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Preface to “Classification of Lymphomas and
Hematological Neoplasia in the Era of Genomic
Research: A Themed Issue in Honor of

Dr. Elaine S. Jaffe”

This Special Issue is dedicated to a visionary woman in science, Dr. Elaine Jaffe. Her love of
biology, dedication to disease discovery, and mentorship have shaped hematopathology over the
last few decades. A singular lymphoma classification, with no differences on either side of the
Atlantic, was sculpted by her remarkable work. In Dr. Jaffes’s hands, the microscope served as
a tool for lymphoma discovery. Through her eyes, multiple neoplasms of lymphoid tissue have
been delineated. Through her voice, outstanding hematopathology teaching was spread. This
distinguished investigator has advocated for the integration of basic research and clinical diagnosis in
the day-to-day work of the hematopathologist. Through this intermingled clinical and investigational
research, our understanding of malignant lymphomas’ pathobiology and their relationship with the
normal immune system has been enhanced. This has led to unprecedented advancements in the
prognostication and management of patients with hematological malignancies.

In one of her earliest articles, a citation classic (N Engl J. Med 1974; 290: 813-819), Dr. Jaffe
showed evidence of follicular lymphoma originating from normal follicular B cells. Since then,
she has unveiled many pathologically and clinically relevant “guises and disguises” of follicular
lymphoma. She described in situ follicular lymphoma, offering clues about the initial genetic
changes in follicular lymphomagenesis. She identified histiocytic/dendritic cell tumors occurring
with follicular lymphoma, providing the first piece of evidence for the lineage plasticity of mature
lymphoid cells. Understanding the genetic and epigenetic events involved in mediastinal B cell
lymphoma biology and, in particular, the mechanisms that cause a B cell to become a Hodgkin
cell and the role of tumor cells” interaction with the microenvironment also engaged Dr. Jaffe’s
research interest.

The content of this Special Issue promises to be an outstanding “voyage through the eyes
of a hematopathologist”, aiming to carry the reader to follow and project the evolution of
lymphoma classification, with the discovery of new clinicopathological entities, and achieving a

better understanding of the molecular mechanisms involved in hematolymphoid neoplasms.

Alina Nicolae and Antonino Carbone
Editors
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Abstract: The definitions of follicular lymphoma (FL) and diffuse large B-cell lymphoma (DLBCL) are
evolving in the era of personalized medicine. Early stages of the evolution of FL have been recognized.
Two histological manifestations of early lesions are in situ follicular neoplasia and duodenal type
FL. Additionally, FL frequently undergoes histological transformation, the most common form being
DLBCL. High-grade B-cell lymphoma with double hit, with translocations involving BCL2 and MYC
are important clinically. Rarer forms of transformation include classic Hodgkin lymphoma (CHL) and
histiocytic sarcoma. In addition to conventional FL associated with the BCL2 translocation, alternative
forms of BCL2-negative FL have been observed. These are heterogenous clinically and genetically. A
distinctive group of B-cell lymphomas of follicle cell derivation arise in young patients and include
pediatric type FL, testicular FL and a large B-cell lymphoma with IRF4 rearrangement. Historically
DLBCL was separated into only two histological variants, centroblastic and immunoblastic. In 2017
the WHO classification recommended (1) the segregation of activated B cell and germinal center B
cell derived DLBCL, (2) the identification of high-grade B-cell lymphoma with double hit, and (3) the
recognition of an aggressive lymphoma that may resemble Burkitt lymphoma, currently designated
in the International Consensus Classification as Large B-cell lymphoma with 11q aberration. Today
we appreciate greater genomic complexity among aggressive B-cell lymphomas. Recent studies with
NGS and mutational profiling have identified clinically significant genetic subgroups. It is hoped
that these data ultimately will lead to targeted therapy based on the genetic profile.

Keywords: follicular lymphoma; in situ follicular neoplasia; FL transformation; FL in young patients;
diffuse large B-cell lymphoma NOS; high grade B-cell lymphoma

1. Introduction

The diagnosis of lymphoma is evolving in the era of personalized medicine. Indicative
of these changes is the evolution that has occurred in the criteria and definition of follicular
lymphoma (FL) and diffuse large B-cell lymphoma (DLBCL), two of the most common
subtypes of B-cell lymphoma.

FL is a B cell malignancy that mimics normal follicles histologically and phenotypically.
FL B-cells maintain the same state of differentiation as that of germinal centre (GC) B cells
within the secondary lymphoid follicle [1,2]. Morphologically FL is a follicular proliferation
of centrocytes and centroblasts associated with follicular dendritic cells (FDCs). The
immunophenotypic profile of FL is CD20+, CD19+, CD79a+, CD10+, CD5~, Bcl-2+, Bcl-6+.
The genetic alterations include JH/BCL2 rearrangement, t(14;18) and somatic mutations of
VH. Most patients present with advanced stage disease, (IITA-IV A), and with indolent,
but generally incurable disease [1,2].

Hemato 2022, 3, 466-474. https:/ /doi.org/10.3390 /hemato3030032 1

https:/ /www.mdpi.com/journal /hemato



Hemato 2022, 3

Diffuse large B-cell lymphoma NOS includes morphologic variants, i.e., centroblastic,
immunoblastic, anaplastic and other rare variants. More recently, the subtypes of DLBCL
have been related to the cell of origin, i.e., the germinal center B-cell (GCB) and activated
B-cell (ABC) subtypes [3]. However, aggressive B-cell lymphomas are diverse and include
many other specific clinico-pathologic entities; among these are T-cell histiocyte rich large B-
cell lymphoma, EBV positive DLBCL NOS, primary mediastinal large B-cell lymphoma [4].

FL and DLBCL NOS are the most common forms of malignant lymphoma, with recent
studies identifying much greater diversity than originally thought.

2. Evolving Spectrum of Follicular Lymphoma

The earliest stages in the evolution of FL have been explored (Figure 1). The clas-
sical model of FL lymphomagenesis is a multistage and progressive process, whereby
t(14;18)(q32;q21) represents the founder event, and clinically significant disease results
from a successive accumulation of genetic and epigenetic alterations. The discovery that
non-neoplastic B cells that carry the t(14;18) in healthy individuals, later referred to as
FL-like B-cells, influenced many aspects of FL research. FL like B cells are found in about
70% of individuals over the age of 50 [2].

Conventional Follicular | Altemative forms of Follicular Lymphoma |

Lymphoma / \

BCL2 neg FL Follicular
Transformed lymphomas in the
*  FL-like B-cells + Diffuse LBCL *+ Diffuse oun
* Insitu Follicular ||+ DH High Grade + Follicular
Neoplasia = Lymphoblastic * “Inguinal™ * Pediatric-type
+  Duodenal-type + Hodgkin's Lymphoma ::-F(:Td?ﬂ) 5
FL  Histiocytic Sarcoma FL Gr 3B . arge B-
4 cell lymphoma
* Testicular FL

Primary
cutaneous FL

Figure 1. Evolving spectrum of follicular lymphoma.

In addition, the histological counterpart of this early lesion, is termed in situ follicular
neoplasia (ISFN). It can be seen as an incidental finding in routine lymph node biopsies.
ISFN is detected in 2-3% of routine lymph node biopsies. However, fewer than 5% of
these patients will ever develop clinically significant FL. By array comparative genomic
hybridization (CGH), ISEN has a very low level of genomic aberrations beyond the BCL2
translocation [5]. However, these early lesions may show mutations in CREBBP, EZH2, and
TNFRSF14 [6]. Mutations in KMT2D appear to be a later event, associated with increased
risk of progression.

Another early form of the disease is duodenal-type FL in which the BCL2 positive
cells expand within the intestinal lymphoid tissue (Figure 2). All of these early lesions have
a relatively low incidence of progression to clinically significant FL and this is especially
rare in circulating FL-like B cells as found by sensitive PCR testing of normal peripheral
blood [1,7].
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Figure 2. Incipient follicular lymphoma (FL) includes FL-like B cells found in the peripheral blood at
low levels in normal individuals, most commonly after age 50. Tissue manifestations of incipient
FL include in situ follicular neoplasia and duodenal-type FL. Abbreviations. CNAs, chromosomal
numeric aberrations; SHM, somatic hypermutations; CSR: Class switch recombination. Reproduced
with permission from Jaffe and Quintanilla-Martinez [7].

Similarly, knowledge of the diverse forms of histological transformation that may
occur in FL has been expanded. The two most common forms of transformation are DLBCL
and high-grade B-cell lymphoma with double hit (Figure 3) but other rarer forms of histo-
logic transformation include classic Hodgkin lymphoma, and histiocytic sarcoma. Some
cases of high grade B-cell lymphoma may be TdT-positive and resemble B lymphoblastic
lymphoma leukemia (B-ALL/LBL) [8]. Most cases expressing TdT carry both MYC and
BCL2 rearrangement. However, their mutational profile is distinct from B-ALL/LBL [9].
Thus, they are best considered a variant of double hit lymphoma.

4 } y ¥ s - ,‘t d 73 ""v :.- oy ) 2 Y {
DLBCL High Grade BCL Histiocytic/
TP53 mutation With Double Hit With Double hit Dendritic

BCL2Z/MYCR TdT + Sarcoma

Figure 3. Transformed Follicular Lymphoma. All show clonal identity and retain the BCL2 rearrangement.

Transformation to classic Hodgkin lymphoma and histiocytic sarcoma indicates the
plasticity of the hematopoietic system. Histiocytic or dendritic cell sarcomas show loss
of the B-cell program, most likely related to loss of expression of PAX5 [10]. Secondary
histiocytic sarcomas share some of the molecular alterations of FL but also show evidence
of evolution with acquisition of new mutations that are characteristic of primary histiocytic
sarcoma with mutations in the RAS/RAF/MAPK pathway (Figure 3) [11,12].

Alternative forms of FL, so-called BCL2 negative FL, have been recognized (Figure 1).
BCL2 negative FL are both clinically and pathologically heterogeneous and probably do
not constitute a single disease entity. However, BCL2 negative FL should be segregated
from BCL2 rearranged FL, as both clinical and biological differences exist [13]. A distinctive
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subgroup includes those cases presenting often with inguinal disease that tend to be low
stage. These cases have a high frequency of STAT6 mutations, are frequently positive for
CD23, a helpful feature in diagnosis. These cases are negative for BCL2R still carry some
of the genetic alterations of BCL2 positive FL with frequent mutations in CREBBP [13].
The recent proposal from the International Consensus Classification (ICC) of lymphoid
neoplasms proposed the terminology of BCL2-R negative, CD23-positive follicle center
lymphoma for this lesion [14]. It is likely that this subtype of follicle center lymphoma is
suitable for different management approaches [15].

B-cell lymphomas of follicle cell derivation occurring in young patients differ from
those in adults. These include pediatric type FL, testicular FL and large B-cell lymphoma
with IRF4 rearrangement [16]. Pediatric type FL (PTFL) has a low level of genomic complex-
ity. Aberrations in MAP2K1 and 1p36/TNFRSF14 are the most common genetic changes in
PTFL, each observed in 30-70% of the cases [17,18]. A recurrent loss-of-function mutation
in IRF8, a tumor suppressor gene, was also reported more recently [19]. Recent work has
shown that PTFL and the pediatric variant of nodal marginal zone lymphoma (PMZL)
are morphological variants with a common molecular profile [19]. These cases typically
present with localized disease, Stage I, and recurrence following simple surgical excision is
rare. It is important to distinguish these cases from more aggressive B-cell lymphomas in
young patients, as the management is entirely different [20].

IRF4 large B-cell lymphoma most commonly presents in young patients (Figures 1 and 4)
with involvement of tonsil and Waldeyer’s ring. In contrast to PTFL, which is mainly seen
in young boys, IRF4 large B-cell lymphoma is seen equally in males and females. These
cases can be follicular or diffuse and show co-expression of MUM1 associated with IRF4
rearrangement, are BCL6 positive and often CD10 positive. They are of germinal center
B-cell derivation; and have a relatively good prognosis in contrast to other forms of diffuse
large B-cell lymphoma seen in young patients [1,16,21].

Pediatric type FL: Nodal, Usually Head and Neck, Stage |
M >>F; >10:1 CD10+, BCL6+, BCL2-, MUM1-
Mutations in TNFRSF14; loss of 1p36

Mutations in MAP2K1 and MAPK pathway genes

IRF4 large B-cell lymphoma: Tonsil/ Waldeyer's ring;
May be follicular or diffuse; M=F

Co-expression of MUM1, BCLG, often CD10
Frequent IRF4 breaks, FISH may be negative due to
cryptic rearrangements

Testicular: Stage |, good prognosis
ChemoRx not required

CD10+, BCL6+, BCL2-, MUM-
Occasional BCL6 breaks

Figure 4. Follicular Lymphomas (FL) in young patients (<30 years) include pediatric type FL, IRF4
large B-cell lymphoma, testicular FL. Modified and adapted from Liu Q et al. [16].

Finally, there is testicular follicular lymphoma, which is a rare condition seen in young
boys; these patients have a very good prognosis and in the vast majority of cases appear to
be cured by simple orchiectomy [22,23]. Systemic chemotherapy is not required.
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Another rare form of FL is primary cutaneous follicular lymphoma (Figure 1). It
is negative for BCL2 rearrangement and negative for CD10 and has some of the genetic
alterations that are observed in pediatric type FL with 1p36 deletions and mutations in
TNFSR14. However, it is negative for most of the genetic alterations seen in classic nodal
FL. This is an indolent disease that should be managed conservatively. However, if there is
evidence of BCL2-R or BCL2 protein expressed, clinical evaluation is suggested to rule out
secondary cutaneous involvement from a systemic FL [24-26].

In conclusion, FL is not a single disease but is a family of tumors derived from
follicle center B cells. The therapeutic options vary widely from aggressive therapy to a
minimal intervention.

3. Diffuse Large B-Cell Lymphoma NOS and Aggressive B-Cell Lymphomas

Historically DLBCL was separated based on the cytological appearance in routine
Hé&E-stained sections. The two most common variants were centroblastic and immunoblas-
tic. We now recognize that DLBCLs are a complex group of aggressive B-cell lymphomas [4].
Figure 5 shows a chart that outlines the major subtypes of aggressive B-cell lymphomas at
the time of the 2016 WHO classification [3], which recommended the segregation of ABC
and GCB derived diffuse large B-cell lymphoma, and the recognition of high-grade B-cell
lymphomas with double hit. The most common and well characterized form of “double
hit” lymphoma, is a tumor that has translocations involving BCL2 and c-MYC. Some of
these tumors represent progression from follicular lymphoma. In addition, not all cases
with a double hit involving MYC and BCL2 are detected by FISH. By gene expression
profiling the identification of a double hit signature can uncover double hit high grade B
cell lymphomas with genetic events that are cryptic to FISH analysis [27].

2008 WHO

| [pLBCL, NOS |

1 V

4 ¢ !

2016 WHO

DLBCL DLBCL HGBCL HG BL
ABC GCB DH/TH NOS 11q

Figure 5. Aggressive B-cell lymphomas. Modified and adapted from Swerdlow et al. [3].

In 2017 the WHO bluebook also identified a rare variant of aggressive lymphoma, seen
mainly in young patients, and most often presenting with nodal disease. This tumor was
included as a provisional entity and the term “Burkitt-like lymphoma with 11q aberration”
was proposed [28]. More recent studies have shown that these tumors lack the common
mutational findings of Burkitt lymphoma, are more correctly considered a variant of GCB
derived diffuse large B-cell lymphoma [29,30]. In the recently published report from the
International Consensus Committee, the term large B-cell lymphoma with 11q aberration is
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offered as the preferred nomenclature for this lesion [14]. While clinically aggressive, it is
not included among the “high-grade” B-cell lymphomas.

Figure 6 shows a flow chart for the diagnosis of aggressive B-cell lymphomas that
provides a model for current clinical practice. The first step is biopsy of lymph node
or extranodal lesion. At this stage one should consider any one of a group of specific
entities, such as such as primary mediastinal large B-cell lymphoma, EBV positive large
B-cell lymphoma and HHV8/KSHYV associated lymphomas. FISH is still important to
recognize high grade B-cell lymphomas with double hit and represents a valuable tool in
the clinical setting.

Biopsy DLBCL, NOS NGS
LN GCB Mutational
Extranodal ABC Profiling
Unclassified
v
Specific Entities FISH
: On the horizon
EBV+ DLBCL DH/TH | [CERNanesting for clinical practice
PCNSL, PEL

Figure 6. Flow Chart for the Diagnosis of Aggressive B-cell Lymphomas.

It is controversial as to whether aggressive B-cell lymphomas with dual translocations
involving MYC and BCL6 should be retained in the “double hit” category [31,32]. These
cases are heterogeneous at the gene expression level, and do not appear to have the very
aggressive clinical behavior of the classic double hit lymphomas with MYC and BCL2.
Further study of such cases is warranted to determine their proper place in the classification
of aggressive B-cell lesions [14].

A new era is emerging with NGS and mutational profiling. This technology is on the
horizon for clinical practice, although not currently required for the routine diagnosis of
diffuse large B-cell lymphoma. However, there are many clinical settings in which NGS is
commonly used in clinical practice.

Two major studies in the last few years showed that there is genetic heterogeneity in
diffuse large B-cell lymphoma and that this heterogeneity can identify clinically significant
genetic subgroups [33,34]. Variations in prognosis based on the mutational profile could
be shown. The subtype termed MCD is based on the co-occurrence of the L265P mutation
in MYD88 and mutations in CD79B. This subtype is highly enriched in primary central
nervous system lymphoma, testicular diffuse large B-cell lymphoma, and other aggressive
extranodal diffuse large B-cell lymphomas. The ICC group discussed the option of creating
a separate category for extranodal DLBCL but deferred taking this step for the present
time [14]. The subtype designated as BN2 is based on fusions involving BCL6 and mutations
in NOTCH2. This subtype is heterogeneous in its gene expression profile and may represent
an aggressive variant of marginal zone lymphoma. The prognosis of the BN2 group seems
to be somewhat better than many of the other forms of diffuse large B-cell lymphoma [34].
Thus, it might represent marginal zone lymphoma with increased transformed cells.

In more recent work, even greater heterogeneity in the molecular classification of
diffuse large B-cell lymphoma was observed [35]. New molecular variants were uncovered
including a subset of aggressive lymphomas with a high degree of aneuploidy and a high
frequency of p53 mutation and deletion [35]. The term A53 refers to these key features: p53
mutation and aneuploidy.

The historical cell of origin approach (ABC or activated B-cell; GCB or germinal center
B-cell) for the classification of DLBCL can be integrated in part to the new data derived from
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genomic profiling based on NGS studies [36]. For example, the EZB and C4 subgroups are
related to germinal center B cells. Mutations in EZB are common in germinal center derived
neoplasms, including FL. The CD4 cluster, as designated by Chapuy et al. [33] includes the
ST2 subset, as recognized by Wright et al. [35]. These cases are characterized by mutations
in SGK1 and TET2 (hence ST2) and includes tumors with features of T-cell /histiocyte-rich
large B-cell lymphoma related to nodular lymphocyte predominant B-cell lymphoma [14].
Tumors related to activated B-cells (ABC) are more heterogeneous, with the MCD group
being a major subset. MCD tumors as noted above are almost always extranodal. N1,
with mutations in NOTCH1 is ABC as well. The hope is that these data will be clinically
relevant and lead to targeted therapy in the future based on the genetic profile [33,35-38].
A challenge will be to make this technology accessible for routine practice and diagnosis.

4. Pathology Provides a Roadmap for Disease Discovery and Treatment

Disease discovery and disease definition using routine diagnostic tools are critical
first steps in elucidating the pathogenesis of lymphomas. Discovery of recurrent genetic
alterations have usually followed on the heels of a precise description of the lymphoma
entity based on clinical, morphological, or immunophenotypic grounds [39,40]. In other
words, it starts with the microscope but insights from genetics, epigenetics, and knowledge
of the cellular microenvironment, lead to refinement of diagnostic criteria, and ultimately
appropriate therapy.
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Abstract: Technological and informatics advances as well as the availability of well-annotated and
reliable genomic data have ushered in the era of genomics research. We describe in this brief
review how the genomics approach has impacted lymphoma research in the understanding of the
pathogenesis and biology of lymphoma, in lymphoma diagnosis and in targeted therapy. Some
exciting directions that could be explored in the future are also discussed.
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1. Introduction

Traditionally, laboratory research in cancers has been focused on hypothesis-driven
investigation based on prior observations or experimental findings. With technological and
informatics advances, it became possible to measure gene expression on a transcriptomic
scale in the mid to late 1990s [1—4]. This raised the exciting possibility of measuring the
gene expression profile of lymphomas and identifying the differences among different
types of lymphomas and their putative normal counterparts, leading to a better under-
standing of the biology and pathogenesis of different types of lymphomas and perhaps a
classification that is more biologically based. Initially, there was some skepticism regarding
the accuracy and reproducibility of these global measurements and hence the usefulness
of this approach [5-9]. However, with further refinement of the technology and analytical
approaches and more experience gained in this type of study, it is now clear that this is a
reliable, powerful approach that can lead to rapid advances in many aspects of lymphoma
investigation and diagnosis [10,11].

Another major initiative starting at the beginning of this century is the sequencing
of the human genome [12,13]. Only recently has the human genome sequence been com-
pleted [12], but the availability of drafts and near-complete versions has enabled and greatly
enhanced various aspects of genomic research [14]. As neoplastic transformation is based
on genetic alterations, it is important to identify key driver changes that contribute to the
perturbation in gene expression. Moreover, with the human genome better characterized,
it was possible to correct some of the annotation errors in the various array-based GEP
platforms. One of the first applications of the human genome sequence was the study of
genomic copy number abnormalities (§CNAs) which represented a major advance over
the traditional comparative genomic hybridization [15-20]. Furthermore, as the sequence
and location of the vast majority of coding genes, pseudogenes and non-coding sequences
are known, it greatly facilities related genetic research that can utilize and build upon this
known structural and sequence information.

The more recent development of next-generation sequencing has revolutionized ge-
nomic research and allowed individual laboratories to conduct cutting-edge research
previously in the domain of genome centers. A vast array of genetic, epigenetic, transcrip-
tomic, interactomic and other more specific investigations can be performed, frequently
in collaboration with institutional core facilities. In this communication, how lymphoma
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research has been impacted in this omics age will be briefly reviewed, drawing mostly from
the experience of a consortium of investigators in the Lymphoma/Leukemia Molecular
Profiling Project (LLMPP) and their collaborators. Potential exciting developments with
major implications on future research will also be discussed.

