of tha-
lidomide) suggesting a synergistic combination [36]. A phase I study of rituximab in 
combination with ibrutinib and lenalidomide has been completed in treatment naïve 
FL and though associated with a high ORR (95%), further investigation was felt to 
be unwarranted due to increased toxicity and no significant improvement in efficacy 
beyond two drug combinations [37]. Half the study population required dose modi-
fication; the majority due to rash (all grades 82%, grade 3 36%). This study high-
lights how challenging clinical development of rationale combinations in FL can be 
and emphasizes the critically important role safety plays in drug development.

 Targeting BCL-2

Dysregulation of apoptosis via overexpression of the anti-apoptotic protein B-cell 
leukemia/lymphoma -2 (BCL-2) is fundamental to the pathophysiology of several 
subtypes of NHL. The hallmark of FL is t(14,18) which leads to overexpression of 
BCL-2 promoting cell survival in the harshly pro-death environment of the germinal 
center [38]. Venetoclax is a highly selective BCL-2 inhibitor with potent activity 
against FL, DLBCL, and MCL cell lines [39]. A phase I study of venetoclax in 
patients with relapsed or refractory NHL reported an ORR of 38% in FL patients, 
with 14% achieving a CR and a median PFS of 11 months [40]. The response rate 
in FL in this dose escalation study appeared to be associated with higher dose 
responses observed at the 1200  mg dose versus ≤900  mg (44% versus 27%). 
Adverse events were most commonly grade 1 or 2. The most common grade 3 or 4 
events were hematologic including anemia (15%), neutropenia (11%), and throm-
bocytopenia (9%). Despite BCL-2 being the hallmark of FL, inhibiting BCL-2 with 
venetoclax in relapsed/refractory FL was associated with modest activity. BCL-2 
expression alone was not an adequate biomarker to predict clinical response to 
venetoclax, and functional assessments of the relative balance of the anti- and pro- 
apoptotic BCL-2 family proteins may be more functional biomarkers and warrant 
further exploration. Unfortunately, further development of venetoclax monotherapy 
in FL is not being pursued.

It is possible that combination regimens incorporating venetoclax may result in 
improvement in efficacy. However, the optimal combination partners for venetoclax 
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in FL remain to be defined. Studies are under way to assess the safety and efficacy 
of venetoclax in combination with chemotherapy (bendamustine), monoclonal 
 antibodies (obinutuzumab), and BCR signaling inhibitors (ibrutinib, BGB-3111). 
The impact of these studies will be defined by enhancement in efficacy without 
compromising safety.

 Enhancer of Zeste-Homolog 2 (EZH2) Inhibitors

Efforts aimed at understanding lymphomagenesis mechanisms have been empha-
sized to identify therapeutic targets that may change the natural history of FL and 
identify potentially curative therapy. Next-generation sequencing (NGS) studies 
have demonstrated frequent mutations in epigenetic regulators in nearly all cases of 
FL [41, 42]. The m7-FLIPI score is a prognostic model, which incorporates known 
clinical prognostic factors such as FLIPI (Follicular Lymphoma International 
Prognostic Index) score and performance status with the mutational status of seven 
genes resulting in an improvement in risk stratification for FL patients of high tumor 
burden [42]. These genes include the histone methyltransferase EZH2 gene. EZH2 
is often constitutively activated in germinal center-derived NHLs by gain-of- 
function mutations. Somatic heterozygous mutations have been described in 
approximately 25% of FL cases [43, 44]. Dysregulation of the germinal center reac-
tion by constitutively active EZH2 may promote lymphomagenesis and may be a 
promising therapeutic target [45]. Patients with EZH2 gain-of-function mutations 
may be ideal candidates for EZH2 inhibition. However, EZH2 non-mutated patients 
may also benefit and in addition to alterations, copy-number status of EZH2 should 
be considered when evaluating patients for EZH2 inhibitor therapies [46].

A phase I dose escalation study of tazemetostat included patients with relapsed/
refractory NHL including five with FL, 13 with DLBCL, and one patient with MZL 
[47]. The most common adverse events were asthenia, anorexia, constipation, nau-
sea, dysgeusia, vomiting, and muscle spasms. Grade 3 or greater related adverse 
events though included thrombocytopenia, neutropenia, hypertension, anorexia, and 
transaminase elevation. Though small sample size, objective responses were seen in 
3/5 (60%) FL, 5/9 (56%) DLBCL, and 1/1 (100%) MZL patients. The majority of 
the responses occurred at the recommended phase II dose of 800 mg BID. EZH2 
status in patient tumors was determined for 14/19 NHL patients with 13/14 found to 
be wild-type and one patient, who experienced an ongoing PR at week 16, express-
ing an Y646H mutation. These preliminary findings of the phase I dose escalation 
study of tazemetostat demonstrated a tolerable safety profile and promising 
efficacy.

Based upon the observed safety and efficacy profile of tazemetostat, a phase II 
trial in relapsed or refractory FL and DLBCL patients, stratified by EZH2 mutation 
status, was pursued. Interim data from the phase II study of tazemetostat (800 mg 
orally BID) reported an ORR of 92% in the subset of patients with FL with EZH2- 
activating mutations [48]. Patients with follicular lymphoma with EZH2 wild-type 
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had an ORR of 26%. Tazemetostat also was associated with a favorable safety pro-
file across all patient populations in this study with no new safety concerns  identified. 
The preliminary findings of this phase II study suggest tazemetostat is associated 
with a favorable safety profile and preferential benefit in patients with FL whose 
tumors bear activating EZH2 mutations. The response rates among those with EZH2 
wild-type status is intriguing in that responses were observed, but the low to modest 
activity suggests further investigation is necessary to understand the predictors of 
response and inform clinical trial design with rationale combinations for these 
patients.

 Conclusions

FL is characterized as an indolent or slow-growing tumor that often times can be 
safely observed. However, clinical outcomes remain heterogeneous. Despite high 
initial response rates to frontline therapy, patients with FL will continue to experi-
ence disease relapse and will ultimately succumb to their disease. Chemotherapy 
had been the mainstay of therapy of many years; however, the clinical benefit of 
chemotherapy declines beyond two lines of therapy, and the toxicity can be prohibi-
tive particularly as patients age and develop comorbidities. Effective targeted ther-
apy such as PI3K inhibitors, BTK inhibitors, BCL-2 inhibitors, and EZH2 inhibitors 
that are associated with a favorable toxicity profile appear promising particularly as 
patients start to experience multiple relapses. Targeted therapy is often associated 
with mechanisms of action that differ and may overcome chemotherapy resistance. 
In addition, as we learn more about the biology of FL these targeted agents may 
provide a more rational approach in a disease in which chemotherapy has failed to 
achieve a cure. Predictive biomarkers that will identify suitable candidates for 
monotherapy versus those that will benefit from a combination approach are neces-
sary to influence practice patterns and improve cost-effectiveness in a disease with 
a prolonged natural history.
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Chapter 12
Targeting the Tumor Microenvironment

Paolo Strati, Nathan H. Fowler, and Eric Fountain

Introduction

It is increasingly clear that the tumor microenvironment plays an essential role in 
the pathogenesis, survival, and progression of follicular lymphoma. The impact of 
the host immunity has long been hypothesized to be responsible for the “waxing and 
waning” nature of follicular lymphoma, as well as the significant percentage of 
patients who achieve remission without therapy. Unfortunately, early attempts to 
modulate the microenvironment with agents such as interferon were met with only 
moderate success. Over the past several years, a greater understanding of the com-
plex biology that make up the microenvironment has led to an entire field of study 
dedicated to modifying or modulating the cellular interactions present in the malig-
nant lymph node and marrow.

Innovative strategies targeting the microenvironment have resulted in impressive 
clinical results. In addition, we are now learning that several agents targeting key 
cellular pathways in B-cell lymphoma also may have a profound impact on the 
benign cellular infiltrate present in the malignant niche. Specific examples of recent 
advances include novel monoclonal antibodies, immunomodulatory drugs (IMiDs), 
and B-cell receptor inhibitors. In the following chapter, we will highlight recent 
therapeutic advances, focusing on agents whose primary or secondary mechanism 
results in modulation of the immune microenvironment, and discuss potential ways 
to combine emerging drugs to improve clinical outcomes.
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 Monoclonal Antibodies in FL

The complexity of the tumor microenvironment prior to the development of anti-
 CD20 therapy (e.g., rituximab) for follicular lymphoma has been well characterized. 
The presence of CD8+ tumor-infiltrating lymphocytes [1, 2] and regulatory T cells 
has been demonstrated to be associated with a more favorable prognosis [3]. 
Macrophages expression, on the other hand, has been shown to contribute to tumor 
dissemination [4], with increased expression of the CD163+ M2 macrophage pheno-
type conferring a poor prognosis while promoting tumor angiogenesis [4–6]. This 
negative prognostic effect of infiltrating macrophages in the pre-rituximab era was 
later confirmed through gene-expression profiling [7]. The advent of rituximab, how-
ever, brought a new era of effective tumor destruction through antibody- dependent 
cell-mediated cytotoxicity (ADCC), which relies on the presence of Fc receptors on 
macrophages, natural killer cells, and neutrophils, in addition to direct apoptotic 
effects [8, 9]. Recent studies have shown evidence that the addition of rituximab 
reverses the negative prognostic effect of high tumor-associated macrophages within 
the microenvironment; an increased number of macrophages were associated with 
improved progression-free survival in those treated with R-CHOP but not CHOP, for 
example [10]. Despite significant heterogeneity in macrophage subtype and function, 
this reversal in the prognostic effect of macrophages within the tumor microenviron-
ment has been seen with both the CD163+ M2 macrophage phenotype and CD68+ 
macrophages, and confirmed most recently through gene expression profiling [11–
13]. This effect may be dependent upon the specifics of the concurrent chemotherapy 
regimen, however, as patients who receive a doxorubicin containing regimen were 
shown to have a 5-year PFS of 60% versus 44%, p = 0.01, in one study [13].

