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a b s t r a c t 

Transformation to diffuse large B-cell lymphoma (DLBCL) is a recognized, but unpredictable, clinical in- 

flection point in the natural history of indolent lymphomas. Large retrospective studies highlight a wide 

variability in the incidence of transformation across the indolent lymphomas and the adverse outcomes 

associated with transformed lymphomas. Opportunities to dissect the biology of transformed indolent 

lymphomas have arisen with evolving technologies and unique tissue collections enabling a growing ap- 

preciation, particularly, of their genetic basis, how they relate to the preceding indolent lymphomas and 

the comparative biology with de novo DLBCL. This review summarizes our current understanding of both 

the clinical and biological aspects of transformed lymphomas and the outstanding questions that remain. 

© 2023 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

I

o  

b  

c  

l  

t  

w  

t  

p

l

w

 

p  

o  

o  

I  

p  

(  

C

U

M  

b  

m  

h  

e  

a

t

m  

m  

a  

(  

i  

o  

h

d  

i  

p

I

h

0

(

ntroduction 

Indolent B-cell lymphomas account for approximately 40-50% 

f non-Hodgkin’s lymphomas (NHL) in the Western world and,

y their nature, classically follow a gradually progressive clinical

ourse. However, a well-recognized theme shared amongst indo-

ent B-cell lymphomas is the variable propensity for transforma-

ion to an aggressive lymphoma. Risk of transformation occurs

ith any of the pathologically diverse indolent lymphoma enti-

ies including follicular lymphoma (FL), small lymphocytic lym-

homa (SLL)/chronic lymphocytic leukemia (CLL), marginal zone 

ymphoma (MZL) and Waldenström’s macroglobulinemia (WM), 

ith FL and CLL the most extensively studied to date. 

Across the indolent lymphomas, transformation should be sus-

ected in patients with sudden clinical deterioration including new

nset of B-symptoms, rapidly enlarging lymphadenopathy or lab-

ratory investigations showing rising LDH and/or hypercalcemia.

n most instances, SLL/CLL transforms to diffuse large B-cell lym-

homa (DLBCL), in this setting referred to as Richter’s syndrome

RS), or more rarely to Hodgkin’s lymphoma. Similar to SLL/CLL,
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ZL and WM commonly transform to DLBCL. There are a num-

er of histologic entities that FL can transform to, the most com-

on being DLBCL (referred to as tFL), but also to double or triple-

it high-grade lymphoma (High-grade B-cell lymphoma, not oth-

rwise specified). Rarely, transformation of indolent lymphomas to

typical histologies has been documented, including lymphoblas- 

ic lymphoma, plasmablastic lymphoma and myeloid-associated 

alignancies such as histiocytic sarcoma and dendritic cell tu-

ors [1–4] . Histological confirmation should be the gold standard

pproach to diagnosing transformation in these indolent entities

referred to as histological transformation, HT). Whilst PET-based

maging can guide the biopsy approach, it is insufficient on its

wn for diagnosing transformation in either FL or CLL [5–7] . Expert

ematopathology opinion is important for confirming histological 

iagnoses of transformation and equally important in differentiat-

ng mimics that can lead to misdiagnoses, for example, CLL with

roliferation centers from transformation [8] . 

ncidence of transformation 

There is considerable variability in the reported incidence of

ndolent lymphoma transformation with limited epidemiological 

ata that are mostly drawn from retrospective single institution

r pooled multicenter studies, particularly for the rarer indolent

-NHL entities. Therefore, the true risk of transformation is likely
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till inadequately captured. Summarized in Table 1 are selected se-

ies detailing transformation incidence. 

For FL, in the pre-rituximab era, there was a notion that HT

as inevitable and an expected outcome for all FL patients in

ime, with a number of studies demonstrating a continuous risk 

f transformation of 2% to 3% per year for the first 15 years af-

er diagnosis [9–11] . In this current therapeutic era, most stud-

es suggest a reduction in risk to < 10% at 10 years (ie < 1% risk

er year), indicating that contemporary FL treatment could be in- 

uencing the risk of transformation [12–16] . In the pan-European

ulti-institution ARISTOTLE study, rituximab usage appeared to re- 

uce but not completely mitigate the risk of transformation [15] .