2. Gene Expression Profiling (GEP) Analysis
2.1. Diffuse Large B-Cell Lymphomas (DLBCLs)

GEP performed in a microarray format was developed in the 1990s. The probes on
the array may consist of cDNA fragments or oligonucleotides [21-23]. Both of these may
be spotted on the array, but oligonucleotides may also be synthesized in situ [24,25]. The
initial arrays were generally not transcriptome-wide, but later commercial arrays such
as the Affymetrix U133 arrays are close to whole transcriptome, and commercial arrays
also tend to be more reproducibly manufactured with standard operating procedures and
hence more comparable among studies than institution/lab-based ones [4]. The earliest
microarray analysis of lymphoma was based on a cDNA array platform and is significant
in demonstrating that different lymphoid malignancies tend to form unique clusters [26]
(Figure 1). Furthermore, in diffuse large B-cell lymphomas (DLBCLs), two distinct clusters
could be identified with one of them expressing many germinal center (GC) B-cell associated
transcripts and hence having a GC B-cell differentiation program. The other cluster did not
express the GC B-cell signature but expressed many transcripts associated with in vitro B-
cell activation. The former was named GC B-cell like (GCB)-DLBCL, and the latter activated
B-cell like (ABC)-DLBCL, which had worse survival independent of the international
prognostic index (IPI) [26]. The findings were later confirmed in a follow-up study with a
larger number of cases [27]. There was a group of cases that could not be classified into
these two subtypes, initially called group 3, which was not a specific entity but a rather
heterogeneous group of cases including some with low tumor content that precluded
classification into the GCB or ABC subgroups. These earlier studies were performed on
patients treated with CHOP chemotherapy, but a subsequent study on Rituximab (R)-CHOP
treated patients confirmed that the ABC group has worse outcomes, even with R-CHOP
treatment [28]. Since these two subtypes of cases have been validated to be biologically
distinct and have different clinical outcomes [29], attempts have been made to reproduce
the GEP-based classification with immunohistochemical (IHC) stains that can be readily
performed on FFPE tissue and thus are applicable to routine clinical settings. The first
published one, the “Hans algorithm”, divided DLBCL into GCB and non-GCB (contained
mostly ABC cases) subtypes based on three immunostains (CD10, BCL6 and MUM1) with
a concordance rate to GEP-classified cases of >80% and demonstrated the more favorable
prognosis of the GCB subtype [30]. The reproducibility of this algorithm has been quite
variable with some laboratories unable to demonstrate a prognostic difference between GCB
and non-GCB types. This may be related to the differences in the staining protocol, scoring,
number of patients studied and even the composition of the patient populations. Several
other IHC-based classification algorithms have been proposed, but the above-mentioned
factors may still be major limitations [31,32]. A more recent attempt was made to transfer
the original array-based diagnostic algorithm to another simpler transcript-based platform.
The original diagnostic signature was condensed to 15 parameters with the assay performed
on the NanoString platform [33]. This resulted in an assay with over 90% concordance with
the original diagnosis, and the platform is highly reproducible in different laboratories [33].
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Figure 1. Hierarchical clustering of GEP data. Different lymphoid malignancies form distinct clusters
based on their gene expression profile. Reproduced from Figure 1: Alizadeh AA et al. Nature volume
403, pages 503-511 (2000).

Several studies with global miRNA analysis demonstrated distinct miRNA signatures
associated with DLBCL subtypes [34,35] and identified predictive miRNA biomarkers in
DLBCL, including high expression of miR-155 and miRNA-363 [36], which is significantly
associated with R-CHOP failure. miRNA-based studies are fewer than mRNA-based
studies partly because of the rather late entry of miRNA into the field when many seminal
studies were already reported. The advantage of using miRNA is the stability of the
molecules and their good preservation in FFPE tissues.

The initial GEP studies were performed on DLBCL-NOS cases [26-28,37]. There
are many other DLBCL subtypes that occur at rather low frequencies and likely have
different biology and hence unique GE signatures. Some of these have been studied by GEP
and demonstrated interesting findings. Among these is primary mediastinal large B-cell
lymphoma (PMBL), which unexpectedly exhibited a signature similar to that of Hodgkin
lymphoma (HL) cell lines [38,39]. It also characteristically had JAK/STAT pathway, IL13
and IL4, and NK-kB pathway activation [40]. Interestingly, later genetic studies also
indicated overlaps of genetic alterations between these two diseases [41,42]. There is
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a study that examined the presence of PMBL signature in a series of “non-mediastinal
DLBCL” with GEP studies [43]. A more detailed analysis of the clinical /radiological data
indicated that most of the cases with this signature had evidence of mediastinal disease and
morphology compatible with PMBL, indicating that the lymphoma most likely originated
from the mediastinum, but there were rare cases with no apparent mediastinal involvement,
suggesting that there may be PMBL-like DLBCL without clinical and radiological evidence
of mediastinal disease. Most of the other types of DLBCL studied are non-GCB tumors
with similarity to the ABC subtype (such as primary CNS, testicular, CD5+ and cutaneous
diffuse large B-cell lymphoma-Leg type) or with more plasmablastic features (plasmablastic
lymphoma and primary effusion lymphoma) [44-52].

There have been numerous attempts at identifying prognostically important biomark-
ers with the current standard R-CHOP therapy independent of the IPI [53,54]. Most of the
single-parameter prognosticators described have not been reproducible. TP53 mutation [55],
BCL2 expression in GCB-DLBCL [56] and high BCL2 expression in the ABC-DLBCL [57,58]
appeared to be associated with worse outcome. It should be noted that BCL2 expression
is controlled by different mechanisms in these two types of DLBCL. BCL2 expression is
mainly associated with BCL2 rearrangement in the GCB-DLBCL while in ABC-DLBCL,
it is regulated by NF-«B activation and/or 18q21 gain or amplification [57]. GEP-based
prognosticators have also been developed including the one published by the LLMPP
group [28]. These signatures still need to be independently validated and perhaps also
examined in the context of genetic profiles, as discussed later.

2.2. Other B-Cell Lymphomas

Mantle cell lymphoma (MCL) was found to have a unique GEP that included high
expression of cyclin D1 as expected, but also some transcripts not generally expressed in
normal B-cells such as SOX11 [59]. Interestingly, there were some cases with strong MCL
signature but lacking cyclin D1 expression and translocation. It was suspected that these
cases may be initiated by translocation associated with other cyclin molecules, some of
which were found to be overexpressed [60]. This is indeed the case as demonstrated by
translocations involving cyclin D2 and cryptic insertion of Ig light chain enhancers near
CCND2 and D3 [61]. The expression of SOX11 in classical MCL and also in these cyclin
D1 negative cases makes it a useful marker for diagnosis [62]. A key prognosticator for
MCL is the proliferation signature [62], and based on this finding, an assay (MCL35) has
been developed using the NanoString platform that can be applied to FFPE tissues. This
assay could be more objective and reproducible than the counting of Ki67 positive tumor
cells in histological sections [63]. A unique group of MCL with indolent clinical course,
non-nodal disease with blood involvement, small cell morphology and SOX11 negativity
have been identified and under active investigation [64]. Aside from GEP studies, miRNA
profiling studies also revealed a 19-miRNA classifier that was able to distinguish MCL
from other B-cell lymphomas [65], and MCL patients with high expression of miRNAs
from the polycistronic miR17-92 cluster and its prologues, miR-106a-363 and miR-106b-25,
were associated with high proliferation gene signature and poor clinical outcome in further
correlative observation [65].

Burkitt lymphoma (BL) with classical morphology, MYC rearrangement and IHC profile
is generally readily distinguishable from other aggressive B-cell lymphomas [66]. There are,
however, cases with more atypical features that makes it challenging to diagnose. Several
groups, including LLMPP, had tried to derive a BL diagnostic signature that is highly
sensitive and specific [67,68]. BL characteristically has a high MYC signature as expected,
and a low level of expression of major-histocompatibility-complex class I genes and the
NF-«B signature. It does express a GCB cell signature enriched in a subset of genes related
to the dark zone of the GC [67,69]. The dark zone of the GC is normally largely devoid
of MYC expression, but in the presence of MYC translocation, both a GC dark zone and
a MYC signature are observed. However, even with GEP analysis, there are still cases
that are difficult to classify. The utility of miRNA profiling has been studied, and BL also
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has a unique profile that can help distinguish it from DLBCL [34]. It is unclear whether
combining these signatures would improve the diagnostic performance. Interestingly, the
GEP signatures of pediatric and adult BL show remarkable similarity.

2.3. Follicular Lymphoma (FL) and Transformed FL (t-FL)

FL is a GC B cell-derived lymphoma and is therefore expected to express the GC B
cell signature, which is clearly the case for the major group of FL with t(14;18) [70]. Higher
grade cases tended to have a higher proliferation signature [71]. For the t(14;18) negative
cases, there is an enrichment of ABC-like, NF-kB, post-GCB and T-cell signature [72,73].
Proliferation and cell cycle signatures also tend to be higher, which may be related to
the observation of the frequent Grade 3A morphology in this type of FL. There is further
heterogeneity within the t(14;18) negative group, such as pediatric-type FL, testicular
FL and primary cutaneous follicular center lymphoma, that has been described and will
not be further discussed here [74]. In the study by Dave et al. on prognosticators in FL,
stromal signatures appear to be predictive of outcome [75]. There are generally many FL
subclones in individual patients, and the clonal composition of the biopsied LN might
be quite different from other lymphoma sites. It is possible the clone(s) that ultimately
determine prognosis may not be well represented in the sample studied. This may explain
why no specific tumor-related signature was identified as prognostic. The host response to
the FL could be more uniform, and unique stromal responses could thus be more readily
identified as prognosticators [76]. In the Dave study, factors specifically predictive of
transformation were not investigated [75]. However, a gene expression signature predictive
of FL prognosis when treated with R-CHOP was recently generated for tumor biopsies at
the time of diagnosis [77]. In addition, miRNA studies identified upregulation of miR-193a-
5p, 193b* and 663 downregulation of miR-17*, -30a, -33a, -106a) in FL [78] and a miRNAs
profile associated with t(14;18) negative cases [79].

2.4. Peripheral T-Cell Lymphoma (PTCL)

PTCL constitutes only ~10-15% of all non-Hodgkin’s lymphoma (NHL) in Western
countries [80,81]. The current World Health Organization (WHO) classification recognizes
many distinct PTCL subtypes, including angioimmunoblastic T-cell lymphoma (AITL),
anaplastic large cell lymphoma (ALCL), adult T-cell leukemia/lymphoma (ATLL) and
extra-nodal NK/T-cell lymphoma of nasal type (ENKTL) [74] as well as additional rare
PTCLs that are mostly extra-nodal lymphomas [74]. Even for expert hematopathologists,
the diagnosis and subtyping of PTCL is challenging [74,82], and 30-50% of PTCL cases
are not classifiable with current approaches and are categorized as PTCL, not otherwise
specified (PTCL-NOS) [74]. Thus, PTCL-NOS represents the most common group of PTCL
with a broad morphological and immunophenotypic spectrum that does not correspond to
any of the distinct T-cell entities in the WHO classification [83,84].

The study and understanding of the biology of PTCL has lagged behind that of
their B-cell counterpart partly because of the relative rarity of PTCL [85]. A number of
GEP studies have been reported for PTCL, but the number of cases is generally small
and conclusions from these studies need to be validated [86-92]. Through extensive
international collaborations, it was possible to perform several larger GEP studies on
PTCL that led to the definition of robust molecular signatures for major subtypes of
PTCL [93-95]. It validated previous reports suggesting a link between AITL and TFH
cells [90,92]. Importantly, two novel biological and prognostic subgroups within PTCL-NOS
with distinct GEP signatures were identified [95]. One subgroup, representing about a third
of PTCL-NOS, is characterized by high expression of GATA3 and its target genes. GATA3 is
the master transcriptional regulator in TH2 cell differentiation and regulates interleukin-4
(IL-4), IL-5 and IL-13 expression [96]. The other subgroup, representing about half of PTCL-
NOS, has high expression of TBX21 and its target genes. TBX21 is a master regulator of TH1
cell differentiation and regulates the expression of IFNYy [97]. The “high GATA3” subgroup
(designated as PTCL-GATA3) had poorer clinical outcomes, supported by an independent
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study [98]. The PTCL-GATAS3 group had higher MYC and proliferation signatures, whereas
NF-«B targets were enriched in the TBX21 subgroup. Further examination of the “TBX21”
subgroup (designated as PTCL-TBX21) identifies a subset with a high cytotoxic signature
including the expression of CD8 and cytotoxic molecules such as perforin, granzyme B,
TIA1 and others. These cases have a poorer clinical outcome than the rest of the PTCL-
TBX21 subgroup and may represent a separate cytotoxic subgroup of PTCL [94,95]. While
these studies suggest the “cell-of-origin” of different subgroups of PTCL, it is unclear
whether the tumors are derived from a certain subtype of T cells, or whether different
genetic changes initiating/promoting the transformation may favor the polarization of
the lymphocytes to a certain lineage. It is also uncertain how stable are the phenotypes
and whether further genetic changes or the cytokine environment may re-polarize the cells
either partially or completely due to the plasticity of T-cell differentiation [99]. There are
little data on relapsed PTCL to address some of these questions.

While activation of distinct oncogenic pathways in these subgroups [94,95,100] and
the observed clinical differences support the validity of the classification, recent genetic
analysis including high-resolution genomic copy number abnormalities (gCNA) [101],
and mutational analysis and even miRNA analysis [102], provided further evidence that
PTCL-GATAS3 and -TBX21 subgroups represent distinct diseases and exploit distinct genetic
pathways for tumorigenesis [101], which will be elaborated on further in later sections.

Attempts have been made to use routine IHC assays to help to separate these two sub-
types of PTCL, and it is possible to have a good concordance of around 80% with molecular
classification using four immunostains (GATA3, CCR4, TBX21 and CXCR12) [103]. As IHC
staining and scoring may not be readily standardized, a more objective and quantitative
assay with high reproducibility is preferred. An assay based on the previous microarray
data and adapted to the NanoString platform has been recently developed that can be
performed using FFPE tissues and thus could be utilized in routinely processed biopsy
materials [104]. This assay could benefit the classification of PTCL in clinical practice as
well as in clinical trials for accurate stratification of patients.

Similar to B-cell lymphomas, GEP generates data that can be used for biological
pathway and signature analysis, some of which could be correlated with clinical outcome or
suggest response to targeted therapy. Thus, in ENKTCL, there is evidence for the activation
of the aurora kinase A (AURKA) pathway and potential efficacy of a AURKAI [93,105,106].
A more extensive in vitro drug screening study independently confirmed that AURKAi was
active against NK-lymphoma cell lines [107]. High NF-«B activation has been associated
with worse prognosis in ALCL [108], while in AITL, a high B-cell signature is associated
with better prognosis and a high macrophage/dendritic cell signature was associated with
poorer outcome [94,95]. In the TBX21 PTCL, there is an inverse correlation between B-cell
and cytotoxic signature and high B-cell signature is associated with better prognosis [95]
while the reverse is true for the cytotoxic signature.

3. Global Genetic Analysis

The International Human Genome Sequencing Consortium announced on 14 April 2003,
the successful completion of the Human Genome Project, and the sequence was published
next year in Nature [13,109,110]. While the human genome was not completely sequenced
and assembled until recently [12], the publication was an important landmark that ush-
ered in the era of large-scale genomic research. The initial and subsequent cumulative
published data on the human genome provide the information that has enabled numerous
investigations to move forward. Subsequent development of massive parallel sequencing
technology allows next generation sequencing (NGS) to be done in many facilities outside
of the genome centers and further enables the rapid growth of genome-based research.

3.1. The Study of Genomic Copy Number Abnormalities (CNAs)

One of the first applications in lymphoma research based on human genomic data
is the study of genomic copy number abnormalities (CNAs) that could be done using
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either SNP arrays or oligonucleotide arrays. A study by Lenz et al. on DLBCL revealed the
common gCNAs and highlighted the different profiles between GCB and ABC DLBCL [111].
The simultaneous availability of GEP data further facilitated the identification of the
potential driver genes associated with each of the gCNAs [111] such as PRDM1 in 6q21
deletion, BCL2, MALT1 and TCF4 in 18q21 gain/amplification [112], c-REL and BCL11A
in 2p14-16 gain/amplification. The selective requirement of a potential candidate genes
to specific molecular subgroups could also be shown experimentally by the selective
cytotoxic effect of knocking down of SPIB [19q telomeric gain/amp] [111] in ABC-DLBCL
cell lines but not to GCB-DLBCL cell lines. Additionally, certain gCNAs or combinations
appeared to be associated with prognosis as exemplified by the association with poor
prognosis in ABC-DLBCL with del 9p21 (CDKN2A and 2B) and trisomy-3 [111]. Some
common translocations also have differential distribution in the subtypes of DLBCL, such
as the almost exclusive presence of BCL2 translocation in GCB-DLCBL [113], and the more
frequent BCL6 translocation in ABC-DLBCL [114]. Methylation analysis also demonstrated
distinct abnormal profiles in these two subtypes [115].

Several genome-wide DNA copy number studies on MCL identified recurrent dele-
tions of tumor-suppressor genes, including TP53 (17p21), ATM (11q), RB1 (13q14.2) and
CDKN2A, CDKN2B, MTAP (9p21.3), which provided insights into various deregulated
pathways such as DNA damage repair (ATM) and cell cycle (TP53, RB1 and CDKN2A,
CDKN2B) [116-118]. Somatic mutation and deletions/hypermethylation of TNFAIP3
(6923.3) leading to NF-«B pathway activation have been observed [119,120]. Similarly,
methylation analysis revealed a hypo-methylated genome in MCL; however, a subset of
tumors with extensive CpG methylation, as well as an increased proliferation signature,
were associated with poor prognosis [121]. Targeting the epigenome or specific aberrantly
expressed genes (such as CD37) could be novel therapeutic options in MCL [122].

The genomic alteration in BL is generally much less complex compared with DLBCL,
with far fewer numbers of gCNAs. In addition to the t(8;14) translocation or variant
t(8,22) or t(2;8) translocations, BLs show recurrent gains involving a small locus in 13q31.3
encoding the miR17-92 cluster, recurrent gains of 1q localized to a minimal common region
at1q21.1 and 1g31.3, and frequent loss of 17p [123,124]; however, other observations are less
consistent among studies [125,126]. Genomic aberrations (e.g., del13q14, del17p, gain8q24,
and gain18q21) and effectors of chronic BCR- > NF-«B signaling were more associated
with adult-mBL, and gain/amplification of MIR17HG and its paralogue are particularly
frequent (present in 50%). BLs may be associated with EBV infection, particularly in those
arising in endemic regions (>90%); recent studies have demonstrated differences in GEP
as well as genetic landscape in EBV+ cases [127,128], notably the higher mutation burden
due to increased AICDA activities but lower frequency of mutation in TP53, USP7 and
TCF3/1D3 [129].

FL is associated with recurrent genetic alterations including chromosomal gains (7,
12,18 and X) and deletions (6q and 1p) [130-134] and further refined to genetic loci del of
1p36.33-p36.31, 6G23.3-q24.1 and 10q23.1-q25.1 and gains of 2p16.1-p15, 8q24.13-q24.3 and
12q12-q13.13 with higher resolution techniques [135]. The transformation to aggressive
lymphoma [136] is rarely associated with c-MYC rearrangement [136], but no specific
changes are unique to transformation, although some genetic changes have been reported
to be associated with transformation, including mutation of p53 [137] and BCL2 [138] and
homozygous 9p21 deletions [139], and gains of 3q27.3-q28, 6p12-p21 and 17q21.33 [140].
Overall, genetic abnormalities associated with transformation impair immune surveil-
lance, activate the NF-«B pathway and deregulate the cell cycle and B-cell transcription
factors [135,141]. Of special interest are mutations and CNAs affecting S1P-activated path-
ways, which likely regulate lymphoma cell migration and survival outside of follicles [141].
Global methylation profiling of sequential FL and transformed-FL biopsies revealed a
hypermethylated genome common to FL, and an over-representation of genes targeted
for epigenetic repression by PRC2 within the hypermethylated gene set. Along with the
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similarity in hypermethylation pattern between paired biopsies, this suggested that the
widespread methylation observed may represent an early event in lymphomagenesis [142].

3.2. Mutation Analysis: Example on DLBCL

Several driver mutations were identified before the era of NGS in DLBCL, such as
CD79b affecting BCR signaling [143], CARD11 activating the NF-«B pathway, TNFAIP3
mutation or loss dysregulating NF-«xB and MYDS88 linking IL1/TLR pathway to NF-«B
activation [144-147]. These mutations are far more common in the ABC-DLBCL, supporting
the previous GEP finding of the importance of BCR signaling and NK-kB activation in
this subtype of DLBCL [29]. Subsequent application of NGS in the study mutations in
lymphoma leads to an explosive growth in mutations identified and the construction
of the genomic landscape of several types of lymphoma including DLBCL [148-151],
MCL [117,120,152], FL [153,154], BL [155,156] and marginal zone lymphomas [157-161].
As DLBCL is the most common lymphoma, it has also been most extensively studied, and
genomic subgroups have been delineated. Using consensus clustering, Chapuy et al. [151]
identified five genomics clusters based on mutation and gCNA analyses, and these clusters
have biological and clinical implications. Schmitz et al. [150], using a different approach,
identified four genetic subgroups, and three of these appear to overlap with three of the
clusters reported by Chapuy et al. [151] (Table 1). These studies indicated there are genetic
subgroups of DLBCL that could be robustly defined, and they could further refine the GCB
vs. ABC distinction. In a subsequent analysis, Wright et al. [162] re-affirmed the previous
findings by Schmitz et al. and reported an additional subgroup associated with TP53
abnormalities and another a small subgroup called ST2 that has a similar profile to T-cell
rich B-cell lymphoma or DLBCL transformed from LPHL [163,164]. Whether ST2 tumors
are de novo DLBCL or represent un-recognized transformation of LPHL is unclear. While
mutation and gCNA data are critical in the defining of these genetic subgroups of DLBCL,
other genetic information is also important such as BCL2, BCL6 or MYC rearrangement.
Some of the genetic abnormalities may suggest the potential usefulness of targeted agents
as pointed out by Wright et al. [162]. For example, DLBCL in the MCD group typically
have mutations affecting MYD88 and CD79B and are associated with high response rate to
ibrutinib. However, despite the apparent match of a putative driver mutation to a targeted
drug, the effectiveness of the agent still needs to be determined by rigorous pre-clinical
studies followed by well-designed clinical trials.

Table 1. Comparison of two genetic classification schemes for DLBCL.

Chapuy B. et al. Schmitz R. et al. (e(e]e} . . -
Nat. Med. 2018 NEJM. 2018 Classification Prognosis Genetic Characteristics
ABC or BCL6 rearrangement; Notch pathway: Notch
Cluster 1 BN2 ABC + UC F 2, SPEN, DTX1; NF-«xB: A20, TNIP1, BCL10,
PKCB; immune escape CD70, FAS, PDLI/L2
. TP53 biallelic abnormalities; CDKN2A /RB
Cluster 2 N/e Mixed UF loss; miR17-92 gain; MCL1 gain
BCL2 translocation, EZH2 mutation, cRel
amplification, TNFRSF14 alteration, MEF2B,
Cluster 3 EZB GCB UF and common chromatin modifier mutation:
MLL2, CREBBP, EP300; SIPR2 pathway;
STAT6; mTOR; MiR17-92; PTEN
Histone core and linkers; immune evasion;
Cluster 4 N/e GCB F GNA13, RHOA, SGK1; NF-kB; BRAF/STAT3
MYD88L265P, CD79B; 18p gain, PRDMI,
Cluster 5 MCD ABC UF CDKN2A, ETV6, BTG1/2, TBL1XR1; PIM1;
immune editing, high cAID
N/C N1 ABC UF NOTCHI1 mutation; IRF4, 1D3, BCOR, A20;

plasmacytic phenotype

F: favorable; UF: unfavorable.
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3.3. Mutation and gCNA Analyses: Peripheral T-Cell Lymphoma

As with GEP studies, the genetic analysis of PTCL also lagged behind its B-cell
counterpart, but a number of recent studies have provided important insights into the
pathogenesis of several PTCLs [165-167]. One of the earliest mutations detected was IDH2
mutation found in AITL [168]. Different from AML and glioblastoma, IDH1 mutations were
not found, and IDH2 R172 mutation was the only IDH2 mutation detected. Subsequently,
TET2 mutations were found to be very frequent in AITL, but surprisingly, IDH2 mutation in
AITL [100] almost always occurs together with TET2 mutation, distinct from their mutual
exclusivity in AML. DNMT3A was also found to be frequently mutated, and again, it
frequently co-occurs with TET2 mutations. This co-occurrence seems paradoxical as these
genes have opposite functions in DNA methylation. Both TET2 and DNMT3A mutations
are found in other PTCLs, being more frequent in the TBX21 than GATA3 subtype. There is a
hotspot DNMT3A mutation affecting R882 that seems to be more frequently associated with
tumors with the cytotoxic phenotype [169]. IDH2R172 mutants acquire a neomorphic enzyme
activity with the production of 2-hydroxyglutarate (HG) instead of alpha-ketoglutarate (aKG),
resulting in the inhibition of all TET enzymes. However, 2HG inhibits a large group of
dioxygenases, so there are functional alterations in addition to impaired DNA-demethylation.
An interesting finding is that in some PTCL patients with TET2 mutations, the same mutation
was also found in a co-existing myeloid disorder, suggesting that the TET2 mutation may be
present in a hematopoietic stem cell (HSC) which gives rise to both the myeloid and T-cell
disorders. There is evidence that AITL cases may also be associated with clonal hematopoiesis
of undetermined potential (CHIP) [170] instead of an overt myeloid disorder and share the
same TET2 mutations. Thus, the mutational landscape in AITL is dominated by mutations
that aberrantly modify the epigenome.