Give the mechanism and proven efficacy of rituximab, several studies have dem-
onstrated that single-agent rituximab for follicular lymphoma and low tumor burden 
is an effective therapy. Four single weekly doses of rituximab followed by every 
other month dosing for 8 months was shown to induce a complete or partial response 
in 73% of untreated follicular lymphoma patients and reduced the need for cyto-
toxic therapy at 3 years [14]. While there does not appear to be an effect on overall 
survival, another study of both untreated patients with follicular lymphoma and 
those with relapsed/refractory disease showed a similar response rate, and those 
randomized to rituximab maintenance had a 23-month median event-free survival 
with 35 months of follow-up [15].

The advent of targeted therapies against different antigens commonly expressed 
in follicular lymphoma will likely affect the tumor microenvironment in a manner 
that remains to be fully elucidated. Anti-CD19 antibodies are a promising target 
in follicular lymphoma and have been conjugated to toxins or engineered with a 
Fc domain that increases cytotoxicity; most recently the CD19/CD3 bispecific 
T-cell engager antibody blinatumomab has been approved for use in acute lym-
phoblastic leukemia. In one phase II study of an Fc-engineered CD19 antibody 
MOR208 in relapsed/refractory lymphoma, partial or complete treatment response 
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was seen in 29% of follicular lymphoma patients, with 4 of 9 responses lasting 
greater than 12 months [16]. This CD19 antibody works both through antigen-
dependent cell- mediated cytotoxicity and direct cytotoxicity through the disrup-
tion of the B-cell receptor signaling pathway, as demonstrated in chronic 
lymphocytic leukemia models [17, 18]. The combination of rituximab and blina-
tumomab in in-vitro B-cell lymphoma models has also been tested, but it is 
unclear at this time if their combined effects will be additive versus synergistic in 
the setting of different mechanisms of actions and their effects on NK cells, mac-
rophages, and T cells, respectively [19].

Similarly, CD47 has been an attractive target as binding of CD47 by macro-
phages results in inhibition of phagocytosis [20]. CD47 expression is increased in 
non-Hodgkin lymphoma and follicular lymphoma and has been demonstrated to act 
synergistically with rituximab in mouse models to increase macrophage phagocyto-
sis through both FcR-dependent and -independent mechanisms [21, 22]. In a phase 
I study of CD47 blockade and rituximab in relapsed/refractory non-Hodgkin lym-
phoma, the objective and complete response rates were 71% and 43%, respectively, 
for those with follicular lymphoma, with median duration of response note reached 
after 8.1 months of follow-up [23]. Future studies will no doubt identify how to 
combine these novel targeted therapies with existing chemotherapy and anti-CD20 
therapy to better affect a durable cytotoxic response while minimizing toxicities.

 Immunomodulatory Drugs

Immunomodulatory drugs (IMiDs) represent an emerging class of agents with 
exciting activity across multiple B-cell malignancies. The parent drug, thalidomide, 
was a sedative initially prescribed to treat morning sickness, but was found to have 
devastating effects on the unborn fetus. Decades later, thalidomide and its progeny 
have reemerged as active anticancer drugs with the ability to modulate the immune 
microenvironment across a range of B-cell cancers. In 2010 Ito and colleagues 
described cereblon, an E3 ubiquitin ligate complex, as a key target for IMiDs [24]. 
Binding of thalidomide to cereblon results in alterations in multiple substrate levels 
across various cell types, both benign and malignant. Specifically, IMid binding has 
been shown to result in rapid ubiquitination and degradation of Ikaros and Aiolos, 
transcription regulators of B- and T-cell development [25].

Lenalidomide, a second-generation IMiD, inhibits tumor cell proliferation and 
stimulates cytotoxic T and NK cells. Preclinically, lenalidomide has antineoplastic 
effects on malignant B cells, with sparing progenitor and normal B cells [26]. 
Lenalidomide has also been shown to increase NK cell number, NK cell cytotoxic-
ity, and improve antibody-dependent cellular cytotoxicity (ADCC) when used with 
rituximab [27, 28].

As a single agent, lenalidomide has shown modest activity in indolent lympho-
mas, including follicular. In 2009, Witzig and colleagues reported the results of a 
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phase II study of 22 patients with relapsed follicular lymphoma showing a 27% 
overall response rate (ORR), with 9% of patients attaining complete remission [29]. 
Based on earlier preclinical work demonstrating an IMiD’s potential to increase 
ADCC in NHL animal models, investigators at MD Anderson initiated a phase I 
study of lenalidomide plus the anti-CD20 antibody, rituximab in relapsed lym-
phoma (Wang et al). After demonstrating encouraging safety and activity, a subse-
quent combination pilot study was launched in 110 patients with untreated indolent 
lymphoma. This single-center trial demonstrated a remarkable xx percent overall 
response rate with xx % of patients achieving a complete remission. Recent long- 
term follow-up showed xx % of patients remained in remission at 5 years following 
initial exposure. Adverse events were well managed and generally low grade, with 
fatigue, cytopenia, and rash commonly reported. Subsequent cooperative group tri-
als with the same combination confirmed high overall response rates and durable 
remissions [30].

Based upon these results, two pivotal phase III trials were launched in both the 
relapsed and untreated setting. The RELEVANCE trial randomized over 1000 
newly diagnosed follicular lymphoma patients with high tumor burden to receive 
standard chemotherapy (CHOP, bendamustine, CVP) plus rituximab or lenalido-
mide plus rituximab using the dose and schedule previously published by Fowler 
and colleagues. The study demonstrated similar overall and complete response rates 
between the two regimens as well as nearly identical progression-free survival rates 
at 3 years for lenalidomide plus rituximab compared to rituximab plus chemother-
apy (77% vs 78% respectively). Furthermore, neither regimen appeared superior 
regardless of subgroup or initial tumor characteristic (bulk, stage, FLIPI, etc.) ana-
lyzed. As predicted, the adverse event profile was different between arms, with neu-
tropenia occurring with higher frequency in chemotherapy backbones compared to 
rash with lenalidomide. Increased secondary cancers were not higher in either arm. 
The AUGMENT trial.

In the relapsed setting, lenalidomide and rituximab has also shown promising 
activity. The CALGB 50401 study demonstrated improved efficacy and similar tol-
erability when a monoclonal antibody was added to lenalidomide. In this phase II 
randomized study, 91 patients with relapsed follicular lymphoma received lenalido-
mide alone (n = 45) or lenalidomide plus rituximab (n = 46). The overall response 
rate was significantly higher in the combination arm compared to single agent 
lenalidomide (76% vs. 53%). Importantly, the median time to progression was also 
longer when rituximab was added to lenalidomide (1.1 year vs. 2 years, respec-
tively). Grade 3 events were similar in both arms, including cytopenias and fatigue 
[31, 32].

The activity of the combination was further explored in the recent randomized 
phase III AUGMENT study. Over 350 patients with relapsed, rituximab-sensitive 
follicular and marginal zone lymphoma were enrolled and randomized to receive 
single agent rituximab weekly for 4 weeks followed by four monthly doses versus 
the same regimen with lenalidomide given on days 1–21 or each 28-day cycle. 
Progression-free survival was significantly improved for the combination versus 
rituximab alone with a duration of 39.4 months versus 14.1 months, respectively. 

P. Strati et al.



223

Adverse events were more common in the lenalidomide plus rituximab arm, 
 including higher rates of neutropenia (58% vs 23%) and cutaneous reactions (32% 
vs. 12%). Interestingly, more patients in the combination arm completed therapy 
despite the increased adverse event rate. The significant improvement in disease 
control with the combination led to approval by the Food and Drug Administration 
for lenalidomide and rituximab in relapsed follicular and marginal zone 
lymphoma.