n this study, the 10-year cumulative risk of HT as a first event in

L was 8% in those not receiving rituximab treatment compared

ith 5.9% in those that received rituximab at induction and, even

ower for those patients who had rituximab both at induction and

s maintenance (3.6%). Similarly, a recent population-based study 

rom BC Cancer demonstrated that the induction chemotherapy 

ackbone could impact later transformation risk. A significant pro- 

ortion of patients who experienced early progression after induc- 

ion treatment with rituximab-bendamustine had transformed FL 

76%), compared to a lower risk in those treated with R-CHOP

40%), although the overall incidence of transformation in both 

roups were comparable. This interesting observation allows one 

ypothesize that certain therapies might have the potential to bio- 

ogically select out or enrich for clones with a propensity to trans-

orm [17] . Across several studies, certain clinical parameters are 

emonstrable risk factors for transformation including baseline el- 

vated LDH, high-risk FLIPI and poor performance status [11–16] . 

Across studies in CLL, the incidence of transformation is es- 

imated to range from 2% to 10% with an estimated 0.5% per

ear incidence in untreated CLL patients and a 1% annual inci-

ence in CLL patients that have received prior CLL-directed therapy 

 18 , 19 ]. Recent analysis of CLL patients treated with chemother-

py or chemoimmunotherapy across German CLL study group tri- 

ls identified an incidence of transformation of just above 3% [20] .

hile initial reports of novel targeted agent therapies in CLL sug-

ested a high transformation rate [21] , this has reassuringly not

een observed in subsequent analyses and frontline targeted agent 

rials. In recent studies of CLL patients treated with novel targeted

gent therapies, a rate of transformation of approximately 4% has 

een observed, similar to historical data [ 22 , 23 ]. 

Within MZL, there are 3 subtypes classified on the basis of the

ite of lymphoma involvement, comprising extranodal MZL (EMZL) 

f mucosa-associated lymphoid tissue (MALT), nodal MZL (NMZL) 

nd splenic MZL (SMZL) [24] . Across all MZL subtypes, the risk

f transformation is estimated at 1% per year, although there is a

road range of estimates across studies. In a retrospective series 

y Conconi and colleagues, HT was observed in 5% of SMZLs, 4%

f EMZLs and 3% of NMZLs suggesting a similar incidence across

ll MZL subtypes [25] . More recent series highlight a much height-

ned risk in SMZL and NMZL patients, compared to EMZL [ 26 , 27 ].

isk factors including failure to achieve complete response (CR) af- 

er initial treatment, raised LDH and greater than four nodal sites

t the time of MZL diagnoses have been significantly associated 

ith increased risk of HT [25–27] . 

For WM, a rarer lymphoma subtype, the data on incidence of

T is relatively sparse but collectively suggests that the rate is

uch lower than the other indolent lymphoma entities. Castillo 

nd colleagues reported a 5-, 10-, 15-yr cumulative incidence of HT

t 1%, 2.4% and 3.8% in a cohort that comprised both treatment-

aïve and treatment-experienced patients [28] . Extra-nodal in- 

olvement, particularly central nervous system (CNS) involvement, 

requently occurs at transformation (incidence ranging between 

3% and18%) [29] . 
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Across these indolent lymphoma entities, there is increasing use

f novel therapies including immunotherapies, in earlier lines of

herapies and it is unclear if the risk of transformation is or can be

urther reduced with such approaches. 

iology of indolent B-cell lymphoma transformation 

Across indolent histologies, evolution towards transformation is 

hought to occur as a result of the acquisition of additional ge-

etic and epigenetic alterations and complex microenvironment in-

eractions that facilitate immune evasion. While next-generation

equencing and immuno-profiling have transformed the modern 

nderstanding of DLBCL and indolent lymphomas and their as-

ociated microenvironments, the comprehensive study of trans- 

ormed lymphomas has proved more challenging. This is due in

art to a need to pair samples (both preceding indolent and subse-

uent transformed entities) for comprehensive comparative analy- 

es, technical challenges such as sample admixture and lymphoma

urity, and the difficulty of achieving in vivo modelling that faith-

ully recapitulates the biology and natural history of transformed

ymphomas. Despite these challenges, scientific study of transfor-

ation has illuminated many aspects of biology in recent years. 