The other highly frequent mutation, present in about 70% of AITL, affects RHOA,
which is a small GTPase important in a number of T-cell functions in addition to cytoskele-
ton organization and cellular motility /migration [171-173]. In AITL and PTCL with Tgy
phenotype, the RHOA mutation is a unique G17V mutation resulting in an inability of the
protein to associate with GTP or GDP and believed to be a dominant negative mutation.
Other RHOA mutations have been described in other PTCLs, including some that are gain-
of-function mutations such as RHOA C16R and K118. How these RHOA mutants contribute
to T-cell transformation needs further investigation. As RHOA G17V mutation almost
always occurs with TET2 mutation, their functional interaction is also intriguing. Another
group of mutations in PTCL affects the proximal TCR signaling pathway [174-176]. They
are much less common than the mutations just mentioned and affect signaling molecules
including CD28, PI3K components, FYN, PCLG1 and VAV1. A number of fusion proteins
have been described including CTLA4-CD28 [177], ICOS-CD28 [175], ITK-SYK [178], FYN-
TRAF3IP2 [179,180] and VAV1 fusions [181], with a number of partners with deletion of the
C-terminal autoregulatory SH3 domain of VAV1. These are generally activating mutations,
but exactly how TCR signaling is altered to favor T-cell transformation is unclear. Another
group of mutations affect the JAK/STAT pathway. JAK1 and JAK3 are the most commonly
mutated with the mutation affecting most frequently the pseudo kinase domain. JAK fu-
sions have also been described in ALK neg ALCL, which also contain a group of cases with
DUSP22 rearrangement and rarely TP63 rearrangement with the former associated with
good prognosis, while the latter with a very poor outcome [182,183]. Activated JAK may
not only promote phosphorylation of the associated STATs, but may also phosphorylate
other targets unrelated to STAT functions [184,185]. Of the STAT genes, STAT3 and STAT5B
are the ones involved. Mutations occur mostly in the SH2 domain and affect the affinity
and stability of the phosphorylated dimers, which persist much longer than the WT with
increased target occupancy and changes in transcription [186] (Figure 2). STAT5B and
STAT3 mutations have a different distribution profile, with STAT5B the dominant mutation
in T-PLL [187], y6 -TCL and HSTCL [186] while STAT3 mutated is more frequent in ALCL
and NK-cell lymphoma [188].
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Figure 2. Biological effects of SH2 domain mutations in STAT3 and STAT5B (modified from Kucuk C
et al. Nat Commun 2015 [186]).

gCNAs have been studied in AITL and several other PTCL, including the GATA3 and
TBX21 subtypes, and they have distinctive profiles [101]. PTCL-GATA3 has the highest
gCNAs, and there are highly frequent deletions of tumor suppressor genes (TSG) such as
TP53, p16/19, RB, PRDM1 and PTEN, while there are gains including STAT3 and MYC [101].
An unusual feature is the co-occurrence of TP53 mutation/deletion and heterozygous loss
of PTEN, rarely observed in lymphomas. These cases have similar genetic features to
a cluster of cases identified in the study by Watatani Y et al. [189] that probably also
represented mostly GATAS cases. All these observations support the GEP classification of
PTCL-GATAS3 and TBX21 as unique entities.

The concept of Ty cell-derived lymphoma has been expanded from AITL to tumors
with T cells having similar immunophenotype but a follicular growth pattern (follicular
T-cell lymphoma), and PTCL that would have been classified as PTCL-NOS except that
the tumor T cells express two or more Tgy cell-associated markers, such as PD1, ICOSI,
BCL6, CXCL13 and CD10 (PTCL-Tgy) [74,190]. PTCL-Tgy, as currently defined, is likely
to be heterogeneous. Most of these cases appeared to have a stronger Tgy signature and
AITL-like signature by GEP as well as mutations associated with AITL and thus likely to
be part of the spectrum of Tgy-associated lymphoma [104,191]. However, there are also
cases that appear to be unrelated to Tgy cells, and a more comprehensive study with more
cases may be needed to further characterize this group of cases.
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3.4. Cooperativity of Genetic Alterations

A mutation does not occur in isolation in a lymphoma; it co-operates with other
alterations that could be genetic or epigenetic to mediate neoplastic transformation. STAT3
is the most frequently mutated gene in ENKTCL and is often associated with PRDM1 defi-
ciency, which is also a very common event in this lymphoma. A recent study examined the
possible co-operation between these two abnormalities in normal NK-cells and found that
STAT3 mutants can only mediate enhanced cell growth for a limited period of time. How-
ever, if PRDM1 is knockout, the double mutant cells can undergo persistent proliferation
which can be sustained using IL15 alone without other cytokines or the presence of feeder
cells [188]. If the STAT3 mutant was replaced with a common STAT5B mutant, STAT5B
N642H, a co-operative effect with PRDM1 was not observed (unpublished observation).
This co-operative event may partly explain the difference in STAT mutations observed
in ENKTCL and yb PTCL. Similar investigations in the future may unravel additional
important co-operative events.

4. The Integration of Multiomics Data

With the ability of performing multiomics studies on the same biological samples, it is
possible to obtain important complementary information that can lead to greater and more
comprehensive understanding of the biological processes under investigation that may
also provide novel leads to future investigations. This requires greater planning to obtain
the requisite tissues and perform the necessary studies. The analyses and interpretation
are more complex and require more expertise. An example of such an approach is the
investigation of transcription factor binding and its functional consequences. Traditionally,
ChIP analysis is performed and currently combined with NGS to identify binding sites.
However, binding may not be associated with functional activities, which are now generally
accessed by simultaneously determining chromatin accessibility and RNA expression.
Some binding peaks occur in genomic regions without clear association with a particular
gene. The availability of Hi-C data would be very helpful in identifying associations with
specific genomic sequences with each of these peaks [192], thus allowing the prediction of
the target of the TF when bound to specific DNA sequences.

5. The Tumor Microenvironment

It is quite clear from numerous studies that the TME is an integral and important
component of the tumor which may be critical for tumor cell survival and in regulating
the host/tumor interaction, particularly the immune reaction to the tumor, which could
be especially relevant in this era of immunotherapy. It is notoriously difficult to derive
cell lines from PTCL, clearly indicating the importance of TME in supporting the growth
and survival of the tumor cells. In multiple lymphomas, TME signatures have been shown
to be predictive of patient survival as mentioned above. In a bulk population, the GEP
signature is a mixture of signals from multiple components, and it is challenging to decipher
what components are present and their contributions to the GEP. Recent development in
computational analysis such as the CiberSort approach [193,194] may help to deconvolute
bulk GEP data to provide an estimate of the immune cell populations present in the
TME. An extension of this approach includes the subtyping of tumor cells by GEP and
defining their association with stromal elements to form unique tumor ecosystems that
may provide further insight into tumor biology and clinical behavior [195]. It would be
even more informative if these analyses are combined with immunophenotyping [196] to
validate the computational findings and visualize the distribution and spatial relationship
of the immune/tumor cells. Flow cytometry may be employed on isolated cells from the
tissue, but spatial information is lost. Multiparameter immunophenotyping by multicolor
fluorescence such as the Vectra Polaris (PerkinElmer) or CODEX (PhenoCycler, Akoya
Biosciences) technology has been developed and has the advantage of maintained spatial
relationship of the cells. The recent development of CyTOF technology [197-199] allows
the determination of more markers than possible using fluorescence-based assays and
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tissue-based CyTOF assay. Imaging mass cytometry (IMC) is being developed to evaluate
cellular populations in situ [200,201]. The drawback of IMC is the small area that can be
examined and the limited panel of labeled antibodies available, often necessitating the
labeling of antibodies by the user. The procedure is also destructive to the labeled tissues.
The technical and analytical considerations of these high dimensional imaging approaches
have been reviewed recently [202]. These are very promising tools for the study of the TME,
but computational approaches [203,204] to fully exploit the data from these systems are
challenging but critically needed.

Single-cell (sc) RNA-seq studies are now feasible, and the technology has been recently
reviewed [205,206]. It has been employed recently to decipher the biological complexity
of the tumor cells as well as the stromal cell populations [207-209]. When scRNA-seq is
performed on isolated cells, spatial information is lost, and various artefacts may also be
introduced. To overcome these barriers, techniques such as Slide-seq [210] that attempt to
preserve the spatial information have been reported. Commercial platforms such as the 10X
genomics (Visium) and NanoString platforms are now available for similar purposes and
applicable for FFPE tissues. These platforms are not at true single cell resolution yet, and
scRNA-seq has limitations such as high costs and low transcriptome coverage, but it is a
valuable component of GEP analysis and can provide important insight into the functional
states and activities of single cells, the heterogeneity of the tumor cell population, the
potential interactions of neighboring cells and the possible trajectories of these interactions.

6. A New Diagnostic Platform

Traditionally, diagnosis is based on tissue biopsy and study of the tissue thus obtained,
but a biopsy is an invasive procedure; yet, the biopsy obtained for diagnosis may not be
the most diagnostic or representative. Lymphoma patients frequently relapse after therapy
and usually a very limited needle biopsy or no biopsy is obtained, which is a tremendous
impediment in the adequate characterization of relapsed disease even for clinical purposes.
Thus, a new approach that addresses these major issues will have a powerful clinical
impact. Technological advances have allowed the performance of sophisticated analysis
on the small amounts of DNA and RNA present in cell-free plasma [211-213], an easily
obtainable biospecimen that allows more frequent sampling without an invasive procedure.
In addition, the plasma analytes represent the summation of the contribution from all tumor
sites and provide a more global picture of the entire tumor content [212]. The successful
development of the technology and implementation of it as a clinical assay would represent
a major breakthrough in diagnostics, allowing molecular characterization of each patient at
diagnosis and at different points of treatment to guide further actions. Circulating tumor
DNA (ctDNA) also enables monitoring of tumor evolution and characterization of resistant
clones [212,214]. The technology is applicable not only to lymphoma but also to other
types of cancer [215]. In lymphoma, many of the studies had been focused on DLBCL
using the Cancer Personalized Profiling by Deep Sequencing (CAPP-seq) approach [211],
which used a pre-defined panel to capture the DNA from selected loci for deep sequencing.
Another approach is to sequence the tumor to determine the mutations present and then
design a custom panel for deep sequencing [216]. An exciting report on HL [217] has
been published, demonstrating that it is possible to perform CAPP-seq successfully in
liquid biopsy, even in a disease where the neoplastic cells may be as low as or lower
than 1% of the cells in the tumor. Interestingly, their findings on the predictive value
of early reduction in ctDNA on chemotherapy on treatment response and survival are
quite similar to findings reported in DLBCL [218]. While ctDNA is the most frequently
investigated analyte, other analytes include plasma miRNA and 5mC [219] and possibly
5hmC-modified DNA that may be assayed and may complement ctDNA information or
constitute new assays. This is a rapidly evolving area with new technological and analytical
developments [220]. Liquid biopsy may provide the platform for sensitive and specific
molecular assays for multiple types of cancer and become the next-generation diagnostics
for precision medicine [221,222]. However, much still needs to be done to determine

22



Hemato 2022, 3

References

various preanalytical variables, standardize the assay and platforms and validate the
clinical characteristics and usefulness of the assays.

7. Perspectives

The last 22 years have seen an explosive growth in genomics data in lymphoid ma-
lignancies leading to a marked improvement in the understanding of their pathogenesis
and biology. For the more common lymphomas, the genomic landscapes are fairly well
defined, but the less common entities are still largely unexplored. A better understanding
of the tumor/microenvironment interaction is crucial, and we have better tools to make
significant discoveries in this area. Obtaining good, well-annotated tissue samples is partic-
ularly challenging in lymphoma, and samples collected often lack corresponding normal
controls, making tissue availability a major barrier in future research. As mentioned above,
multiomics investigations are important to more fully explore the omics data, but few
studies have performed such investigations. In the future, the integration of omics and com-
prehensive TME findings, particularly with spatial information, would markedly improve
our understanding of tumor biology and host/tumor interaction. The incorporation of
single cell analysis will further provide essential information on tumor heterogeneity, clonal
evolution and the diverse stromal components. While gaining genomic information is
critical, painstakingly focused investigations are still necessary to understand the biological
implications of specific findings. The information generated so far has suggested many
potential drug targets against individual genes and/or pathways, which has led to many
clinical trials. Further understanding of tumor biology and host/tumor interaction will no
doubt lead to more novel targets, better stratification of patients for clinical studies and the
elucidation of mechanisms of therapy resistance. This is true not only for traditional drug-
based trials but also for immunotherapy. Plasma-based diagnostic platforms are rapidly
advancing and could become the next-generation diagnostics that may vastly improve the
monitoring of patients under treatment and on prognostication.
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Abstract: The characterisation of the lymphoma epigenome has provided insight into mechanisms
involved in lymphomagenesis. Multiple lymphoma subtypes demonstrate recurrent mutations in key
epigenetic regulators that have been utilised to define clinicogenetic groups that can predict clinical
behaviour in these heterogenous entities. The high frequency of mutations in epigenetic regulators
provides rationale to incorporate these in the classification of some subtypes of lymphoma. In
addition, their recurrent nature provides a rationale to target such mutations, or the relevant pathway,
for treatment. In this review, we summarised the available literature on epigenetic dysregulation in
lymphoma and how it has been utilised in diagnosis and classification.

Keywords: lymphomagenesis; methylation; histone modification

1. Introduction

Epigenetics describes the modification of the transcription of genetic code independent
of the DNA sequence. This is usually via the regulation of DNA methylation and histone
modification, which controls gene expression and plays a critical role in normal cellular
differentiation and growth. The epigenome is important for normal lymphocyte develop-
ment and plays a role in the normal immune response [1]. Beyond normal development,
the deregulation of the epigenome is frequently observed in human cancers and is thought
to play a key role in oncogenesis through the silencing of tumour suppressor genes, as well
as through changes in the tumor microenvironment (TME) and immune response [2].

With respect to lymphoma, epigenetic alterations are frequently observed across many
subtypes. Indeed, the development of rapid and accurate gene sequencing technologies,
such as next generation sequencing (NGS), has led to the use of mutational profiling
as an integral component of lymphoma classification; mutations of epigenetic genes are
frequently encountered. The detection of these epigenetic aberrancies may be useful
diagnostically, as certain mutational profiles are supportive of a particular diagnosis. This is
particularly relevant in the T-cell lymphomas, such as angioimmunoblastic T-cell lymphoma
(AITL), where histological diagnosis can be challenging.

There is an emerging recognition that patterns of epigenetic dysregulation, which are
often reflective of the underlying stage of differentiation, can be prognostically relevant;
specific epigenetic mutations have now been incorporated into prognostic scores [3]. Cer-
tain lymphoma subtypes, such as follicular lymphoma (FL), have a significant degree of
epigenetic dysregulation, which likely drives lymphomagenesis and disease progression.
These mutations have proven to be therapeutically exploitable [4].

In this review, we highlight the progress that has been made in characterising the
epigenetic landscape of different subtypes of lymphoma, with a particular focus on how
epigenetic dysregulation contributes to the evolving classification of lymphoma.
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2. Key Epigenetic Regulators Involved in Lymphomagenesis

Epigenetic dysregulation occurs through a complex interplay of different mechanisms,
including somatic mutations in key proteins involved in DNA methylation and histone
acetylation, deacetylation, and methylation. These alterations influence gene transcription,
leading to either the activation or repression of key tumour suppressor genes, DNA repair
proteins and cell cycle regulators. Some of the most frequent, recurrently mutated key
regulators in lymphoma are described below.

EZH2: The Enhancer of zeste homolog 2 (EZH2) encodes the catalytic subunit of
the polycomb repressive complex 2 that mediates histone methylation, leading to tran-
scriptional silencing. Expression of mutant EZH2 impairs germinal center differentiation,
driving aberrant proliferation by silencing genes such as IRF4 and PRDM1 [5]. Tumours
that lack MHCI and MHCII are enriched for EZH2 mutations, supporting the role of epi-
genetic regulation in immune evasion [6]. EZH2 was one of the first recurrently mutated
epigenetic regulators identified in FL and has provided a novel therapeutic target [7].

KMT?2: The histone lysine methyltransferase 2 (KMT2) proteins, previously known
as mixed lineage leukaemia (MLL), form complexes that methylate lysine 4 on histone H3
(H3K4). Mutations in KMT?2 are seen across all types of human cancers; they are the most
frequently detected mutations in FL, where they have a tumour suppressor function by
impeding B-cell differentiation [8].

CREBBP: CREB binding protein (CREBBP) has histone acetyltransferase activity and
is structurally and functionally similar to EP300. Loss-of-function mutations in CREBBP
have been demonstrated to cooperate with BCL2 and to lead to a reduction in histone
acetylation affecting germinal center development and B-cell signalling pathways [9,10].
In vitro disruption of CREBBP has been demonstrated to promote lymphomagenesis via
accelerated cellular growth and MHCII downregulation, providing evidence of the tu-
mour suppressor role that these pathways play in addition to altering the TME to favour
malignant proliferation [9].

ARID1A: AT-rich interactive domain-containing protein 1A (ARID1A) promotes the
formation of SWI/SNF nucleosome remodelling complexes containing BRG1 or BRM,
which catalyse disruption of DNA-histone contacts, thereby, controlling chromatin con-
densation and DNA accessibility. ARID1A is critical for maintaining haematopoiesis, with
differentiation of both myeloid and lymphoid lineages impaired in ARIDIA knockout
mice [11].

DNMT3A: DNA methyltransferase 3A (DNMT3A) functions as a DNA methyltrans-
ferase catalysing cytosine methylation of CpG islands in promoters, leading to transcrip-
tional silencing. DNMT3A is critical for hematopoietic stem cell differentiation; mutations in
this gene are thought to be early events in lymphoid malignancies [12].

TET?2: The ten eleven translocation 2 (TET2) gene encodes an alpha-ketoglutarate
dependent dioxygenase that regulates DNA hydroxymethylation by converting
5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5 hmC), which promotes DNA
methylation. The interaction between mutated DNMT3A and TET2, which leads to
a reduction and increase in global DNA methylation, respectively, creates a complex
methylation landscape [13].

IDH2: Isocitrate dehydrogenase 2 (IDH2) converts isocitrate to a-ketoglutarate, a key
co-factor in the oxidative demethylase reactions that remove methyl-groups from DNA.
Mutant IDH2 converts isocitrate to 2-hydroxyglutarate, which is an oncogenic metabolite
that cannot function as an obligatory cofactor of TET catalytic functions. Mutations in IDH2
and TET2 reduce 5hmC levels due to global hypermethylation of promoters and CpG,
islands resulting in transcriptional repression [14].

3. The B-Cell Lymphomas

The B-cell lymphomas are genetically heterogenous malignancies derived from mature
B-lymphocytes and characterised by a broad range of clinical features. The genetic processes
that lead to lymphomagenesis include large chromosomal changes, classically chromosomal
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translocations involving the immunoglobulin heavy chain locus, copy number aberrancies
and somatic mutations in key regulators of intracellular pathways. These genetic events
result in hyperproliferative and anti-apoptotic activity and are recognised as key to the
development of malignancy. Chromosomal translocations, while often entity defining, are,
alone, mostly insufficient to lead to lymphomagenesis and are seen in the lymphocytes
of healthy individuals. Age-related non-random genetic mosaicism has been associated
with the development of lymphoid malignancy [15-17]. Epigenetic dysregulation leads to
lymphomagenic alteration of gene expression required for germinal center development
and post germinal center differentiation. FL and diffuse large B-cell lymphoma (DLBCL),
in particular, are enriched for mutations of histone modifiers, while, in other subtypes,
methylation profiles can be reflective of disease biology; epigenetic mutations have been
shown to contribute to clinical behaviour.

3.1. Follicular Lymphoma

FL is a malignancy of germinal center B cells that share the cellular architecture of the
normal lymphoid follicle. There is recognition that, beyond classical FL, there is a range of
mature B-cell neoplasms with a follicular growth pattern, such as diffuse variant of FL and
paediatric nodal FL, that differ in their clinical behaviour and genetic mutation repertoire.
Conventional FL is defined by the hallmark t(14:18) translocation that juxtaposes the IGH
and BCL2 loci, leading to anti-apoptotic activity. Despite this early and disease-defining
event, there is an appreciation that additional genetic aberrancies that alter normal germinal
cell differentiation and the tumour microenvironment are required for the development
of lymphoma. This is supported by the identification of the translocation in healthy
individuals” lymphocytes often years prior to diagnosis, where a high prevalence of t(11:14)
predicts the eventual development of FL [18].

The accumulation of further molecular lesions in these lymphocytes is thought to be
needed for progression to overt FL; there is an enrichment of epigenetic dysregulation
that is seen in almost all cases of conventional FL (>85%). NGS has identified frequent
mutations in epigenetic regulators KMT2D (80%), CREBBP (33-68%), EZH2 (25%), ARID1A
(14%), and EP300 (9%), which result in gene repression via histone modification. Moreover,
there is often the presence of multiple epimutations within a single tumour—at least 50% of
cases have both KMT2D and CREBBP mutations. The implications of the resultant histone
modifications for lymphomagenesis are yet to be fully understood but suggest a state of
transcriptional repression [6,14,15].

Epigenetic pathway alterations are thought to be an early clonal event. In-situ
follicular neoplasia is a collection of clonal B-cells within a lymph node that carries the
BCL2 rearrangement and is recognised as a precursor state to FL. These early clonal
lesions can harbour mutations in CREBBP and EZH2, while mutations in KMT2D are
also seen but less commonly supporting increasing epigenetic complexity as a key
driver of oncogenesis [16,17]. The cumulative result of this complex dysregulation is
the promotion of differentiation block at the germinal center stage of development, the
loss of key tumour suppressors and an alteration in the tumour microenvironment that
promotes and sustains lymphomagenesis.

