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A B S T R A C T   

Richter transformation (RT) refers to the progression of chronic lymphocytic leukemia, the most prevalent 
leukemia among adults, into a highly aggressive lymphoproliferative disorder, primarily a diffuse large B-cell 
lymphoma. This is a severe complication that continues to be a therapeutic challenge and remains an unmet 
medical need. Over the last five years, significant advances have occurred in uncovering the biological processes 
leading to the RT, refining criteria for properly diagnose RT from other entities, and exploring new therapeutic 
options beyond the ineffective chemotherapy. This review summarizes current knowledge in RT, including recent 
advances in the understanding of the pathogenesis of RT, in the classification of RT, and in the development of 
novel therapeutic strategies for this grave complication.   

Introduction 

With an estimated incidence of 4.7 new cases per 100,000 in-
dividuals, chronic lymphocytic leukemia (CLL) is the most common 
form of chronic leukemia in the USA and in Europe [1]. In 1928, Dr. 
Maurice N. Richter described a clinical case of a male diagnosed with 
CLL who developed constitutional symptoms. The enlarged lymph nodes 
found in the necropsy were diagnosed with a reticular cell sarcoma [2]. 
Since then, the occurrence of an aggressive lymphoma in patients with a 
previous or concurrent diagnosis of CLL has been termed Richter 
transformation (RT), a nosological entity recognized in the World Health 
Organization (WHO) and the International Consensus Classification 
(ICC) [3–5]. RT is a rare complication of CLL that occurs at a rate of 
approximately 0.5 %–1 % per year [6], being more frequent in patients 
in whom the underlying CLL present particular high-risk biological 
features, including TP53 gene aberrations, the use of stereotyped subset 
#8 of immunoglobulin heavy variable (IGHV) genes, or mutations in the 
NOTCH1 gene [7–10]. The great majority of patients with RT have 

histology of diffuse large B-cell lymphoma (DLBCL), clonally related to 
the underlying CLL in 70–80 % of cases [8,11]. Less commonly, RT re-
sults from the transformation of CLL into Hodgkin lymphoma or 
exceedingly rare histologies [3,12–15]. DLBCL-type RT usually display a 
non-germinal center B-cell phenotype and disclose a pattern of recurrent 
genetic abnormalities that differ from the ones observed in de novo 
DLBCL [7,16–18]. Notably, by combining genomic and transcriptome 
with single-cell sequencing analysis it has been found that minute sub-
clones carrying biological characteristics of RT cells might be already 
present at the diagnosis of CLL [17]. 

Owing to the underlying CLL affecting elderly individuals, the ge-
netic profile, the aggressiveness of the disease, and treatment resistance, 
DLBCL-type RT is classically associated with a dismal outcome 
[8,19,20]. Several prognostic variables have been correlated with the 
clinical course, including the presence of TP53 gene abnormalities, the 
number of lines of treatment prior the diagnosis of RT, and the clonal 
relationship between CLL and RT, having the clonally related RT a more 
aggressive clinical course [8,19,20]. 
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Fig. 1. (A) Diffuse large B-cell lymphoma (DLBCL)- 
type Richter transformation (RT) in a 66-year-old 
female patient with a previous history of chronic 
lymphocytic leukemia (CLL). Biopsy shows a diffuse 
sheet of atypical large cells with high nucleus-to- 
cytoplasm ratio and conspicuous nucleoli. Partial 
PD-1 expression in the transformed large cells sup-
ports a clonal relationship to her known disease (B). 
(C) This other example shows a Hodgkin lymphoma 
(HL)-type RT type 1 in a 73-year-old male with prior 
CLL and clinically suspected disease progression. 
Biopsy shows Hodgkin and Reed-Sternberg (HRS) 
cells with bright red nucleoli in a background of 
CD5-positive (D) and CD23-positive CLL (not 
shown). HRS cells are positive for CD30 (E), CD15 
(not shown) and EBER-ISH (Epstein-Barr encoding 
region-in situ hybridization) (F) [Original magnifica-
tion: (A): ×400; (B): ×400; (C–D): ×630; (E–F): 
×200]. Images courtesy of Dr. Fina Climent.   
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Treatment of patients with RT remains an unmet medical need. It 
usually relays on chemoimmunotherapy regimens commonly employed 
in patients with de novo DLBCL, particularly R-CHOP-like therapies, with 
disappointing results [20–22]. More intensive chemotherapy regimens 
using fractionated cyclophosphamide such as hyper-CVAD or platinum- 
based combinations have also shown very limited efficacy and an un-
bearable hematological and infectious toxicity [23–25]. The unsatis-
factory results achieved with conventional chemotherapies led to the 
use of consolidation strategies with stem-cell transplantation (SCT) that 
prove to be active in a limited number of selected patients [26–28]. 
Finally, new approaches employing novel targeting therapies, such as 
check-point inhibitors, BCL-2 or B-cell receptor (BCR) inhibitors, T-cell 
engagers and CAR-T treatments, either alone or in different combina-
tions, are currently under investigation with promising results [29–35]. 

Over the past five years, significant advancements have been made in 
the comprehension of the biology, pathogenesis, and treatment of RT. In 
this review, we will examine the recent discoveries in (epi)genetic fea-
tures that contribute to the development of RT, the current histological 
classification system, and the therapeutic strategies being developed to 
address this unmet medical need. 

Epidemiology and risk factors 

Although RT is an uncommon event, a proportion of CLL patients 
ranging from 2 to 10 % may experience an aggressive histological 
transformation. This variation in prevalence can be attributed to factors 
such as difficulties in the diagnosis as well as the characteristics of the 
specific patient population under study [6,20,36–38]. Large single- 
center population-based studies such as reported by M.D. Anderson 
Cancer Center or Mayo Clinic CLL Database communicated a frequency 
of biopsy-proven RT of 148/3986 (3.7 %) and 37/1641 (2.3 %) in CLL 
patients, with an incidence at 5 and 10 years post-CLL diagnosis of 2.1 % 
and 4.8 % respectively, and an annual incidence rate of 0.5 % per year in 
the latter series [6,20]. In contrast, larger data from the SEER database 
on 74,116 patients with CLL reported 530 patients that developed a RT 
(0.7 %) [37]. 

The occurrence of RT with respect to diverse therapeutic options for 
CLL remains a subject of ongoing debate. Several studies have suggested 
a higher incidence of RT among highly pretreated relapsed/refractory 
(R/R) CLL patients [39]. The Mayo Clinic CLL Database study reported 
an increasing rate of RT in those patients who had received treatment for 
their CLL (1 % per year, incidence at 5-years of 5.0 %, and at 10-years of 
15.2 %) [6]. More recently, the German CLL Study Group (GCLLSG) 
identified 103 RT cases among 2975 (3.5 %) patients with CLL enrolled 
in front-line trials with chemo- or chemoimmunotherapy of the Group 
with a 3 and 12-year incidence of 2.1 % and 8.2 %, respectively [40]. 

It is worth to note that a substantial percentage of patients exhibits 
RT prior to receiving therapy for CLL. This is evidenced by the 28 % of 
RT cases reported by centers of the Spanish Chronic Lymphocytic Leu-
kemia Study Group (GELLC) and the 46 % of the patients from the Mayo 
Clinic CLL Database, who had developed RT prior to the initiation of CLL 
treatment. These findings suggest the presence of inherent biological 
risk factors for RT that are independent of therapy [6,19]. 

Several clinical and biological characteristics have been identified as 
being associated with an increased risk of RT, including advance Binet/ 
Rai stage, high-risk genetic features such as TP53 gene abnormalities 
and complex karyotype (CK), unmutated IGHV status, stereotyped 
subset #8, and mutations in NOTCH1 [6,9,10,16,41,42]. Additionally, 
NOTCH1 mutations are a frequent genetic lesion that occurs during 
transformation, further emphasizing their association with RT. 
Furthermore, a multicenter retrospective study found that CLL patients 
with CK at diagnosis, particularly in those harboring high-CK (five or 
more chromosome abnormalities) or those with major structural ab-
normalities, had a 10-years incidence rate of RT of 31 % [42]. 

Diagnosis and pathological features 

The current gold standard for diagnosis of RT is the biopsy of an 
affected lymph node or involved extranodal site [1,43,44]. (Fig. 1) Since 
RT onset is usually neither disseminated nor simultaneous in all 
lymphatic regions, the decision whether to biopsy patients with clinical 
suspicion of RT – as well as the choice of optimal site for biopsy – is aided 
by imaging studies with fluorodeoxyglucose (18FDG) positron emission 
tomography (PET)/computed tomography (CT) [45–48], (discussed 
later). 

Histopathological diagnosis of RT is challenging due to the lack of 
clear-cut histological criteria to differentiate DLBCL-type RT from other 
morphological mimics, mainly accelerated/progressed chronic lym-
phocytic leukemia (a/pCLL) or de-novo DLBCL [45]. The existence of 
rare transformations and morphological changes imitating trans-
formation in the setting of treatment with novel agents, as well as 
laborious comparative clonality analysis conducted in small needle bi-
opsies, only add to the complexity of diagnosis [49,50]. Furthermore, 
owing that RT may have heterogenous or admixed involvement within 
affected lymph nodes, diagnosis should be ideally performed from an 
excisional biopsy [51,52]. 

Pathological features of DLBCL-type RT 

DLBCL-type RT is morphologically characterized by diffuse, 
confluent sheets of large neoplastic B-cells [1,8,53], and should meet the 
2017 WHO histological criteria: [1] presence of large B lymphocytes 
with nuclear sizes equal to the nucleus of macrophages or at least more 
than twice that of a normal lymphocyte, and [2] evident diffuse growth 
pattern, not only as isolated foci - though admixed growth patterns have 
been reported. Most cases have centroblastic features (60–80 %), 
whereas immunoblastic (20 %–40%) and anaplastic features are less 
frequent [9,11]. DLBCL-type RT shows marked effacement of the 
affected lymph node, bone marrow or extranodal site but, not uncom-
monly, involvement can be partial and adjacent residual CLL/small 
lymphocytic lymphoma (SLL) may be seen. Other accepted findings are 
starry-sky pattern, necrosis, numerous apoptotic bodies and mitotic 
figures, and marked extracapsular extension of the large cell component. 