L transformation 

he genomic landscape of tFL 

Genome-wide studies based on high-resolution single nu- 

leotide polymorphism array, whole exome (WES) and whole

enome sequencing (WGS) have provided a detailed description

f the genetic events acquired with transformation. Overall, the

FL genome carries a significantly higher mutational burden (in-

luding copy number aberrations (CNA), coding and non-coding

utations and structural rearrangements) than the preceding FL

pecimen pointing to an increased genomic complexity acquired

r selected in the transformed genome [30] that appears inde-

endent of the time interval between the 2 longitudinal samples

31] . Among genetic lesions evolving and enriched specifically in

FL, deletions of chromosome 1p, 6q, gains in chr 2, FAS mutations,

iallelic alterations of TP53 (15%-30%) and CDKN2A/2B (20%-30%)

enes, alterations affecting immune surveillance genes ( CD58 and

2M and HLA-I , 20%-25%) and regulators of NF-KB signaling have

onsistently been described as contributors to the transformation

rocess [32–35] . Genetic lesions affecting MYC through transloca-

ions, CNA or point mutations are commonly found in 25% of trans-

ormed cases, compared to indolent FL where MYC translocations

re rarely detected. All studies consistently demonstrate dysregu-

ation of MYC as a feature of HT [31] . The majority of paired FL

nd tFL tumors share the BCL2 translocation in line with the early

rigin of the translocation during early B cell rearrangement in the

one marrow. BCL6 translocations tend to be more abundant in FL

amples undergoing HT (25% vs 14%), as measured in recent WGS

tudies [36] . Another distinctive feature acquired by tFL cells is the

igher incidence of aberrant somatic hypermutation in recognized

arget genes (reaching > 85% of cases) and distributed in coding

nd non-coding sequences, including PIM1, MYC, CIITA and SOCS1

33] . Overall, there is no compelling evidence for a unifying genetic

echanism promoting transformation, as a subset of tFL abnormal-

ties are also shared with indolent FL, and it is currently not known

hether some of the mutations present at diagnosis may influence

T. 

lonal evolution and early seeding 

Seminal studies conducted on sequential tumor biopsies taken

t diagnosis and at histological transformation or relapses have
een instrumental in reconstructing temporal evolutionary path- 

ays underlying FL tumor evolution and defining the likely se-

uence of acquisition of genetic events over time. Earlier studies

ssessing the BCL2 translocation and immunoglobulin rearrange- 

ents have proven that most tFL cases are clonally related to the

L at diagnosis, carrying the same BCL2/IGH breakpoint signature

nd the same Ig VDJ clonotypic rearrangement [ 35 , 37 , 38 ]. This is

n contrast with other indolent lymphomas like CLL where as high

s 20% of RS transformations are unrelated to CLL clone at diag-

osis ( 24 ]. Characterization of the subclonal architecture and dy-

amics of the mutations between sequential FL and tFL biopsies

hrough genetic analysis clearly established that tFLs do not evolve

urely from a direct evolution of the dominant FL clone at diagno-

is. Rather, it emerges from a "divergent" or "branched" evolution

rom a common precursor clone, or CPC, carrying a subset of early

recursor mutations shared by the FL and tFL tumor, that later

lonally diverges by distinct additional alterations that are private

o the dominant FL or t-FL clone ( 32-34 ]. By contrast, the evo-

utionary trajectory that accompanies CLL to RS is predominantly

inear wherein the majority of CLL genetic alterations are main-

ained in RS with the acquisition of additional lesions at the time

f transformation [ 39 ]. Because FL CPCs are considered as the root

f every episode of relapse or transformation, a better characteri-

ation of the putative population represents a major challenge for

he field [40] . Phylogenetic analysis depicting the genetic evolution

rom FL and tFL confirms that, besides the t [ 14 , 18 ] translocation,

arly initiation events include mutations in CREBBP , KMT2D and to

 lesser extent EZH2 histone modifying enzymes as well as acqui-

ition of BCR N-glycosylation sites [ 32-34 , 37 , 41 , 42 ]. This is consis-

ent with these alterations being acquired early during FL genesis,

ikely present in a less evolved CPC clone propagating FL at diagno-

is [43] and seeding HT through divergent evolution. To date, the

henotypic, molecular, and spatial attributes of FL CPCs are still

nknown, as these cells have never been directly isolated due to

he lack of discriminative markers to purify them. Most recently, a

nique collection of paired prediagnostic blood and tumor biopsies

f FL patients collected from 6 months up to 12 years before diag-

osis permitted the mapping of the genomic landscape of FL CPCs

sing a sensitive deep sequencing approach. This study provides

irect evidence for recurrent genetic aberrations preceding FL di-

gnosis [44] , supporting previous inferential studies, and demon-

trates that the combination of BCL2 translocations with CREBBP

utations, especially affecting the lysine acetyl transferase domain

KAT) are likely harbored within committed lesions of FL CPCs [45] .