The clinicogenetic risk model M7-FLIPI combined mutations in seven key genes,
including epigenetic regulators EZH2, ARID1A, CREBBP and EP300 with the follicular
international prognostic index (FLIPI) and Eastern Cooperative Oncology Group (ECOG)
performance status; it was validated in the GALLIUM cohort [3,19]. The model stratifies
patients into “low-risk” and “high risk” cohorts by M7-FLIPI score. Mutations in EZH2
and ARID1A convey better outcomes, while CREBBP/EP300 are associated with a worse
prognosis. In comparison to the conventional FLIPI score, the M7-FLIP is more accurate in
predicting progression of disease within 24 months (POD24) and discriminating between
low- and high-risk patients [20]. The predictive power of M7-FLIPI, however, may be
limited to patients treated with chemotherapy-based regimens [3,21].
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Somatic mutations in EZH2 have been demonstrated to have significantly longer
progression free survival and less early relapse [22]. EZH2 is essential for normal GC
differentiation; alterations have been demonstrated to alter the TME by reducing tumour
dependence on T-follicular helper cells, allowing for the persistence of tumour cells in
the germinal center. This change in the microenvironment is reflected in a reduction in
the number of tumour-infiltrating lymphocytes in lymphomas with EZH2 mutation [6].
Single-amino acid changes at Y641 in the catalytic SET domain are the most frequently seen
EZH2 mutations in FL and result in higher levels of trimethylation at H3K27 (H3K27Me3)
on the histone tail. EZH2 mutations are of clinical interest, as they have proven to be
therapeutically vulnerable [4,7].

Primary cutaneous follicle center lymphomas (pcFCL) are indolent B-cell lym-
phomas that are distinct from secondary cutaneous involvement by systemic FL. They
have similar histological features but tend to have weaker CD10 expression and are nega-
tive for BCL2 expression. Clinicopathologically, it can be difficult to differentiate pcFCL
from skin restricted FL at diagnosis; however, comprehensive genomic assessment by
whole exome sequencing (WES) and for copy number aberrancies has demonstrated
that alterations in chromatin modifying genes are infrequent when compared to FL.
Indeed, cases of ‘pcFCL’ with mutations in the chromatin modifiers were more likely
to progress to systemic involvement and, perhaps, were biologically ‘conventional-
systemic’ FL. Zhou et al. proposed a criterion that incorporated the presence of muta-
tions in chromatin modifying genes (EZH2, KMT2D, CREBBP, EP300) along with BCL2
gene rearrangement and a high proliferative index (Ki-67 > 30%) for distinguishing
between pcFCL and cutaneous involvement of FL [23].

Diffuse variant of FL (dFL) is a rare variant of FL that also lacks the t(14:18) transloca-
tion, has low-grade histology and a typically favourable prognosis. Mutations in CREBBP
are seen in >90% of cases and are frequently bi-allelic and co-exist with STAT6 mutations,
suggestive of a level of cooperativity. The transcription factor STAT6 is frequently mutated
in primary mediastinal B-cell lymphoma but not germinal center B-cell (GCB)-subtype DL-
CBL. The BCL2-like antiapoptotic protein BCL-xL/BCL2L1 is a key target of STAT6 [24-26].
Epigenetic mutations are typically lacking in another rare variant of t(14;18)-negative FL,
paediatric type nodal FL, which has a very favourable prognosis and is characterised by
recurrent mutations in MAPK pathway signalling [27].

3.2. Diffuse Large B-Cell Lymphoma

DLBCL has remarkable genetic heterogeneity. Gene expression profiling (GEP) via
DNA microarray has been utilised to identify molecular subtypes of DLCBL, leading to the

‘cell of origin (COO)’ classification, which broadly divides DLBCL into GCB and activated

B-cell (ABC) type, leaving 10% unclassifiable [28]. Despite this broad division, DLBCL
tumours have one of the highest tumour mutational burdens (TMB) of any malignancy,
with somatic mutations recognized in over 700 genes [29]. The GCB subtype has similar
genetic lesions to FL, with frequent expression of EZH2, while the ABC subtype is enriched
with mutations of B-cell receptor signalling pathways [30].

There are various immunohistochemistry-based algorithms that approximate the
GEP-derived cell-of-origin classification. The most widely used is the Hans algorithm,
which can be used to divide DLCBL into GCB and non-GCB, mostly ABC subtype,
and which has a high concordance with GEP (80%) [31]. The Hans algorithm uses
expression of CD10, BCL6 and MUMI to assign the subtype, while newer algorithms
utilize further immunostains to improve accuracy. Expression of these immunostains
appears to be independent of epigenetic aberrancies. Indeed, expression of EZH2
appears to not be restricted to COO subtype, with high levels seen regardless of EZH2
mutation status [32,33]. These algorithms are imperfect classifications with substantial
heterogeneity within each group. In part, this may be because the COO classification
provides a phenotypic description of the lymphoma cell and does not necessarily fully
reflect the complex, dysregulated biological pathways involved.
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Genome-wide methylation studies have demonstrated that, as in many other cancers,
disrupted methylation is frequent in DLCBL and higher levels of aberrant DNA methylation
are associated with a poorer prognosis [34]. Epigenetic dysregulation provides a permissive
transcriptional environment that promotes germinal center development, while silencing
tumour suppressors and suppressing terminal differentiation. A pivotal paper by Morin
et al. reported frequent mutations in epigenetic regulatory genes in 32% of patients with
DLBCL with enrichment of these alterations seen in the GCB subtype [7]. A similar
mutational profile, including sequence variants of EZH2, CREBBP and EP300, among others,
was seen across patients with FL (89% of patients) analysed in the same study, highlighting
the genetic similarity between FL and the GCB subtype of DLCBL, where epigenetic
disruption appears to play a key role in the lymphomagenesis in both entities [7,35].

As mentioned, DLBCL has been associated with many somatic mutations [29]. Clus-
tering of recurrent somatic mutations within subtypes was reported by Schmitz et al., who
utilised WES, targeted sequencing, and copy number analysis to characterise the genomic
landscape of DLBCL [36]. An algorithm used key mutations to converge on four clinicoge-
netic subtypes MCD (MYD88/CD79B), BN2 (BCL6/NOTCH2), N1 (NOTCH1), and EZB
(EZH2/BCL2) (Table 1). The MCD and N1 subtypes overlapped genetically with ABC
subtype, while the EZB subtype shared the genetic hallmarks of GCB. Genetic alterations in
epigenetic regulatory genes were seen across the GCB-ABC ‘spectrum’ but were enriched
in the GCB subtype. EZH2 mutations were almost exclusive to the GCB-subtype, as were
loss-of-function mutations in the tumour suppressor CREBBP, which cooperates with BCL2
overexpression to promote lymphomagenesis [10].

Epigenetic aberrancy was enriched in, but not exclusive to, the EZB subtype. SET
domain containing 1B (SETD1B), also known as KMT2G and part of the KMT2 histone
lysine methyltransferase family, was incorporated in the MCD subtype and was seen in 25%
of ABC DLBCL. Mutations in SETD1B are also frequently seen in DLBCL subtypes in which
ABC type predominates, such as primary CNS lymphoma and intravascular lymphoma, a
rare extranodal lymphoma of small blood vessels with lymphadenopathy, where SETD1B
mutants are seen in approximately 50% of cases [37,38].

TET2 was the most frequently seen mutation in the “unclassifiable” subtype. TET2
somatic mutations occur recurrently in approximately 10% of DLBCL. Intact TET2 promotes
DNA methylation via the oxidization of 5-methylcytosine to 5-hydroxymethylcytosine
(5 hmC) and is required for germinal center B cells to undergo plasma cell differentiation.
TET2-deficient germinal center B cells cannot up-regulate the plasma cell master regulator
PRDML1 due to reduction in 5 hmC [39]. Genome-wide methylation profiling has demon-
strated a distinct methylation profile in TET2 mutated DLBCL; however, there does not
appear to be a clinically relevant difference in patients with TET2 mutant versus wild-type
DLBCL [40].

Similar comprehensive genetic analysis was performed by Chapuy et al. who de-
scribed five distinct genetic clusters (C1, C2, C3, C4 and C5). The C3 cluster, which is
genetically similar to the previously described EZB subtype, had frequent mutations in
KMT2D, CREBBP and EZH2 and had substantial genetic overlap with GCB. There was
a particularly high incidence of CREBBP mutations (53%). The C4 cluster, which is also
mostly GCB subtype and which has a distinctly favourable prognosis, lacked the chromatin
modifier mutations seen in the C3 subtype; however, recurrent mutations in histone linker
genes were seen [41].

Genetic clustering methodology was further refined with the LymphGen classification
system, which divided DLBCL into six genetically defined subgroups (EZB, ST2, BN2, A53,
N1, MCD) based on prevalent hallmark mutations [42]. The EZB subtype is, again, defined
by epigenetic dysregulation, which is a defining attribute of EZB due to loss-of-function
mutations of several epigenetic regulators (KMT2D, CREBBP, EP300, ARID1A) and gain-
of-function of EZH2. The ST2 subtype is characterized by recurrent loss-of-function TET2
mutations suggestive of tumour-suppressor function.
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Table 1. Corresponding Diffuse Large B-cell Lymphoma subtypes based on genetic mutations

* Epigenetic regulatory gene.

Genetic Subtype Genetic Cluster LymphGen .. Characteristic :
[36] [41] Classification [42] Cell of Origin Mutations 5-Year OS

ABC, GCB, BCL6, NOTCH2, o

BN2 Cluster 1 BN2 unclassified TNFAIP3 36-79%

- Cluster 2 A53 ABC, GCB TP53 33-62%
BCL2,EZH2 %, o

EZB Cluster 3 EZB GCB CREBBP * KMT2D * 48-68%
TET2 *, SGK1, DUSP2, o

- Cluster 4 ST2 GCB ITPKB, NFKBIA 72-84%
MYD88, CD79B, o

MCD Cluster 5 MCD ABC CDKN2A, ETV6, SPIB 26-54%

N1 - N1 ABC NOTCH1, IRF2BP2 22-27%

Early attempts to utilise the burden of epigenetic mutations in DLBCL led to the
development of the “EpiScore” by Szablewski et al. Utilizing GEP, they demonstrated
that the level of expression of epigenetic regulators DNMT3A, DOT1L, and SETDS was an
independent predictor of survival with high levels of expression associated with a poorer
prognosis [43]. Further work is needed, but the “EpiScore” or similar models may identify
DLBCL patients, who may benefit from epigenetic-targeted therapies.

A molecular high-risk group of high-grade B-cell lymphoma (HGBCL) has been
defined by Sha et al. using GEP [44]. This poor prognosis group with MYC and BCL2
and/or BCL6 rearrangement (otherwise known as double-hit or triple-hit lymphomas)
had recurrent mutations demonstrated via targeted sequencing in epigenetic genes such
as EZH2 and KMT2D. Recurrent loss-of-function CREBBP mutations are also frequently
(80% of cases) seen in HGBCL [44,45]. The contribution of epigenetic dysregulation to the
aggressive disease behaviour is unclear; however, epigenetic regulatory genes appear to be
more frequently mutated in HGBCL than in GCB DLBCL.

These molecular classification schemas are yet to be recognised by the World Health
Organization (WHO) classification of aggressive lymphomas, which still relies on the GEP-
defined ‘cell-of-origin” subtypes. The prognostic and potential therapeutic implications of
mutation-defined subgroups within DLBCL, with the incorporation of high throughput
sequencing, such as NGS, into routine clinical practice may change this. Frequent mutations
in chromatin modifiers and other epigenetic regulators seen in certain mutation-defined
subtypes may provide therapeutic rationale for harnessing therapies targeting epigenetic
dysregulation as well as risk-adapted treatment strategies based on genomic classification.

3.3. Mantle Cell Lymphoma

Mantle cell lymphoma (MCL) is defined by t(11;14)(q13;q32) leading to cyclin D1
overexpression and, generally, a poor overall survival rate and high rates of relapse.

High degrees of global epigenetic dysregulation are associated with more ag-
gressive clinical behaviour. Genome wide methylation analyses have demonstrated
heterogeneous patterns of DNA methylation in MCL with frequent hypermethylation
of tumour suppressor genes, leading to transcriptional repression. A subset of MCL
tumours have extensive CpG methylation that is associated with highly proliferative
disease and a poorer prognosis [46,47].

There is a nodal variant that commonly involves the gastrointestinal tract and that
requires early treatment, while the non-nodal leukemic variant usually demonstrates
indolent clinical behaviour. SOX11 encodes for a transcription factor that is overexpressed
in nodal MCL, with low levels seen in patients with the non-nodal leukemic variant. SOX11
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expression is under epigenetic control and may, in part, be responsible for the differing
clinical phenotypes [46,48].

Loss of function mutations in the methyltransferase KMT2D appear to be relatively
common, seen in 12-32% of cases, and may be associated with poorer outcome. NGS
of a cohort of young MCL patients in the Fondazione Italiana Linfomi MCL0208 phase
3 trial (lenalidomide vs. observation post autologous transplantation) demonstrated
loss of function of KMT2D in 13.4% of patients (25/186), which was associated with a
poorer 4-year progression-free-survival (33.2% vs. 63.7%) and overall survival (62.3% vs.
86.8%). The authors proposed the addition of KMT2D mutation to a prognostic index,
the “MIPI-genetic’ score [49-51]. EZH2 expression may predict for a poorer prognosis
in MCL. In a retrospective series of 166 patients, 57 patients (38%) stained positive for
EZH2 by immunohistochemistry. This finding was associated with a median overall
survival of 4.6 years, compared to 9.6 years for those without EZH2 staining. EZH2
expression was also associated with aggressive histology and p53 overexpression (43%
vs. 2%) [52].

3.4. Chronic Lymphocytic Leukaemia/Small Lymphocytic Leukaemia

A clinically heterogeneous disease, there are two distinct clinicobiologic subtypes of
CLL based on the presence or absence of somatic mutations in the variable region of the
immunoglobulin heavy-chain gene (IGHV). IGHV mutated CLL has a more favourable
outcome and arises from the post-germinal center B cell, while IGHV unmutated CLL arises
from the pre-germinal center B cell and typically has a poorer outcome.

The putative cell of origin is reflected in the epigenetic signature, with genome wide
methylation studies revealing differences in the DNA methylation patterns of the two
molecular subtypes [53]. Queir6s et al. reported on the methylation status of five CpGs
islands and identified three distinct groups, naive B-cell-like CLL (n-CLL), memory B-
cell-like CLL (m-CLL) and intermediate CLL. The n-CLL and m-CLL group were closely
associated with unmutated and mutated IGHYV, respectively, and mirrored their biological
behaviour. These epigenetic marks, representative of the cellular origin, were shown to
be robust predictors of outcome [54]. Evolutions of methylation patterns have also been
demonstrated during therapy, suggesting a dynamic epigenetic tumour response [55].

The chromatin modifier chromodomain helicase DNA binding protein 2 (CHD?2) is
one of the most recurrently mutated genes in IGHV mutated CLL (5% of cases) and is
thought to be a driver of malignancy [56]. However, the overall contribution of epigenetic
dysregulation to CLL leukemogenesis is poorly defined.

3.5. Marginal Zone Lymphoma

Marginal zone lymphoma (MZL) is a relatively rare indolent lymphoma with three
recognised subtypes, splenic MZL, extranodal MZL and nodal MZL. Recurrent mutations
in epigenetic regulators, such as KMT2D and CREBBP, are seen across all subtypes [57-59].
Epigenetic dysregulation has been demonstrated to play a role in the clinical behaviour
of splenic MZL, with higher degrees of promotor hypermethylation leading to inferior
outcomes, possibly due to repression of key tumour suppressor genes such as KLF4 and
CDKN2A [60].

3.6. Classical Hodgkin's Lymphoma

Classical Hodgkin’s lymphoma (cHL) is derived from postgerminal center B cells and
is usually composed of a small number of Hodgkin cells (multinucleated Reed-Sternberg
cells) residing in an extensive inflammatory background. In contradistinction to other
B-cell lymphomas, the malignant cells lack the expression of almost all B-cell markers, such
as CD19, CD20 and CD79a. This downregulation has been demonstrated in vivo to be
mediated, at least in part, by epigenetic silencing via hypermethylation of the promoter
regions of these genes [61]. WES and NGS have demonstrated a heterogenous genetic land-
scape, with key signalling pathways, such as NF-«B and JAK/STAT, playing an important
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role. Frequent amplification of 9p24.1 is likely the basis for the response to PD-1/PD-L1
immune checkpoint inhibitors [62]. Recurrent mutations in epigenetic regulators, partic-
ularly CREBBP and EP300, have been demonstrated; however, the role that these play in
lymphomagenesis and disease progression is unclear [63].

4. The T-Cell Lymphomas

T-cell lymphomas are rarer than their B-cell counterparts, comprising around
15% of all non-Hodgkin lymphomas. They are subdivided into the peripheral T-cell
lymphomas (PTCL) and cutaneous T-cell lymphomas (CTCL). Although mutations in
genes affecting chromatin structure and histone post-translational modification are
frequent, as in B-cell lymphomas, the T-cell lymphomas are also enriched with sequence
variants of genes that modulate DNA methylation, leading to a highly dysregulated
epigenome in certain subtypes.

4.1. Peripheral T-Cell Lymphoma—TFH Phenotype

PTCL-NOS is the most common type of PTCL comprising around 25% of new diag-
noses. There is clinicogenetic heterogeneity and epigenetic mutations are less frequent
than in other subtypes, such as angioimmunoblastic T-cell lymphoma (AITL). Previously
classified under PTCL-NOS, peripheral T-cell lymphoma with T follicular helper phenotype
(PTCL-TFH) was recognised by the WHO in 2016 as a distinct subtype and warrants special
mention [64]. There is considerable overlap between PTCL-TFH and AITL with a shared
COO and mutation profile. There is a recognition that these two entities may represent
different ends of the spectrum of the same disorder, which is supported by their molec-
ular characterisation. Frequent TET2 coding mutations in PTCL-TFH was demonstrated
in an early series. The presence of TET2 mutations in this cohort was associated with
advanced-stage disease and shorter PFS [65]. Subsequent targeted sequencing of PTCL-
TFH revealed mutations in genes frequently mutated in AITL, such as TET2, DNMT3A and
RHOA G17V [66]. Furthermore, PTCL-TFH demonstrates responsiveness to therapy that
targets the epigenome with retrospective data supporting the use of histone deacetylase
inhibitors in this subtype [67].

4.2. Angioimmunoblastic Lymphoma

AITL is a prototypical epigenetic disorder characterised by a homogenous genetic
landscape with hallmark mutations in TET2, IDH2 and RHOA leading to widespread
aberrant DNA methylation. TET2 is the most commonly mutated gene in AITL and is
reported in up to 80% of AITL while IDH2 mutations are identified in about a third of AITL
cases [68]. The IDH2 R172 variant appears unique to AITL among lymphoma and generates
2HG, which can inhibit the TET2 enzyme. Given this, co-existent mutations would not
be expected; however, most cases with IDH2 mutants also have TET2 mutation [69,70].
Mutations in TET2 and IDH2 are strongly associated with the RHOA G17V mutation, which
is seen exclusively in the context of TET2 mutations with or without IDH2 mutations in
70% of AITL patients [71]. DNMT3 loss of function mutation is reported in 10-25% of
cases of AITL, of which 80% also have TET2 mutations. While these mutations in key
epigenetic regulators contribute to the aberrant epigenome that leads to lymphomagenesis,
it is not yet clear whether specific mutations alter prognosis. IDH2 mutations, for example,
are commonly seen in acute myeloid leukaemia, where they are associated with a poorer
prognosis. Despite this, they do not appear to be a prognostic biomarker in AITL [72].
This epigenetic dysregulation has been exploited therapeutically; therapies that target the
epigenome have proven particularly beneficial in this disease entity [73].

4.3. Mycosis Fungoides and Sezary Syndrome

Mycosis fungoides (MF) is the most common CTCL variant and is related to the rare
leukemic variant, Sézary syndrome (SS). Alterations in epigenetic regulators and cellular
growth signalling pathways are frequent and oncogenic in these conditions. There is
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recurrent loss of function mutations in epigenetic regulators such as ARIDIA (62%) and
DNMT3A (42%) [74,75]. The degree of methylation aberrancy in CTCL is higher than many
other malignancies, suggestive of the key role of the altered epigenome in pathogenesis [76].
CTCL tumour cells display widespread hypermethylation of CpG islands in promotor
regions of tumour suppressor genes such as CDKN2A [77]. This hypermethylation involves
the CMTM?2 gene, which encodes a chemokine-like factor and appears to be distinct to
SS. Furthermore, many of the highly expressed genes identified in SS, such as CD158,
DNMT3 and PLS3, have large CpG islands, suggesting that changes in methylation may
be a mechanism of hyper-expression [78]. Despite a highly dysregulated epigenome, it
is currently unclear if clinically relevant subgroups can be delineated using methylation
patterns or mutational profiling.

5. Conclusions

Dysregulation of the epigenome is a hallmark of human cancer and is frequent in Ilym-
phoid malignancies, where the epigenetic mechanisms that regulate lymphoid cell develop-
ment are disrupted. Clearly, epigenetic changes that alter DNA transcription—whether that be
through modification of function (i.e., hyperacetylation of histones) or through direct mutations
of genes known to modify the epigenome—impact on the development and behaviour of vari-
ous lymphoma types (Table 2). This review has focused on key genes that influence behaviour;
there is no doubt that the detection of epigenetic alterations alters outcome, such that they
are already being incorporated into prognostic algorithms, such as the M7-FLIPI for follicular
lymphoma. Moreover, epigenetic mutations have already entered the WHO classification
system for T cell lymphomas, defining the nodal PTCL with TFH phenotype. At this stage, it is
probably too early to use epigenetic changes to re-define B cell lymphomas beyond the existing
WHO classification that centers around the cell of origin concept, although EZB-DLBCL has to
be a front-runner. Nonetheless, for all lymphomas, recognition of epigenetic changes is going
to become increasingly important as we develop more complex prognostic tools.

Table 2. Utility of epigenetic dysregulation to classification and prognostication in lymp-
homa subtypes.

Lymphoma Type Epigenetic Dysregulation Classification and Prognostic Utility
EZH2, ARID1A, CREBBP and EP300 mutations
S contribute to clinicogenetic risk model m7-FLIPI
Frequent mutations in regulators EZH?2 mutations identify prognostically favourable
Follicular Lymphoma including KMT2D, CREBBP, EZH2, ¥ Prog y

ARID1A and EP300

subset of patients
Distinct epigenetic mutation clustering between FL
subtypes

Diffuse Large B-cell

Frequent mutations in regulatory genes

with enrichment seen in the GCB subtype.

A similar mutational profile to FL, with

Clustering of mutations in epigenetic regulatory
genes define prognostically relevant subtypes of
DLBCL

Lymphoma sequence variants of EZH2, CREBBP and Higher levels of aberrant DNA methylation are
EP300 associated with a poorer prognosis
Marginal Zone Lvmphoma Recurrent mutations in KMT2D and Higher degrees of promotor hypermethylation have
& ymp CREBBP are seen across all subtypes been demonstrated to lead to inferior outcomes
Frequent hypermethylation of tumour Extensive CpG met;};lg;c:;)sr}:ssomated a poorer
Mantle Cell Lymphoma SUPPressor genes leadm.g to Loss-of-function mutations in KMT2D may be
transcriptional repression associated with poorer prognosis
Recurrent mutations in KMT2D . . P progn .
Epigenetic regulation of SOX11 expression
Classical Hodgkin’s Recurrent mutatl'ons in epigenetic Unclear role for epigenetic dysregulation in
regulators seen, particularly CREBBP and . A
Lymphoma prognosis or subclassification

EP300
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Table 2. Cont.