Based upon these encouraging results, several studies ongoing are exploring 
lenalidomide plus rituximab as a backbone combination strategy (see Table 12.1).

 List of Other Ongoing Studies with R2 as Backbone

 Checkpoint Inhibitors for the Treatment of FL

Several monoclonal antibodies targeting the immune checkpoint programmed 
death-1 (PD-1) receptor, such as nivolumab, pembrolizumab and pidilizumab, or its 
ligand (PD-L1), such as atezolizumab, have been extensively investigated for the 
treatment of various solid tumors and lymphoma subtypes. The interaction between 
PD-1 receptor and PD-L1, typically expressed on cancer cells, impairs normal sig-
naling through the T-cell receptor, leading to T-cell exhaustion. Immune checkpoint 
inhibitors can block the engagement of PD-1 to PD-L1, magnifying the antitumoral 
activity of T cells against cancer cells [33].

FL cells can escape the antitumoral activity exerted by the autologous immune 
system by inducing an immunosuppressive phenotype in their tumor microenviron-
ment [34]. However, while gene expression profile data have shown that an immune 
microenvironment enriched in macrophages and stromal cells is associated with 
worse prognosis in FL [35], the impact of T cells and their PD-1-induced exhaustion 
remains largely unexplored [36] To this regard, PD-1 is markedly upregulated on 

Table 12.1 Select lenalidomide combination studies in follicular lymphoma

Combination Phase Population Status Sponsor
Lenalidomide + 
obinutuzumab

I/II Relapsed follicular ongoing LYSA (France)

Lenalidomide + 
obintuzumab

I/II Relapsed follicular completed MD Anderson

Lenalidomide + 
obinutuzumab

II Untreated follicular completed MD Anderson

Lenalidomide + 
rituximab + venetoclax

I/II Relapsed follicular ongoing Peter MacCallum 
(Australia)

Lenalidomide + 
rituximab + ibrutinib

I/II Relapsed follicular completed CALGB

Lenalidomide + 
rituximab + ibrutinib

II Relapsed follicular ongoing MD Anderson

Lenalidomide + 
rituximab + 

acalabrutinib

I/II Relapsed follicular, 
marginal zone

Ongoing MD Anderson
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intratumoral and peripheral blood CD4+ and CD8+ T cells of patients with 
FL. Similarly to what observed in solid tumors and Hodgkin lymphoma (HL), also 
in FL PD-1 expression is associated with impaired T-cell function, PD-1 blocking 
representing a promising therapeutic strategy to restore T-cell function against 
autologous tumor cells [34, 37]. In addition, although FL cells do not typically 
express PD-L1, its upregulation has been observed on T cells and other components 
of the tumor immune microenvironment [38], further highlighting the critical role 
played by the PD-1/PD-L1 pathway and its potential as target for therapeutic pur-
poses in FL.

The safety and efficacy of nivolumab have been investigated in a large phase I 
trial of hematological malignancies, including 10 patients with relapsed or refrac-
tory FL. Overall response rate of 40%, including 1 complete remission (CR), with 
continued response in 3 out of 4 patients, after a median follow-up of 92 weeks. 
Of interest, the toxicities observed in the FL cohort were not separately reported 
[39]. Based on these results, multiple clinical trials are now ongoing, including a 
phase II trial of nivolumab as a single agent for patients with FL who have failed 
both an anti-CD20 monoclonal antibody and alkylating agent-based chemotherapy 
(NCT02038946), the combination of nivolumab and rituximab for patients with 
previously untreated FL (NCT03245021), the combination of nivolumab and 
lenalidomide in patients with relapsed or refractory FL (NCT03015896), and the 
combination of nivolumab and personalized tumor vaccine strategy in patients with 
relapsed or refractory FL (NCT03121677).

Good results have been observed with the combination of pidilizumab and ritux-
imab in a phase II study, including 32 patients with relapsed or refractory FL. ORR 
was 66%, CR rate 52%, with a median duration of response of 22 months, and no 
grade 3 or higher toxicities [40].

The safety and efficacy of pembrolizumab have been investigated in a phase I 
study, including 18 patients with FL. ORR was only 11%, based on partial remission 
(PR) observed in 2 patients, but the remaining 9 patients had a durable stable disease. 
Up to 39% of patients had grade 3 or higher toxicities, mainly represented by throm-
bocytopenia (13%), anemia (13%), neutropenia (8%), and dyspnea (8%) [41]. Higher 
response rates have been observed in a phase II study of the combination of pembro-
lizumab and rituximab, including 30 patients with relapsed or refractory FL. ORR 
was 64%, CR rate 48%, with 15 patients still in remission after a median follow-up 
of 11 months, and no grade 3 or higher adverse events observed to date [42].

Of interest, use of other immune checkpoint inhibitors as a single agent has also 
resulted in low response rates. In a phase I study of atezolizumab, including 3 
patients with relapsed or refractory FL, only 1 PR was observed [43]. Higher activ-
ity has been reported with the combination of atezolizumab and the anti-CD20 
monoclonal antibody obinutuzumab [44] and the immunomodulatory agent lenalid-
omide [45]. This has encouraged the development of ongoing clinical trials investi-
gating the activity of other combination strategies, including that of atezolizumab 
with chemoimmunotherapy, in patients with relapsed or refractory FL 
(NCT02596971), with promising early signals of safety and efficacy [46].
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The results observed with the abovementioned clinical trials suggest that multi-
ple steps still need to be taken to improve the efficacy of immune checkpoint inhibi-
tors for the treatment of patients with FL.

In the first place, the identification of biomarkers predictive of response is war-
ranted. To this regard, similarly to what already done in solid tumors and in HL, the 
density of tumor-infiltrating lymphocytes, the expression of PD-1 and PD-L1 by 
immunohistochemistry, the expression of 9p24.1 by conventional cytogenetics, and 
the assessment of tumor mutation burden by gene sequencing may help identify the 
subgroups of patients with FL who may benefit the most from the use of immune 
checkpoint inhibitors [47–49].

In the second place, given the significant role played by the innate immune sys-
tem in the prognosis of FL, strategies aimed at combining available immune check-
point inhibitors with agents able to favorably affect the phenotype and function of 
myeloid cells may lead to better efficacy [35]. These include agents targeting CD47, 
a surface receptor expressed on FL cells and representing a “do-not-eat-me” signal 
for tumor-associated macrophages (TAM), whose combination with rituximab has 
been associated with an ORR of 71% and a CR rate of 43% in patients with relapsed 
or refractory FL [50]. Another potential target is represented by the Toll-like recep-
tor (TLR)4, whose stimulation through the intratumoral injection of its agonist, 
G100, has resulted in the activation of the innate immune system and increased 
efficacy of combined pembrolizumab, without worsening toxicity, in patients with 
relapsed or refractory FL [51].

The identification of new immune checkpoints, for the design of novel therapeu-
tic strategies, remains an active area of investigation, and the use of immune check-
point inhibitors remains experimental in FL [52, 53].

 Effects of Small-Molecule Tyrosine Kinase Inhibitors  
on the FL Microenvironment

Multiple small molecules, able to inhibit the B-cell receptor (BCR) signaling cas-
cade, have been developed over the last years for the treatment of B-cell lymphoid 
malignancies, including BTK inhibitors (BTKi) and PI3K inhibitors (PI3Ki). While 
the BCR pathway is crucial for the survival of malignant B cells, and its inhibition 
has an obvious direct antitumoral effect in patients with B-cell lymphoma, direct 
and off-target activity of BTKi and PI3Ki can also affect multiple components of 
the tumor microenvironment [54, 55].

To this regard, BTKi, can favorably affect T lymphocytes, by markedly increas-
ing the effect of CD4+ and CD8+ T cells, and decreasing the expression of inhibi-
tory surface markers, including PD-1 and PD-L1 [56]. In addition, they can also 
suppress regulatory B-cell function, through a STAT3-mediated mechanism [57]. 
However, BTKi may play an unfavorable role on other components of the tumor 
microenvironment, such as TAM and natural killer (NK) cells. Treatment with 
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BTKi, in fact, can reduce the phagocytic ability and increase the immunosuppres-
sive profile of TAM, exacerbating the expression of M2 (pro-tumoral) markers [58, 
59]. In addition, BTKi can impair NK cell function, antagonizing NK cell-mediated 
antibody-dependent cytotoxicity (ADCC) [60]. Of interest, such immunomodula-
tory effects are more prominent with the use of ibrutinib rather than acalabrutinib, a 
more selective BTKi, suggesting they may be due to off-target ITK inhibition rather 
than direct BTK inhibition [56].

Similarly to BTKi, also PI3K inhibitors (PI3Ki) can affect the phenotype 
and function of the tumor immune microenvironment, either by direct or off-
target effect. By downregulating the secretion of chemokines, such as CXCL-
12 and CXCL-13, PI3Ki can impair the chemotaxis and adhesion of multiple 
lymphocyte subtypes to stromal cells, polarizing the tumor microenvironment 
to a more  antitumoral phenotype [61, 62]. PI3Ki can also hamper NK cell-
mediated ADCC, though the effect is less pronounced than what was described 
for BTKi [63].