DLBCL-type RT expresses B-cell markers CD19, CD20, CD79a, PAX5 
and CD22, with inconsistent expression of typical CLL/SLL markers CD5 
(30 %) and CD23 (15 %) [6,11,54]. Positivity for CD38, CD49d and 
ZAP70 is usually seen, and monotypic surface immunoglobulin light 
chains are detectable [55]. Immunophenotypically, 90 % of cases are of 
post-germinal center phenotype (IRF4/MUM1 positivity) [7,11,56]. 
MYC overexpression is detected in 30–40 % of cases, in which MYC 
translocations are also found [52,53,57]. BCL2 is positive in up to 80 % 
of cases of DLBCL-type RT, but these do not harbor BCL2 translocations 
nor somatic mutations, which are much more often found in de novo 
DLBCL [16,58]. Similarly, BCL6 translocations are rare in DLBCL-type 
RT but are routinely present in de novo DLBCL, and can be useful in 
their differential [11,44,59]. Programmed cell death 1 (PD-1) expres-
sion, a distinguishing feature, in neoplastic B-cells is remarkably upre-
gulated and expressed in 80 % of clonally related DLBCL-type RT, but is 
rare in de novo DLBCL and CLL/SLL. Thus, high levels of PD-1 expression 
in tumor cells could be a potential surrogate supporting clonal rela-
tionship of DLBCL-type RT with prior CLL/SLL [60,61]. Ki-67 prolifer-
ative index is high (>70 %) [62,63] and TP53 overexpression is also 
common [56]. Cases are mostly negative for Epstein-Barr virus (EBV) 
[6,8,11], with the rare exception of EBV-associated large B-cell lym-
phoma arising during treatment with alemtuzumab (anti-CD52 anti-
body), resembling lymphomas occurring in immunodeficiency settings 
[64,65]. 

Clonally related DLBCL-type RT accounts for 80 % of cases and 
carries a poor prognosis, whereas clonally unrelated transformation 
mirrors de novo DLBCL outcome [7,8,16,43,66]. Clonality relationship 
analysis should be compared with circulating CLL cells or, if 
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unavailable, with adjacent CLL/SLL in tissue [50]. 

Pathological features of Hodgkin lymphoma-type RT 

Hodgkin lymphoma-type RT (HL-type RT) is rare and accounts for 
5–10 % of cases of transformation [1,67,68]. HL-type RT can be 
distinguished into two histological patterns: Type 1 consists of scattered 
Hodgkin Reed-Sternberg cells in a background of CLL/SLL (HRS-CLL), 
whereas Type 2 represents the overt transformation from CLL to 
Hodgkin lymphoma (cHL-CLL) with HRS cells amidst an accompanying 
polymorphous inflammatory background – usually resembling mixed 
cellularity variant – that is clearly segregated from adjacent CLL 
[6,8,9,11,69,70]. The HRS cells have a classical cHL immunohisto-
chemical profile, with positivity for CD30 (100 %), CD15 (100 %) and 
PAX5 (88 %) [6,11,69]. CD20 expression is variably positive (49 %) and 
weak [69]. Of note, HRS-like cells in CLL with intense CD20 expression, 
CD30 positivity but lack of CD15 probably represent immunoblasts and 
should not qualify for HRS-CLL [52,69]. Altogether, HL-type RT is 
clonally related to CLL/SLL in 30–40 % of cases: 29 % of HRS-CLL and 
53 % of cHL-CLL [8,69]. The clinical impact of the clonal relationship 
status in HL-type RT is still not well determined due to the limited 
available data [69,71]. Finally, the largest series up to date found HRS- 
CLL and cHL-CLL co-existing in some patients, which suggests that both 
lesions may represent a biologic continuum [71] and that HRS-CLL 
progresses to cHL-CLL in some patients [69,71]. 

Rare variants of RT 

Other unusual variants (<1 %) of RT that are well documented are: 
(i) plasmablastic lymphoma [13,56,72–74], (ii) B-lymphoblastic leuke-
mia/lymphoma [75–78] and (iii) histiocytic and interdigitating den-
dritic cell sarcomas [79–82]. In many of the small series and case 
reports, clonal relationship with underlying CLL/SLL was demonstrated. 
Currently, prolymphocytic transformation of CLL/SLL is not regarded as 
a variant of RT. 

Morphological mimics of Richter transformation 

Accelerated/progressed CLL 
The term accelerated/progressed (a/p) CLL coins a rare histological 

variant of CLL/SLL usually associated with clinically aggressive 
behavior and with a median survival intermediate between typical CLL/ 
SLL and RT [1,6,46,53,63]. Aggressive/progressed CLL commonly 
mimics RT and morphological boundaries can be blurred [51]. 
Misclassification happens in up to 18 % of cases, so it is recommended 
that the diagnosis be made by an expert hematopathologist [53,83]. 
Namely, a/pCLL consists of biopsy-proven expanded proliferation cen-
ters with an increase in large cells – usually paraimmunoblasts - and 
increased proliferative rate, but with insufficient criteria for a diagnosis 
of RT [1,53,63,84,85]. Histological features that may also help to refrain 
from diagnosing a/pCLL as RT are: (i) minimal and distinct preservation 
of proliferation centers and vague nodularity pattern, (ii) absence of 
confluent, diffuse sheets of large cells effacing tissue, (iii) an increased 
proliferative rate and mitotic activity, but lower than what is generally 
expected in RT (around 70–80 %). 

Pseudo-Richter/Richter-like transformation 
Recent publications have drawn attention to rare reversible Richter- 

like large cell proliferations arising in patients who have temporarily 
stopped treatment with ibrutinib [5,86,87]. It has been proposed to call 
such cases “Pseudo-Richter” [87] or “Richter-like” [5] transformation. 
These pose a severe diagnostic challenge because they can be indistin-
guishable from a DLBCL-type RT. Published series are limited to draw 
generalized conclusions, but “Pseudo-Richter” transformation usually 
consists of a diffuse large B-cell proliferation of non-germinal center 
phenotype, with a high Ki-67 proliferative index (>80 %). Interestingly, 

it seems that most cases have a variably preserved expression of CD5 and 
CD23, and a strong LEF-1 expression, which are not typical features of 
DLBCL-type RT. No MYC gene rearrangements were detected by fluo-
rescence in situ hybridization (FISH) [86,87]. In a small case series, all 
three patients had unmutated IGHV genes, TP53 mutation and mostly 
abundant tumor cell PD-1 expression, findings typically found in DLBCL- 
type RT that also support clonal relationship with underlying CLL/SLL 
[86]. Thus, in the setting ibrutinib stoppage a diagnosis of DLBCL-type 
RT should be made warily, as these patients respond well to ibrutinib 
reinitiation. Even so, diagnosis and management should be thoroughly 
reevaluated after resuming treatment [5]. 

Herpes simplex virus (HSV) lymphadenitis 
CLL/SLL B-cells are highly sensitive to infection with vectors derived 

from replication-defective HSV-1 [88]. HSV lymphadenitis is otherwise 
rare, and usually arises in inguinal lymph nodes in patients with asso-
ciated hematopoietic malignancies [89,90]. HSV infection in CLL/SLL 
patients can be clinically indistinguishable from RT [91–94]. Moreover, 
superimposed HSV lymphadenitis on CLL/SLL can in some cases also 
histologically mimic RT, due to areas of necrosis surrounded by immu-
noblastic proliferation with abundant mitotic figures and a high Ki-67 
proliferative index. However, the presence of larger multinucleate 
cells with Cowdry type A inclusions and ground glass nuclei, as well the 
association of histiocytic and acute inflammatory cells with geograph-
ical necrosis, should raise suspicion for HSV lymphadenitis [91–95]. 
HSV immunohistochemistry or in situ hybridization (ISH) confirms the 
diagnosis. Patients with HSV lymphadenitis respond well to antiviral 
therapy. 

Other lymphomas arising in patients with CLL/SLL 

Despite not falling into the category of RT, the existence of lym-
phomas with a tendency to develop in patients with CLL/SLL is well 
documented and can potentially mimic RT clinically. It is noteworthy 
that the majority of peripheral T-cell lymphomas (PTCL) arising in CLL/ 
SLL patients have a cytotoxic phenotype, although overall incidence of 
T-cell lymphomas in these patients does not seem increased [96]. Other 
rare composite T-cell lymphomas in CLL/SLL patients are follicular 
helper T-cell lymphoma [97] and PTCL Not Otherwise Specified (NOS) 
[98]. Alternatively, composite B-cell lymphomas with CLL/SLL have 
also been described, mainly mantle cell lymphoma [99–102], hairy cell 
leukemia [103–106] and extranodal marginal zone lymphoma [107]. 
Primary cutaneous lymphomas in patients with CLL/SLL have also been 
reported [108–111]. 

Molecular mechanisms and clonal evolution underlying RT 

Genomic landscape of RT subtypes 

The molecular background of RT has been progressively elucidated 
during the last decades thanks to the improvement of next-generation 
sequencing techniques. Importantly, genetic alterations have to be 
analyzed in light of RT types (HL or DLBCL) and subtypes (clonally 
related or unrelated to the preceding CLL based on the analysis of the V 
(D)J gene rearrangement of the immunoglobulin heavy chain). Due to 
its rarity, little is known about the genomics of HL-type RT, but most 
(~70 %) cases are clonally unrelated to the CLL, thus corresponding to 
second lymphomas frequently associated with Epstein-Barr virus (EBV) 
infection [15,69]. The high EBV positivity in HL-type RT contrasts with 
its low incidence in DLBCL-type RT (~65 % vs 6 %) [8,15,69]. 
Contrarily to HL-type RT, most (~80 %) DLBCL-type RT are clonally 
related to the CLL [8]. Clonal relationship in DLBCL-type RT determines 
distinct (immuno)genomic profiles [8]. Clonally unrelated DLBCL-type 
RT seems to harbor a lower prevalence of TP53 alterations and stereo-
typed B-cell receptor immunoglobulins compared to clonally related 
tumors [8]. Nonetheless, they might carry alterations usually seen in 
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clonally related DLBCL-type RT including MYC and CDKN2A [112]. Of 
note, mutations in genes frequently altered in DLBCL without a history 
of CLL such as KMT2D, EZH2 and CREBBP are rare in clonally unrelated 
DLBCL-type RT [18,112]. Nonetheless, the global driver landscape of 
clonally unrelated DLBCL-type RT is more similar to de novo DLBCL than 
clonally related DLBCL-type RT [18]. 