Lymphoma Type Epigenetic Dysregulation Classification and Prognostic Utility
Chronic Lymphocytic Recurrent mutations in chromodomain ~ Methylation status of CpGs islands identifies distinct
Leukaemia helicase DNA binding protein 2 (CHD2) groups with differing prognosis

Peripheral T-cell lymphoma
TFH

Frequent mutations in TET2, DNMT3A
and RHOA G17V

Mutational profile of epigenetic regulators
distinguishes
this subtype from prior classification of PTCL-NOS
TET2 mutations may be associated with poor
prognosis

Angioimmunoblastic T-cell
Lymphoma

Frequent hallmark mutations in TET2,
IDH2 and RHOA
Recurrent loss-of-function mutations in
DNMT3A

Increasingly defined by presence of epigenetic
regulatory mutations
Unclear effect on prognosis of specific mutations

Mycosis Fungoides/Sezary
Syndrome

Higher degree of methylation aberrancy
compared to other malignancies
Widespread hypermethylation of CpG
islands in promotor regions of tumour
suppressor genes such CDKN2A

Unclear role for epigenetic dysregulation in
prognosis or subclassification despite high
dysregulated epigenome

Recurrent loss of function mutations in
ARID1A and DNMT3A.
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Abstract: Cold agglutinin disease (CAD) is a distinct clinicopathologic entity characterized by clonal
B-cell lymphoproliferative disorder in the bone marrow. B-cell gene mutations affect NF-KB as
well as chromatin modification and remodeling pathways. Clonal immunoglobulins produced by B
cells bind to red cells (RBCs) at cold temperatures causing RBC aggregation, complement cascade
activation and cold-autoantibody autoimmune hemolytic anemia (cAIHA). The clinical picture shows
cold-induced symptoms and cAIHA. Therapeutic options include “wait and watch”, rituximab-based
regimens, and complement-directed therapies. Steroids must not be used for treating CAD. New
targeted therapies are possibly identified after recent molecular studies.

Keywords: autoimmune hemolytic anemia; cold agglutinin; B-cell lymphoproliferative disorder

1. History

As early as 1529, a case of anemia after the exposure to cold was described by Johannes
Actuarius, although Dressler is generally credited with being the first person to give a
clear description of an autoimmune hemolytic anemia (AIHA), probably paroxysmal cold
hemoglobinuria (PCH), in 1854 [1]. Nowadays, it is surprising to us that PCH was the first
described AIHA in the latter part of the nineteenth century, given that PCH is the least
common type of AIHA. However, its early recognition is due to the fact that hemoglobinuria
is a striking symptom and it is also true that PCH was much more common in the past,
due its association with late-stage syphilis or congenital syphilis. In the early years of the
twentieth century, a distinction of congenital and acquired forms of hemolytic anemias
was well defined, though the underlying mechanism was not well understood [2]. The
description of the antiglobulin test by Coombs, Mourant, and Race in 1945 was a sight
for sore eyes [3]. The direct antiglobulin test (DAT) not only distinguished between the
familial and acquired forms of hemolytic anemia, but also demonstrated a difference in
their etiology. Finally, in 1951, Young et al. were the first to coin the term AIHA [4]. Those
authors theorized that the production of an autoantibody leads to autoimmunization.

Cold agglutinins (CA) were recognized in 1903 by Landsteiner in animal blood and in
human blood by Mino in 1924. Their role in human disease was not recognized until 1943
when Stats and Wasserman published a review in which they stated that CAs could be
innocuous in the great majority of cases, although in some cases cold hemagglutination was
of pathogenetic significance [2]. In 1953, Schubothe introduced the term cold hemagglutinin
disease to separate the disorder from other acquired hemolytic anemias [5]. With regard
to the red blood cell (RBC) specificity of CAs, the serum of patients with CAs was said
to contain “anti-1” (“I” for individuality) by Wiener et al. after testing a serum derived
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from a patient against 22,964 RBC samples [6]. More recently, when methods of immuno-
electrophoresis became available, the nature of CAs was identified as monoclonal M-type
immunoglobulin (IgM) [7].

The terminology used for describing patients with AIHA is confusing [8]. The tradi-
tional classification of ATHA based on the results obtained with the DAT must be updated
as follows (Table 1). Cold AIHAs have traditionally been classified as primary or “id-
iopathic” and secondary to viral infections or malignant diseases. However, nowadays,
the primary or “idiopathic” form of cold agglutinin syndrome (CAS) is a well-defined
clinicopathological entity and should be called a disease, not a syndrome.

Table 1. Classification of autoimmune hemolytic anemias (AIHA).

Warm AIHA Cold ATHA Atypical ATHA

Idiopathic Primary: cold agglutinin disease (CAD) Warm and cold

Secondary: cold agglutinin syndrome DAT-negative AIHA

Secondary (CAS)Paroxysmal cold hemoglobinuria (PCH)

2. Definition of Cold Agglutinin Disease (CAD)

CAD is a designation used for a form of an acquired AIHA caused by a bone marrow
lymphoproliferative disorder (LPD). The clonal B-cell lymphocytes produce monoclonal
immunoglobulins (Ig), usually IgM-kappa that recognizes its own antigens located on the
RBC membrane [9]. By far, the most common RBC antigen recognized by CAs is “I”, a small
minority recognize the “i” antigen and a few antibodies react with antigens other than I and
i. The recognition of RBC antigens, particularly below core body temperature, provokes
RBC agglutination in the acral circulation and acrocyanosis may appear. Extravascular
hemolytic anemia is driven by classical pathway complement activation (Figure 1). Finally,
thromboembolic risk is increased in CAD patients when compared with controls [10].

BONE MARROW PERIPHERAL BLOOD
RBC
IgM-k agglutination
in acral parts
of the body

Monoclonal IgM-k

(cold agglutinin) Classical pathway

complement activation

Spike in y
immunoelectrophoresis Y s o

©

Complement-
mediated
hemolysis in liver

Figure 1. Cold agglutinin disease (CAD) is a form of acquired autoimmune hemolytic anemia (AIHA)
caused by a bone marrow lymphoproliferative disorder (1). The clonal B-cell lymphocytes produce
monoclonal immunoglobulin (Ig), usually IgM-kappa (2). IgM-k acts as a cold autoantibody that
recognizes its own red blood cells (RBC) producing RBC agglutination at low temperatures during
passage through the acral parts of the circulation (3). Binding of IgM-« to RBC antigens is a potent
complement activator by the classical pathway from Clq to C3b. On rewarming to 37 °C in the central
circulation, IgM-« is detached and C3b-opsonized RBCs undergo phagocytosis in the liver, known as
extravascular hemolysis. On the surviving cells, surface-bound C3b is degraded into C3d (3).
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3. Epidemiology

It is usually said that cold AIHAs account for 15% of all AIHAs, the incidence rate of
CAD is 1 case per million inhabitants per year, and the prevalence is 16 cases per million
inhabitants. However, the majority of authors agree that these figures must be underesti-
mated because the data come from small retrospective series [7,11]. A recent multinational,
observational study was undertaken to improve knowledge of the epidemiological find-
ings in CAD. Authors collected data from 232 patients in 5 countries (Norway, Italy, the
U.K,, Finland, and Denmark). Notwithstanding, they used data from Norway and Italy
because the identification procedure of patients was considered to be population-based.
For the first time, authors demonstrated a marked association of climate and incidence
and prevalence of CAD. The incidence and prevalence of CAD was 1.9 cases/million per
year and 20 cases/million, respectively, in Norway, with 0.48 cases/million per year and
5 cases/million, respectively, in Italy. They found a four-fold difference between cold and
warm climates [12].

CAD affects middle-aged or elderly women, according to data obtained from an
old and small-scale study [13]. This statement is confirmed by the previous population-
based study in which authors found a male-to-female ratio of 0.56, with a mean age
(range) at disease onset and at disease diagnosis of 67 years (32-94) and 68 years (33-96),
respectively [12].

4. Pathogenesis of CAD

Cold reactive antibodies bind to the antigen at temperatures of 0—4 °C. CAs are cold
autoantibodies that react with their own RBC antigens and produce RBC agglutination. The
thermal amplitude of CAs is the highest temperature at which RBC agglutination occurs
and CAs with thermal amplitude higher than 28-30 °C are pathogenic.

As stated before, nowadays we know that CAD is produced by a clonal LPD local-
ized in the bone marrow that can be difficult to recognize and it remains a challenging
diagnosis for pathologists [14]. For this reason, an expert central review of bone marrow
biopsies is encouraged to increase the correct identification of this CA-associated LPD by
hematopathologists [12]. Moreover, a centralized review offers promise for the clinician,
the pathologist, and the patient [15].

The LPD found in the bone marrow in patients with CAD was previously classified
into several entities of low-grade LPD, such as LPL or MZL [11]. A detailed histopathologi-
cal study of 54 patients with CAD showed a homogenous lymphoid infiltration that has
been termed CA-associated LPD [16]. The lymphoid infiltration usually consists of intra-
parenchymal nodular B-cell aggregates composed of small lymphoid cells and plasma cells.
Infiltration can vary between 5% and 80% of the intertrabecular space. The immunophe-
notype of B cells shows CD20+, CD19+, CD22+, CD200+, IgMs+, and IgDs+. CD5 might
be positive in less than half of the cases. CD10 and CD23 are negative. Immunoglobulin
k light chain is observed in 90% of cases. Mature plasma cells are seen surrounding the
lymphoid nodular aggregates and throughout the marrow in between. The plasma cells
have the same heavy and light chain restriction as the B-cells. The histological pattern
does not display features typically found in LPL, such as paratrabecular infiltrates, fibrosis,
lymphoplasmacytoid cell morphology, or infiltration by mast cells [17]. Bone marrow
infiltration mimics that of MZL by morphology, immunophenotype, and molecular fea-
tures [16]. However, CAD patients do not have an extramedullary MZL. These data suggest
that CA-associated LPD, although exclusively present in the bone marrow, might be related
to MZL. The transformation to large B-cell lymphoma is uncommon, probably occurring in
less than 4% of the patients over 8 years [12].

Chromosome instability is one of the hallmarks of cancer. Malecka et al. studied
13 patients with CAD using cytogenetic microarrays and exome sequencing, and detected
complete or partial gain of chromosome 3 (+3 or +3q) in all samples, barring one. Moreover,
most cases showed either a gain of chromosome 12 or 18. These chromosome gains were
mutually exclusive [18]. However, gains of chromosomes 3, 12, and 18 are not a specific
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feature of CAD because they are also found in patients with MZL [19,20]. Similar to
MZL [21], a gain of chromosomes 12 and 18 might be a predictor of therapy outcome [18].

The mutational landscape of CAD studied by whole exome sequencing and targeted se-
quencing showed mutations in genes known to be involved in lymphoma development [22].
Four genes showed nonsynonymous mutations in more than 20% of patients: KMT2D
(67%), IGLL5 (61%), CARD11 (33%), and CXCR4 (28%). All patients with either CARD11 or
CXCR4 mutations, or both, had concurrent KMT2D mutations, and these patients presented
lower hemoglobin levels at diagnosis compared to patients with an absence of the KMT2D
mutation or patients with KMT2D mutations without CARD11 or CXCR4 mutations. Gene
mutations observed in CAD affected the NF-KB pathway as well as chromatin modification
or organization [22]. Importantly, the MYD88 L265P mutation, present in over 90% of cases
of lymphoplasmacytic lymphoma (LPL), was not found in any of the CAD cases. CXCR4
mutations, described in up to 40% of LPL cases, tended to have a more aggressive disease
at diagnosis [23].

Monoclonal B-cell lymphocytes produce monoclonal Ig, usually IgM-k, and at molecu-
lar level, the IGHV4-34 gene is the most frequent gene that encodes for the IgM heavy chain
molecule found in CAD (more than 85%). Framework region 1 (FR1) of the heavy gene
variable region is essential for recognition of the I antigen on the RBC membrane. It would
appear that affinity and specificity for I antigen binding also depends upon the heavy chain
complementarity determining region 3 (CDR3) and the light chain variable region [10].
The IG light chain is encoded by the IGKV3-20 and IGKV3-15 genes in more than 80% of
patients, indicating that the light chain equally contributes to I antigenbinding [24].

Table 2 shows a summary of the main characteristics in order to differentiate among
CA-associated LPD, LPL, and MZL.

Table 2. Differential diagnosis of CA-associated LPD, lymphoplasmacytic lymphoma (LPL), and
marginal zone lymphoma (MZL).

Characteristic CA-Associated LPD LPL MZL
Histolog Intraparenchymal Interstitial, nodular, paratrabecular, and Intraparenchymal nodules and/or
Y nodules intrasinusoidal infiltrates intrasinusoidal infiltrates (splenic)
Cvtol Small lymphoid cells, 1 SI;\allllymphocytdes, 1l Small lymphocytes with abundant, pale
ytology plasma cells ymphoplasmacytoid cells, cytoplasm and few admixed plasma cells
and plasma cells
Cytogenetics +3, +12, +18 del(6q), gain(6p), +18 +3, +12, +18
IGHV gene IGHV4-34 IGHV3, IGHV3-23, IGHV3-7 IGHV1-2 (splenic), IGHV3-4 (nodal)
MYD88 1.265P Absent Present (>90% cases) Present (10% cases)
KMT2D 67% Absent 34%
CARD11 33% Absent 8%
CXCR4 28% 40% Absent
Transformation to large Rare (3.4%) Yes (5-13%) Yes (15%)

B-cell lymphoma

5. Clinical Presentation

CAD should be considered in an elderly patient with unexplained chronic hemolytic
anemia, with or without cold-induced symptoms and/or thromboembolic complications.

5.1. Fatigue

Fatigue is usually considered a common symptom in patients with CAD and it is
attributed to different factors, such as chronic anemia and underlying conditions. However,
this symptom is poorly reported in the previous published literature. In a retrospective
analysis of 89 patients at the Mayo Clinic, it was found that fatigue was reported at
diagnosis and throughout the course of the disease in 21% and 40% of patients with CAD,
respectively [7]. More detailed data about the level of fatigue can be found in a recent
multicenter, open-label, single-group study that was conducted to assess the efficacy and
safety of a new drug for patients with CAD and a recent history of blood transfusion [25].
The authors included 24 patients in the study, and a secondary end point was to assess
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quality of life with the use of the Functional Assessment of Chronic Illness Therapy (FACIT)
fatigue scale (scores range from 0 to 52, with a higher score indicating less fatigue). Patients
with CAD had a mean baseline score on the FACIT fatigue scale of 32.5, a value similar to
that reported in patients with advanced cancer or rheumatoid arthritis [25].

5.2. Anemia

Symptoms related to chronic anemia are not only very common in patients with CAD,
but also vary greatly from patient to patient [13]. More than 90% of patients had anemia
with a median (range) hemoglobin value of 92 g/L (45-153) [12]. Severe (hemoglobin
<80 g/L), moderate (hemoglobin 80-100 g/L), and mild anemia (hemoglobin >100 g/L)
was observed in 27%, 35%, and 38% of cases, respectively [11]. All series describing
the clinical picture of patients with CAD include a number of cases with compensated
hemolysis, thus, anemia is not detected [7,11,12]. This variability depends on the thermal
range of the CAs as well as cold weather [13]. Nowadays, this assumption is challenged by
a recent observational study, in which the authors have shown that hemolysis can persist
throughout the year, although they confirmed that the variability of disease severity across
patients is vast [26].

5.3. Cold-Induced Symptoms

As mentioned in the previous definition section, CAs recognize RBC antigens at low
temperatures, which can be attained in the superficial skin vessels of acral parts of the
body, such as the hands, feet, nose, and ears [13]. The result of RBC agglutination is pain,
along with distal ischemia and the appearance of blue to deep purple in the extremities [27].
The thermal range of the CA is more important than the agglutination titer in explaining
the severity of the symptoms. It is important to point out that skin manifestations in
patients with CAD are the result of physical RBC agglutination and the use of Raynaud’s
phenomena to describe these symptoms are, strictly speaking, incorrect. Raynaud’s disease
is the consequence of vasoconstriction and Raynaud’s phenomena are, in reality, three
consecutive phenomena: first, the affected part becomes white and perhaps numb; secondly,
it becomes swollen, stiff, and livid; and thirdly, vasoconstriction passes off and the part
becomes red due to hyperemia [2]. Interestingly, the authors who published the largest
series of patients with CAD classified them into 3 clinical phenotypes: type 1 (69% of cases)
were patients with hemolytic anemia without cold-induced symptoms or only acrocyanosis;
type 2 (21% of cases) were patients with hemolytic anemia with more severe acrocyanosis
interfering with daily living or even gangrene or ulcerations; and type 3 (10% of cases)
were patients with cold-induced symptoms and compensated hemolysis [12].

5.4. Thromboembolic Complications

An increased risk of thromboembolic events (TEs) in patients with many types of
RBC hemolysis was noted in the past, although this was supported by low quality and a
limited amount of data [13]. Nowadays, more data coming from three different studies
are available. First, Ungprasert et al. conducted a systematic review and meta-analysis of
four observational studies (three retrospective cohort studies and one cross-sectional study)
comprising 13,036 patients with AIHA who had 472 venous thromboembolisms (VTE) [28].
The pooled risk ratio (RR) of VTE of patients with AIHA versus the control group was
2.63 (95% CI: 1.37 to 5.05). However, the statistical heterogeneity was high with an I of
97%. To investigate this high heterogeneity, the authors performed a sensitivity analysis by
excluding the cross-sectional study, which is generally considered a lower-quality design
compared with cohort studies. After excluding this study, the I> was 0% and the pooled
RR was 3.74 (95% CI: 3.39 to 4.13). Second, Bylsma et al. identified 72 patients with CAD
between 1999 and 2013 in the Danish National Patient Registry and matched them to a
general population comparison cohort of 720 individuals [29]. The risk of TEs was higher in
the CAD patient cohort than in the comparison cohort: 1 year (7.2% vs. 1.9%), 3 years (9%
vs. 5.3%), and 5 years (11.5% vs. 7.8%) after the index date. Third, Broome et al. identified
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608 patients with CAD in the U.S.A. between 2006 and 2016 in the Optum Claims Clinical
data set and matched them with 5873 patients without CAD [30]. Authors found that the
overall risk of having a TE was 1.9 times higher in patients with CAD than in the patients
without CAD during the study period. To summarize, although limitations exist in the
previous data with regard to the previous three study designs, it seems clear that CAD is
associated with an increased risk of TEs when compared with the general population [9].

6. Diagnosis

A direct antiglobulin test (DAT) must be ordered to demonstrate autoimmune patho-
genesis when a hemolytic anemia is suspected in a patient, because of the presence of
anemia with other signs of hemolysis (high LDH, high indirect bilirubin, high reticulocyte
count, and low haptoglobin) [31]. It is important to note that the blood sample used for
performing not only DAT, but also other laboratory parameters in a patient with suspected
CAs should be kept warm (at 37-38 °C) after collection to avoid RBC agglutination. Pre-
warming at 37 °C for up to 2 h or a short preheating at 41 °C for 1 min may be tried to
overcome the problems with the obtention of hemoglobin values and blood cell counts.
Once plasma or serum is separated from the blood cells, the sample can be handled at room
temperature [10,32].

6.1. Principles of DAT

DAT is a simple, quick, and inexpensive test with a good predictive value if it is
performed when immune-hemolysis is suspected [33,34], and a blood sample is collected
in a tube containing ethylenediaminetetraacetic acid (EDTA) as anticoagulant. In a phys-
iological state, without hemolysis or anemia, it is known that RBCs can be opsonized
with 100-500 molecules of IgG and/or 400-1000 molecules of complement (C3). However,
under normal circumstances, RBCs contained in a sample collected in an EDTA tube do not
autoagglutinate, due to the fact that their electrostatic charge causes them to mutually repel
in solution (zeta potential). When RBC autoantibodies or C3 molecules are attached to
RBC membrane (RBC sensitization), two main situations can occur. If RBCs are sensitized
with IgG or C3, even with higher quantities than previously cited, they are incapable of
overcoming the electrostatic repulsive force and antihuman globulin antisera (Coombs’
reagent) is necessary to bridge the distance between RBCs sensitized with IgG and/or C3.
In contrast, when RBCs are sensitized with as low as 50 molecules of IgM, this 1 million
Daltons molecule is capable of spanning the intercellular distance between RBCs, and
agglutination is visible to the naked eye after RBCs are incubated at low temperature
(4°C) [33].

6.2. Methods of Performing DAT

As with other basic procedures in immunohematology, the DAT principle is to detect
an antigen—antibody reaction. Traditionally, the evidence of the formation of this reaction
in vitro has been the visualization of agglutinates or the presence of hemolysis within the
tube test. Nowadays, manual tube tests have been replaced by automated systems, such as
the column agglutination method. The sensitivity limit of the routine tube method or the
column agglutination method is almost 200 and 100 IgG molecules/RBC, respectively [35].
Although automation within a laboratory has a considerable number of advantages, when
DAT is performed with this new technology, one must have in mind that the final ac-
curacy of the test is different when compared with old, manual tube agglutination tests.
Barcellini et al. compared the DAT results obtained with these two methods and they ob-
served a sensitivity and specificity of tube test of 43% and 87%, respectively. The sensitivity
and specificity of the microcolumn test was 70% and 65%, respectively [36]. The authors
confirmed that the DAT tube test was the gold standard in diagnosing AIHA, although
they also found that some negative results with the DAT tube test were identified with
microcolumn test, reflecting the different accuracy of these laboratory tests to detect the low
quantity of IgG bound on the RBC membrane [37]. More sensitive techniques can be used
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to detect less than 100 IgG molecules/RBC, such as flow cytometry [38] or immunoradio-
metric assays. In one study using radioimmunoassay, the lowest limit to detect RBC-bound
IgG was 78.5 IgG molecules /RBC [39].

6.3. Results of DAT in CAD and Further Characterization

CAs are suspected after obtaining a positive DAT for C3. The next steps must be
undertaken to define thermal amplitude, specificity and titer of CAs (Table 3). Thermal
amplitude is the highest temperature at which the CA will bind to its antigen. Specificity is
the antigenic determinant recognized by the CA. The CA titer is the inverse value of the
highest serum dilution at which agglutination can be detected.

Table 3. Immunohematologic study when CAD is suspected.

Study Results
. . . Positive for C3
Direct antiglobulin test (negative or weakly positive for IgG)
Titration >64
Specificity Ii
Thermal amplitude >4°C

After the characterization of CAs, serum monoclonal IgM-k with electrophoresis and
immunofixation is detected in more than 90% of patients [40]. Only 7% of cases show A
light chain restriction and IgG class is observed in less than 5% of cases [10,11].

Finally, a bone marrow biopsy is mandatory to discover the specific bone marrow
histopathological pattern previously detailed and termed as “CA-associated LPD”.

7. Treatment

All treatment should aim at an improved quality of life. Therefore, each patient
must be carefully assessed in order to guide therapy decisions depending upon his/her
main complaint. As stated before, fatigue, anemia, cold-induced symptoms, and TE
complications are common in patients with CAD. If patients have no relevant symptoms
or problems, a “watch and wait” decision is appropriate. General measures, such as folic
acid and B12 vitamin supplementation, avoiding low temperatures, and early treatment of
bacterial infections can be used to manage these patients. When a patient needs a more
specific therapeutic approach, physicians should consider the availability of clinical trials
at all stages of treatment.

Glucocorticoids, other active therapies in patients with warm AITHA, and splenectomy
must not be used to treat patients with CAD because response rates are low and the
liver is the dominant site of destruction of C3-sensitized RBCs [41]. Moreover, patients
who respond to steroids need a high dose of medication to maintain remission with an
unacceptable number of adverse events [9,42].