Multiple preclinical studies have investigated the specific effect of BTKi and 
PI3Ki on T lymphocytes, in order to improve the efficacy and safety of available 
agents, and potentially favor their combination with immune checkpoint 
inhibitors.

Ex vivo studies performed on primary T lymphocytes, obtained from patients 
with B-cell lymphoid malignancies, have shown that ITK inhibition exerted by less 
selective BTKi, such as ibrutinib, can skew the polarization of T lymphocytes 
toward a type 1  T helper and effector phenotype [64]. To this regard, the co- 
administration of ibrutinib and a TLR9 agonist, able to activate antigen-presenting 
cells, has resulted in increased antitumoral activity in a mouse model of lymphoma 
[65]. Similar findings have been reported with the co-administration of ibrutinib and 
an antibody targeting PD-L1 in different mouse models of lymphoma [66].

In regard to the effect of PI3Ki on T lymphocytes, it is important to note how this 
is strongly dependent on their selectivity for specific PI3K subunits. Idelalisib, a 
selective inhibitor of the δ subunit of PI3K, has minimal to no effect on T helper or 
effector lymphocytes [67]. However, ex vivo studies performed on primary patient 
blood samples have shown that it can induce defects in T regulatory lymphocytes, 
likely explaining the autoimmune toxicity observed with its use in different types of 
B-cell lymphoid malignancies [68]. In addition, ex vivo studies have shown that 
agents able to target also the γ subunit of PI3K, such as duvelisib, can be cytotoxic 
to all T lymphocyte subtypes and can impair the T-cell-mediated production of 
inflammatory and anti-apoptotic cytokines [69].

In light of the limited clinical activity observed as a single agent in patients with 
relapsed or refractory FL [70–72], and of the above-outlined preclinical evidence of 
favorable effects on the tumor microenvironment, the combination of ibrutinib with 
lenalidomide and rituximab (R2) has been explored [73]. Preliminary results from 
an ongoing phase II study investigating the efficacy of this combination in patients 
with previously untreated FL have shown an ORR of 97% and a CR rate of 78%, 
significantly higher than what was observed historically with R2 alone [74]. 
However, similar 2-year progression-free survival rates were observed (76%) as 
compared to R2 alone, with up to 36% of patients developing grade 3 or higher 
autoimmune toxicities, mainly represented by skin rash and diarrhea [75].
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Despite the lack of activity of acalabrutinib on T lymphocytes, given its limited 
off-target effects and less pronounced impairment of TAM activity, its combination 
with R2 has the preclinical potential to be more active and less toxic than observed 
with ibrutinib and is currently being investigated in an ongoing phase I study includ-
ing patients with relapsed or refractory FL (NCT02180711).

The effect of PI3Ki on T regulatory lymphocytes, and the serious immune- 
mediated toxicities observed with their use, have induced the US Drug and Food 
Administration to approve their use only for the treatment of patients having failed 
2 previous lines of therapy, when the host immune system may be weaker and then 
less prone to hyper-activation. In addition, their clinical development in combina-
tion with other agents able to target the immune microenvironment has been limited 
[55]. To this regard, studies investigating the safety and efficacy of idelalisib in 
combination with lenalidomide or the SYK inhibitor entospletinib, in patients with 
relapsed refractory FL, have been stopped early because of excessive toxicity [76–
78]. Future studies, investigating different doses and schedules of PI3Ki, may better 
harness their effects on the tumor microenvironment, and further favor their devel-
opment for the treatment of patients with FL.

 Conclusions

Current treatment options for patients with untreated and relapsed follicular 
 lymphoma are changing. Therapeutics targeting the immune microenvironment 
 represent a potential paradigm shift in drug development for B-cell malignancies, 
but as single agents have yet to radically change the natural history of follicular 
lymphoma. This lack of dramatic single agent effect is likely secondary to multiple 
causes including the natural redundancy in essential immune pathways, the rapid 
emergence of immuno-resistant clonal phenotypes following treatment, and hetero-
geneity in the hosts’ immune response. Combination approaches have shown greater 
promise, and recent randomized studies have for the first time demonstrated out-
comes with immune-based approaches which are equivalent to those see with tradi-
tional cytotoxic backbones. In order to move to the next level, advanced genomic 
studies are needed to further elucidate resistance mechanisms to immunotherapy 
and to understand the variability between various patient’s microenvironment.

References

 1. Alvaro T, Lejeune M, Salvado MT, Lopez C, Jaen J, Bosch R, Pons LE. Immunohistochemical 
patterns of reactive microenvironment are associated with clinicobiologic behavior in follicular 
lymphoma patients. J Clin Oncol. 2006;24:5350–7. https://doi.org/10.1200/JCO.2006.06.4766.

 2. Wahlin BE, Sander B, Christensson B, Kimby E. CD8+ T-cell content in diagnostic lymph 
nodes measured by flow cytometry is a predictor of survival in follicular lymphoma. Clin 
Cancer Res. 2007;13:388–97. https://doi.org/10.1158/1078-0432.CCR-06-1734.

 3. Carreras J, Lopez-Guillermo A, Fox BC, Colomo L, Martinez A, Roncador G, Montserrat E, 
Campo E, Banham AH. High numbers of tumor-infiltrating FOXP3-positive regulatory T cells 

12 Targeting the Tumor Microenvironment

https://doi.org/10.1200/JCO.2006.06.4766
https://doi.org/10.1158/1078-0432.CCR-06-1734


228

are associated with improved overall survival in follicular lymphoma. Blood. 2006;108:2957–
64. https://doi.org/10.1182/blood-2006-04-018218.

 4. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A.  Macrophage polarization: tumor- 
associated macrophages as a paradigm for polarized M2 mononuclear phagocytes. Trends 
Immunol. 2002;23:549–55.

 5. Clear AJ, Lee AM, Calaminici M, Ramsay AG, Morris KJ, Hallam S, Kelly G, Macdougall 
F, Lister TA, Gribben JG. Increased angiogenic sprouting in poor prognosis FL is associated 
with elevated numbers of CD163+ macrophages within the immediate sprouting microenvi-
ronment. Blood. 2010;115:5053–6. https://doi.org/10.1182/blood-2009-11-253260.

 6. Farinha P, Masoudi H, Skinnider BF, Shumansky K, Spinelli JJ, Gill K, Klasa R, Voss N, 
Connors JM, Gascoyne RD. Analysis of multiple biomarkers shows that lymphoma-associated 
macrophage (LAM) content is an independent predictor of survival in follicular lymphoma 
(FL). Blood. 2005;106:2169–74. https://doi.org/10.1182/blood-2005-04-1565.

 7. Dave SS, Wright G, Tan B, Rosenwald A, Gascoyne RD, Chan WC, Fisher RI, Braziel RM, 
Rimsza LM, Grogan TM, et al. Prediction of survival in follicular lymphoma based on molecu-
lar features of tumor-infiltrating immune cells. N Engl J Med. 2004;351:2159–69. https://doi.
org/10.1056/NEJMoa041869.

 8. Shan D, Ledbetter JA, Press OW. Signaling events involved in anti-CD20-induced apoptosis of 
malignant human B cells. Cancer Immunol Immunother. 2000;48:673–83.

 9. Reff ME, Carner K, Chambers KS, Chinn PC, Leonard JE, Raab R, Newman RA, Hanna N, 
Anderson DR. Depletion of B cells in vivo by a chimeric mouse human monoclonal antibody 
to CD20. Blood. 1994;83:435–45.

 10. Taskinen M, Karjalainen-Lindsberg ML, Nyman H, Eerola LM, Leppa S.  A high tumor- 
associated macrophage content predicts favorable outcome in follicular lymphoma patients 
treated with rituximab and cyclophosphamide-doxorubicin-vincristine-prednisone. Clin 
Cancer Res. 2007;13:5784–9. https://doi.org/10.1158/1078-0432.CCR-07-0778.

 11. Canioni D, Salles G, Mounier N, Brousse N, Keuppens M, Morchhauser F, Lamy T, Sonet 
A, Rousselet MC, Foussard C, et  al. High numbers of tumor-associated macrophages have 
an adverse prognostic value that can be circumvented by rituximab in patients with follicular 
lymphoma enrolled onto the GELA-GOELAMS FL-2000 trial. J Clin Oncol. 2008;26:440–6. 
https://doi.org/10.1200/JCO.2007.12.8298.

 12. Huet S, Tesson B, Jais JP, Feldman AL, Magnano L, Thomas E, Traverse-Glehen A, Albaud B, 
Carrere M, Xerri L, et al. A gene-expression profiling score for prediction of outcome in patients 
with follicular lymphoma: a retrospective training and validation analysis in three international 
cohorts. Lancet Oncol. 2018;19:549–61. https://doi.org/10.1016/S1470-2045(18)30102-5.