Clonally related DLBCL-type RT is the most studied subtype of RT 
both in the setting of chemoimmunotherapy (CIT) [7,8,16–18,113–116] 
and targeted therapies [17,18,117–121]. Based on these studies, virtu-
ally all (~90 %) clonally related DLBCL-type RT carry alterations in 
genes involved in cell cycle including TP53, CDKN2A/B and, to a lesser 
extent, CDKN1A/B, CCND2, CCND3 and CDK6, among others. In addi-
tion, approximately 75 % of cases carry alterations in MYC pathway 
with amplifications or translocations of MYC and MYCN, and mutations/ 
deletions of MGA. Alterations in genes involved in NF-κB (BIRC3, EGR2, 
TNFAIP3, NFKBIE, TRAF3) and NOTCH (NOTCH1, SPEN, FBXW7) 
pathways are found in ~75 % and ~30 % of cases, respectively. A large 
fraction of DLBCL-type RT (~75 %) also carries alterations in genes 
involved in chromatin remodeling such as SETD2, SETD1A, SETD1B, 
ARID1A and CHD2. With the exception of MYC and NOTCH pathway 
alterations, which rarely co-occur in the same tumors, these pathways 
are simultaneously altered in most cases. Clonally related DLBCL-type 
RT also carry a higher genomic complexity (i.e. more copy number al-
terations and structural variants) than the preceding CLL [7,16,17]. This 
increased genomic complexity is usually caused by the presence of 
chromothripsis affecting one or multiple chromosomes, which target in 
a single catastrophic event multiple driver genes such as CDKN2A/B, 
CDKN1B, MYC, MGA, and TNFAIP3 [17]. In addition, whole-genome 
doubling has also been described in a fraction of tumors (~15 %) 
[18]. Altogether, these results show the complex driver landscape of 
clonally related DLBCL-type RT, which in turn is remarkably different to 
that observed in CLL [122] and de novo DLBCL [123,124]. In line with 
this rich and heterogeneous driver profile, unsupervised consensus 
clustering of DLBCL-type RT based on their driver alterations uncovered 
distinct RT molecular subtypes differing in driver alterations, genome 
alterations and, potentially, clinical outcome [18]. Larger cohorts with a 
complete characterization of the clonal relationship of DLBCL-type RT 
are needed to properly corroborate the potential prognostic value of the 
driver alterations, either alone or in combination, and genetic subtypes. 
Also of note, BTK/PLCG2 and BCL2 mutations are rare in clonally related 
DLBCL-type RT emerging after BCR and BCL2 inhibitors, respectively 
[17,18,118,119]. In this regard, a similar driver landscape has been 
observed in clonally related DLBCL-type RT emerging after CIT and 
targeted therapies [17,18], although larger and homogenously treated 
cohorts are needed to properly analyze subtle differences. 

In vitro and mouse models have recently provided the rationale 
behind the genomic dysregulation of cell cycle in clonally related 
DLBCL-type RT [125]. It has been shown that BCR-stimulated prolifer-
ative CLL cells upregulate cell cycle inhibitors CDKN1A and CDKN2A/B 
to mediate control of cell proliferation. The inactivation of TP53 and 
CDKN2A/B allow cells to proliferate beyond cell cycle arrest, thus 
providing experimental evidence on the loss of cell cycle control to 
enhance the high proliferation of RT [125]. Additional to BCR stimuli, 
mouse models also suggest that macrophage-derived signals [126] and 
constitutive Akt activation [127] might also support the growth and 
development of RT. In addition, genetically engineered mice revealed 
that co-selection of mutations in multiple CLL/RT drivers (specially 
Trp53, Mga and Chd2) drive lymphoma transformation mimicking 
clonally related DLBCL-type RT [128]. These results reinforce the idea 
that deregulation of multiple pathways including cell cycle, MYC/ 
NOTCH, NF-κB and/or chromatin remodelers favors RT. 

Epigenomic landscape of clonally related DLBCL-type RT 

The genome-wide DNA methylome of DLBCL-type RT is hypo-
methylated compared to CLL and de novo DLBCL [17,129]. This pattern, 

which might partially reflect the CLL cell of origin [17], is not found in 
clonally unrelated DLBCL-type RT, the methylome of which is more 
similar to de novo DLBCL [129], a finding in line with their driver 
genomic profiles. Intriguingly, ~6 % of de novo DLBCL shared a meth-
ylome profile similar to that of clonally-related DLBCL-type RT, which 
were mostly of the activated B cell-like subtype, enriched for NOTCH1 
mutations, and had an unfavorable outcome [129]. Weather these tu-
mors might reflect clonally related DLBCL-type RT in which the pre-
ceding CLL was not detected or truly de novo DLBCL with RT-like 
features remains to be demonstrated. 

The first glimpse into the chromatin accessibility and activity of 
clonally related DLBCL-type RT has been recently obtained studying a 
few cases that transformed after BCR inhibitors [17]. A small set of 
transcription factors related to proliferation (E2F family), MYC (MAZ), 
and oxidative phosphorylation (OXPHOS; TEAD4), among other path-
ways, seem to modulate the epigenome of clonally related DLBCL-type 
RT. Transcriptomic analyses have uncovered that genes upregulated in 
these cases include a number of Wnt family members, Toll-like re-
ceptors, and cyclin-dependent kinases, among others [17,129]. In 
agreement with the transcription factors identified, pathways upregu-
lated in RT are related to proliferation, MYC, mTOR, and OXPHOS. 
Intriguingly, most clonally related DLBCL-type RT emerging after ther-
apy with BCR inhibition showed a lower BCR signaling capacity 
compared to CLL [17]. These epigenetic and transcriptomic findings link 
clonally related DLBCL-type RT emerging after BCR inhibition with a 
subset of de novo DLBCL characterized by a high OXPHOS and low BCR 
signaling, which are insensitive to BCR inhibition [130,131]. Therefore, 
this OXPHOShigh-BCRlow axis might allow RT cells to escape from BCR 
inhibition. The potential BCR-signaling independence of BCRlow clonally 
related DLBCL-type RT is supported by the identification of a clonally 
related DLBCL-type RT carrying novel mutations in the IGHV gene 
leading to an unproductive immunoglobulin gene [17] and the devel-
opment of clonally related RT with plasmablastic differentiation, a cell 
type independent of BCR signaling [12,17,132,133], in patients treated 
with BCR inhibitors. The OXPHOShigh phenotype observed in DLBCL- 
type RT could be driven by MYC pathway alterations [134–137], an 
hypothesis in agreement with the genomic alterations targeting genes 
involved in MYC pathway and the upregulation of MYC-related tran-
scription factors and gene expression signatures in DLBCL-type RT [17]. 
OXPHOS inhibition using IACS-010759, a target of the mitochondrial 
complex I [138], markedly decrease the proliferation of OXPHOShigh RT 
cells in vitro [17]. The dependency of clonally related DLBCL-type RT on 
OXPHOS pathway to sustain their high proliferation could be exploited 
therapeutically, probably in combination with BCL2 inhibitors [137] or 
other drugs. Other pathways modulated epigenetically such as MYC and 
mTOR might also represent actionable targets of RT [128]. 

Evolutionary history of clonally related RT 

Initial studies of RT under novel targeted therapies identified that 
clonally related RT sometimes occurs within the first months after 
treatment initiation [118,139], which suggests a potential selection of 
small, pre-existing RT subclones missed during routine analyses [140]. 
This hypothesis is in line with a study suggesting that clonally related 
DLBCL-type RT could originate from an early CLL cell already present in 
the initial phases of lymphomagenesis [141]. A recent study using 
single-cell DNA and RNA sequencing analyses of longitudinal samples 
collected over the disease course has revealed that small RT subclones 
can be detected decades before its final expansion, including at time of 
CLL diagnosis, in a remarkable fraction of the cases studied [17]. 
Intriguingly, these small RT subclones remained stable for up to 19 years 
until they rapidly expand before the diagnosis of RT. These early RT cells 
already harbored the driver mutations in genes such as TP53, the com-
plex chromothriptic events affecting driver genes such as SPEN and 
TRAF3, and the mutations in the IGHV gene observed at time of diag-
nosis of RT. In addition, the transcriptomic identity of clonally related 
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DLBCL-type RT, including the OXPHOShigh-BCRlow axis, was identified 
in the early RT cells [17]. These results show that CLL evolution towards 
RT is characterized by an early tumor diversification that might lead to 
the emergence of RT subclones with genomic, immunogenetic and 
transcriptomic profiles of overt RT years before its clinical manifestation 
(Fig. 2). In line with these results, analysis of cell-free DNA obtained 
months before the diagnosis of RT also allowed the early detection of 
mutations and copy number alterations of the RT [18]. 

The longitudinal analysis of clonally related RT has also uncovered 
that their genome might carry hundreds of mutations associated with 
therapies of the CLL phase (up to 7 years prior to the diagnosis of RT) 
such as melphalan (used as a conditioning of allogenic stem-cell trans-
plant) and ganciclovir (given to patients due to cytomegalovirus reac-
tivation) [17]. These analyses also identified that the exposure of cells to 
the alkylating agents bendamustine and chlorambucil might introduce 
hundreds of mutations in their genomes, which were recognized as a 
specific mutational signature in RT cells (mutational signature: combi-
nation of mutation types arising from a specific mutagenic process) 
(Fig. 2). These therapy-related mutations might account for >25 % (i.e. 
>1,000) of the mutations found genome-wide in some RT, a few of them 
within the coding region of driver genes [17]. Together with the single- 
cell evolutionary dynamics of RT subclones mentioned above, the 
identification of hundreds of random mutations associated with treat-
ment regimens of the CLL phase present in all RT-cells at time of RT 
diagnosis demonstrates that the clonal expansion of an early single RT 
cell drives this aggressive transformation; a clonal expansion that can 
start years before its clinical consequences. 

Clinical features and diagnosis 

Features that may raise suspicion of RT in a patient with CLL include 
the appearance of B-symptoms, such as fever without evidence of 
infection, night sweats, or weight loss, as well as the rapid growth of 
asymmetric lymph nodes. Additional laboratory findings, such as an 
increase of serum lactate dehydrogenase (LDH) levels or hypercalcemia, 
may also be indicative of RT. However, it is important to note that these 
features are non-specific, and a definitive diagnosis of RT can only be 
made through biopsy of lymph node or other extranodal lesions biopsy. 

In the context of RT in patients with CLL, PET/CT can be a useful tool 
to identify lesions that are suitable for biopsy to confirm the diagnosis. 
Studies have evaluated the predictive value of the PET/CT for diag-
nosing RT [142,45–47], with findings suggesting that an increased 18F- 
fluoredoxyglucose (FDG) uptake with a SUVmax > 5 has high sensitivity 
(88–91 %) and negative predictive value (92–97 %) for detecting RT. 
However, the specificity (47–80 %) and positive predictive value 
(38–53 %) of this approach are less consistent, and alternative diagnosis 
such as other malignancies, accelerated CLL, or infections should be 
ruled out [45–47]. In this context, a SUVmax value below 5 can almost 
confidently exclude the diagnosis of RT and may avoid the need for a 
biopsy. On the other hand, an abnormal PET/CT with a SUVmax value 
> 5 may raise suspicion of RT, but it should not be considered as a 
substitute for a biopsy. 