7.1. Fatigue and Anemia

Thanks to a clinical trial performed in patients with CAD and a recent history of blood
transfusion, we are now aware that a clinically meaningful reduction in fatigue occurred
very fast (within one week) after starting treatment with sutimlimab [25]. Sutimlimab is a
humanized monoclonal antibody that selectively targets the C1s protein. By acting at this
juncture, classical pathway complement activation is stopped. The authors hypothesized
that fatigue, in addition to anemia, could be related to the inactivation of complement
pathway or hemolytic activity, or both. However, as authors stated, the open-label de-
sign of the study makes the interpretation of these results difficult. Another study with
sutimlimab administered to patients who suffered CAD without a recent history of blood
transfusion has just finished, and the results are keenly awaited (Clinicaltrials.gov number
NCT03347422).
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7.2. Cold-Induced Symptoms and TE Complications

Acrocyanosis is common in patients with CAD, but it is rarely an indication for starting
treatment. However, descriptive studies have shown that up to 80% of patients have
received pharmacological treatment [7,11]. Thermal protection is enough to manage this
symptom, and only when severe cold-induced symptoms appear is it necessary to perform
other therapeutic approaches with the aim of removing IgM from the circulation [27]. New
treatments aimed at inhibiting classical pathway complement activation are not useful for
treating acrocyanosis, because this clinical manifestation is due to the binding of Cas to RBC
antigen. With regard to TE complications, it is unclear whether treatment of the hemolytic
process itself could reduce the risk of VTE. Thus, thromboprophylaxis is recommended in
acute exacerbations or for chronic disease in risk situations [40].

7.3. Emergency Situations

When an acute trigger develops a severe or life-threatening anemia, urgent therapy
is necessary to remove Cas from circulation [27]. Plasma exchange can be an excellent
approach, given the fact that most of the IgM is located in intravascular space and plasma
exchange is highly efficient in removing intravascular molecules [43]. In fact, severe
CAD is considered a category II (second line treatment) indication for performing plasma
exchange in the evidence-based guidelines published by the American Society for Apheresis
(ASFA) [44]. However, this apheresis procedure has to be considered part of a whole
treatment strategy consisting in removing IgM with plasma exchange and blocking the
production of new CAs with an associated treatment, such as rituximab. This approach
was used by our group for treating patients with not only severe AIHAs [45,46], but also
with different severe autoimmune diseases [47-49]. A meta-analysis published in 2020
found that the use of plasma exchange may yield a 22% increase in the incidence of AIHA
remission compared to no plasma exchange, and that plasma exchange may also increase
the incidence of adverse events by 12% compared to the control group, although this
increase was not statistically significant [50]. The authors concluded that plasma exchange
may be beneficial for short-term control of AIHA. However, it should be noted that the
authors could not establish the efficacy of plasma exchange in warm and cold AIHA
subgroups, due to a lack of subgroup data.

7.4. Current Recommendations

A treatment directed to deplete the B-cell clone located in the bone marrow seems
to be a reasonable approach to treat patient with CAD [9]. There are no prospective,
randomized trials in this setting, but different prospective, non-randomized, and “real life”
observational studies support the use of different chemoimmunotherapy regimens. Table 4
summarizes that rituximab, alone or in combination with bendamustine, shows a beneficial
effect with low toxicity.

Table 4. Current recommended treatments for patients with CAD.

Overall Response . .
Reference Therapy n Response Duration Toxicity
[51] Rituximab 37 54% 11 months Low
[52] Rituximab+bendamustine 45 71% >32 months Low
[53] Rituximab+fludarabine 29 76% >66 months Significant
[54] Bortezomib 19 32% 216 months Low

When these previous treatments are not effective, a small series suggests that ibrutinib,
a Bruton’s tyrosine kinase inhibitor, could be effective [55]. Finally, new drugs under
development, such as sutimlimab [25], as previously cited, and pegcetacoplan [41], are
directed to inhibit the classical pathway complement activation.
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8. Conclusions

CAD is an acquired form of AIHA caused by a distinct B-cell LPD in the bone marrow
named CA-associated LPD. Monoclonal B-cell lymphocytes produce monoclonal IgMk,
with the ability to bind to I antigen on the RBC membrane at low temperatures. Restrictions,
not only in IGHV but also in immunoglobulin light chain V, contribute to I antigen-binding
on the RBC membrane. RBCs agglutinate in the acral parts of the body causing acrocyanosis,
while the classical pathway complement activation by CAs is responsible for extravascular
hemolysis in the liver of C3b-sensitized RBCs. The accurate diagnosis of CA-associated
LPD is a challenge for pathologists and hematologists, and it highlights the importance of
integrating clinical, analytical, and pathological data.
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Abstract: Lymphoproliferative neoplasms of uncertain biological significance are increasingly en-
countered due to widespread usage of immunophenotypic and molecular techniques. Considering
that clearer biological criteria and patient management have been established for B-cell lympho-
proliferative diseases of undetermined significance occurring in the peripheral blood, many issues
are still obscure for early lesions detected in lymphoid tissues. Regardless that some categories
of lymphoproliferative neoplasms of uncertain biological significance have been recognized by
the 4th edition of the WHO, other anecdotal early lymphoproliferative lesions still remain fully
undefined. Some early lesions frequently originate from the germinal center, including atypical
germinal centers BCL2-negative, an early pattern of large B-cell lymphoma with IRF4 rearrangement,
and “in situ” high-grade B lymphomas. Moreover, other early lymphoproliferative lesions arise
outside the germinal center and include those developing within the setting of monocytoid B-cell
hyperplasia, but they also can be directly or indirectly associated with chronic inflammations. This
review aims to summarize the concepts discussed during the IV Workshop organized by the Italian
Group of Hematopathology, focus on the state-of-the-art on B-cell lymphoproliferative neoplasms
of uncertain biological significance, and offer operative insights to pathologists and clinicians in
routine diagnostics.

Keywords: lymphoproliferative neoplasms of uncertain biological significance; monoclonal B-cell
lymphocytosis; “in situ” follicular neoplasia; “in situ” mantle cell neoplasia; atypical germinal centers;
large B-cell lymphoma with IRF4 rearrangement; “in situ” high-grade B lymphomas; non-Hodgkin
lymphoma; Hodgkin lymphoma
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1. Introduction

The IV Workshop, organized by the Italian Group of Hematopathology, focused on
lymphoproliferative neoplasms of uncertain biological significance. The long-standing
concept of in situ/early neoplasia has been already established in epithelial tumors; the
same approach is not so readily applicable to lymphoid proliferative disorders, due to the
fact that lymphocytes are usually circulating and not sessile cells. Indeed, in this context,
early lesions are often an incidental finding that partially/minimally involve an otherwise
reactive-appearing lymph node and never progress in most instances. Along with the
historical recognition of monoclonal immunoglobulins in the serum, namely monoclonal
gammopathy of undetermined significance (MGUS), a clear conceptual definition of periph-
eral blood B-cell lymphoproliferative diseases of undetermined significance (monoclonal
B-cell lymphocytosis) is well-established [1]. A series of early lesions histologically detected
in lymphoid tissues, also in view of their uncertain risk of progression, are actually still
seeking a biological determination. The early lesions within the lymphoid tissue accepted
by the 4th edition of the World Health Organization (WHO) Classification of Tumors
of Hematopoietic and Lymphoid Tissues are “in situ” follicular neoplasia and “in situ”
mantle cell neoplasia [2] that could actually be considered as the tissue counterpart of
circulating elements with t(14;18) and t(11;14) rearrangements (Table 1). “In situ” follicular
neoplasia (ISEN) is defined as partial or total colonization of germinal centers by clonal B
cells carrying the BCL2 translocation characteristic of follicular lymphoma (FL) in a lymph
node where the overall architecture is preserved [3,4]. ISEN is characterized by lack of
polarization, closely packed centrocytes with very few, if present, centroblasts, although
it is not commonly recognizable in routine H&E-stained sections [3]; this condition is
frequently identified by an intense immunoreactivity for germinal center markers (e.g.,
CD10) and aberrant positivity for BCL2, along with a low proliferation index. ISFN must
be distinguished from partial involvement by follicular lymphoma (pFL), where an ar-
chitectural distortion is observed. The risk of progression of ISEN is very low (<5%) [5],
and it does not seem to be influenced by the number of follicles involved within a single
lymph node [5,6]. “In situ” mantle cell neoplasia (ISMCN) is defined as the occurrence of
Cyclin D1-expressing B cells in nonexpanded mantle zones of otherwise morphologically
reactive-appearing lymph nodes [4,7,8]. The clinical outcome has not been completely
clarified; the progression into an overt mantle cell lymphoma (MCL) is uncommon [7],
although ISMCN or minimal accumulations of Cyclin D1-positive B cells can sometimes
be detected several years before developing an overt MCL [9]; additionally, it has been
reported that ISMCN with expression of SOX11 has a higher chance to progress [7].

In cases of ISEN and ISMCN, it is necessary to proceed to a complete staging workup
to exclude an overt lymphoma in another site. Additionally, a composite form, namely
ISEN and ISMCN, can be associated with another overt lymphoma, as presented in the first
three cases of the Workshop.

Other anecdotal early lymphoproliferative lesions with uncertain biological signifi-
cance have been previously published and are not present in the 4th edition of the WHO
Classification (Table 1). They mostly originate from the germinal centers and encompass
atypical BCL2-negative germinal centers, an early pattern of large B-cell lymphoma (LBCL)
with IRF4 rearrangement, and “in situ” high-grade B lymphomas. Nybakken et al. pub-
lished a case series of atypical germinal centers in reactive/non-neoplastic lymph nodes
characterized by isolated follicles with germinal centers substantially composed of ag-
gregates of large centroblasts showing atypical mitoses without centrocytes [10]. These
atypical follicles do not express BCL2 by immunohistochemistry and show the absence of
BCL2/IGH translocation by FISH [10]: the differential diagnoses include a focal involvement
by diffuse large B-cell lymphoma (DLBCL) or grade 3B, BCL2-negative FL, or a reactive
follicular hyperplasia with unusual morphologic features.
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Table 1. Lymphoproliferative neoplasms of uncertain biological significance.

Suggested Procedures When

GC Involvement Non-GC Histologic Lymphoproliferative Neoplasms of
Involvement Characteristics Uncertain Biological Significance
Are Encountered
Entities accepted in the
4th WHO edition
Exclude pFL and a composite form
“Tn sitw” follicular Lack of polarization, ) wfth apprqpriate
neoplasia (ISEN) Yes No closely packed centrocytes immunohistochemistry. Suggest a
P with few centroblast. complete staging workup to rule out
an overt lymphoma in another site.
Cyclin D1-expressing Exclude a MCLGP and composite form
T i B-cells in non-expanded with appropriate
In situ” mantle cell . . . .
. No Yes mantle zones of otherwise immunohistochemistry. Suggest a
neoplasia (ISMCN) N . .
morphologically reactive complete staging workup to rule out
lymph node. an overt lymphoma in another site.
Entities not included in
the in the 4th WHO
edition
Isolated follicles with GC
composed of aggregates of
large centroblast with
Atypical GC Yes No atypical mitosis without
BCL2-negative centrocytes and BCL2
negative by . .
immunohistochemistry Apply immunohistochemestry to
and FISH analysis. confirm the presence of follicular
- - dendritic networks and the GC origin
‘Atyplcal GC enrlched of the B cell population. Occurrence of
with Cef“trf’blaStS' without strong and diffuse immunoreactivity
Early pattern of large tingible body for IRF4, BCL2, and c-MYC must be
B-cell lymphoma (LBCL) Yes No macrophages or assessed. In addition, FISH analysis for
with IRF4 rearrangement polarization with strong IRF4, BCL2, c-MYC rearrangements is
IRF4 positivity and IRF4 advisable. Exclusion of an overt
rearrangement. disease with a complete staging
i _ workup is mandatory.
Single extranodal AtyPlcal (?C B C?H P Y
. " population with follicular
involvement of “double -
L . Yes No dendritic networks and
hit” Follicular lymphoma
BCL-2 + c-MYC
(DH-FL)
rearrangements.
Aggregates composed of
medium-sized lymphmd Apply immunohistochemical analysis
. cells morphologically and . ) )
Early Burkitt lymphoma L f to characterize the medium size
No Yes phenotipically consistent . .
(BL) . N population with BL features added to
with BL cells along with . .
o FISH to identify c-MYC rearrengement
mitotic figures and
apoptotic bodies
Evaluation of the preserved lymph
Presence of RS and HL node architecture. Investigate the
Early classic Hodgkin No Yes cells in perifollicular areas  scattered atypical RS- and HL-cells by
lymphoma (cHL) with preserved lymph immunohistochemistry. Exclusion of

node architecture.

an overt disease with a complete
staging workup is mandatory.
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Early LBL with IRF4 rearrangement has been reported in one case with predominant
follicular hyperplasia that exhibited single atypical germinal centers enriched with centrob-
lasts without accompanying tingible body macrophages displaying expression of CD20,
CD10, BCL6, IRF4/MUMI, lambda immunoglobulin light chain restriction, and a gain and
rearrangement of the IRF4 gene detected by FISH [11].

Two cases of so-called “in situ” high-grade B lymphomas with c-MYC rearrangement
have been previously reported [12] as well. By definition, a very low tumor burden was
noticed in contrast to other overt B-cell lymphomas with MYC gene rearrangements; this
feature may suggest that these early “double hit” lesions may require additional genetic
hits to progress [12,13]. From a practical perspective, these lymphoproliferations have to be
assessed in the context of all clinical findings and accompanied by a strict-follow-up to rule
out any possible evolution.

Some operative considerations arise from the previously reported situations. In routine
practice, whenever we face potential atypical germinal centers, the immunohistochemical
confirmation of the presence of follicular dendritic networks, the germinal center origin of
the B cell population, and the occurrence of strong and diffuse immunoreactivity for IRF4,
BCL2, and ¢-MYC must be assessed. In addition, FISH analysis for IRF4, BCL2, and c-MYC
rearrangements is advisable. This approach will enable in most instances to rule out, focal
area(s) of diffuse large B-cell lymphoma/high-grade B-cell lymphoma “double hit”, partial
involvement by grade 3B BCL2-negative FL, and early LBCL with IRF4 rearrangement,
respectively. Following the examples of ISFN and ISMCN, the exclusion of an overt disease
with a complete staging workup is mandatory in all these cases.

Another niche where early lesions have been described beside the germinal center
is monocytoid B-cell hyperplasia [14,15]. Monocytoid B cells (MBCs) were described for
the first time by Karl Lennert as immature sinus histiocytosis, representing cells closely
related to marginal zone hyperplasia [16]. Morphologically, MBCs measure one-and-a-half
to three times the size of small lymphocytes, display round, oval, or indented nuclei with a
slightly clumped to vesicular chromatin structure, small and inconspicuous (when present)
nucleoli, and abundant pale cytoplasm. These cells can be arranged in perifollicular clus-
ters within and around sinuses and are commonly admixed with scattered neutrophils.
Unlike marginal zone B-lymphocytes, MBCs are negative for BCL2 [17]. Reactive MBCs
are frequently associated with follicular hyperplasia and epithelioid macrophages [18]
and have been recognized occurring in association with lymphoproliferative diseases, like
classic Hodgkin lymphomas (cHL) [19,20]. More recently, clusters of Burkitt cells have been
reported with MBC hyperplasia in both immunocompromised and immunocompetent pa-
tients [14,15]. In immunocompromised patients, it has been proven that these early lesions
carry the risk of progression into an overt Burkitt lymphoma with a worse outcome [14,15].

Different non-Hodgkin lymphomas have been associated with chronic inflammation,
either infectious or not. In cases of chronic infection due to non-lymphotropic agents, the
pathogen’s role in establishing the proliferation and progression towards overt lymphoma
radically differs from other lymphotropic agents. Moreover, IgG4-related disease (IgG4-
RD) represents an important topic, as confirmed by the occurrence of a ISFN associated
with this condition and presented during the Workshop. IgG4-RD is a fibroinflammatory
disorder of uncertain etiology which affects almost any organ [21]. Although most patients
with IgG4-RD do not present an association with lymphomas, some cases have been re-
ported to develop concomitant or metachronous low- and high-grade lymphomas [22-2§],
suggesting that a potential pathogenetic link may lie in the context of a shared chronic
antigenic stimulation [22,29,30]. This hypothesis is confirmed by cases #7 and #8 of the
Workshop. On these grounds, a practical consideration is that monoclonal rearrangements
can be demonstrated in a nonmalignant, antigen-driven proliferation of B cells, such as
autoimmune disorders; accordingly, additional criteria of malignancy must be fulfilled to
efficiently differentiate neoplastic proliferations from reactive conditions in this setting [31].
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2. Submitted Cases of ISFN and ISMCN Associated with Overt Lymphoma
2.1. Casen. 1

Dr. Magnoli presented the previously published case [32] of a 75-year-old woman
with multiple and bilateral lymphadenopathies that underwent an excisional biopsy of a
right cervical lymph node. Morphological and immunohistochemical findings allowed
to conclude for a diagnosis of a composite lymphoma encompassing FL, grade 1 to 2,
“in situ” mantle cell neoplasia (ISMCN), and MCL with mantle zone growth pattern
(MCLGP). A stage IVA was assessed, and the patient was treated with eight cycles of
R-CVP (Rituximab plus a combination of Cyclophosphamide, Vincristine, and Prednisone)
regimen, obtaining a complete remission. After two years, diffuse lymphadenopathy
appeared, and the subsequent biopsy revealed a low-grade FL without any signs of a
neoplastic mantle cell component, and after four years of “watch and wait”, a progression
of the disease was documented; the patient died of lymphoma after being treated with
a new line of chemotherapy with eight cycles of Chlorambucil chemotherapy, followed
by a steroid-based support therapy. Karyotype and Spectral Karyotyping (SKY) FISH
analyses on metaphases performed on the first biopsy tissue sample confirmed different
cell clones. The neoplastic clone carrying the t(11;14) translocation involving CCND1 did
not show additional cytogenetic abnormalities, whereas the neoplastic cell population with
the t(14;18) translocation involving BCL2 was characterized by a triploid karyotype with
several additional alterations, including also the rearrangement of BCL6. In this context,
the observations led the authors to suggest that the progressively aggressive behavior of
this B-cell lymphoma was determined by the complex karyotype of the overt FL [32]. On
the contrary, the ISMCN did not harbor additional genetic abnormalities, nevertheless
not affecting the clinical outcome [32]. Therefore, the following case confirms that the
occurrence of additional genetic aberrations may drive progression and clinical outcomes.

2.2. Casen. 2

Dr. Granai discussed the case of a 45-year-old male who underwent the excisional
biopsy of an enlarged axillary lymph node following the diagnosis of MCL of the appendix.
The lymph node architecture was replaced by a diffuse proliferation of small monotonous
lymphocytes with round nuclei and scant cytoplasm surrounding hyperplastic follicles
with regularly structured germinal centers (Figure 1). Immunohistochemical investigations
demonstrated the presence of two distinct lymphoid populations. The interfollicular cells
were immunoreactive for CD20, CD5, CD23, and LEF1 (Figure 2). Cyclin D1 and SOX11
were expressed by reduced mantle zones surrounding reactive lymphoid follicles and
absent in the interfollicular areas. Accordingly, a composite ISMCN and small lymphocytic
lymphoma (SLL) diagnosis was made. IgH rearrangement confirmed the existence of two
clonally unrelated B-cell neoplastic populations. The present case describes the well-known
combination of ISMCN and SLL [33], exemplifies the concept that “in situ” lymphoma
might be observed in association with overt MCL in distant sites, and highlights that
the significance of the early lesion remains uncertain, thus suggesting that the clinical
evaluation for evidence of overt lymphoma is highly recommended.
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Figure 1. H&E original magnification 20x. The lymph node architecture is replaced by a diffuse,
interfollicular monotonous proliferation of small lymphocytes with round nuclei and scant cytoplasm
surrounding hyperplastic follicles with regularly structured germinal centers.

Figure 2. (A) CD5+ in both components. (B) CD23+ in the SLL component. (C) LEF1+ in the SLL
component. (D) Ki-67 highlights the proliferation centers. (E) Cyclin D1+ in the ISMCN. (F) SOX11+
in the ISMCN.

2.3. Casen. 3

Dr. Di Stefano submitted the case of a 45-year-old male patient that received a di-
agnosis of chronic lymphocytic leukemia (CLL) with atypical phenotype according to a
bone marrow biopsy and the flow cytometric analysis results. The bone marrow biopsy
showed a diffuse interstitial infiltrate of small B lymphocytes with a round nucleus and
scant cytoplasm, immunoreactive for CD20, BCL2, and CD5 and negative for CD23, Cyclin
D1, SOX11, CD10, and BCL6. A few weeks later, the patient underwent an excisional
biopsy of three small cervical lymph nodes. The lymph node architecture was effaced by
a small-to-medium-sized population with an immunophenotypic profile consistent with
CLL with an atypical phenotype [34,35]. Two residual follicular structures were present,
and their germinal centers showed a strong immunoreactivity for CD10 and BCL2 with
a low proliferation index. The final diagnosis was CLL with an atypical phenotype and
ISFN. In the present case, it is also confirmed that ISFN can be associated with other forms
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of overt lymphoma such as CLL. In such an event, it is necessary to always report the early
lesion to guarantee appropriate clinical management.

3. Submitted Cases of Early Lymphoproliferative Lesions Originating from the
Germinal Center Other Than ISFN and ISMCN

3.1. Case n. 4

Dr. Lazzi submitted the case of a 77-year-old male patient that underwent radical
prostatectomy with bilateral lymphadenectomy for prostatic adenocarcinoma. Within one
of the right iliac-obturator lymph nodes, two isolated follicles (Figure 3A—C) displayed
germinal centers with atypical features such as the absence of polarization and enrichment
of centroblasts. The atypical follicles were positive for B-cell and germinal center-related
markers but negative for BCL2 by immunohistochemistry and for BCL2 translocation by
FISH analysis (Figure 3D-F). An overt FL grade 3A was found in a contralateral lymph
node (Figure 3G,H), which was negative for BCL2, as well both by immunohistochemistry
and FISH; therefore, the final diagnosis was of FL, grade 3A with focal localization on the
contralateral lymph node. The histologic interpretation of isolated atypical germinal centers
can be challenging, but an overt FL helped achieve the correct diagnosis. A Next-Generation
Sequencing (NGS) analysis was performed using an Illumina custom 80-gene-targeted
NGS panel for B-cell lymphomas and revealed genetic variants in TNFAIP3 and NOTCH2.

3 en‘f‘ Yoo s =

Figure 3. (A) H&E original magnification 2x of the right iliac-obturator lymph node displaying
two atypical follicles highlighted in the blue rectangle. (B) H&E original magnification 10x of
the atypical follicles. (C) H&E original magnification 40x of the atypical germinal centers with
the absence of polarization and enrichment in centroblasts. (D) CD10+, (E) BCL2-, and (F) Ki67
immunostains. (G) H&E original magnification 4 x of the left iliac-obturator lymph node. (H) H&E
original magnification 40x of the overt FL on the left iliac-obturator lymph node. (I) BCL2-. (J) CD10+.
(K) Ki67. (L) CD23 immunostains.