espite the lack of comprehensive clinical follow-up data, partic-

larly HT, in the screening cohorts, it is tempting to speculate

hat strategies targeting the residual CPCs in FL may help to pre-

ent disease recurrence and perhaps HT. Therapies targeting these

arly lesions ( CREBBP and KMT2D ) have been pre-clinically evalu-

ted [ 46 , 47 ]. 

enetic prediction of FL HT 

Identifying patients at risk of FL transformation remains an area

f unmet need. As HT emerges from the expansion of mutated

lones that are very rare or undetectable in diagnostic samples

ith current detection technologies, there have been attempts to

dentify predictors of HT based on the inherent genetic features

resent in the diagnosis sample. In contrast to de novo DLBCL

here genetic subtypes at diagnoses are predictive of clinical out-

ome, genetic subtyping in FL remains in its infancy. A recent study

sing targeted sequencing to genotype > 500 FL patients revealed

 subtypes: one associated with a high burden of aberrant somatic

ypermutation, a second with frequent STAT6 and CREBBP muta-

ions, and a third group enriched for KMT2D mutations without the

eatures of the other groups [48] . None of these three subgroups
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ere predictive of HT, highlighting the potential limitation of panel 

equencing in capturing the considerable genetic heterogeneity of 

L. 

More recently, comprehensive characterization using WGS of 

23 diagnostic biopsies from FL (who later transformed or not), 

ransformed FL and de novo DLBCL cases led to the discovery of

wo genetic FL subtypes: constrained FL (cFL) vs DLBCL-like FL 

dFL) with significantly different risks of transformation. The con- 

trained FL (cFL) cohort was associated with a reduced risk of

ransformation and genetically harbored a lower mutational bur- 

en, less aSHM but an enrichment of CREBBP KAT missense mu-

ations and mutations in genes involved in mTORC1 signaling 

 RRAGC , ATP6V1B2 , ATP6AP1 ). The other group, dFL, had a much

igher risk of HT and was associated with more frequent aSHM

nd a mutational landscape with similarities to DLBCL including 

NA13 mutations, MYC translocations and CREBBP nonsense mu- 

ations. Hereby, for the first time, a machine learning-based ge- 

etic classifier demonstrates the potential to predict increased fu- 

ure risk of HT from the initial diagnosis [36] . CREBBP mutation

tatus alone appeared a strong dFL to cFL discriminator and valida-

ion of these subgroups in additional cohorts will define its clinical

pplicability. 

A further limitation to predicting HT from initial diagnosis is 

he recognized intra-patient heterogeneity observed in spatially- 

istinct FL-involved sites, for example, between lymph nodes (LN) 

nd bone marrow (BM), as this might contribute to the difficulty

n tracking rare mutations associated with transformation risk at 

iagnosis [ 49 , 50 ]. Although multi-site sampling could capture this

ayer of heterogeneity, they are rarely performed in clinical prac- 

ice. Dynamic monitoring of circulating tumor DNA (ctDNA) with 

ensitive analytical methods, such as CAPP-seq or PhasED-seq, have 

roven to be very informative in various lymphoma subtypes for 

utcome prediction [ 51 , 52 ]. The use of a minimally invasive ap-

roach to detect rare or low-frequency variants predictive of HT 

t an earlier clinical time point would be particularly advanta-

eous. This was illustrated in a study by Scherer and colleagues

 51 ] showing that in a FL patient who transformed 9 months later,

tDNA profiling at the time of diagnosis identified unique genetic 

utations specific to the transformed biopsy that were not de- 

ected within the initial tissue biopsy, indicating that the trans- 

ormed clone was already pre-existing at diagnosis and can be cap-

ured by ctDNA monitoring . It also suggests that ctDNA provides a

etter overall representation of the genetic alterations across mul- 

iple anatomic tumor niches. With a single case and an a priori

nowledge of the genomic landscape of the tFL biopsy, further 

ork is required to fully understand the utility of ctDNA tools in

T prediction. 