To enhance the predictive value of the PET/CT in the diagnosis of RT, 
various SUVmax cutoffs have been evaluated. Michallet et al. proposed a 
SUVmax threshold of ≥10 as more discriminative method for diagnosing 

Fig. 2. Clonal evolution dynamics of Richter transformation. Schematic representation of the proposed subclonal diversification and evolution of RT based on 
reference [17]. RT cells might be present in initial phases of the CLL course and might already carry the immunoglobulin mutations, driver gene mutations, genomic 
complexity and transcriptomic identity of the RT cells expanded at time of diagnosis of RT years after [left]. RT cells might acquire mutations genome-wide 
associated the exposure to alkylating agents and antiviral drugs given to the patients during their CLL course, which are recognized through mutational signa-
ture analysis. Mutational signatures (SBS) shown from top to bottom: SBS-RT associated to bendamustine and chlorambucil, SBS-ganciclovir associated to ganci-
clovir, and SBS-melphalan linked to melphalan therapy [middle]. A single RT cell might drive the clonal explosion associated with the clinical transformation leading 
to the diagnosis of RT [right]. 
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Table 1 
Summary of studies evaluating chemoimmunotherapy in RT.  

RT 
type 

Regimen Author, 
year 

Study 
desing, 
phase 

Trial ID Status RT 
pts 
(n) 

Median 
age 
(years) 

TP53 
aberr. 
(%) 

IGHV 
UM 
(%) 

CK 
(%) 

Prior 
lines 
(range) 

ORR 
(%) 

CR 
(%) 

Median 
PFS 
(mo) 

Median 
OS 
(mo) 

G 3–4 
Anemia 
(%) 

G 3–4 
Neutropenia 
(%) 

G 3–4 
Thrombopenia 
(%) 

G 3–4 
Infection 
(%) 

TRM 
(%) 

DLBCL CHOP Abrisqueta, 2020  
[19] 

R NA NA 15 66* 45* 77* 56* 1 (0–7)* 20 13 2.6 3.3 NR NR NR NR NR 

DLBCL R-CHOP Langerbeins, 
2014 [21] 

CT, II NCT00309881 Completed 15 69 33 67 NA 2 (0–4) 67 7 10 21 75* 55* 65* 28* 5* 

DLBCL O-CHOP Eyre, 2016 [22] CT, II NCT01171378 Completed 37 66.2 43 NA NA 1 (0–4) 46 27 6.2 11.4 NR 33 26 51 0 
DLBCL R-EPOCH Rogers, 2018  

[144] 
R NA NA 46 67 49 84 67 3 

(0–12) 
37 20 3.5 5.9 NR NR NR NR NR 

DLBCL Hyper-CVXD Dabaja, 2001  
[23] 

CT, II NA Completed 29 61 NA NA NA 2 (0–3) 41 38 NA 10 NR 100 41 50 14 

DLBCL R-Hyper-CVXD + GM-CSF/R +
HDM-Ara-C + GM-CSF 

Tsimberidou, 
2003 [24] 

CT, II NA Completed 30 59* NA NA 11* 4 (NR)* 43 27 NA 8.5* NR 100* 40* 39* 22* 

DLBCL OFAR1 Tsimberidou, 
2008 [146] 

CT, I/II NCT00452374 Completed 20 66 33 11 NR 2 
(0–10)* 

50 20 4 8 54* 85* 95* 8* 3 

DLBCL OFAR2 Tsimberidou, 
2013 [25] 

CT, I/II NCT00472849 Completed 35 63* 23 85 NR 3 (0–9)* 39 6 3 6.6 50 89 77 17 8 

DLBCL DHAP, ESHAP Durot, 2015  
[147] 

R NA NA 28 63 40 80 61 3 [1–7] 
* 

43 25 6.9 8.3 72* 83* 82* 43* 16* 

HL ABVD, CVPP, CVPP/ABVD, 
CHOP, RCHOP, other, 
no therapy 

Tsimberidou, 
2006 [148] 

R NA NA 18 72 NR NR 17 2 (0–7) 44 19 4.8 9.6 NR NR NR NR NR 

HL ABVD, MOPP, CHOP, other Bockorny, 2011  
[68] 

R NA NA 86 65.7 NR NR NR NR 53 27 NR 20.4 NR NR NR NR NR 

HL ABVD, MOPP + ABV, 
BEACOPP, escalated BEACOPP, 
ESHAP, DVIP, 
ABMT 

Tadmor, 2014  
[149] 

R NA NA 16 58 NR NR NR NR NR 37 NR 39.5 NR NR NR NR NR 

*: global cohort results, RT cohort data not reported. 
Aberr.: aberrations; ABMT: autologous bone marrow transplantation; ABVD: doxorubicin, bleomycin, vinblastine; ABVD: doxorubicin, bleomycin, vinblastine, and dacarbazine; BEACOPP: bleomycin, etoposide, 
adriamycin, cyclophosphamide, oncovin, procarbazine, prednisone; CHOP: cyclophosphamide, doxorubicin, vincristine, and prednisone; CVPP: cyclophosphamide, vinblastine, procarbazine, and prednisone; CK: complex 
karyotype; CR: complete response; CT: clinical trial; DHAP: dexamethasone, cytarabine, and cisplatin; DLBCL: Diffuse large B-cell lymphoma; DVIP: dexamethasone, etoposide, ifosfamide, cisplatin; ESHAP: etoposide, 
methylprednisolone, cytarabine, and cisplatin; G: grade; GM-CSF: granulocyte macrophage–colony-stimulating factor; HL: Hodgkin lymphoma; hyper-CVXD: fractionated cyclophosphamide, vincristine, liposomal 
daunorubicin, and dexamethasone; mo: months; MOPP: mechloretamine, vincristine, procarbazine, and prednisone; n: number; NA: not apply; NR: not reported; O-CHOP: CHOP plus ofatumumab; OFAR: oxaliplatin, 
fluradabine, ara-C, and rituximab; ORR: overall response rate; OS: overall survival; PFS: progression free survival; pts: patients; prior lines of treatment; R: retrospective; R-CHOP: rituximab, CHOP; R-EPOCH: rituximab, 
etoposide, prednisone, vincristine, cyclophosphamide, doxorubicin; R-hyper-CVXD + GM-CSF/R + HDM-ara-C + GM-CSF: rituximab, fractionated cyclophosphamide, vincristine, liposomal daunorubicin, dexamethasone 
and GM-CSF alternating with rituximab, methotrexate, ara-C and GM-CSF; RT: Richter transformation; TRM: treatment-related mortality; UM: unmutated. 
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RT. Using this threshold, the sensitivity and specificity of PET/CT in 
their study were found to be 91 % and 95 %, respectively. Furthermore, 
the inferred positive predictive value and negative predictive value were 
28.7 % and 99.8 % when considering a RT prevalence of 2.2 %, and of 
60.6 % and 99.2 % when considering an 8 % RT prevalence [142]. 

Recently, the utility of PET/CT in the diagnosis of RT has been 
evaluated in the context of CLL treated with targeted therapies, specif-
ically ibrutinib and/or idelalisib [143]. The results of this study indi-
cated moderate sensitivity and specificity in comparison to previous 
studies that assessed PET/CT in untreated CLL or treated with 
chemoimmunotherapy-based regimens. Using a SUVmax threshold of 
≥10, sensitivity and specificity were 71 % and 50 %, respectively. 
Additionally, the PPV and NPV for the detection of RT were 26 % and 88 
%, respectively. These findings suggest that relapses following BCR in-
hibitors exposure may be more metabolically active in comparison to 
progression after chemoimmunotherapy [143]. Nevertheless, additional 
data are needed to establish the precise role of PET/CT in the diagnosis 

of RT in the context of targeted therapies. 

Prognosis 

RT is associated with a dismal prognosis with median survival 
consistently reported inferior to 1 year in the different series, despite 
notable variations in the timeframe covered by these studies 
[19,20,37,40,58]. Although no direct comparison evaluating outcomes 
of HL-type RT vs DLBCL-type RT is available, patients diagnosed with 
HL-type RT seem to present a better overall survival (OS) than DLBCL- 
type RT although inferior to those with de novo HL, with median OS 
reported of 2.6–3.9 years [14,19]. 

Several clinical and biological factors have been described, mainly in 
the context of DLBCL-type RT, to predict the outcome of patients with 
RT. This is including the Eastern Cooperative Oncology Group Perfor-
mance Status (ECOG), the number of lines of treatment received for CLL 
prior to the diagnosis of RT, laboratory values such as the platelet 

Fig. 3. Algorithm for Richter Transformation (RT) diagnosis and treatment. If clinical (B symptoms, rapid growth of asymmetric lymph nodes) and/or analytical 
(increasing LDH, hypercalcemia) suspicion of RT is present, an imaging study with FDG-PET/CT must be performed. If SUVmax is ≥5, a guided biopsy of the most 
intense region should be made to confirm RT and rule out second malignancy, infection, or accelerated CLL. Histologically, the most common types of RT are Diffuse 
Large B Cell Lymphoma (DLBCL) and Hodgkin Lymphoma (HL). In the former, evaluating the clonal relationship with CLL cells is necessary. The frontline treatment 
of HL-RT and no clonally related DLBCL-RT is typically based on established regimens ABVD and R-CHOP, respectively. By contrast, the best therapy for DLBCL-RT 
clonally related is currently an unsolved medical condition and, if possible, patients should be treated under clinical trials and novel therapies and consolidated with 
cellular therapies. 
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Table 2 
Summary of studies evaluating chemoimmunotherapy in RT.  