 13. Kridel R, Xerri L, Gelas-Dore B, Tan K, Feugier P, Vawda A, Canioni D, Farinha P, Boussetta 
S, Moccia AA, et al. The prognostic impact of CD163-positive macrophages in follicular lym-
phoma: a study from the BC cancer agency and the lymphoma study association. Clin Cancer 
Res. 2015;21:3428–35. https://doi.org/10.1158/1078-0432.CCR-14-3253.

 14. Kahl BS, Hong F, Williams ME, Gascoyne RD, Wagner LI, Krauss JC, Habermann TM, 
Swinnen LJ, Schuster SJ, Peterson CG, et al. Rituximab extended schedule or re-treatment 
trial for low-tumor burden follicular lymphoma: eastern cooperative oncology group protocol 
e4402. J Clin Oncol. 2014;32:3096–102. https://doi.org/10.1200/JCO.2014.56.5853.

 15. Ghielmini M, Schmitz SF, Cogliatti S, Bertoni F, Waltzer U, Fey MF, Betticher DC, Schefer 
H, Pichert G, Stahel R, et al. Effect of single-agent rituximab given at the standard schedule 
or as prolonged treatment in patients with mantle cell lymphoma: a study of the Swiss Group 
for Clinical Cancer Research (SAKK). J Clin Oncol. 2005;23:705–11. https://doi.org/10.1200/
JCO.2005.04.164.

 16. Jurczak W, Zinzani PL, Gaidano G, Goy A, Provencio M, Nagy Z, Robak T, Maddocks K, 
Buske C, Ambarkhane S, et al. Phase IIa study of the CD19 antibody MOR208 in patients with 
relapsed or refractory B-cell non-Hodgkin’s lymphoma. Ann Oncol: Off J Eur Soc Med Oncol. 
2018;29:1266–72. https://doi.org/10.1093/annonc/mdy056.

 17. Awan FT, Lapalombella R, Trotta R, Butchar JP, Yu B, Benson DM Jr, Roda JM, Cheney 
C, Mo X, Lehman A, et  al. CD19 targeting of chronic lymphocytic leukemia with a novel 

P. Strati et al.

https://doi.org/10.1182/blood-2006-04-018218
https://doi.org/10.1182/blood-2009-11-253260
https://doi.org/10.1182/blood-2005-04-1565.
https://doi.org/10.1056/NEJMoa041869.
https://doi.org/10.1056/NEJMoa041869.
https://doi.org/10.1158/1078-0432.CCR-07-0778
https://doi.org/10.1200/JCO.2007.12.8298
https://doi.org/10.1016/S1470-2045(18)30102-5
https://doi.org/10.1158/1078-0432.CCR-14-3253
https://doi.org/10.1200/JCO.2014.56.5853
https://doi.org/10.1200/JCO.2005.04.164
https://doi.org/10.1200/JCO.2005.04.164
https://doi.org/10.1093/annonc/mdy056.


229

Fc-domain-engineered monoclonal antibody. Blood. 2010;115:1204–13. https://doi.
org/10.1182/blood-2009-06-229039.

 18. Horton HM, Bernett MJ, Pong E, Peipp M, Karki S, Chu SY, Richards JO, Vostiar I, Joyce 
PF, Repp R, et al. Potent in vitro and in vivo activity of an Fc-engineered anti-CD19 mono-
clonal antibody against lymphoma and leukemia. Cancer Res. 2008;68:8049–57. https://doi.
org/10.1158/0008-5472.CAN-08-2268.

 19. d’Argouges S, Wissing S, Brandl C, Prang N, Lutterbuese R, Kozhich A, Suzich J, Locher M, 
Kiener P, Kufer P, et al. Combination of rituximab with blinatumomab (MT103/MEDI-538), 
a T cell-engaging CD19-/CD3-bispecific antibody, for highly efficient lysis of human B lym-
phoma cells. Leuk Res. 2009;33:465–73. https://doi.org/10.1016/j.leukres.2008.08.025.

 20. Jaiswal S, Jamieson CH, Pang WW, Park CY, Chao MP, Majeti R, Traver D, van Rooijen N, 
Weissman IL. CD47 is upregulated on circulating hematopoietic stem cells and leukemia cells 
to avoid phagocytosis. Cell. 2009;138:271–85. https://doi.org/10.1016/j.cell.2009.05.046.

 21. Chao MP, Alizadeh AA, Tang C, Myklebust JH, Varghese B, Gill S, Jan M, Cha AC, Chan 
CK, Tan BT, et al. Anti-CD47 antibody synergizes with rituximab to promote phagocytosis 
and eradicate non-Hodgkin lymphoma. Cell. 2010;142:699–713. https://doi.org/10.1016/j.
cell.2010.07.044.

 22. Chao MP, Tang C, Pachynski RK, Chin R, Majeti R, Weissman IL. Extranodal dissemination 
of non-Hodgkin lymphoma requires CD47 and is inhibited by anti-CD47 antibody therapy. 
Blood. 2011;118:4890–901. https://doi.org/10.1182/blood-2011-02-338020.

 23. Advani R, Flinn I, Popplewell L, Forero A, Bartlett NL, Ghosh N, Kline J, Roschewski M, 
LaCasce A, Collins GP, et al. CD47 blockade by Hu5F9-G4 and rituximab in non-Hodgkin’s 
lymphoma. N Engl J Med. 2018;379:1711–21. https://doi.org/10.1056/NEJMoa1807315.

 24. Ito T, Ando H, Suzuki T, et al. Identification of a primary target of thalidomide teratogenicity. 
Science. 2010;327:1345–50.

 25. AK Gandhi JK, Havens CG, et al. Immunomodulatory agents lenalidomide and pomalidomide 
co-stimulate T cells by inducing degradation of T cell repressors Ikaros and Aiolos via modu-
lation of the E3 ubiquitin ligase complex CRL4(CRBN.). Br J Haematol. 2014;164:811–21.

 26. Gribben J, et al. Mechanisms of Action of Lenalidomide in B-Cell Non-Hodgkin Lymphoma. 
J Clin Oncol. 2015;33(25):2803–11.

 27. Verhelle D, LG Corral K, Wong, et  al. Lenalidomide and CC-4047 inhibit the prolif-
eration of malignant B cells while expanding normal CD34+ progenitor cells. Cancer Res. 
2007;67:746–55.

 28. L W, Adams M, Carter T, et  al. Lenalidomide enhances natural killer cell and monocyte- 
mediated antibody-dependent cellular cytotoxicity of rituximab-treated CD20+ tumor cells. 
Clin Cancer Res. 2008;14:4650–7.

 29. Witzig TE, Wiernik PH, Moore T, et  al. Lenalidomide oral monotherapy produces dura-
ble responses in relapsed or refractory indolent non-Hodgkin’s lymphoma. J Clin Oncol. 
2009;27:5404–9.

 30. Martin P, et al. A phase II trial of lenalidomide plus rituximab in previously untreated 
follicular non-Hodgkin’s lymphoma (NHL): CALGB 50803 (Alliance). Ann Oncol. 
2017;28(11):2806–12.

 31. Leonard JP, Jung SH, Johnson J, et al. Randomized trial of lenalidomide alone versus lenalido-
mide plus rituximab in patients with recurrent follicular lymphoma: CALGB 50401 (Alliance). 
J Clin Oncol. 2015;33(31):3635–40, 201.

 32. Leonard J, et al. AUGMENT: a phase III study of lenalidomide plus rituximab versus pla-
cebo plus rituximab in relapsed or refractory indolent lymphoma. J Clin Oncol. 2019;37(14): 
1188–99.

 33. Strati P, et  al. Beyond chemotherapy: checkpoint inhibition and cell-based therapy in non- 
Hodgkin lymphoma. Am Soc Clin Oncol Educ Book. 2018;38:592–603.

 34. Yang ZZ, et al. Intratumoral CD4+CD25+ regulatory T-cell-mediated suppression of infiltrat-
ing CD4+ T cells in B-cell non-Hodgkin lymphoma. Blood. 2006;107(9):3639–46.

 35. Dave SS, et al. Prediction of survival in follicular lymphoma based on molecular features of 
tumor-infiltrating immune cells. N Engl J Med. 2004;351(21):2159–69.

12 Targeting the Tumor Microenvironment

https://doi.org/10.1182/blood-2009-06-229039
https://doi.org/10.1182/blood-2009-06-229039
https://doi.org/10.1158/0008-5472.CAN-08-2268
https://doi.org/10.1158/0008-5472.CAN-08-2268
https://doi.org/10.1016/j.leukres.2008.08.025
https://doi.org/10.1016/j.cell.2009.05.046
https://doi.org/10.1016/j.cell.2010.07.044
https://doi.org/10.1016/j.cell.2010.07.044
https://doi.org/10.1182/blood-2011-02-338020
https://doi.org/10.1056/NEJMoa1807315.