L functional heterogeneity and link with HT 

Single-cell transcriptomic analyses of FL LN biopsies have re- 

ealed a high degree of inter-patient tumor heterogeneity includ- 

ng the functional plasticity of FL B cells within a given patient

nd the distinct tumor-infiltrating T cell composition [53–55] . Prior 

tudies showed FL cells to diverge from the dynamically regulated 

C transcriptional programs that operate during the immune re- 

ponse [53] , and are instead engaged in a dynamic continuum of

tates ranging from GC-like (associated with cell cycle programs) to 

emory-like (associated with quiescence and dissemination pro- 

rams) states that are conserved across patients [56] Similar B

ell phenotypic diversity was observed in a larger study of al-

ost 150 FL patients studied by mass cytometry. Interestingly, in 

his study the memory B cell-like subtype of FL was associated

ith increased risk of transformation [57] . To date, single-cell RNA-

eq studies have been conducted in small population-based co- 

orts and with limited clinical follow-up. The impact of FL func-
ional plasticity and of the identified TME subtypes in promoting 

T remains therefore largely unexplored. Ongoing investigations 

sing integrative scRNA-seq and scDNA-seq of paired FL-tFL sam- 

les have begun to document the phenotypic and genotypic co- 

volution of malignant B cells during transformation and the shift- 

ng of the TME landscape, with an ’exhausted’ CD8 T cell signature

merging during transformation [58] . The implementation of high- 

hroughput single cell analysis on larger FL cohorts followed for 

ubsequent HT will become a major asset in identifying rare ini-

iating CPCs likely to be at the origin of HT as well as identifying

iomarkers of future HT that already pre-exist at diagnosis. 

ichter’s transformation of CLL 

he genomic landscape of RS 

In RS, retrospective studies have identified numerous genetic 

nd biologic risk factors for transformation, including unmutated- 

GHV, NOTCH1 mutation, TP53 loss, BCR stereotype subset #8, and 

omplex karyotype [ 39 , 60-63 ]. In early genetic studies of RS, se-

uencing of the immunoglobulin gene locus demonstrated that RS 

ould arise as clonally related to the antecedent CLL, thus true

ransformed CLL, or as a clonally unrelated large cell lymphoma 

64] , with the latter displaying a lower prevalence of TP53 dis-

uption and longer overall survival, not dissimilar to DLBCL[60]. 

ecent studies into RS genetics have now confirmed the pres- 

nce of clonal-related and clonal-unrelated RS [65] . Thus, although 

ommonly accepted nomenclature will define large cell lymphoma 

rising in a background of CLL as RS, a subset of these cases do not

epresent transformed CLL and instead represent a separate B cell 

alignancy. Recent RS investigation has highlighted increasing mu- 

ation rate, numerous copy number alterations, and genome dis- 

rder (including chromothripsis, kataegis, complex rearrangements 

nd whole genome doubling) in the clonal evolution of CLL to

S [65–67] . These studies have confirmed high rates of TP53 and

OTCH1 alterations in CLL giving rise to RS along with frequent

DKN2A/B loss at transformation, and highlighted increasing MYC 

ysregulation, either by MGA loss or MYC amplification, as a cen-

ral pathway as CLL evolves towards RS. At transformation, new 

enetic alterations were detected across core pathways of epige- 

etics, inflammation, immune evasion, DNA damage response, NF- 

B signaling and cell cycle with novel recurrent driver alterations 

ot highlighted by prior CLL sequencing studies including IRF2BP2 , 

ZH2 , CCND3 , B2M, and DNMT3A [65] . Through study of mutational

ignatures, RS displayed mutational signatures that reflected prior 

herapies, reactive oxygen species, DNA mismatch repair, and even 

 novel mutational process (SBS-RT), in addition to signatures de- 

ected across CLL [65–67] . 

Genetic diversity was observed within RS, with subtypes 

merging after non-negative matrix factorization clustering that 

ere further supported by transcriptome analysis. This included 

 TP53 -altered subtypes with high fraction of the genome altered

ue to abundant CNA and two subtypes with intact TP53 and

mproved overall prognosis, namely NOTCH1 -Tri12 RS and SF3B1- 

GR2 mutated RS. Among the TP53 -altered subgroups was WGD- 

S, which contained the majority of transformed M-CLL cases [65] .