RT 
type 

Regimen Main 
target 

Author, 
year 

Study 
desing, 
phase 

Trial ID Status RT 
pts 
(n) 

Median 
age 
(years) 

TP53 
Aber 
(%) 

IGHV 
UM 
(%) 

CK 
(%) 

Prior 
lines 
(range) 

ORR 
(%) 

CR 
(%) 

Median 
PFS 
(mo) 

Median 
OS 
(mo) 

G 3–4 
Anemia 
(%) 

G 3–4 
Neutropenia 
(%) 

G 3–4 
Thrombopenia 
(%) 

G 3–4 
Infection 
(%) 

DLBCL Ibrutinib BTK Tsang, 2015  
[208] 

R NA NA 4 71 25 100 NR 2 (0–3) 75 50 NR NR NR NR NR NR 

DLBCL Ibrutinib BTK Visentin, 2018  
[156] 

R NA NA 4 69 25 75 NR 2 (NR) 25 0 Nr Nr 25 100 75 25 

DLBCL Ibrutinib BTK Winter, 2017  
[209] 

R NA NA 13 61 NR NR NR 3 
[1–11] 

46.2 7.7 3 7.2 NR NR NR NR 

DLBCL Ibrutinib + Ofatumumab BTK Jaglowski, 
2015 [153] 

CT, Ib/II NCT01217749 Completed 3 64* 44* NR NR 3 
[2–13]* 

33 0 NR NR 0 24* NR 17* 

DLBCL Ibrutinib + Nivolumab BTK, 
PD-1 

Jain, 2018  
[165] 

CT, II NCT02420912 Completed 23 65 NR NR NR 3 (0–10) 43 35 NR 13.8 NR NR NR NR 

DLBCL Ibrutinib + Nivolumab BTK, 
PD-1 

Younes, 2019  
[166] 

CT, I/IIa NCT02329847 Completed 20 67.5 NR NR NR 2 [1–3] 65 10 5 10.3 35 25 10 0 

DLBCL Acalabrutinib BTK Eyre, 2021  
[31] 

CT, I/II NCT02029443 Active, not 
recruiting 

25 66 42 78 43 1 40 8 3.2 NA 20 28 12 4 

DLBCL R-CHOP +/- Acalabrutinib BTK Appleby, 2019  
[154] 

CT, II NCT03899337 Not yet 
recruiting 

NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

DLBCL Pirtobrutinib BTK Mato, 2020  
[155] 

CT, I/II NCT03740529 Recruiting 9 64 NR NR NR 6 [2–9] 75 0 NR NR 4* 10* NR NR 

DLBCL Idelalisib PI3K Visentin, 2018  
[156] 

R NA NA 4 68 75 50 NR 2.5 
(NR) 

75 25 Nr Nr 25 25 25 25 

DLBCL Venetoclax BCL2 Davids, 2017  
[29] 

CT, I NCT01328626 Completed 7 73 NR NR NR 3 [2–7] 43 0 NR NR 15* 11* NR 2* 

DLBCL Venetoclax BCL2 Bouclet, 2021  
[158] 

R NA NA 7 67* 74* NR 58* 4 (0–7)* 28.6 NR NR 1.1 NR NR NR 24* 

DLBCL Venetoclax BCL2 Davids, 2022  
[159] 

CT, II NCT03054896 Recruiting 26 63 42 NR 52 NR 62 50 10.1 19.6 NR 65 50 38 

DLBCL Venetoclax + Duvelisib BCL2, 
PI3K 

Crombie, 2020 
[161] 

CT, I/II NCT03534323 Recruiting 3 69* 45* 91* NR 3 [1–6] 
* 

33 0 NR NR 23* 68* 14* NR 

DLBCL Venetoclax +
Obinutuzumab +
Atezolizumab 

BCL2, 
PD-L1 

Jain, 2021  
[160] 

CT, II NCT02846623 Recruiting 7 70 57 86 43 NR 100 71.4 NR NR NR NR NR NR 

DLBCL Selinexor XPO1 Kuruvilla, 
2014 [162] 

CT, I NCT01607892 Completed 6 62* NR NR NR 3 (NR)* 33 0 NR NR 7* 22* 31* NR 

DLBCL Pembrolizumab PD1 Ding, 2017  
[32] 

CT, II NCT02332980 Active, not 
recruiting 

9 69 55 78 NR 5 
[1–10] 

44 11 5.4 10.7 20* 20* 20* 8* 

*: global cohort results, RT cohort data not reported. 
Aberr.: aberrations; BTK: Bruton tyrosine kinase; CK: complex karyotype; CR: complete response; CT: clinical trial¡; DLBCL: Diffuse large B-cell lymphoma; G: grade; mo: months; NA: not apply; n: number; NR: not reported; Nr: 
not reached; ORR: overall response rate; OS: overall survival; PFS: progression free survival; PD-1: programmed death 1; PD-L1: programmed death ligand 1; PI3K: phosphatidylinositol-3 kinase; pts: patients; prior lines of 
treatment; R: retrospective; R-CHOP: rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisone; RT: Richter transformation; UM: unmutated. 
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counts, LDH and β2-microglobulin levels, genetic abnormalities, 
particularly TP53 alterations, and the clonal relationship between the 
preexisting CLL and the RT [8,20,45,58]. This latter factor is strongly 
associated with a shorter OS of patients with RT. Despite < 20 % of cases 
are clonally unrelated, these patients have a significantly better 
outcome, underlining the concept that these cases represent de novo 
lymphomas and not true transformations of the preceding CLL [8,19]. 

TP53 alterations is another factor with a major impact on survival in 
RT. Different studies have shown the negative impact of TP53 disrup-
tion, including TP53 mutations and/or TP53 deletions, in the outcome of 
patients with RT [8,19,21,22,58,144]. 

Beyond these pathological features associated with the prognosis of 
RT, patients who are treatment naïve for CLL exhibit a significantly 
better outcome than those previously treated for CLL [19,37,58], with 
medians of OS reported in the GELLC study and in the Mayo Clinic series 
of 35.4–46.3 months vs 4.2–7.8 months for patients with prior treatment 
for CLL, respectively [19,58]. 

Finally, different efforts have been attempted to integrate these 
variables in prognostic index for RT. The first score index in RT was 
developed by the MD Anderson Cancer Center (MDACC), including 
ECOG performance status (PS) [2–4], LDH levels (<1.5× normal vs 
>1.5× normal), platelet count (>100 × 109/L vs <100 × 109/L), tumor 
size (<5 cm vs >5 cm), and prior therapies for CLL (0–1 vs >1). Ac-
cording to the number of presenting risk factors (0 or 1, low risk; 2, low- 
intermediate risk; 3, high-intermediate risk; or 4 or 5, high risk) patients 
were assigned to one of four risk groups with differentiated survival 
outcomes. Lately, and integrating biological features associated with the 
outcome of patients with RT, Rossi et al. developed a model that 
included TP53 status, response to RT induction treatment, and ECOG PS 
that improved the discriminate value of the model over a score based 
only on clinical parameters [8]. Finally, in our study from the GELLC, 
platelet count of <100 × 109/l, prior CLL therapy and TP53 alterations 
in the CLL clone were the variables most strongly associated with OS. 
Considering these three variables, we were able to identify a subgroup of 
patients with DLBCL-type RT (17.5 %) with a better clinical outcome 
(median OS of 75.3 months), while patients with one or two or more of 
these factors presented a median OS of 25.5 and 3 months, respectively 
[19]. 

Treatment 

Chemoimmunotherapy 

The frontline treatment of DLBCL-type RT is typically based on 
established regimens commonly utilized in DLBCL, particularly 
anthracycline-based combinations such as R-CHOP or R-EPOCH 
(Table 1). (Fig. 3) Chemotherapy alone with CHOP regimen has 
demonstrated a limited overall response rate (ORR) ranging from 20 to 
30 % and median OS inferior to 8 months [19,20,145]. The addition of 
rituximab to the CHOP regimen (R-CHOP) has resulted in a significant 
improvement in ORR and survival. Specifically, R-CHOP exhibits an 
ORR of 67 %, with complete responses (CR) of 7 %, a median progres-
sion free survival (PFS) of 10 months, and median OS of 21 months 
[21,52]. The substitution of rituximab for ofatumumab, a second gen-
eration anti-CD20 monoclonal antibody, within the CHOP scheme (O- 
CHOP) did not improve R-CHOP outcomes [22]. 

More aggressive CIT regimens have not provided a benefit over R- 
CHOP and were associated with higher hematological and infectious 
toxicity. For example, the R-EPOCH regimen obtained an ORR of 37 % 
(CR 20 %), with a median PFS of 3.5 months and median OS of 5.9 
months [144]. Hyper-CVXD regimen, including liposomal daunorubicin, 
resulted in ORR of 41 % (CR 38 %) and median OS of 10 months. 
However, this regimen caused severe hematological toxicity (100 % and 
41 % of grade 3–4 neutropenia and thrombopenia, respectively) and 
infectious complications in 50 % of patients, with a treatment-related 
mortality (TRM) of 14 % [23]. HyperCVAD plus rituximab in 

alternating combination with methotrexate and ARA-C has shown an 
ORR of 43 % (CR 38 %), and a median OS of 8.5 months, but with severe 
hematological toxicity and a treatment-related mortality rate nearly 20 
% [24]. 

Schemes based on platinum-containing regimens have also been 
explored in the treatment of DLBCL-type RT. The OFAR 1 and OFAR 2 
trials evaluated the combination of oxaliplatin, fludarabine, ARA-C and 
rituximab at different dosages to prevent toxicities. The results showed 
an ORR ranging from 39 % to 50 % (CR 6 %–20 %), with a median PFS of 
3 months and a median OS of 6–8 months [25,146]. Other platinum- 
containing regimens evaluated in the context of RT have been ESHAP 
(based on etoposide, methylprednisolone, cytarabine and cisplatin) and 
DHAP (dexamethasone, cytarabine and cisplatin), with an ORR of 43 % 
(CR 25 %) and a median OS of 8 months. These regimens caused high 
hematological toxicity, but also acute renal insufficiency in 44 % of 
cases (grade III-IV in 12 %), infections (43 %) and a considerable TRM 
(16 %) [147]. 

Finally, regarding the treatment of HL subtype, ABVD regimen has 
been the most used regimen, with an ORR of 40 to 60 % and a median OS 
of 4 years [68,148,149]. 

Novel treatment strategies 

In the past last 5 years, several novel agents have emerged as 
promising therapeutic options for patients with B-cell malignancies and 
have been evaluated in treating patients with RT. These include targeted 
small molecules inhibitors, novel monoclonal antibodies, and strategies 
based on inducing an anti-tumor immune response, particularly 
chimeric antigen receptor (CAR) T-cell therapy and T-cell–engaging 
bispecific antibodies. 

Small-molecule targeted therapies 
The most relevant small molecule inhibitors being evaluated for the 

treatment of RT include BTK, PI3K and BCL-2 inhibitors [145,150,151]. 
Ibrutinib, a first-in-class covalent irreversible BTK-inhibitor, was 

tested in monotherapy in the treatment of small cohorts of DLBCL-type 
RT with limited activity and acceptable tolerability (Table 2). Ibrutinib 
has been explored in combination with rituximab or ofatumumab in a 
limited number of cases with limited activity [152,153]. Acalabrutinib, 
a second-generation of covalent BTK inhibitor, showed preliminary ef-
ficacy results as a single agent in 25 patients with DLBCL-type RT with 
an ORR of 40 % (CR 8 %), a median PFS of 3 months and a median DOR 
of 6.2 months [31]. Acalabrutinib is currently being tested in combi-
nation with R-CHOP followed by acalabrutinib maintenance in a pro-
spective, phase II randomized study for patients with newly diagnosed 
RT [154]. Finally, pirtobrutinib (Loxo-305), a next generation non- 
covalent BTK inhibitor, induced a promising ORR of 67 % in 15 evalu-
able patients with RT included in the phase 1/2 BRUIN study [155]. 