230

 36. Carreras J, et al. High numbers of tumor-infiltrating programmed cell death 1-positive regula-
tory lymphocytes are associated with improved overall survival in follicular lymphoma. J Clin 
Oncol. 2009;27(9):1470–6.

 37. Nattamai D. N.S. PD-1 expression is markedly upregulated on intratumoral CD4+ and CD8+ 
T cells in follicular lymphoma and is associated with T-cell exhaustion. Blood (ASH Annual 
Meeting Abstracts). Nov 2007;110:2749.

 38. Myklebust JH, et al. High PD-1 expression and suppressed cytokine signaling distinguish T cells 
infiltrating follicular lymphoma tumors from peripheral T cells. Blood. 2013;121(8):1367–76.

 39. Lesokhin AM, et  al. Nivolumab in patients with relapsed or refractory hematologic malig-
nancy: preliminary results of a phase Ib study. J Clin Oncol. 2016;34(23):2698.

 40. Westin JR, et  al. Safety and activity of PD1 blockade by pidilizumab in combination with 
rituximab in patients with relapsed follicular lymphoma: a single group, open-label, phase 2 
trial. Lancet Oncol. 2014;15(1):69–77.

 41. Ding W, et al. PD-1 blockade with pembrolizumab in relapsed low grade non-Hodgkin lym-
phoma. Blood. 2017:130.

 42. Nastoupil LJ, et  al. Response rates with pembrolizumab in combination with rituximab in 
patients with relapsed follicular lymphoma: interim results of an on open-label, phase II study. 
J Clin Oncol. 2017; 35(15_suppl):7519–7519.

 43. Till BG, et  al., Safety and clinical activity of atezolizumab (anti-PDL1) in combination 
with obinutuzumab in patients with relapsed or refractory non-Hodgkin lymphoma. Blood. 
2015;126(23).

 44. Palomba ML, et al. A phase Ib study evaluating the safety and clinical activity of atezolizumab 
combined with obinutuzumab in patients with relapsed or refractory non-Hodgkin lymphoma. 
Haematologica. 2016;101:102–102.

 45. Salles G, et al. Atezolizumab in combination with obinutuzumab and lenalidomide demon-
strates favorable activity and manageable toxicity in patients with relapsed/refractory follicular 
lymphoma (FL): an interim analysis of a phase Ib/II trial. Blood. 2018;132.

 46. Younes A, et al. Safety and efficacy of atezolizumab in combination with obinutuzumab and 
bendamustine in patients with previously untreated follicular lymphoma: an interim analysis. 
Blood. 2017;130.

 47. Rizvi NA, et  al. Cancer immunology. Mutational landscape determines sensitivity to PD-1 
blockade in non-small cell lung cancer. Science. 2015;348(6230):124–8.

 48. Snyder A, et al. Genetic basis for clinical response to CTLA-4 blockade in melanoma. N Engl 
J Med. 2014;371(23):2189–99.

 49. Steuer CE, Ramalingam SS. Tumor mutation burden: leading immunotherapy to the era of 
precision medicine? J Clin Oncol. 2018;36(7):631–2.

 50. Advani R, et al. CD47 blockade by Hu5F9-G4 and rituximab in non-Hodgkin’s lymphoma. N 
Engl J Med. 2018;379(18):1711–21.

 51. Flowers CR, et  al. Long term follow-up of a phase 2 study examining intratumoral G100 
alone and in combination with pembrolizumab in patients with follicular lymphoma. Blood. 
2018;132.

 52. Flowers CR, Leonard JP, Nastoupil LJ. Novel immunotherapy approaches to follicular lym-
phoma. Hematology Am Soc Hematol Educ Program. 2018;2018(1):194–9.

 53. Sutamtewagul G, Link BK. Novel treatment approaches and future perspectives in follicular 
lymphoma. Ther Adv Hematol. 2019;10:204062071882051.

 54. Kuppers R. Mechanisms of B-cell lymphoma pathogenesis. Nat Rev Cancer. 2005;5(4):251–62.
 55. Fowler NH, et al. Role of the tumor microenvironment in mature B-cell lymphoid malignan-

cies. Haematologica. 2016;101(5):531–40.
 56. Long M, et al. Ibrutinib treatment improves T cell number and function in CLL patients. J Clin 

Invest. 2017;127(8):3052–64.
 57. Kondo K, et al. Ibrutinib modulates the immunosuppressive CLL microenvironment through 

STAT3-mediated suppression of regulatory B-cell function and inhibition of the PD-1/PD-L1 
pathway. Leukemia. 2018;32(4):960–70.

 58. Fiorcari S, et  al. Ibrutinib modifies the function of monocyte/macrophage population in 
chronic lymphocytic leukemia. Oncotarget. 2016;7(40):65968–81.

P. Strati et al.



231

 59. Boissard F, et al. Nurse-like cells mediate ibrutinib resistance in chronic lymphocytic leukemia 
patients. Blood Cancer J. 2015;5:e355.

 60. Kohrt HE, et  al. Ibrutinib antagonizes rituximab-dependent NK cell-mediated cytotoxicity. 
Blood. 2014;123(12):1957–60.

 61. Hoellenriegel J, et  al. The phosphoinositide 3′-kinase delta inhibitor, CAL-101, inhibits 
B-cell receptor signaling and chemokine networks in chronic lymphocytic leukemia. Blood. 
2011;118(13):3603–12.

 62. Maffei R, et al. Endothelin-1 promotes survival and chemoresistance in chronic lymphocytic 
leukemia B cells through ETA receptor. PLoS One. 2014;9(6):e98818.

 63. Da Roit F, et al. Ibrutinib interferes with the cell-mediated anti-tumor activities of therapeutic 
CD20 antibodies: implications for combination therapy. Haematologica. 2015;100(1):77–86.

 64. Dubovsky JA, et  al. Ibrutinib is an irreversible molecular inhibitor of ITK driving a Th1- 
selective pressure in T lymphocytes. Blood. 2013;122(15):2539–49.

 65. Sagiv-Barfi I, et  al. Ibrutinib enhances the antitumor immune response induced by intratu-
moral injection of a TLR9 ligand in mouse lymphoma. Blood. 2015;125(13):2079–86.

 66. Sagiv-Barfi I, et al. Therapeutic antitumor immunity by checkpoint blockade is enhanced by 
ibrutinib, an inhibitor of both BTK and ITK. Proc Natl Acad Sci U S A. 2015;112(9):E966–72.

 67. Herman SEM, et al. Phosphatidylinositol 3-kinase-delta inhibitor CAL-101 shows promising 
preclinical activity in chronic lymphocytic leukemia by antagonizing intrinsic and extrinsic 
cellular survival signals. Blood. 2010;116(12):2078–88.

 68. Matos TR, et al. Altered expression of functional proteins in CD4 regulatory T cells during 
therapy with idelalisib. Blood. 2015;126(23):1735–1735.

 69. Dong S, et al. IPI-145 antagonizes intrinsic and extrinsic survival signals in chronic lympho-
cytic leukemia cells. Blood. 2014;124(24):3583–6.

 70. Advani RH, et al. Bruton tyrosine kinase inhibitor ibrutinib (PCI-32765) has significant activ-
ity in patients with relapsed/refractory B-cell malignancies. J Clin Oncol. 2013;31(1):88–94.

 71. Bartlett NL, et al. Single-agent ibrutinib in relapsed or refractory follicular lymphoma: a phase 
2 consortium trial. Blood. 2018;131(2):182–90.

 72. Gopal AK, et  al. Ibrutinib as treatment for patients with relapsed/refractory follicular lym-
phoma: results from the open-label, multicenter, phase II DAWN study. J Clin Oncol. 
2018;36(23):2405–12.

 73. Ujjani C, et al. A phase 1 study of lenalidomide and ibrutinib in combination with rituximab in 
relapsed and refractory CLL. Blood Adv. 2018;2(7):762–8.

 74. Morschhauser F, et  al. Rituximab plus lenalidomide in advanced untreated follicular lym-
phoma. N Engl J Med. 2018;379(10):934–47.

 75. Nastoupil LJ, et al. Safety and efficacy of ibrutinib in combination with rituximab and lenalid-
omide in previously untreated subjects with follicular and marginal zone lymphoma: an open 
label, phase II study. Blood. 2018;132.

 76. Cheah CY, et al. Lenalidomide, idelalisib, and rituximab are unacceptably toxic in patients 
with relapsed/refractory indolent lymphoma. Blood. 2015;125(21):3357–9.

 77. Smith SM, et al. Safety and tolerability of idelalisib, lenalidomide, and rituximab in relapsed 
and refractory lymphoma: the Alliance for Clinical Trials in Oncology A051201 and A051202 
phase 1 trials. Lancet Haematol. 2017;4(4):e176–82.