LL functional heterogeneity and link to RS 

Analysis of paired RS and CLL transcriptomes, encompass- 

ng both bulk and single-cell approaches, has highlighted a core 

roup of transcriptional pathways altered in transformation, in- 

luding MYC signaling, cell cycle, DNA damage and oxidative 

hosphorylation [ 65 , 66 ], the latter of which was demonstrated

unctionally [66] . While RS clinically seems to retain some BCR-

ependence [68] , a comparative decrease in BCR signaling com- 
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ared to CLL cells was identified across recently examined tran-

criptional datasets [ 65 , 66 , 69 ]. Cell state changes in transformation

ere accompanied by dramatic changes in chromatin, as assessed

y ATAC-seq and H3K27 acetylation, converging on impacted path-

ays of oxidative phosphorylation, cell cycle, mTOR, MYC and in-

erferon regulatory factor (IRF) signaling, which had not been pre-

iously identified in large-scale CLL epigenome analysis [66] . In

omparison of CLL and RS methylation patterns, increased global

ypomethylation was identified as a hallmark of RS, with differen-

ially methylated regions in RS mapping to NOTCH and Wnt sig-

aling and immune evasion pathways [70] . 

volution and early seeding 

As sequencing technologies advance, the understanding of 

lonal evolution and timing of RS evolution has been examined.

ltra-deep UMI-based sequencing recently highlighted early RS 

lonal genetic changes at a very low frequency in a subset of 9

S patients, even as many as 19 years prior to RS [66] . This finding

as subsequently verified by single-cell DNA sequencing of these

S clonal mutations and further supported by copy number al-

erations and expression states in single-cell transcriptomic data

rom the same patients [66] . In data presented at ASH, xenograft-

ng early CLL samples from these individuals resulted in a simi-

ar genetic transformation in immunodeficient mice [71] . Study of

tDNA samples from transformed patients also identified a few pa-

ients with genetic changes of RS present in plasma, and absent

rom circulating CLL disease, prior to clinical diagnosis by ultra-low

ass whole genome sequencing [59] . In parallel, novel technologies

re increasingly facilitating analysis of the complex immune mi-

roenvironment of transformation of RS and allowing comparison

o that of CLL. Through immunohistochemistry approaches, RS has

een shown to have an increase in FOXP3 + T regulatory cells and

D163 + macrophages as well as PD-1 + RS cells. In the upcoming

ears, it is likely that we will better understand the complex im-

une evolution that facilitates and constrains transformation. 

odeling of RS 

In parallel to new human biologic investigations, murine mod-

ls of disease have evolved in recent years, with generation of

oth new RS xenograft and genetically engineered mouse mod-

ls [72] . A CRISPR-Cas9 editing strategy has now successfully mod-

lled CLL development and natural evolution to DLBCL RS, with se-

ection of Trp53 , Mga, and Chd2 mutations in the RS phase, and

hared genetic and functional similarity to human RS [73] . The

urine RS further implicates the MYC/PI3K axis in transformation,

inked to reduced PTEN, and provides an experimental roadmap

or mouse engineering to model clonal evolution to transforma-

ion. In studies utilizing the Eμ-TCL1 CLL murine model, the func-

ional roles of Trp53 and Atm loss [70] CDKN2A/B loss [74] , and

RMT5 [75] and MYC overexpression [76] have been highlighted

n promoting transformation. The Eμ-TCL1 model, which represents

n aggressive CLL biology, displays altered apoptotic priming and

educed venetoclax susceptibility compared to CLL patient-derived

ells, which may impact identification of therapeutic vulnerabilities

f RS that arises on this backbone [77] . In parallel, xenograft-based

pproaches are increasingly being developed to test and identify

ew potential therapeutic dependencies of RS and thus serving as

aluable preclinical models [ 78 , 79 ] 

ransformation of MZL and WM 

Unlike FL and CLL, there have been limited studies evaluat-

ng the biology of transformed MZL and WM. Transformed MZL

s usually characterized by DLBCL of nongerminal centre B-cell
ype cell-of-origin, sometimes double expressor (dual expression 

f MYC and BCL2). A recent study by Grau and colleagues [ 80 ] in-

estigated a cohort of 41 transformed SMZL patients, where sam-

les were evaluable from both the indolent and transformed time

oints in half the cohort and the remainder just from the diag-

ostic or transformation time points. Compared to indolent SMZL,

ransformation was associated with higher genomic complexity, 

NFAIP3 and TP53 alterations, and 9p21 ( CDKN2A/2B ) losses. The

aired analyses demonstrated that nearly all transformed biopsies

ere clonally related to the preceding indolent SMZL, with diver-

ent evolution from a common altered precursor cell. Notably, KLF2

utations and complex karyotypes were associated with a shorter

S after transformation. A case series in transformed NMZLs iden-

ified deletions of chr20q12 as a frequent genetic event [81] . 