Idelalisib is a selective inhibitor of the kinase PI3Kδ that abrogates 
PI3K/Akt signaling and promotes apoptosis. Idelalisib administrated in 
monotherapy obtained an ORR of 75 % (CR 25 %) in four patients with 
RT [156], and a short duration of response in a case treated with ide-
lalisib and rituximab [157]. 

The BCL2 inhibitor venetoclax has been evaluated for its therapeutic 
potential in monotherapy and in combination with chemo-
immunotherapy (R-EPOCH) for the treatment of patients with DLBCL- 
type RT (Table 2). Venetoclax as a single agent obtained partial re-
sponses in three out of seven patients with RT in a phase I study, with a 
median time to first response of 100 days [29]. Moreover, a retrospec-
tive analysis (FILO study) found that two out of seven patients treated 
with venetoclax monotherapy achieved an objective response (ORR 
28.6 %), with a response duration of 7 and 14 months in these 
responding patients [158]. On the other hand, the combination of ven-
etoclax with R-EPOCH has yielded promising results in a study involving 
26 RT patients, with an ORR of 62 % and a CRR of 50 %, despite the 
expected toxicities from this combination [159]. Additionally, other 
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combinations currently being tested include venetoclax, obinutuzumab 
and atezolizumab, venetoclax plus duvelisib, and venetoclax with obi-
nutuzumab and ibrutinib (NCT04939363) [160,161]. 

Finally, selinexor has also been tested in patients with RT. This agent 
inhibits XPO1, a nucleo-cytoplasmic transporter of tumor suppressor 
proteins, leading to increased nuclear retention of major tumor sup-
pressor proteins and selective apoptosis in cancer cells [162]. An initial 
ORR of 33 % was observed in the phase 1 study, with no complete re-
sponses reported. However, a subsequent phase II study (NCT02138786) 
in R/R RT was terminated prematurely due to lack of efficacy. 

PD-1/PD-L1 pathway 
It has been observed that, in comparison to DLBCL NOS, patients 

with RT exhibit a higher expression of programmed death receptor-1 
(PD-1) on T-cells and PD-ligand 1 (PD-L1) on RT cells [61]. These ob-
servations suggested that targeting the PD-1 pathway may be a suitable 
therapeutic option. Nevertheless, pembrolizumab and nivolumab have 
shown modest efficacy in prospective clinical trials including a limited 
number of RT patients [163,164]. Currently, ongoing trials are 
exploring the combination of PD-1 targeting antibodies with other 
signaling pathways (NCT04271956, NCT02535286). The combination 
of nivolumab and ibrutinib has shown preliminary promising efficacy in 
the treatment of RT patients, with an ORR ranging from 43 to 65 % and a 
DOR ranging from 6.9 to 9.3 months [165,166]. Other PD-1/PD-L1 in-
hibitors that are being evaluated in patients with RT include tislelizu-
mab, a PD-1 inhibitor engineered to minimize binding to FcγR on 
macrophages, which is currently being studied in combination with 
zanubrutinib [167], and durvalumab, a PD-L1 inhibitor, in combination 
with acalabrutinib and venetoclax (NCT05388006). 

Stem cell transplant 
Allogeneic hematopoietic cell transplant (HCT) is a recommended 

consolidation strategy for RT patients who respond to induction therapy, 
given the high relapse risk and poor overall survival following pro-
gression (Table 3). Unfortunately, this procedure is only accessible to a 

limited subset of young, fit patients who have an adequate response to 
treatment [19,20,40,168]. 

The largest study to date of HCT in RT was a retrospective report 
from the Center for International Blood and Marrow Transplant 
Research (CIBMTR) registry including 55 patients who underwent an 
autologous HCT (auto-HCT) and 118 who underwent an allogeneic HCT 
(allo-HCT). The 3-year PFS and OS were 48 % and 57 % for patients who 
received an auto-HCT, 43 % and 52 % in allo-HCT recipients. The study 
found that a deeper pretreatment response had a significant impact on 
long-term outcomes; conversely, high-risk cytogenetic abnormalities 
and previous novel agents did not influence survival [169]. Another 
important retrospective study analyzed patients from the European So-
ciety for Blood and Marrow Transplantation (EBMT) database. Of 59 
patients registered from 1997 to 2007, 34 had received an auto-HCT and 
25 an allo-HCT (72 % with a reduced intensity conditioning [RIC]). The 
3-year relapse-free survival (RFS) and OS was 59 % and 45 % for the 
auto-HCT, 36 % and 27 % for the allo-HCT group, respectively. A 
younger age, chemotherapy-sensitive disease and RIC were associated 
with superior RFS after allo-SCT [26]. Additional retrospective studies 
observed favorable outcomes with a RIC for allo-HCT recipients and 
treatment-sensitive disease prior to transplant. High-risk cytogenetics 
and previous novel agents did not impact results [20,28,170,171]. 
Finally, a systematic review and meta-analysis including four studies 
with 72 RT patients that underwent allo-HCT identified a pooled OS, 
PFS, NRM and relapse rates of 49 %, 30 %, 24 % and 28 %, respectively 
[172]. 

Taking all of this into account, allo-HCT is still a valid post-remission 
therapy for young, fit patients achieving a response to chemo-
immunotherapy or targeted agents. 

Chimeric antigen receptor T-cell therapy 
Chimeric antigen receptor (CAR) T-cell therapy is a standard 

approach for patients with relapsed/refractory large B-cell lymphoma, 
based on the pivotal phase II trials ZUMA-1, JULIET and TRANSCEND 
which led to the approval of axicabtagene ciloleucel (axi-cel), tisa-
genlecleucel and lisocabtagene maraleucel, respectively [173–175]. 
However, DLBCL-type RT patients were excluded from the first 2 trials 
and only 5 (2 %) patients with DLBCL transformed from CLL/SLL were 
included in the latter. 

Focusing on studies which included RT patients, initial data from the 
Seattle group reported some durable responses in high-risk R/R CLL and 
RT patients after CD19-targeted CAR T-cell therapy [176]. Toxicity was 
mainly low-grade with no unexpected safety signals. A follow-up study 
from this group with R/R CLL and RT patients maintained ibrutinib 
through apheresis, bridging and infusion, aiming to increase efficacy 
and ameliorate toxicity. Four patients with RT were included but results 
were reported together with the CLL patients. Survival outcomes were 
comparable between the ibrutinib and previous non-ibrutinib cohorts, 
but rates of severe CRS and CRS-related cytokines were lower [177]. 
Another trial with a CD28 second-generation CAR-T included 6 patients 
with DLBCL-type RT. Patients received a median of 1 prior line of RT- 
directed therapy, mainly with R-CHOP, while previous treatment for 
CLL included ibrutinib in 5/6 and venetoclax in 4/6 patients. Best 
response included 4/6 patients in CR, of which 2 underwent an allo-HCT 
consolidation. Toxicity was mostly low grade [178]. 

Recently, a Spanish trial with an academic CD19-targeted CAR-T 
(ARI-0001) reported data in 8 CLL patients, 5 with concomitant RT. Of 
the latter group, 3 (60 %) patients achieved a CR, ongoing at data cutoff, 
and the other 2 achieved a PR and SD, respectively. Measurable residual 
disease (MRD) was undetectable in all patients, both in peripheral blood 
and bone marrow. Both cases who did not achieve a CR progressed with 
CD19-negative disease. Regarding toxicity, 4 out of 5 patients presented 
cytokine release syndrome (CRS), grade 1–2 in all cases; no patients 
experienced neurotoxicity [179]. Finally, a single-center retrospective 
report included 9 RT patients treated with off-label commercial axi-cel. 
Eight patients had prior BTKi therapy, and 7 patients received this agent 

Table 3 
Main retrospective studies reviewing transplant outcomes in RT patients.  

Author, year 
(Ref) 

N OS PFS Relapse NRM 

Tsimberidou 
AM, 2006 [17] 

17 allo- 
HCT (88 
% RIC) 
3 auto- 
HCT 

75 % at 3y 
(CR/PR at 
HCT) 
21 % at 3y 
(PD at 
HCT) 

– – – 

Cwynarski K, 
2012 [23] 

34 auto- 
HCT 
25 allo- 
HCT (72 
% RIC) 

36 % at 3y 
(allo) 
59 % at 3y 
(auto) 

27 % at 
3y (allo) 
45 % at 
3y 
(auto) 

47 % at 
3y (allo) 
43 % at 
3y (auto) 

26 % at 
3y (allo) 
12 % at 
3y 
(auto) 

Kharfan-Dabaja 
MA, 2018 [25] 

10 allo- 
HCT (30 
% RIC) 

50 % at 4y 50 % at 
4y 

10 % at 
4y 

40 % at 
4y 

Herrera AF, 2021 
[184] 

53 auto- 
HCT 
118 allo- 
HCT (72 
% RIC) 

57 % at 3y 
(auto) 
52 % at 3y 
(allo) 

48 % at 
3y 
(auto) 
43 % at 
3y (allo) 

37 % at 
3y (auto) 
30 % at 
3y (allo) 

10 % at 
1y 
(auto) 
23 % at 
1y (allo) 

Lahoud OB, 2021 
[185] 

23 allo- 
HCT 
(100 % 
RIC) 

74 % at 2y 65 % at 
2y 

– 13 % at 
2y 

Kim HT, 2021 28 allo- 
HCT 

53 % at 4y 39 % at 
4y 

32 % at 
4y 

29 % at 
4y 

Abbreviations: Ref, reference; N, number of patients; OS, overall survival; PFS, 
progression-free survival; NRM, non-relapse mortality; auto-HCT, autologous 
hematopoietic cell transplantation; allo-HCT, allogeneic hematopoietic cell 
transplantation; y, years; RIC, reduced intensity conditioning. 
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Table 4 
Summary of studies evaluating novel therapies and combinations of novel agents in patients with RT.  