3.2. Casen. 5

Dr. Granai submitted and recently published [36] the case of a 72-year-old woman
without significant medical history that underwent colonoscopy for enduring complaints
and constipation; a 5-mm sessile polypoid lesion in the sigmoid colon was noted. Micro-
scopically, the polypoid lesion displayed a submucosal lymphoid infiltrate with a follicular
growth pattern and predominant centroblasts, along with very few centrocytes. The lym-
phoid population showed immunoreactivity for CD20, CD10, BCL6, BCL2, and MYC,
in the context of expanded and disrupted follicular dendritic meshworks. FISH studies
identified both IGH/BCL2 and IGH/MYC gene rearrangements, allowing the diagnosis of
an extranodal FL grade 3A, with BCL2 and MYC rearrangements (DH-FL). Staging did
not show additional sites of disease, and the patient is currently in good health and has
never progressed. This case raises several questions related to patient’s management, since
it is not clear whether to consider DH-FL an indolent lymphoma based on its morphologic
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aspects or an aggressive lymphoma given its cytogenetic features [37—41]. This dilemma
related to the outcome is further enhanced when DH-FL displays partial involvement or is
limited to a single site. More studies are needed to clarify this issue.

4. Submitted Cases of Early Lymphoproliferative Lesions Arising in the Setting of
Monocytoid Hyperplasia

Casen. 6

Dr. Di Stefano presented the case of a 61-year-old woman with a prior history of
invasive breast carcinoma treated with surgical resection, chemotherapy, and radiotherapy,
who during follow up developed left supraclavicular lymphadenopathy. The excised lymph
node showed follicular hyperplasia with polarized germinal centers; in the perifollicular
areas, aggregates of MBC were admixed with rare, scattered large mononucleated or
binucleated cells equipped with eosinophilic nucleolus and basophilic cytoplasm (Figure 4).
The large cells were immunoreactive for CD30, CD15, PAX5 weak (Figure 5), and MUM1
and negative for CD20, CD3, and CD45. EBV was negative by EBER in situ hybridization.
The molecular analysis performed on microdissected atypical, perifollicular areas detected
a polyclonal IGH rearrangement, supporting the diagnosis of partial involvement by
cHL. Since the radiologic and clinical evidence showed a localized disease, a “watch and
wait” approach was chosen, and in the following years, subsequent nodal biopsies of the
supraclavicular lymph nodes displayed the same morphological picture. Five years after
the first diagnosis, the patient exhibited left inguinal lymphadenopathy and underwent an
incisional biopsy. The morphologic examination revealed a subverted architecture by small
T lymphocytes, eosinophils, and histiocytes intermingled with classical Reed-Sternberg
(RS) and Hodgkin cells (Figure 6). The morpho-phenotypical profile was consistent with
cHL, mixed cellularity. After the diagnosis, the patient received appropriate chemotherapy
but had frequent hospitalizations due to recurrent nosocomial infections. The following
case demonstrated an overt cHL after a history of partial involvement of cHL developing
within the context of MBC hyperplasia.

Figure 4. (A) H&E original magnification 10x displaying follicular hyperplasia with polarized
germinal centers and, in the perifollicular areas, aggregates of MBC. (B) H&E original magnification
20x showing, in the perifollicular areas, MBC mixed with rare large mononucleated or binucleated
cells containing an eosinophilic nucleolus and basophilic cytoplasm.
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Figure 6. (A) H&E original magnification 20x that displays small T lymphocytes, eosinophils,
histiocytes, classical Reed-Sternberg cells, and Hodgkin cells. (B) PAX5-. (C) CD30+. (D) MUM1+.

5. Submitted Cases of Early Lymphoproliferative Lesions Associated with Infectious
Diseases and Chronic Inflammation

5.1. Casen. 7

Dr. Vittone presented the case of a 76-year-old man with weight loss and low-grade
persisting fever for many months. The PET-CT scan revealed multiple lymphoadenomegaly
on both sides of the diaphragm with high spleen, bone, and left colon uptake. Histological
examination of an axillary lymph node showed an area with well-formed granulomas
composed of epithelioid histiocytes and occasional Langhans-type giant cells with central
eosinophilic necrosis (Figure 7A). A PCR analysis performed on the paraffin-embedded
tissue confirmed the presence of Mycobacterium tuberculosis DNA. The residual portion of
the lymph node showed predominant follicular hyperplasia; herein, immunohistochemical
investigations highlighted two follicles with strong staining for CD10, BCL2 (Figure 7C,D)
with a low proliferation index suggestive of ISEN. Therefore, a diagnosis of necrotizing
granulomatous lymphadenitis due to Mycobacterium tuberculosis infection associated with
ISFN was made.
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5.2. Casen. 8

Dr. Santi presented a case of a 77-year-old male with a prior history of prostatic
adenocarcinoma. During follow-up, left hydroureteronephrosis due to a retroperitoneal
mass of 6.5 cm in the maximum diameter developed. The histological examination of left
subtotal ureterectomy displayed follicular hyperplasia and predominant mature IgG4+
interfollicular plasma cells with a high IgG4/IgG ratio within the background of septal,
storiform fibrosis (Figures 8 and 9). Within this background, a single atypical follicle
unusually constituted by monomorphous centrocytes, few centroblasts, and attenuated
mantle zones was noticed with a strong positivity for BCL2 and CD10 (Figure 10). A PCR
analysis showed a monoclonal IgH rearrangement. The final diagnosis was IgG4-RD with
ISFN. A few months after the diagnosis, the patient died of complications due to sepsis.

Figure 7. (A) H&E original magnification 2.5x of the axillary lymph node displaying an area with
well-formed granulomas, and in the remaining part of the lymphoid tissue, follicular hyperplasia
was observed with two atypical follicles (blue rectangle). (B) H&E original magnification 40 x of one
of the atypical follicles suggestive of ISEN. (C) CD10+. (D) BCL2+.

- S

Figure 8. (A) H&E original magnification 2x displaying a lymphoproliferative lesion in the back-
ground of septal, a storiform fibrosis. (B) CD138+. (C, D) A Kappa light chain restriction.
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Figure 10. (A) H&E original magnification 4 x ISFN highlighted in the blue rectangle. (B) BCL2+.
(C) CD10+; (D) Ki-67.

6. Conclusions

Early/in situ lymphoproliferative disorders are still an unclear subject since the evolu-
tion of these diseases at the time of the diagnosis is unpredictable on morpho-phenotypical-
molecular-cytogenetic grounds. The sequence precancer—cancer in epithelial malignancies
does not necessary overlap with the relationship between early lymphoproliferative lesions
and overt lymphoma. In fact, most early lymphoid lesions do not progress to an overt
lymphoma and may be concomitant with these latter. In the cases presented during the
Workshop, the entities ISFN and ISMCN, already recognized by the 4th edition of the
WHO classification, were associated with other overt lymphoproliferative processes, and
therefore considered a composite lymphoma (Table 2).
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Table 2. Clinical cases presented during the Workshop.

Presence of Overt Type of Overt

Case Gender Age Diagnosis Lymphoma Lymphoma
Case n. F 75y FL and ISMCN Yes FL
Case n. M 45y ISMCN and SLL Yes MCL 1 previous

biopsy
. . CLL on bone
Case n. M 45y CLL with atypical phenotype and ISFN Yes marrow
Casen. M 7y FL, 3A with focal localization on the Yes FL, 3A
contralateral lymph node
Casen. E 72y Extranodal FL with BCL2 and c-MYC No
rearrangement
. . . cHL, mixed
Case n. F 6ly Early cHL in monocytoid hyperplasia Yes cellularity
Necrotizing granulomatous
Casen. M 76y lymphadenitis associated with ISEN No
Case n. M 77y IgG4-RD with ISFN No

The current view of the progression in lymphoproliferative lesion postulates that this
process relies on a multistep sequence rather than only on a single event. This concept is
exemplified by case #1, confirming that the development of a complex karyotype is the
primary cause of the disease’s evolution [32], while case #2 highlights the importance of
recognizing these early lesions to inform the clinician and carefully look for a possible overt
and different lymphoma in another site. In case #3, the association of CLL with an atypical
phenotype and ISFN was reported demonstrating that these early lesions concurrent
with other lymphoproliferative processes may also be incidental findings discovered by
immunohistochemistry. Nevertheless, the observation of such cases, which are usually
unrelated to malignant overt counterparts, raises the question of whether there could be
an underlying susceptibility for developing B lymphoproliferative processes in certain
subjects [42]. The germinal centers are a fragile environment where neoplastic processes can
develop. Notwithstanding the overexpression of antiapoptotic molecules such as BCL2 as
a result of t(14;18) has been recognized to spy on the occurrence of FL, and case #4 displays
that the histopathological examination can be sometimes the only key feature to unravel a
lymphoproliferative process. In this case, the lymphoproliferative lesion was suspected
on morpho-phenotypic features in two germinal centers, although there was a lack of
BCL2 positivity. In this context, the finding of the overt FL on the contralateral lymph
node aided the diagnosis of FL t(14;18)-negative that has been proven to be a genetically
heterogeneous entity [43], and the NGS analysis performed on the case documented the
presence of frequent mutations that have been detected in FL t(14;18)-negative, namely
TNFAIP3 and NOTCH2 [43]. Therefore, we point out that occasional atypical follicles
BCL2-negative in the context of a reactive lymph node should suggest the exclusion of
an FL t(14; 18)-negative in other sites. A close correlation between molecular data and
morphology is always required, since several studies have detected clonal populations in
the context of classical reactive germinal centers or hyperplastic marginal zones [44,45].

In the “early” extra nodal DH-FL (case #5) [36], additional genetic hits are considered
necessary for the full transformation of these ‘aggressive’ in situ neoplasms to a clinically
overt disease [12,13]. Furthermore, once these lesions are recognized, clinical characteristics
drive treatment decisions, and a close follow-up is mandatory to rule out overt lesions in
another site.

72



Hemato 2022, 3

Moving outside the germinal center, more specifically in the context of MBC hyperpla-
sia, we notice a possible role of MBC in controlling the neoplastic disease [15,19,20]. In fact,
in case #6, all the subsequent biopsies displayed RS cells closely associated with clusters of
MBCs, and two previous studies have documented this aspect in overt cHL [19,20]. It has
been established that the HL/RS cells originate from the germinal centers [46], and when
they migrate to the perifollicular areas, they probably trigger a reaction like MBC hyperpla-
sia. Therefore, even in cHL, MBC hyperplasia may be a physiologic antitumor mechanism
of the host that counteracts the development of the full-blown disease [15,19,20].

In the presence of infectious diseases and chronic inflammation syndromes, an un-
derlying lymphoproliferative process, may occur and should be considered. Rarely, non-
Hodgkin lymphoma (NHL) and Hodgkin lymphoma were concurrent with chronic infec-
tion by Mycobacterium tuberculosis and the Mycobacterium avium complex [47-55]. Setting
aside patients with congenital and cell-mediated immunity defects, it has been hypoth-
esized that Mycobacterium tuberculosis, similarly to Helicobacter pylori, might induce rear-
rangements more readily than other infectious agents, since they are both intracellular
pathogens [53]. Much caution must be applied in the event of an IgG4-positive lymphoma
or plasma cell neoplasm when numerous IgG4+ plasma cells are noticed in the context
of a lymphoplasmacytic proliferation [56], and a clinical correlation might be necessary.
To our knowledge, a case of necrotizing granulomatous lymphadenitis due to Mycobac-
terium tuberculosis infection and IgG4-RD concomitant to an early lesion have not been
reported. Moreover, during the Workshop, it was suggested that the chronic inflammatory
process, either created by an infectious agent or by an inflammatory disorder, could be
the trigger determining an early lymphoproliferative form. However, to be added to the
following hypothesis, we should also consider the well-known role of immunosurveillance
of the microenvironment in B-cell lymphomas [15]; therefore, further studies could high-
light the control mechanisms and the events determining the onset and progression to an
overt disease.

In conclusion, pathologists should emphasize that the above-described early/in situ
lesions retain an uncertain potential of malignant progression and require a strong integra-
tion with the clinical and imaging findings. Given that, presently, the therapeutic strategy
relies on the diagnosis of an overt lymphoma, a conservative management accomplished
by an active follow-up must be considered in these early/in situ lymphoproliferations.
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Abstract: Mantle cell lymphoma (MCL) is an aggressive yet incurable B-cell lymphoma that was only
first recognized as a distinct subtype in 1992, with early reports suggesting a poor median survival.
Elaine Jaffe is a renowned hematopathologist and scientist from the National Cancer Institute who
was instrumental in many of the early descriptions of MCL that distinguished it from other B-cell
lymphomas. Further, she has led multiple international collaborations that have harmonized the
lymphoma classification systems that are currently in use today. The early morphologic descriptions
of MCL along with the contributions of immunologic and genetic techniques have confirmed MCL
as a distinct entity with unique biology and clinical behavior. Importantly, these scientific discov-
eries laid the foundation for unprecedented therapeutic breakthroughs that have led to significant
improvements in overall survival.

Keywords: centrocytic lymphoma; intermediate lymphocytic lymphoma; Jaffe; mantle cell lymphoma;
mantle zone lymphoma; cyclin D1

1. Introduction

Non-Hodgkin lymphoma (NHL) is a generic term applied to a broad range of ma-
lignant lymphoid neoplasms with striking underlying clinical and biologic heterogeneity.
Lymphomas represent malignant transformation of lymphocytes at various stages of differ-
entiation and have acquired hallmark cancer capabilities, including the ability to proliferate,
resist cellular apoptosis, and evade the host immune response. Yet, important biologic
differences exist across NHL subtypes that manifest as differences in disease behavior and
therapeutic vulnerabilities.

Over the last 7 decades, the classification of lymphoid malignancies has been a complex
and iterative process that evolved with the emergence of novel biologic insights and
advances in analytic methods. New subtypes are often first introduced as provisional
entities and subsequently validated to be sufficiently distinct to merit a unique therapeutic
approach. The National Cancer Institute (NCI) has contributed substantially to the body of
knowledge on lymphoma biology, classification, and management through the years. The
bedrock upon which its lymphoma studies have been built is accurate and reproducible
diagnosis, initially based entirely on histologic examination under a microscope and, over
time, with a remarkably sophisticated battery of assays for the expression of specific genes
and proteins. Indeed, the lymphoma classification systems purport to make scientifically
and clinically meaningful distinctions between lymphoma subtypes by defining relatively
homogeneous entities from a clinical, morphologic, immunologic, and genetic perspective
with the goal of improving clinical outcomes.

For the past nearly 50 years, the precision of the diagnosis of lymphoma at the NCI
has been established and maintained by Elaine Jaffe, where she currently serves as the head
of the Hematopathology Section of the Laboratory of Pathology. At NCI, the pathologists
have participated as full partners in the clinical studies and used their scientific expertise
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to establish new insights into lymphoma biology that have direct influence on patient
management. The function of a clinical research team requires expertise in several domains:
diagnostic imaging, patient care, surgery, pharmacology, and knowledge of the disease
being treated. Excellence in each area is critical to obtaining the best outcomes, while
variability in a domain can undermine the results. The work at the NCI has been able to
rely on the accuracy of lymphoma diagnosis because of the excellence of Dr. Jaffe and her
team. If Dr. Jaffe says it, you can count on it. And everyone knows it. A comprehensive
recounting of the insights emerging from her work would take volumes to cover. Beyond
her role within the NCI, she is a renowned physician scientist who has made numerous
seminal contributions to our understanding of the biology and classification of lymphoma
subtypes over her illustrious career. In her career, Dr. Jaffe has championed the critical
importance of accurate diagnosis in making therapeutic progress. Early on, Dr. Jaffe and
her NCI colleagues described important biologic differences between lymphomas arising
from B-cell origin compared with those with T-cell or monocytic origin. Indeed, she was the
first to demonstrate that nodular lymphomas originated from follicular B lymphocytes [1].
She and her colleagues had the foresight to understand the importance of incorporating
the immunologic aspects of lymphoma, including the nature and function of the malignant
cell along with the surrounding immune cell infiltrates [2,3]. Throughout her career, she
has pioneered scientific discoveries within and across lymphoma subtypes, and she has
led international collaborations that modernize lymphoma classification by integrating
traditional pathology with the emergence of novel immunologic and genomic approaches.
No more illustrative example exists than her scientific contribution to our understanding
of the entity mantle cell lymphoma (MCL). She originally described key morphologic and
immunologic features of “intermediate lymphocytic lymphoma (ILL)” that suggested it was
a distinct B-cell lymphoma and first proposed the term “mantle cell lymphoma” in 1991 [4].
In this article, we highlight the seminal contributions of Dr. Jaffe along a discovery timeline
that led to our modern conceptualization of MCL as a B-cell lymphoma with at least two
distinct clinical subtypes with divergent clinical behavior (Figure 1). What is striking about
this timeline is that numerous therapeutic advances followed from seminal observations in
pathobiology and the prognosis has improved. The clinical impact of having a universally
recognized set of diagnostic criteria establishing a defined and reproducible clinical entity
has allowed clinical research to focus on developing new therapeutic approaches. The
Nebraska Lymphoma Study Group has documented therapeutic progress through the
last 30 years made possible by defining MCL as a distinct disease entity [5]. Indeed, one
can make a cogent argument that the improved clinical outcomes in MCL have outpaced
improvements in any other lymphoma subtype and the contributions of Dr. Jaffe and other
pioneering scientists enabled that success [5].
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Figure 1. The timeline from the 1960s to the modern day depicting the scientific discoveries that
ultimately led to recognition of mantle cell lymphoma (MCL) as a distinct biologic entity and
therapeutic advances. Below the timeline are the classification systems of lymphoma and early
pathologic descriptions of entities now classified as MCL. Above the timeline are the standard
therapies for the period and the corresponding median survival for patients with MCL.

2. History and Evolution of Lymphoid Malignancies Classification

In 1966, Henry Rappaport of the United States Armed Forces Institute of Pathology
proposed a simple and reproducible lymphoma classification system that relied exclusively
on morphologic criteria [6]. Lymphomas were subdivided based on their underlying
growth pattern as either nodular or diffuse. Further, the appearance of the malignant
cell and its differentiation state was used to classify tumors as either well-differentiated,
poorly differentiated, undifferentiated, or histiocytic [7]. In the Rappaport system, nodular
lymphomas were typically composed of small lymphocytes and were comprised mostly
of indolent disorders, while the “histiocytic” and poorly differentiated lymphomas were
more aggressive and required chemotherapy. Notably, this system predated our modern
understanding of cellular immunology and did not classify tumors based on B-cell or
T-cell lineage.

In the 1970s, both the German pathologist Karl Lennert and the American pathologists
L.J. Lukes and R.D. Collins proposed functional approaches to lymphoma classification
that incorporated lymphocytic lineage based on cell surface immune markers and enzyme
histochemical features along with morphology [8,9]. During this time period, separate
classification schemes were used in different parts of the world and, since no broad inter-
national consensus existed, it was difficult to compare pathological and clinical results.
Further, all systems lacked extensive clinical correlations and did not consider clinical
features when classifying tumors.

In this context, the National Cancer Institute sponsored a panel of expert hematopathol-
ogists known as the international Working Formulation (WF) with a goal of providing a
reproducible method to translate the various classification systems into clinical trial results
and reports of clinical outcomes [10]. The WF system applied many concepts of preceding
systems and incorporated clinical data. It defined subtypes based on their general clinical
prognosis, and entities were grouped as low-grade, intermediate-grade, or high-grade.
Notably, the IWF did not include the immunologic orientation to subclassify, rendering it
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less reproducible and limiting the discovery of new entities. Indeed, the panel of expert
hematopathologists asked to review and classify the cases in the study disagreed with one
another and with their own initial reading a substantial and alarming fraction of the time.

In 1994, the International Lymphoma Study Group (ILSG) convened a panel of 19 in-
ternational expert hematopathologists to develop a consensus list of distinct clinical entities
called the Revised European-American Classification of Lymphoid Neoplasms (REAL)
classification [11]. The concept behind the REAL classification was to describe disease
entities according to all available information (morphology, immunophenotype, genetic,
and clinical features), with varying degrees of relative importance for each entity. To further
validate the REAL classification, the ILSG conducted a study in which five expert patholo-
gists reviewed over 1300 cases of NHL at various international centers [12,13]. This effort
confirmed that the REAL classification was easily used by expert hematopathologists and
had greater inter-observer reproducibility than other classification systems [14]. The REAL
classification laid the foundation for the World Health Organization (WHO) classification
system that was the first true international consensus on the classification of lymphoid
malignancies in 2001 [15]. A cardinal feature of the WHO classification system was to
periodically review new data and periodically incorporate them into updated classification
systems that occurred in both 2008 [16] and 2016 [17].

3. Mantle Cell Lymphoma as a Distinct Entity

A primary objective of all lymphoma classification systems is to build upon previous
iterations by describing novel entities that were previously difficult to classify; they are
often predicated on the emergence of new technology. For example, in 1968 Karl Lennert
described a lymph node biopsy from “patient K” that was comprised of small lymphocytes
with a diffuse growth pattern that had completely effaced the lymph node architecture [18].
Lennert recognized that this lymphoma was unclassifiable with existing systems and
he labeled this and other similar cases as ‘type K’. After analyzing subsequent biopsies
from the same patient, he coined the term “centrocytic lymphoma” (CC) to describe lym-
phomas with a diffuse growth pattern of small cells that resembled cleaved follicular center
cells [8,19]. Similarly, the American pathologist Costan Berard had recognized that some
lymphomas were not easily classified as either well-differentiated or poorly differentiated
by the Rappaport classification system and he proposed the term “malignant lymphoma,
lymphocytic type intermediate grade of differentiation” or “intermediate lymphocytic
lymphoma” (ILL) [20]. Both CC and ILL shared pathologic features between nodular
lymphomas (i.e., follicular lymphoma) and well-differentiated lymphocytic lymphoma (i.e.,
chronic lymphocytic leukemia). They exhibited a mostly diffuse growth pattern but could
also have areas with a vaguely nodular pattern. The cells were small and monotonous with
clumped chromatin and scant cytoplasm with nuclei that varied in shape, including round,
slightly clefted, and irregular [3]. Inmunologically, these tumors also exhibited features
intermediate between well-differentiated and poorly differentiated tumors and expressed
surface immunoglobulin. In 1977, Dr. Jaffe postulated on the possible cell of origin based
on these morphologic and immunologic criteria:

“The cells of nodular lymphomas are neoplastic counterparts of follicular B lymphocytes
whereas well-differentiated lymphocytic lymphoma (WDL) cells are more closely related
to medullary-cord B cells. Lymphoma of intermediate differentiation type may derive
from B cells of the lymphoid cuff at the margins of follicles and thus exhibit features at
the interface between nodular lymphomas and WDL”. Jaffe et al., Cancer Treat Rep.
1977,61(6):953-962.

The American pathologist Dennis Weisenburger recognized that there was a distinctive
B-cell lymphoma that appeared to originate from the mantle zones of secondary lymphoid
follicles [21]. He described 12 cases of lymphoma that morphologically resembled ILL, but
with a growth pattern of atypical lymphocytes proliferating as wide mantles around normal
appearing germinal centers and proposed the term “mantle-zone lymphoma”. Importantly,
he reported that the clinical course was often aggressive, which further solidified the need
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to distinguish them from well-differentiated lymphomas [22]. In 1987, Jaffe and colleagues
reviewed the histologic, immunologic, and clinical features of ILL that supported its
consideration as a distinct clinicopathologic entity that was virtually identical to CC. The
authors concluded that this entity was a tumor derived from lymphocytes of the mantle cuff
based on the growth pattern and the expression of alkaline phosphatase on the neoplastic
cells, which resembled that seen in mantle cuffs [23,24].