In terms of studies focused on transformed WM biology,

imenez and colleagues [ 82 ] did not find a common recurrent pat-

ern of mutations at WM diagnoses or transformation, although

nly 4 patients were evaluated in this series, with all cases be-

ng MYD88 mutated. Several studies demonstrate that MYD88 -wild

ype WM confers a higher risk of transformation [ 83 , 84 ], in one

tudy, a 5-fold higher risk of transformation compared to L265P

YD88 -mutated WM. MYD8 8-wild type WM have a characteris-

ically different genetic profile compared to MYD88 -mutated WM

85] , including higher incidence of mutations in genes involved

ith NF-kB signaling ( TBL1XR1 , MALT1 , BCL10 , NFKBIZ ), epigenomic

ysregulation ( KMT2D , KMT2C, and KDM6A ) or those that impair

NA damage repair ( TP53 and ATM ). Many of these genetic profiles

re reminiscent of mutation profiles characteristic of the recently

dentified molecular subgroups in DLBCL [86–88] . 

Beyond these studies, it is unknown if there are specific non-

enetic drivers of transformation for these indolent NHL entities.

here is a strong predisposition and association of chronic anti-

enic stimulation from viral, bacterial and/or autoantigens con-

ributing to both MZL and WM pathogenesis, for example Heli-

obacter pylori and Hepatitis C infection in MZLs [ 24 , 89 ]. However,

t is unclear the impact of infections on the risk and evolution to-

ards transformation. 

While these collective studies have advanced knowledge of

rivers, risk factors and origins of transformation and highlighted

ome common themes, such as the shared likely role of TP53 -

berrations, epigenetic alterations, CDKN2A/B loss and immune 

vasion pathways, further work is certainly needed to define

ransformation-triggering events as well as identify mechanisms 

y which transformed clones evade immune recognition as they

volve from indolent lymphoma. In addition, mechanistic work is

eeded to better elucidate therapeutic vulnerabilities that can be

xploited by novel therapeutics to improve outcomes in trans-

ormed lymphomas. The promise of rapidly evolving single-cell

echnologies, spatial profiling and better model systems provides

romise for major scientific advances in transformation in the up-

oming decade. 

iology of transformed lymphomas compared to de novo DLBCL

The availability of large well-annotated DLBCL datasets has now

acilitated comparative analysis with transformed datasets [ 86 , 87 ].

hrough non-negative matrix factor clustering of genetic alter-

tions across 97 RS and 304 DLBCL cases, the majority of RS was

ound to cluster separately from DLBCL, with closest similarity

o TP53- aberrant Cluster 2 DLBCL ( 65 ]. In contrast, clonally unre-

ated RS cases clustered with DLBCL molecular subtypes. In par-

llel, Broséus et al. [ 69 ], found that both methylation and tran-

criptional signatures distinguished RS and DLBCL, with RS display-

ng a pattern of distinct global hypomethylation, a CLL epigenetic

mprint, and comparative upregulation in NOTCH1, PI3K and BCR

athways. The identified methylation and transcriptomic signatures 
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ould separate clonally related RS and clonally unrelated RS, simi- 

ar to genetic study. Based on this work, a subset of ABC-like DL-

CL samples similar to RS was identified, enriched for unclassified 

nd N1 classes of DLBCL, and associated with CD5+ staining and

oor prognosis. The recently reported high prevalence of NOTCH1 

nd IRF2BP2 mutations [66] in RS further hints of potential shared

enetic features between RS and the N1-DLBCL subtype. Overall, 

hese studies highlight that clonally related RS, or transformed CLL, 

s a distinct entity with unique molecular features that associate 

ith adverse prognosis. On the other hand, clonally unrelated RS, 

hich represents expansion of an independent malignant B cell 

lone, shares biologic features with de novo DLBCL. 

De novo DLBCL has conventionally been dichotomized into bi- 

ary groups based on cell-of-origin: germinal center (GCB] and ac- 

ivated B-cell (ABC) type. Using GEP-based classification demon- 

trates that about 80% of tFL are GCB-type as might be ex-

ected, however, a not insignificant proportion of tFLs are classified 

s ABC-type. These ABC-type tFLs typically originate from BCL2- 

egative FLs [90] , altogether suggesting that tFL might be on the

iological spectrum between FL and de novo DLBCL. The intriguing 

enetic overlap between DLBCL genetic subtype EZB/C3 and indo- 

ent FL led several groups propose the hypothesis that both en-

ities could arise from the same common precursor and de novo

LBCL might represent an occult indolent FL that has transformed 

 91 , 92 ]. Of interest, in the most recent molecular taxonomy of DL-

CL, C1/BN2 and NOTCH2 molecular DLBCL clusters are postulated 

o be of extra-follicular/marginal zone origin with genetic profiles 

losely related to MZLs [ 93 , 94 ]. As genetic profiling increases, the

olecular features of transformed lymphoma will be increasingly 

etter understood and integrated within the framework of their re- 

atedness to de novo DLBCL molecular subtypes. 