Trial ID Status Disease N◦ of 
patients 

Treatments Phase 

NCT04271956 Recruiting RT 48 Zanubrutinib, Tislelizumab Phase II 
NCT03121534 Completed RT 10 Blinatumumab Phase II 
NCT04992377 Not yet recruiting RT (of CLL) 30 R-EPOCH, 

Ibrutinib 
Phase II 

NCT03931642 Active, not 
recruiting 

RT 41 R-CHOP, 
Blinatumumab 

Phase II 

NCT04679012 Recruiting RT 20 R-EPCH, 
Polatuzumab 

Phase II 

NCT03054896 Recruiting RT 67 DA-R-EPOCH, 
R-CHOP, 
Venetoclax 

Phase II 

NCT02535286 Completed RT, R/R CLL 27 Ublituximab 
Umbralisib 

Phase I 

NCT03899337 Not yet recruiting RT 105 R-CHOP, 
Acalabrutinib 

Phase II 

NCT04939363 Recruiting RT 15 Obinutuzumab, 
Ibrutinib, 
Venetoclax 

Phase II 

NCT05388006 Recruiting RT 33 Acalabrutinib, 
Durvalumab, 
Venetoclax 

Phase II 

NCT03113695 Completed RT 4 Obinutuzumab, 
HDMP, 
Lenalidomide 

Phase I 

NCT04623541 Recruiting RT, R/R CLL 102 Epcoritamab Phase Ib/ 
II 

NCT04781855 Not yet recruiting RT, R/R CLL 50 Ipilimumab, 
Ibrutinib, 
Nivolumab 

Phase I 

NCT03884998 Recruiting RT, Transformed iNHL 21 Copanlisib, 
Nivolumab 

Phase I 

NCT04082897 Recruiting RT 28 Obinutuzumab, 
Atezolizumab, 
Venetoclax 

Phase II 

NCT02846623 Recruiting RT, R/R CLL 65 Atezolizumab, 
Obinutuzumab, 
Venetoclax 

Phase II 

NCT03892044 Active, not 
recruiting 

RT, Transformed FL 7 Duvelisib, 
Nivolumab 

Phase I 

NCT04978779 Recruiting RT, R/R CLL 54 VIP152 Phase I 
NCT00304005 Completed RT, R/R CLL 35 VNP40101M Phase I/ 

II 
NCT02029443 Active, not 

recruiting 
RT, R/R CLL 306 Acalabrutinib Phase I/ 

II 
NCT02005289 Active, not 

recruiting 
RT, R/R CLL 41 MOR00208, 

Lenalidomide 
Phase II 

NCT05458297 Recruiting RT, R/R CLL, R/R MCL, R/R FL 260 Zilovertamab Vedotin (MK-2140), 
Nemtabrutinib (MK-1026) 

Phase II 

NCT04305444 Recruiting RT, R/R CLL, R/R DLBCL, R/R FL 120 DTRM-555 Phase II 
NCT04771572 Recruiting RT, R/R CLL, R/R MDS, R/R AML, R/R ALL, R/R MF 100 LP-118 Phase I 
NCT04806035 Recruiting RT, R/R B-CL 60 TG-1801, 

Ublituximab 
Phase I 

NCT05107674 Recruiting RT, R/R CLL, R/R DLBCL, EOC, GEJ, HNSCC, NSCLC, 
mCRPC, MPM, TNBC, MSS CRC 

268 NX-1607 Phase I 

NCT03162536 Active, not 
recruiting 

RT, R/R B-CL 190 Nemtabrutinib (MK-1026) Phase I/ 
II 

NCT03833180 Recruiting RT, R/R CLL, R/R B-CL, R/R T-CL, R/R AML, R/R ALL 330 Zilovertamab Vedotin (MK-2140) Phase I 
NCT03263637 Completed RT, R/R CLL, R/R B-CL, R/R T-CL, R/R MM, R/R MDS, R/R 

AML, R/R ALL 
44 AZD4573 Phase I 

NCT05025800 Recruiting RT, R/R B-CL 52 ALX148 Phase I/ 
II 

NCT05176691 Recruiting RT, R/R CLL, R/R B-CL 168 HMPL-760 Phase I 
NCT02362035 Active, not 

recruiting 
RT, R/R B-CL, R/R MM, 161 Acalabrutinib, 

Pembrolizumab 
Phase I/ 
II 

NCT03479268 Active, not 
recruiting 

RT, R/R CLL, R/R B-CL 18 Pevonedistat, 
Ibrutinib 

Phase I 

NCT03010358 Completed RT, R/R CLL, R/R B-CL 24 Entospletinib, 
Obinutuzumab 

Phase I/ 
II 

NCT02530515 Completed RT, R/R CLL 8 Ex vivo-activated autologous lymph node 
lymphocytes infusion 

Phase II 

NCT02332980 Active, not 
recruiting 

RT, R/R CLL, R/R B-CL 65 Ibrutinib, 
Idelalisib, Pembrolizumab 

Phase II 

NCT02924402 Recruiting RT, R/R CLL, R/R B-CL 160 XmAb13676 Phase I 
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through CAR T-cell infusion. Regarding efficacy, ORR was 89 % (56 % 
CR). Cytokine release syndrome was low grade but there were 3 patients 
with grade ≥3 immune effector cell-associated neurotoxicity syndrome 
(ICANS) [34]. 

These studies include small numbers and limited follow-up but are 
proof-of-concept that CAR T-cell therapy is a treatment strategy with 
significant potential in RT patients, even if high-risk cytogenetics are 
present. 

Bispecific antibodies 
There is limited data on the use of bispecific antibodies in the specific 

setting of RT, and much of the available data is usually embedded in 
trials exploring many LBCL subtypes. 

Blinatumomab, a CD19/CD3 bispecific antibody constructed out of 
two single-chain variable fragments (scFv), was tested in 9 patients with 
R/R RT. Four patients had a reduction in nodal disease and 1 patient 
achieved a durable CR. Interestingly, the patient who achieved CR had 
the lowest levels of immune checkpoint expression [180]. There is also 
data in the front-line setting from a phase 2 multicenter study reporting 
results of 18 RT patients who failed to achieve a CR after 2 cycles of R- 
CHOP. In terms of efficacy, ORR was 44 %, with 4 (22 %) patients in CR. 
Regarding toxicity, fever was reported in 4 (22 %) patients and 5 (28 %) 
experienced reversible neurotoxicity [181]. 

Glofitamab has extensive data from a phase I trial supporting its role 
in aggressive NHL. This trial included 10 patients with RT and efficacy 
results appeared similar to the overall population [182]. Mosunetuzu-
mab, another CD20/CD3 bispecific, also has reported activity from a 

phase I trial which included 5 patients with RT, with data not specif-
ically described for this subgroup [183]. Finally, another CD20-CD3 
bispecific antibody that has recently demonstrated encouraging results 
is epcoritamab (NCT04623541). Preliminary efficacy results of epcor-
itamab in monotherapy in LBCL-RT showed high overall and complete 
response rates (60 % and 50 %, respectively), with a tolerable safety 
profile [184]. 

Future therapies 
A myriad of novel therapies and the combination of different 

mechanisms of action of new agents are currently under investigation in 
patients with RT (summarized in Table 4 and (Fig. 4). Most of the 
treatments are combining new targeted therapies affecting relevant 
pathways in CLL with conventional chemoimmunotherapies [185–195] 

RT in the era of new targeted therapies 

Over the course of the last decade, there has been a profound 
transformation in the therapeutic milieu for patients with CLL [196]. At 
present, a substantial proportion of patients are receiving targeted 
therapies as their initial treatment modality. The data regarding the 
incidence of RT in patients receiving targeted therapies for CLL is 
limited, particularly in respect to the follow-up of these studies. Initial 
studies with targeted therapies, including those involving R/R CLL pa-
tients, reported higher rates of RT ranging from 6 % to 12 % 
[118,197–200]. However, data from clinical studies utilizing Bruton’s 
Tyrosine Kinase (BTK) or venetoclax inhibitors as first-line therapy 

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; B-CL, B-cell lymphoma; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell lymphoma; 
EOC, epithelial ovarian cancer, FL, follicular lymphoma; GEJ, gastric/gastroesophageal junction; HNSCC, squamous cell carcinoma of the head and neck; iNHL, 
indolent non-Hodgkin lymphoma; MCL, mantle cell lymphoma; mCRPC, metastatic castration-resistant prostate cancer; MDS, myelodysplastic syndrome; MF, 
myelofibrosis; MM, multiple myeloma; MPM, malignant pleural mesothelioma; MSS CRC, microsatellite stable colorectal cancer; NSCLC, non-small lung cancerRT, 
richter transformation; R/R, relapsed/refractory; T-CL, T-cell lymphoma; TNBC, triple-negative breast cancer. 

Fig. 4. Novel therapeutic targets in Richter transformation.  
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suggests similar frequencies as previously reported in the context of 
chemoimmunotherapy, with rates ranging from 0 to 3 % [201–207]. 
These observations suggest that the excessive incidence of RT identified 
in the initial studies with targeted therapies was probably due to that 
these treatments unmasked pre-existing transformations rather than 
direct-induced transformations. Finally, it should be acknowledged that 
new cases of RT will appear in patients receiving newer therapies for the 
CLL, therapies that can exert (see above) a selective pressure on certain 
clones. Consequently, in the management of these emerging cases, it is 
advisable to consider the use of alternative therapeutic approaches such 
as CAR-T or bispecific antibodies. 

Concluding remarks 

During the last five years, a monumental progress has been made 
dissecting the genetics of the RT, identifying patterns of clonal evolu-
tion, clinical progression, and therapeutic resistance. Also, criteria for 
diagnosis and assessment of this severe complication has been clarified, 
thus simplifying the evaluation of future therapeutic strategies. Treat-
ment of RT remains a medical need, with few patients attaining durable 
responses with therapeutic strategies currently available. The progress 
in understanding the biology of the disease and in the emergence of 
targeted therapies is opening the door to a better management of this 
complication, particularly in the setting of CAR-T therapies and T-cell 
engagers. Finally, the recent evidence that minute clones of RT are 
present at early stages of the CLL opens the door to conduct early in-
terventions in these patients, when the heterogeneity and abundance of 
different subclones is still reduced. These early interventions should be 
carefully assess considering that some patients can develop RT under 
targeted therapies. 
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[73] Robak T, Urbańska-Ryś H, Strzelecka B, Krykowski E, Bartkowiak J, B́loński JZ, 
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[179] Ortiz-Maldonado V, Frigola G, Español-Rego M, Balagué O, Martínez-Cibrián N, 
Magnano L, et al. Results of ARI-0001 CART19 cells in patients with chronic 
lymphocytic leukemia and Richter’s transformation. Front Oncol 2022;12: 
828471. 