 78. Barr PM, et al. Phase 2 study of idelalisib and entospletinib: pneumonitis limits combination 
therapy in relapsed refractory CLL and NHL. Blood. 2016;127(20):2411–5.

12 Targeting the Tumor Microenvironment



233© Springer Nature Switzerland AG 2020 
N. H. Fowler (ed.), Follicular Lymphoma, 
https://doi.org/10.1007/978-3-030-26211-2

A
Acalabrutinib, 212
Acquired, potential N-Glycosylation Sites 

(AGS), 53
Activated B-cell (ABC) phenotype, 137
Activation-induced cytosine deaminase (AID), 

10, 139
Acute lymphoblastic leukemia, 220
Allogeneic stem cell transplantation, 175–178
Antibody-drug conjugates, 201, 202
ASCT, 145
Atezolizumab, 223, 224
AUGMENT trial, 222
Autologous transplantation, 168

chemotherapy exposure, 166
non-relapse mortality, 166
purging and maintenance, 171, 172
radio-immunotherapy, 170
retrospective analysis, 167
role of, 172, 173, 175
safety and efficacy, 170

B
B-cell lymphomas, 192
B cell phenotype, 12, 17, 136
B cell receptor signalling (BCR) pathway, 11, 

150
bruton tyrosine kinase (BTK) inhibitors, 

211–213
enhancer of zeste-homolog 2 (EZH2) 

inhibitors, 214
phosphoinositide 3-Kinase (PI3K) 

inhibitors, 208, 210, 211
targeting BCL-2, 213, 214
and therapeutic targets, 209

Bendamustine, 125
Beta-2 microglobulin (B2M), 84, 140
Body mass index (BMI), 8
Bone marrow biopsy, 107
Bortezomib, 126
Bruton’s tyrosine kinase (BTK), 150
BTK inhibitors (BTKi), 125, 225

C
CAR- T cell technology, 180
CD47 by macrophages, 221
CD68+ macrophages, 220
CD163+ M2 macrophage phenotype, 220
Cellular immunotherapy, 147
Cellular therapy

allogeneic stem cell transplantation, 175, 
177

autologous transplantation initial 
experience, 166–170

CAR- T cell technology, 180
role of donor, 178
transformed lymphoma, 179

Chemoimmunotherapy, 89
Chimeric antigen receptor T-cells (CAR-T), 

145
Chromatin modifying gene (CMG) mutations, 

49
CREBBP gene, 51
EZH2 mutation, 50, 51
HIST1H1 B-E mutations, 52
KMT2C gene, 48
KMT2D gene, 48

Chromatin remodeling factors, 137
Chronic myelogenous leukemia (CML), 208
Clonal evolution, 58, 59, 138

Index

https://doi.org/10.1007/978-3-030-26211-2


234

Combination therapy, 152
Conventional cytogenetics, 225
Copanlisib, 210
Copy number alterations (CNAs), 56
Cyclophosphamide, doxorubicin, vincristine, 

and prednisone (CHOP), 122
Cytogenetics, 35

D
Diffuse large B cell lymphoma (DLBCL), 11
Discordant histology, 27
Double-hit lymphoma (DHL), 144
Duodenal-type follicular lymphoma, 38
Duvelisib, 211

E
Enhancer of zeste-homolog 2 (EZH2) 

inhibitors, 214
Epigenetics, 73

F
FDC, role of, 66
FL cells, checkpoint inhibitors, 223–225
FL international prognostic index (FLIPI), 121
Flow cytometry immunophenotyping, 27, 30
[18F] Fluoro-deoxyglucose (FDG), 85
Follicular dendritic cell network, 11
Follicular lymphoma (FL), 220

bone marrow involvement, 27
castleman-like change, 29
cellular therapy (see Cellular therapy)
cytogenetics and molecular genetics, 35
cytologic features, 29, 30
diffuse follicular lymphoma with del1p36/

TNFRSF14, 39
epidemiology

environmental factors, 5–8
genetic factor, 5
incidence, 4
international variation, 4

FISH analysis, 35
floral change, 29
flow cytometry immunophenotype, 33
GELF criteria for initiation of therapy, 120
general features, 23, 24
grading system, 30–32
histologic and cytologic features, 25–28
immunohistochemical markers, 34
immunohistochemistry, 26, 32
immunophenotype, 32, 34
induction therapies, 126

in situ follicular neoplasia, 37, 38
long term toxicities, 129, 130
macroscopic features, 24
marginal zone differentiation, 29
microenvironment of, 40
novel therapies, 124–126
pathogenesis

cell of origin, 9
disease evolution and clonal variation, 

15, 16
early lesions, 13
microenvironment, 11, 13

pediatric-type FL, 39
plasmacytic differentiation, 29
post-induction therapies, 127–129
signet-ring cell morphology, 29
stromal sclerosis, 28
testicular follicular lymphoma, 39
transformation, 40
variants, 38

Follicular Lymphoma International Prognostic 
Index, 214

G
Gene expression profiling (GEP), 91
Gene sequencing, FL cells, 225
Genetic instability, 12
Genetic mutation, follicular lymphoma

clonal evolution, 58, 59
CMG mutation, 48–52
copy number alterations, 56
genetic evolution, 48
signaling mutation, 52, 54
TNFRSF14 (HVEM), 55
TP53 mutation, transformed FL, 56, 57

Genome-wide association studies, 6
Germinal center B-cell (GCB) phenotype, 12, 

137
Grading system, 30, 32

H
Haplo-identical transplantation, 178
Hematological malignancies, 224
Histone deacetylase (HDAC) inhibitor, 153
Histone modifications, 48

I
Ibritumomab (Zevalin®), 170
Ibrutinib, 125, 211
Idelalisib, 125
Immune checkpoint inhibitors, FL cells, 225

Index



235

Immune checkpoint programmed death-1 
(PD-1) receptor, 223

Immunomodulatory drugs (IMiDs), 221, 222
Immunophenotype, 32, 34
Incidence rates and rate ratio (IRR), 4
Inhibitory surface markers, 225
In situ follicular neoplasia (ISFL), 14, 37
Interlymph meta-analysis, 8
International Follicular Lymphoma Prognostic 

Factor F2 project, 84

L
Lenalidomide, 124, 129, 147
Low-grade lymphoma

chemotherapy/combined systemic and 
radiation therapy, 108–109

multicenter, longitudinal, observational 
study, 103

observation outcomes, 112, 113
ongoing trials, 112
radiation dose, 104
radiation therapy, 104, 105
radiation volume, 106, 107
selection of observation, 113, 114
systemic and combined modality therapy, 

110
treatment comparsion, 114, 115

Lymphomagenesis, 7, 13, 17, 47

M
Macrophages, 71

subtype and function, 220
Mannose-binding lectin (MBL), 53
Microenvironment, in follicular lymphoma, 

90, 91
components, 67, 68
epigenetics, 73
FDC, role of, 66
macrophages, 71
natural killer (NK) cells, 72
regulatory T-cells, 72
stroma-derived cytokines, 69, 70
T Cell exhaustion, 70, 71
T Follicular Helper cells, role of, 66, 69

Minimal Residual Disease (MRD) assessment, 
94, 95

Molecular genetics, 35
Molecular prognostic markers, 91, 93
Monoclonal antibodies (mAbs)

antibody-drug conjugates, 201, 202
CD19, 199
CD22, 200

in FL, 220, 221
obinutuzumab, 197, 198
ofatumumab, 199
rituximab, 190

chemotherapy, 191, 194, 195
in relapsed/refractory FL, 191, 192
rituximab maintenance therapy, 195, 

196
in untreated FL, 192, 193

Myelosuppression, 123

N
Natural killer (NK) cells, 72
Neoplastic nodules, 11
N-glycosylation, 52
Nivolumab, 223
Noncancerous B cells, 136

O
Obinutuzumab, 197, 198
Ofatumumab, 123, 199

P
Patient management

advanced stage FL, 122–124
low tumor burden, 119, 121, 122

Pediatric-type FL, 39
Pembrolizumab, 223, 224
Phosphatidylinositol 3-kinase (PI3K), 150
Phosphoinositide 3-Kinase (PI3K) inhibitors, 

208, 210, 211
Pidilizumab, 223, 224
PI3K inhibitors (PI3Ki), 225, 226

on T regulatory lymphocytes, 226, 227
Polio vaccination, 7
Polymerase chain reaction, 27
Positron emission tomography (PET), 85
Prognostic factors, in follicular lymphoma

cytogenetics, 94
disease burden, 85, 86
histology and tumor guide, 90
indices, factors and risk groups, 84
initial treatment, 86
microenvironment, 90
molecular alterations, 92
molecular prognostic markers, 91, 93
MRD assessment, 94, 95
PET response, 86–89
prognostic indices, 83
transformation and prognosis, 89