utcomes 

The clinical trajectory associated with transformation to an ag- 

ressive lymphoma is characterized by markedly worse outcomes 

ompared to its indolent counterpart. Transformed lymphomas 

emain a major clinical challenge for a number of reasons in-

luding: the absence of consensus therapeutic approaches to 

anaging these patients, patients with transformation are com- 

only excluded from clinical trials and the therapeutic options 

re considerably narrower compared to options for the relapsed 

ndolent entity. 

Retrospective studies have long exhibited dismal outcomes for 

atients with CLL transformed to RS, with median overall survival 

OS) of less than 1 year despite modern therapeutic advances [18] .

ecently, new studies into the genetics and biology of RS have

ighlighted how RS largely differs from DLBCL, while demonstrat- 

ng that the subset of clonally unrelated RS (14%-20% of RS) is bi-

logically similar to DLBCL [ 65 , 69 ], which explains the relatively

mproved prognosis observed in this clonally unrelated RS subset. 

Historically, the prognosis for FL patients who develop trans- 

ormation was very poor with a reported median survival post- 

ransformation of just 1 to 2 years [ 9 , 10 ]. Whilst contemporary 5yr

ost-transformation survival has improved, in the region of 40% to 

0% [ 13 , 15 ], FL transformation remains a major cause of morbid-

ty and mortality in FL patients, accounting for up to a third of

ymphoma-related deaths [95] . 

The timing of transformation events following the indolent his- 

ology influences outcome. Early FL transformation, particularly 

ithin the first 2 years from the indolent event or prior to therapy,

s associated with inferior outcomes compared to later transforma- 

ion events [ 11 , 15 ]. Similarly, early transformation within 1 year of

iagnosis of MZL was associated with 4-year OS of 43% compared

ith later HT with a 4-year OS of 81% [26] . 
Whilst comparative analyses are limited, the outcomes of trans- 

ormed lymphomas do appear markedly worse than de novo DL- 

CL, perhaps attributed to a number of factors including different 

iologies and the influence of prior therapies in selecting out more

ggressive disease clones. 

utstanding questions 

At present, many questions remain about the biology of trans- 

ormation, including the identity of the cell of origin and se-

uence of cell-intrinsic events, genetic and epigenetic, that cooper- 

te to result in transformation. Furthermore, discoveries of found- 

ng transformation events that precede diagnosis raise questions 

bout what causes emergence of transformation, and whether it is 

alignant cell intrinsic or due to an alteration in the surrounding

mmune microenvironment. A better understanding of whether the 

eterogeneity of the niche (eg, lymph node vs bone marrow) influ-

nces the selection of the precursor transformation clone could be 

nformative for developing strategies to prevent or intercept trans- 

ormation events. From an evolutionary perspective, there is little 

nderstanding whether this emergence is deterministic or stochas- 

ic in nature or perhaps both – are some patients with indolent

ymphomas predestined to transform from the outset or is it a se-

ies of adverse events that culminate into eventual transformation. 

s the therapeutic landscape continues to evolve, additional ques- 

ions emerge surrounding the impact of newer therapy approaches 

n promoting, or constraining, clonal evolution to transformation. 

hile these open areas of discovery remain similar across indo- 

ent lymphomas, and while common hallmark lesions of transfor- 

ation are seen, it remains to be uncovered exactly how transfor-

ation biology may be similar or shared across different indolent 

istologies given the differing cells of origin. Looking forward, fu- 

ure research in the upcoming decade is likely to provide further

iological evidence of how transformation differs from DLBCL or 

ndeed, if many presumed de novo DLBCLs perhaps arise from an

nrecognized occult indolent lymphoma. 

onclusion 

In conclusion, histologic transformation of indolent lymphoma 

o aggressive lymphoma, most commonly DLBCL, represents a well- 

ecognized event. While work in the past decade has shed light on

any of the genetic and biological changes of transformation, fu- 

ure investigations are needed to refine therapy approaches to im- 

rove patient outcomes. In addition, this work promises to provide 

urther evidence on how transformation may, or may not, differ 

rom DLBCL. 
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