[180] Thompson PA, Jiang X, Banerjee P, Basar R, Garg N, Chen K, et al. A phase two 
study of high dose blinatumomab in Richter’s syndrome. Leukemia 2022;36(9): 
2228–32. 

[181] Guieze R, Ysebaert L, Roos-Weil D, Molina L, Fornecker LM, Aurran T, et al. 
Blinatumomab for patients with Richter’s syndrome: a multicenter phase 2 trial 
from the Filo Group. Blood 2021;138(Suppl. 1):3570. 

[182] Hutchings M, Morschhauser F, Iacoboni G, Carlo-Stella C, Offner FC, Sureda A, 
et al. Glofitamab, a novel, bivalent CD20-targeting T-cell-engaging bispecific 
antibody, induces durable complete remissions in relapsed or refractory B-cell 
lymphoma: a phase I trial. J Clin Oncol 2021;39(18):1959–70. 

[183] Budde LE, Assouline S, Sehn LH, Schuster SJ, Yoon SS, Yoon DH, et al. Single- 
agent mosunetuzumab shows durable complete responses in patients with 
relapsed or refractory B-cell lymphomas: phase I dose-escalation study. J Clin 
Oncol 2022;40(5):481–91. 

[184] Kater AP, Ye JC, Sandoval-Sus J, Bellido M, Christensen JH, Mato AT e al. 
Subcutaneous epcoritamab in patients with Richter’s syndrome: early results from 
phase 1b/2 trial (EPCORE CLL-1). Blood 2022;140(Suppl. 1):850–1. 

[185] Werner M, Hobeika E, Jumaa H. Role of PI3K in the generation and survival of B 
cells. Immunol Rev 2010;237(1):55–71. 

[186] Liu P, Cheng H, Roberts TM, Zhao JJ. Targeting the phosphoinositide 3-kinase 
pathway in cancer. Nat Rev Drug Discov 2009;8(8):627–44. 

[187] Cotchett KR, Dittel BN, Obeidat AZ. Comparison of the efficacy and safety of anti- 
CD20 B cells depleting drugs in multiple sclerosis. Mult Scler Relat Disord 2021; 
49:102787. 

[188] Huntington S, Schuster S, He W, et al. Phase I study of first-in-class oral triplet 
therapy DTRM-555 in relapsed/refractory lymphoma patients through fixed-dose 
combination and synthetic lethality. Blood 2018;132(1):5384. 

[189] Awan FT, Thirman MJ, Patel-Donnelly D, Assouline S, Rao AV, Ye W, et al. 
Entospletinib monotherapy in patients with relapsed or refractory chronic 
lymphocytic leukemia previously treated with B-cell receptor inhibitors: results of 
a phase 2 study. Leuk Lymphoma 2019;60(8):1972–7. 

[190] Ravikrishnan J, Muhowski E, Lai T, et al. Characterization of LP-118, a novel 
small molecule inhibitor of Bcl-2 and Bcl-Xl in chronic lymphocytic leukemia 
resistant to venetoclax. Blood 2021;1 38: 1:679. 

[191] Barlaam B, Casella R, Cidado J, Cook C, De Savi C, Dishington A, et al. Discovery 
of AZD4573, a potent and selective inhibitor of CDK9 that enables short duration 
of target engagement for the treatment of hematological malignancies. J Med 
Chem 2020;63(24):15564–90. 

[192] Wang M, Barrientos J, Furman R, et al. Zilovertamab vedotin targeting of ROR1 as 
therapy for lymphoid cancers. NEJM Evid 2021;1(1). 

[193] Kauder SE, Kuo TC, Harrabi O, Chen A, Sangalang E, Doyle L, et al. ALX148 
blocks CD47 and enhances innate and adaptive antitumor immunity with a 
favorable safety profile. PLoS One 2018;13(8):e0201832. 

[194] Sharp A, Williams A, Blagden S, et al. A first-in-human phase 1 trial of Nx-1607, a 
first-in-class oral CBL-B inhibitor, inpatients with advanced solid tumor 
malignancies. J Clin Oncol 40(16_suppl):TPS2691. 

[195] de Weerdt I, Hofland T, Lameris R, Endstra S, Jongejan A, Moerland PD, et al. 
Improving CLL Vγ9Vδ2-T-cell fitness for cellular therapy by ex vivo activation and 
ibrutinib. Blood 2018;132(21):2260–72. 

[196] Burger JA. Treatment of chronic lymphocytic leukemia. N Engl J Med 2020;383 
(5):460–73. 

[197] Munir T, Brown JR, O’Brien S, Barrientos JC, Barr PM, Reddy NM, et al. Final 
analysis from RESONATE: up to six years of follow-up on ibrutinib in patients 
with previously treated chronic lymphocytic leukemia or small lymphocytic 
lymphoma. Am J Hematol 2019;94(12):1353–63. 

[198] O’Brien S, Jones JA, Coutre SE, Mato AR, Hillmen P, Tam C, et al. Ibrutinib for 
patients with relapsed or refractory chronic lymphocytic leukaemia with 17p 
deletion (RESONATE-17): a phase 2, open-label, multicentre study. Lancet Oncol 
2016;17(10):1409–18. 

[199] Stilgenbauer S, Eichhorst B, Schetelig J, Coutre S, Seymour JF, Munir T, et al. 
Venetoclax in relapsed or refractory chronic lymphocytic leukaemia with 17p 
deletion: a multicentre, open-label, phase 2 study. Lancet Oncol 2016;17(6): 
768–78. 

[200] Seymour JF, Ma S, Brander DM, Choi MY, Barrientos J, Davids MS, et al. 
Venetoclax plus rituximab in relapsed or refractory chronic lymphocytic 
leukaemia: a phase 1b study. Lancet Oncol 2017;18(2):230–40. 

[201] Barr PM, Owen C, Robak T, Tedeschi A, Bairey O, Burger JA, et al. Up to 8-year 
follow-up from RESONATE-2: first-line ibrutinib treatment for patients with 
chronic lymphocytic leukemia. Blood Adv 2022;6(11):3440–50. 

[202] Shanafelt TD, Wang XV, Hanson CA, Paietta EM, O’Brien S, Barrientos J, et al. 
Long-term outcomes for ibrutinib-rituximab and chemoimmunotherapy in CLL: 
updated results of the E1912 trial. Blood 2022;140(2):112–20. 

[203] Woyach JA, Ruppert AS, Heerema NA, Zhao W, Booth AM, Ding W, et al. 
Ibrutinib regimens versus chemoimmunotherapy in older patients with untreated 
CLL. N Engl J Med 2018;379(26):2517–28. 

[204] Moreno C, Greil R, Demirkan F, Tedeschi A, Anz B, Larratt L, et al. First-line 
treatment of chronic lymphocytic leukemia with ibrutinib plus obinutuzumab. 
Haematologica 2022;107(9):2108–20. 

[205] Sharman JP, Egyed M, Jurczak W, Skarbnik A, Pagel JM, Flinn IW, et al. 
Acalabrutinib with or without obinutuzumab versus chlorambucil and 
obinutuzmab for treatment-naive chronic lymphocytic leukaemia (ELEVATE TN): 
a randomised, controlled, phase 3 trial. Lancet 2020;395(10232):1278–91. 

[206] Fischer K, Al-Sawaf O, Bahlo J, Fink AM, Tandon M, Dixon M, et al. Venetoclax 
and obinutuzumab in patients with CLL and coexisting conditions. N Engl J Med 
2019;380(23):2225–36. 

[207] Tam CS, Brown JR, Kahl BS, Ghia P, Giannopoulos K, Jurczak W, et al. 
Zanubrutinib versus bendamustine and rituximab in untreated chronic 
lymphocytic leukaemia and small lymphocytic lymphoma (SEQUOIA): a 
randomised, controlled, phase 3 trial. Lancet Oncol 2022;23(8):1031–43. 

[208] Tsang M, Shanafelt TD, Call TG, Ding W, Chanan-Khan A, Leis JF, et al. The 
efficacy of ibrutinib in the treatment of Richter syndrome. Blood 2015;125(10): 
1676–8. 

[209] Winter AM, Landsburg DJ, Mato AR, Isaac K, Hernandez-Ilizaliturri FJ, Reddy N, 
et al. A multi-institutional outcomes analysis of patients with relapsed or 
refractory DLBCL treated with ibrutinib. Blood 2017;130(14):1676–9. 

P. Abrisqueta et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0305-7372(23)00112-3/h0895
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0895
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0895
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0895
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0900
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0900
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0900
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0905
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0905
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0905
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0910
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0910
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0910
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0910
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0915
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0915
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0915
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0915
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0925
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0925
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0930
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0930
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0935
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0935
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0935
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0940
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0940
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0940
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0945
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0945
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0945
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0945
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0950
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0950
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0950
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0955
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0955
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0955
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0955
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0965
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0965
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0965
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0975
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0975
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0975
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0980
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0980
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0985
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0985
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0985
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0985
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0990
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0990
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0990
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0990
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0995
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0995
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0995
http://refhub.elsevier.com/S0305-7372(23)00112-3/h0995
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1000
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1000
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1000
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1005
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1005
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1005
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1010
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1010
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1010
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1015
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1015
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1015
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1020
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1020
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1020
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1025
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1025
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1025
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1025
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1030
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1030
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1030
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1035
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1035
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1035
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1035
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1040
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1040
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1040
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1045
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1045
http://refhub.elsevier.com/S0305-7372(23)00112-3/h1045

	From genetics to therapy: Unraveling the complexities of Richter transformation in chronic lymphocytic leukemia
	Introduction
	Epidemiology and risk factors
	Diagnosis and pathological features
	Pathological features of DLBCL-type RT
	Pathological features of Hodgkin lymphoma-type RT
	Rare variants of RT
	Morphological mimics of Richter transformation
	Accelerated/progressed CLL
	Pseudo-Richter/Richter-like transformation
	Herpes simplex virus (HSV) lymphadenitis

	Other lymphomas arising in patients with CLL/SLL

	Molecular mechanisms and clonal evolution underlying RT
	Genomic landscape of RT subtypes
	Epigenomic landscape of clonally related DLBCL-type RT
	Evolutionary history of clonally related RT

	Clinical features and diagnosis
	Prognosis
	Treatment
	Chemoimmunotherapy
	Novel treatment strategies
	Small-molecule targeted therapies
	PD-1/PD-L1 pathway
	Stem cell transplant
	Chimeric antigen receptor T-cell therapy
	Bispecific antibodies
	Future therapies


	RT in the era of new targeted therapies
	Concluding remarks
	Authors’ disclosures
	Authors’ contributions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