Protein mannosylation, 53

Index



236

R
Radiation dose, 104
Radiation therapy (RT), 104
Radio-immunotherapy, 146, 170
R-Bendamustine (B-R), 123
Regulatory T-cells, 72
Rituximab, 121, 123, 125, 224

maintenance, 128, 129
monotherapy, 86

R-lenalidomide, 125

S
Signaling mutations

mTOR, 54
surface immunoglobulin (sIg), 52–54

Signet-ring cell morphology, 29
Somatic hypermutation (SHM), 53
Spleen tyrosine kinase (Syk) signaling, 150
Stem cell transplant (SCT), 143
Stroma-derived cytokines, 69, 70
Stromal cells, 13
Stromal sclerosis, 28
Surface immunoglobulin (sIg), 52–54

T
T-cell exhaustion, 223
Testicular follicular lymphoma, 39
T Follicular Helper (TFH) Cells, role of, 66, 

69
Toll-like receptor (TLR)4, 225
Tositumomab (Bexxar ®), 170
Total metabolic tumor volume  

(TMTV), 85

Transformed follicular lymphoma, 16, 57, 179
anthracycline exposure, 144
cell signaling pathways, 150
cellular immunotherapy, 147
chemoimmunotherapy, 143
clinical diagnosis, 142
clinical trial, 148–149
combination therapy, 152
consolidative stem cell transplant, 145
double-hit lymphoma, 144
epigenetic modifying agents, 151, 152
genomic changes, 138, 139
genomic evolution, 140
histologic definition, 141
microenvironment, 146, 147
mutation, 137, 139
mutational pattern, progenitor cells, 136, 

137
pathogenesis, 136
patterns of clonal evolution, 138
radioimmunotherapy, 146
tumor microenvironment, 140

Transgenic murine models, 51
Tumor-associated macrophages (TAM), 225
Tumor mutation, 225

V
Venetoclax, 151
Vitamin D, 7

W
World Health Organization (WHO) 

classification, 23–24

Index


	Preface
	Contents
	Contributors
	Part I: Biology and Pathogenesis of Follicular Lymphoma
	Chapter 1: Follicular Lymphoma: Epidemiology, Pathogenesis and Initiating Events
	Epidemiology
	Introduction
	General Trend of Incidence
	International Variation
	Genetic Factors
	Environmental Factors
	Epidemiology: Summary

	Follicular Lymphoma Pathogenesis
	Cell of Origin: First Hit
	Microenvironment
	Early Lesions
	Disease Evolution and Clonal Variation

	References

	Chapter 2: Pathologic Features, Grading, and Variants of Follicular Lymphoma
	General Features
	Macroscopic Features
	Histologic Features
	Morphologic and Cytologic Variability
	Cytologic Features
	Grading
	Immunophenotype
	Cytogenetics and Molecular Genetics
	Variants of Follicular Lymphoma
	In Situ Follicular Neoplasia
	Pediatric-Type Follicular Lymphoma (PTFL)
	Testicular Follicular Lymphoma
	Diffuse Follicular Lymphoma with del1p36/TNFRSF14
	Large B-Cell Lymphoma (Follicular Lymphoma) with IRF4/MUM1 Rearrangement
	The Microenvironment of Follicular Lymphoma
	Transformation of Follicular Lymphoma

	References

	Chapter 3: Genomic Drivers in Follicular Lymphoma
	Overview
	Chromatin Modifying Gene (CMG) Mutations
	KMT2D/KMT2C
	EZH2
	CREBBP
	HIST1H1

	Signaling Mutations
	Surface Immunoglobulin (sIg)
	mTOR

	Others
	TNFRSF14 (HVEM)
	TP53

	Copy Number Alterations (CNAs)
	Transformed FL
	Clonal Evolution of Follicular Lymphoma
	Conclusion
	References

	Chapter 4: The Microenvironment in Follicular Lymphoma
	Introduction
	The Role of FDCs in FL
	The Role of T Follicular Helper (TFH) Cells in FL
	The Role of Stroma-Derived Cytokines in FL
	T-Cell Exhaustion in FL
	The Role of Macrophages in FL
	The Role of Regulatory T-Cells in FL
	The Role of Natural Killer (NK) Cells in FL
	Epigenetics of the FL Microenvironment
	Future Directions
	References

	Chapter 5: Prognostic Factors in Follicular Lymphoma
	Part 1 Clinical Prognostic Factors
	At Diagnosis
	Prognostic Indices
	Disease Burden Including Baseline Metabolic Tumor Volume

	After Treatment
	Response to Initial Treatment
	PET Response
	Transformation and Prognosis


	Part 2 Biological Prognostic Factors
	Histology and Tumor Grade
	Microenvironment
	Molecular Prognostic Markers
	Cytogenetics
	Minimal Residual Disease (MRD) Assessment
	Integration of MRD Plus PET

	References


	Part II: Current Therapy for Follicular Lymphoma
	Chapter 6: Management of Localized Low-Grade Follicular Lymphoma
	Overview of Localized Disease
	Radiation Therapy
	Radiation Dose
	Radiation Volume
	Systemic and Combined Modality Therapy
	Historical Trials of Adjuvant Chemotherapy with Radiotherapy
	Retrospective Comparisons of Radiation Alone to Systemic Therapy with or Without Radiation
	Ongoing Trials
	Observation
	Observation Outcomes
	Selection for Observation
	Comparison to Treatment
	Conclusion
	References

	Chapter 7: Current Management and Novel Approaches to the Management of Follicular Lymphoma
	Identification and Management of Patients with Low Tumor Burden
	Management of Patients with Advanced-Stage FL
	Incorporation of Novel Therapies in the Upfront Management of Advanced-Stage FL
	Summary of Induction Approaches
	Post-induction Outcomes
	Post-induction Therapies Designed to Improve Outcomes
	Rituximab Maintenance
	Incorporation of Additional Agents as Maintenance in FL

	Long-Term Toxicities Associated with Therapy

	Conclusions
	References

	Chapter 8: Transformed Follicular Lymphoma
	Introduction
	Pathogenesis of Transformed Follicular Lymphoma
	Early Mutations Attributable to Progenitor Cells
	Patterns of Clonal Evolution
	Genomic Changes Associated with Transformation
	Role of the Tumor Microenvironment in Transformation

	Definition and Diagnosis of Transformed Follicular Lymphoma
	Histologic Definition
	Clinical Diagnosis

	Treatment of Transformed Follicular Lymphoma
	Chemoimmunotherapy
	Special Case: Patients with Prior Anthracycline Exposure
	Special Case: “Double Hit Lymphoma”

	Role of Consolidative Stem Cell Transplant
	Biologic and Targeted Agents
	Radioimmunotherapy
	Therapies Targeting the Microenvironment

	Emerging and Future Approaches
	Cellular Immunotherapy
	Therapy Targeting Cell Signaling Pathways
	Targeting Signaling Pathways
	Pro-survival Pathways

	Epigenetic Modifying Agents
	Combination Therapy


	Conclusion
	References

	Chapter 9: Cellular Therapy for Follicular Lymphoma
	Introduction
	Autologous Transplantation Initial Experience
	Randomized Studies: Newly Diagnosed
	Purging and Maintenance
	Current Role of Autologous Transplantation, Survival, QOL, Toxicities, and Cost
	Allogeneic Transplantation
	Role of Donor
	Role in Transformed Lymphoma
	CAR-T Cells
	Case Vignettes
	References


	Part III: Emerging Therapy in Follicular Lymphoma
	Chapter 10: Antibody Therapy in Follicular Lymphoma
	Introduction
	Monoclonal Antibodies Targeting CD20
	Rituximab
	Initial Studies of Rituximab Monotherapy in Relapsed/Refractory FL
	Studies of Rituximab Monotherapy in Untreated FL
	Rituximab in Combination with Chemotherapy
	Rituximab Maintenance in FL

	Obinutuzumab
	Ofatumumab

	Monoclonal Antibodies Targeting CD19
	Monoclonal Antibodies Targeting CD22
	Antibody-Drug Conjugates in Follicular Lymphoma
	Conclusion
	References

	Chapter 11: Molecular Targeting in Follicular Lymphoma
	Introduction
	The B-Cell Receptor Signaling Pathway
	Phosphoinositide 3-Kinase (PI3K) Inhibitors
	Bruton Tyrosine Kinase (BTK) Inhibitors

	Targeting BCL-2
	Enhancer of Zeste-Homolog 2 (EZH2) Inhibitors
	Conclusions
	References

	Chapter 12: Targeting the Tumor Microenvironment
	Introduction
	Monoclonal Antibodies in FL
	Immunomodulatory Drugs

	List of Other Ongoing Studies with R2 as Backbone
	Checkpoint Inhibitors for the Treatment of FL
	Effects of Small-Molecule Tyrosine Kinase Inhibitors on the FL Microenvironment

	Conclusions
	References


	Index