The emergence of molecular biology provided additional methods to sub-classify
lymphomas. In 1979, the recurrent rearrangement t(11;14) (q14;q32) was first described
in four cases of lymphoid neoplasms [25] and it was soon appreciated that recurrent
translocations were often characteristic of specific lymphoma subtypes and this could
be a powerful new technology to advance our understanding of distinct pathobiology
of specific lymphomas [26]. In 1984, NCI researchers determined that the breakpoint of
t(11;14) was within the joining segment of immunoglobulin heavy chain (IGH) typically
located on chromosome 14 band q32 and characterized a new gene, named bcl-1 (B-cell
lymphoma/leukemia 1), located on chromosome 11 band q13 [27]. It was shortly after that
studies linked this recurrent translocation with specific lymphoma subtypes. Rearrange-
ments involving bcl-1 were enriched in cases of ILL [28], but virtually never observed in
follicular lymphoma, Burkitt lymphoma, or diffuse large B-cell lymphomas [29]. In 1990,
Mike Williams and colleagues used Southern blotting and probes for immunoglobulin
heavy and light chains, bcl-1, bel-2, and c-myc in 14 patients [30]. They described rearrange-
ments of bcl-1 in four (29%) cases and none had bcl-2 rearrangements. At the same time,
NClI researchers used a genomic probe of the major breakpoint region in bcl-1 and showed
that 10 (53%) ILL cases were associated with rearrangements [31]. When using multiple
probes in 12 cases of CC, Williams and colleagues described that 11 (92%) were associated
with bcl-1 rearrangements [32]. In 1991, it was discovered that the candidate oncogene
PRADT1 located on chromosome 11q13 encoded a protein structurally similar to the cyclins
(named cyclin D1) [33-36]. Taken together, we now know that the bcl-1 rearrangement
involves the PRAD1/CCND1 gene located downstream of its major breakpoint region that
encodes cyclin D1 and places it under the transcriptional control of IGH. The cyclin D1
translocation leads to unregulated cell cycle control underpinning MCL biology.

In 1991, Raffeld and Jaffe reviewed the morphologic, immunophenotypic, and genetic
data supporting the notion that ILL, CC, and mantle zone lymphoma were identical
neoplasms that should be unified as a distinct lymphoma subtype [4]. These entities were
comprised of small to medium sized lymphocytes with scant neoplasm that expressed
pan B-cell markers including CD20, CD19, and CD22 along with the pan T-cell marker
CD5 and exhibited characteristically strong surface immunoglobulin expression while
lacking CD10, Bcl-6, and CD23. Further, frequent expression of alkaline phosphatase
suggested that these tumors were derived from follicular mantle zone cells [4]. They
proposed that these entities be unified under the term “mantle cell lymphoma” (MCL)
and recognized that diffuse, vaguely nodular, and expanded mantle zone growth patterns
could be observed. In 1992, the term MCL was universally accepted to describe ILL, CC,
and mantle zone lymphoma based on characteristic clinical features, immunophenotype,
and a hallmark translocation [37].

Importantly, the recognition of MCL as a unique B-cell lymphoma did not signify
the end of scientific discovery within this entity but represented the beginning. Since the
original descriptions, important scientific discoveries have been made in MCL that distin-
guish it from related B-cell lymphomas that highlight the clinical and biologic heterogeneity
within this entity. It is appreciated that tumor proliferation can vary widely in MCL and
proliferation signatures by gene expression profiling are closely associated with response
to chemotherapy and survival [38]. Further, it is now recognized that not all cases of MCL
have demonstrable cyclin D1 expression, and cases of cyclin D1-negative MCL exhibit the
classic morphologic and immunologic features of MCL but are often associated with rear-
rangements involving CCND2 or CCND3 [39]. Lastly, it has been noted that select cases of
MCL exhibit very indolent behavior and that cyclin D1 positive B cells can occasionally be
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identified within the inner mantle zones of follicles, a process first described as in situ MCL
and later updated to in situ mantle cell neoplasia (ISMN) [16,17,40]. Current classification
systems recognize two distinct clinical variants of MCL, including a classical variant that
typically expresses SOX11, often involving lymph nodes along with frequent extra-nodal
involvement, and can behave aggressively [41,42]. An indolent form of MCL also exists that
is frequently SOX11 negative and presents with non-nodal disease involving the spleen,
peripheral blood, and bone marrow [17].

4. Therapeutic Advances in Mantle Cell Lymphoma

This article is primarily focused on the contribution of pathologic observations that led
to the recognition of MCL as a distinct biologic entity, but it is notable that, since 1991, the
prognosis for patients with MCL has improved significantly (Figure 1). Indeed, since the
time of original description, research has focused on identifying pathogenetic mechanisms
and oncogenic signaling pathways that drive MCL and the translation of these observations
into novel therapies. It is beyond the scope of this article to comprehensively review the
evolution of therapy for MCL, but we choose to highlight specific therapeutic advances
and their effect on outcomes.

A feature of MCL that was initially quite puzzling was the wide range of natural
histories associated with the diagnosis. Some patients had a very indolent course and
did not require therapeutic intervention for years. Others had an extremely aggressive
disease that spread rapidly and killed them in a few months. The initial reports of sur-
vival for MCL patients treated with standard lymphoma combination regimens such as
cyclophosphamide, vincristine, prednisone (CVP) or cyclophosphamide, doxorubicin, vin-
cristine, and prednisone CHOP showed a very poor outcome compared with other B-cell
lymphomas with a median survival of only 3 to 4 years [13,43]. Further, in distinction to
aggressive B-cell lymphomas, durable remission was rare and MCL is considered largely
incurable with combination chemotherapy. For this reason, the standard approach starting
in the 1990s and early 2000s was to intensify chemotherapy to include either autologous
stem cell transplantation (ASCT) as part of frontline therapy [44,45] or to treat with highly
dose-intensive regimens developed from acute lymphocytic leukemia (ALL) such as frac-
tionated cyclophosphamide, vincristine, doxorubicin, and dexamethasone (hyper-CVAD),
often followed by ASCT as consolidation [46]. Although this intensification of therapy was
only applicable to patients able to tolerate the myelosuppressive nature of these approaches,
the rates of complete response and durable remissions appeared to improve.

In the early 2000s, the monoclonal anti-CD20 antibody rituximab emerged and was
tested in combination chemotherapy regimens for NHL, including MCL. Early studies
of rituximab added to CHOP demonstrated improvement in rates of complete response,
but these data did not translate into a significant improvement in progression-free or
overall survival [47,48]. Nonetheless, rituximab was incorporated into virtually all frontline
regimens for MCL [49-51] and improved rates of complete response and overall survival
when delivered as maintenance therapy after ASCT [52]. Further, for older patients who
are not deemed suitable candidates for consolidation with ASCT, rituximab maintenance
improved overall survival [53]. Although multiple regimens remain in use for MCL and
the approach varies considerably based on practice setting and the age of the patient,
both epidemiologic and long term data from clinical trials suggest that rituximab has
improved survival in all patients with MCL when added to chemotherapy, including older
patients [54-57]. Overall, rituximab along with intensification of chemotherapy in younger
patients has improved the median survival of MCL to 5 to 8 years, although this approach
is associated with a continuous incidence of relapse and does not cure most patients [56].

In the 2010s, targeted agents emerged that appeared to have unique activity in MCL,
including proteasome inhibitors, immunomodulatory agents, and inhibitors of the Bruton
tyrosine kinase (BTK) pathway [58-61]. At the same time, bendamustine with rituximab
(BR) emerged as a safe and effective induction regimen for MCL that was tolerable for
patients of all ages [62]. Indeed, induction therapy with BR is as effective as more intensive
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induction regimens prior to ASCT and has become the most commonly used chemotherapy
regimen in community practice [57,63].

Most recently, combination regimens are being tested in MCL that do not use tradi-
tional chemotherapy at all, with the hope of more broad tolerability. Lenalidomide with
rituximab has been shown to be safe and highly effective as a frontline regimen with
frequent durable remissions [60,64]. The BTK inhibitor ibrutinib has been studied with
rituximab in patients with indolent forms of MCL as well as prior to intensive chemother-
apy and has shown to induce very high rates of complete response [65]. Ibrutinib also
improved the complete response rate and progression free survival when added to BR
in a recent randomized study [66]. Finally, the emergence of chimeric antigen receptor
T-cell therapy is associated with very high rates of complete response in MCL and is as-
sociated with durable remissions [67,68]. Taken together, these data suggest that future
studies in MCL will test combinations of targeted agents with and without chemotherapy
or immunotherapy. Current estimates suggest that following these therapeutic advances,
the overall survival for MCL treated in the modern era may be longer than a decade and
should continue to improve [69].

5. Trainees and Mentees

Beyond personal accomplishments as a scientist and researcher, Elaine Jaffe also
impacted the field of hematopathology by her mentorship and teaching of close colleagues
and trainings for nearly 4 decades. Nearly 75 pathologists have trained under her direct or
indirect mentorship since the late 1970s, many of whom also made seminal contributions to
our understanding of lymphoma biology and classification. Notable former mentees and/or
close collaborators during their formative years include Stefania Pittaluga, Mark Raffeld,
Elias Campo, Leticia Quintanilla-Martinez, and Falko Fend. In this way, her approach of
identifying novel and biologically relevant associations between pathologic observations
and clinical outcomes has been handed down and continues to impact the field.

6. Conclusions

Lymphoma treatment relies on accurate and reproducible diagnosis, while the lym-
phoma classification systems aim to make scientifically and clinically meaningful distinc-
tions between lymphoma subtypes by defining relatively homogeneous entities from a
clinical, morphologic, immunologic, and genetic perspective with the goal of improving
clinical outcomes. Throughout her illustrious career, Dr. Elaine Jaffe has made impor-
tant contributions to the management of individual patients at the NCI and has been
instrumental in identifying new lymphoma subtypes, such as MCL. She has championed
international efforts to harmonize the classification of lymphoma and these efforts have
formed the foundation for therapeutic success.
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L N O

Abstract: Follicular lymphoma (FL), a generally indolent disease that derives from germinal center
(GC) B cells, represents around 20-25% of all new lymphomas diagnosed in Western countries. The
characteristic t(14;18)(q32;q21) translocation that places the BCL2 oncogene under control of the
immunoglobulin heavy-chain enhancer occurs in pro- or pre-B cells. However, additional secondary
alterations are required for the development of overt FL, which mainly affects genes involved in
epigenetic and transcriptional regulation, signaling and B cell differentiation, the BCR/NF-«B path-
way, and proliferation/apoptosis. On the other hand, new insights into the FL pathogenesis suggest
that FL lacking the BCL2 translocation might be a distinct biological entity with genomic features
different from the classical FL. Although FL is considered an indolent disease, around 10-20% of
cases eventually transform to an aggressive lymphoma, usually a diffuse large B cell lymphoma,
generally by a divergent evolution process from a common altered precursor cell acquiring genomic
alterations involved in the cell cycle and DNA damage responses. Importantly, FL tumor cells require
interaction with the microenvironment, which sustains cell survival and proliferation. Although
the use of rituximab has improved the outlook of most FL patients, further genomic studies are
needed to identify those of high risk who can benefit from innovative therapies. This review pro-
vides an updated synopsis of FL, including the molecular and cellular pathogenesis, key events of
transformation, and targeted treatments.

Keywords: follicular lymphoma; BCL2 rearrangement; genetic alterations; histological transformation;
tumor microenvironment; targeted therapies

1. Introduction

Follicular lymphoma (FL), the most common indolent B cell lymphoma, is histo-
logically characterized by a follicular or nodular pattern of tumor cell growth [1,2]. Its
molecular and cellular features make FL the paradigm of a germinal center (GC)-derived
neoplasm, with expression of BCL6, CD10, and activation-induced cytidine deaminase
(AID), which is critical for immunoglobulin somatic hypermutation. More than 85% of FL
cases harbor the characteristic t(14;18)(q32;q21), which occurs in pro- or pre-B cells of the
bone marrow [34].

The disease generally presents with lymphadenopathy, with eventual dissemination
to the bone marrow or other organs [5]. For diagnosis, a tissue biopsy showing the
typical histological and immunohistochemical pattern is required, which will also allow
histological grading (proportion of centrocytes and centroblasts). FL is characterized by a
pattern of continuous relapses, with a progressively shorter duration of response [6]. For
this reason, most patients with low tumor burden, non-localized disease are amenable to a
watchful waiting strategy without active therapy [5]. In turn, high tumor burden patients
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require treatment, in the form of immunochemotherapy (ICT) or immunotherapy alone
(rituximab). In the event of a relapse, although no standard exists, high-dose therapy and
autologous stem cell transplantation (ASCT) are still considered appropriate for a subset of
patients, while newer drugs such as bispecific T cell engagers and CAR-T cells will soon
be the cornerstone of management for non-transplant-eligible patients and in the event of
subsequent relapses.

Although the median overall survival (OS) for FL patients now approaches 20 years [7],
specific subsets of patients exhibit a markedly worse prognosis, namely those experiencing
an early relapse (progression of disease within 24 months of frontline ICT, POD24) [8] or
developing histological transformation (HT) to an aggressive lymphoma [9]. A myriad
of prognostic scores have been developed with the aim of identifying individuals with
poor outcomes, and eventually tailoring therapy accordingly [10]. However, their success
has been limited and most patients receive similar regimens irrespective of prognostic
scores, with the exception of obinutuzumab instead of rituximab as part of ICT for high-risk
patients in some countries [11].

In the past years, molecular analyses have expanded our knowledge on the mutational
landscape of FL, highlighting the importance of epigenetic modifiers, survival pathways,
and the tumor microenvironment. However, elucidating the biological mechanisms that
underlie the clinical heterogeneity remains a research priority. This review describes
the current knowledge regarding the role of the BCL2 rearrangement in FL, the genomic
landscape of these tumors, clonal dynamics of transformation, as well as the contribution of
the microenvironment. Finally, available and upcoming targeted therapies are summarized.

2. BCL2 Rearrangement in FL

The genetic hallmark of FL is the t(14;18)(q32;q21) translocation, present in 80-85%
of patients, which occurs in pro- or pre-B cells in the bone marrow as an error of V(D)]
recombination mediated by RAG1 and 2 enzymes [3,4,12]. As a consequence, the BCL2
oncogene is placed under control of the immunoglobulin heavy-chain enhancer, leading
to the overexpression of the BCL2 protein, which confers a survival advantage to B cells.
The 18921 breakpoints are mainly clustered within a 2.8 kb major breakpoint region (MBR)
located in the 3'UTR of the BCL2 gene [3,12-14] (Figure 1). Breakpoints located within the
intermediate cluster region (ICR) and the minor cluster region (MCR), just downstream and
far downstream of BCL2, respectively, are less common. The breakpoint in the IGH locus
(14g32) occurs in the ] and D segments, close to the recombination sequence signal (RSS)
site of a Jiy gene segment or the 5'RSS of a DyyJp joint, suggesting that the translocation took
place as the cell attempted a Dy to Jy or Vi to DyJy rearrangement [4,13-15] (Figure 1).
Variant translocations t(2;18)(p12;q21) and t(18;22)(q21;q11) are less frequent and juxtapose
the BCL2 gene to the IGK and IGL loci, respectively. In these variants, the breakpoints are
located in the 5’ end of BCL2 locus [14]. Remarkably, breakpoints in the 5" end of the BCL2
gene have also been described in t(14;18), leading to a higher BCL2 expression compared to
that of t(14;18)-positive cells affecting the 3'UTR region of BCL2 [16].
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Figure 1. Schematic representation of the IGH::BCL2 translocation breakpoints in follicular lymphoma.
(A) The figure shows the BCL2 locus, containing two exons and one intron located in 18q21 and anno-
tated based on ENST00000398117.1 (hg19). The arrow indicates the direction of BCL2 transcription.
The breakpoints cluster in three main regions located at 3’ of BCL2, namely major breakpoint region
(MBR), intermediate cluster region (ICR), and minor cluster region (MCR). Breakpoints located at
5’ of BCL2 locus have also been described, mainly when BCL2 is rearranged with the light chain
loci on 2p12 and 22q11. (B) The panel illustrates the IGH locus, representing the constant region
(yellow color and highlighted in light gray), the V (green), D (blue), and J (red) regions. The arrow
shows the direction of IGH transcription. The distribution of the various breakpoints regions is
displayed in the upper part, involving V(D)] region. (C,D) Fluorescence in situ hybridization of
paraffin-embedded tumor sections using the dual color, dual fusion IGH::BCL2 (C) and dual color,
break-apart BCL2 (D) probes. (C) FISH analysis shows two yellow signals (yellow arrow), indicating
an IGH::BCL2 fusion and one green (green arrow) and one red signal (red arrow) corresponding
to unrearranged IGH and BCL2, respectively. Normal cells display two green signals and two red
signals. (D) Signal constellation shows a break in the BCL2 locus indicated by a split of the yellow
signal into one green and one red and unrearranged BCL2 labeled with a yellow signal. Normal cells
have two yellow signals.

Using sensitive techniques, the t(14;18) may be detected in B cells from peripheral
blood and/or lymphoid tissues of a large proportion (up to 70%) of healthy individu-
als [17-19], although the vast majority of them will never develop FL, indicating that BCL2
deregulation alone is insufficient for tumorigenesis. Follow-up studies of epidemiologi-
cal cohorts of healthy individuals have identified t(14;18)+ B cells in the blood for many
years [20], with a frequency that increases with age [18,19], and change in the body’s im-
mune system due to certain infectious conditions (such as hepatitis C virus) [21]. t(14;18)+
cells, defined as “FL-like cells” (FLLCs), are a clonal population of atypical memory B cells
displaying a GC-experienced phenotype that is characteristic of FL [22] and usually display
more than one IGH::BCL2 breakpoint, with a similar molecular structure to that seen in
follicular lymphoma [23].

3. Genetic and Epigenetic Landscape of FL

In addition to t(14;18), FL has a characteristic genomic profile, with frequent losses
of 1p (15-20%), 6q (20-30%), 10q (20%), and 13q (15%), and gains of 1q (25%), 2p (25%),
8q (10%), 12q (20%), and 18q (30%), and trisomies 7 (20%), 18 (20-30%), and chromosome
X (20%) [24-26]. Furthermore, recurrent copy-neutral losses of heterozygosity (CN-LOH)
involving 1p (30%), 6p (20%), and 16p (20-25%) have been identified [24-26].
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Next generation sequencing (NGS) studies have unraveled secondary genomic al-
terations in FL mainly affecting genes involved in epigenetic and transcriptional reg-
ulation, signaling and B cell differentiation, the BCR/NF-«B pathway, and prolifera-
tion/apoptosis (Figure 2).
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Figure 2. Molecular pathways involved in follicular lymphoma. The figure shows the several
pathways dysregulated in follicular lymphoma. Gain-of-function alterations are labeled with a green
star, loss-of-function with a red star, and unknown functions with a grey star. BCL2 overexpression
leads to apoptosis inhibition. Genomic alterations affecting Janus Kinase (JAK) signal, B cell receptor
(BCR) pathways, MYD88, and NOTCH pathway directly stimulate B cell survival and proliferation.
Alterations in sphingosine 1-phosphatase receptor 2 (S1PR2) and guanine nucleotide binding protein
subunit (GNA13) enhance dissemination outside the germinal centers. Figure created with BioRender.
com (accessed on 13 July 2022).

3.1. Epigenetic and Transcriptional Regulation

Genomic alterations in histone-modifying enzymes, including KMT2D, CREBBP,
EP300, and EZH?2, are detected in virtually all FL patients [27-31]. The KMT2D gene en-
codes a H3K4 methyltransferase and is the most frequently altered gene in FL (70-80% of
cases) [32-34]. The majority of these alterations are nonsense or frameshift somatic muta-
tions leading to a loss of function and, consequently, a loss of active transcription marks
(H3 lysine 4 methylation, H3K4me) [35]. Studies using mouse models have shown that the
ablation of Kmt2d in B cells leads to GC expansion and impaired terminal differentiation
promoting lymphomagenesis [35,36]. The CREBBP gene encodes a lysine acetyltransferase
that acetylates histone 3 at lysines 18 (H3K18Ac) and 27 (H3K27Ac) [37] and is altered in
70% of FL cases [29,31,33,35,38]. Around 80% of somatic mutations cluster within the KAT
domain, reducing its acetyltransferase activity [29,30,38,39]. Murine studies reported that
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loss of Crebbp promotes B cell lymphoma, especially in cooperation with BCL2 overex-
pression [38], and that the regions of decreased histone acetylation were primarily located
at distal enhancer elements, including MHC class II genes [38,40-42]. Moreover, CREBBP
mutations have been previously associated with a reduction of acetylation of nonhistone
proteins such as TP53 and BCL6, highlighting the crucial role of alterations in this gene in
lymphomagenesis [30]. In addition, the alteration of EP300, also encoding for a histone
acetyltransferase, occurs in 15% of FL cases [29,31,33]. EP300 regulates different GC tran-
scriptional programs and cooperates with CREBBP in the GC reaction [43]. The EZH2 gene
encodes a lysine methyltransferase that catalyzes the trimethylation of H3K27 (H3K27me3)
as part of the polycomb repressive complex 2 (PRC2). EZH2 mutations, present in 25-30% of
FL cases, were the first recurrent chromatin modifying gene mutations described [27,44-46].
The majority of the mutations are located in the catalytic SET domain, mostly involving
tyrosine 646 (Y646). These mutations result in a gain of function, increasing the transcrip-
tional repressive H3K27me3 mark [47,48]. Altered EZH2 regulates the GC phenotype
by repressing specific cell cycle genes (e.g., CDKN1A and CDKN1B) and abrogates GC
formation [44]. In addition, mutations in linker histones (HIST1H1B-E) [28,49] and core
histone genes and in genes encoding members of SWI/SNF (e.g., ARID1A, ARID1B, BCL7A,
and SMARCA4) are also frequently found in FL [29,31,33,35,50].

The transcriptional regulator BCL6 is altered by somatic mutations or translocation
in 5-10% of FL cases [50-53]. Rearrangements involving BCL6, mainly t(3;14)(q27,q32),
leading to the IGH::BCL6 fusion, are commonly found in grade 3B cases [54]. On the other
hand, mutations in the transcriptional activator MEF2B involved in the recruitment of
demethylases and deacetylases to promoters and enhancers, are present in 12-15% of FL
patients [32,55]. MEF2B mutations modify the ability of MEF2B to bind to DNA or to the
co-repressor CABIN1, leading to increased transcriptional activity [55,56].

3.2. BCR/NF-«B Pathway

Genomic alterations in genes encoding proteins in the BCR/NF-«B signaling path-
way (CARD11, TNFAIP3, CD79A, CD79B, and MYD@88) are present in approximately 30%
of FL patients [28,57]. CARDI11 gain of function mutations occur in 10% of the cases
and affect mainly the coiled-coil domain [58]. Less prevalent are TNFAIP3 somatic mu-
tations, occurring in 5% of patients [29,59,60], although TNFAIP3 deletions have a preva-
lence of 20% [25,26]. On the other hand, mutations in other components such as CD79A,
CD79B, and MYDSS are less frequent in FL as compared to other germinal center-derived
B cell lymphomas [57]. The molecular consequence of the genomic alterations described
above is the activation of the NF-«B signaling pathway via tonic BCR (e.g., CD79A and
CD79B), chronic BCR (e.g., CARD11), and toll receptor and interleukin-1 receptor signaling
(e.g., MYDS88) [61]. BTK and FOXO1 somatic mutations are found in about 5-10% of FL
cases [29,33,62]. FOXOL1 is a transcription factor activated downstream of BCR and the
molecular consequence of the mutations described in FL is a gain of function [50]. Nonethe-
less, the functional consequences of BTK mutations warrant further investigations. Somatic
mutations in the variable regions of the immunoglobulin heavy and light chain loci, which
promote N-glycosylation, occur in up to 80% of FL cases [59,63,64].

3.3. Signaling Pathways

Genes involved in JAK-STAT (SOCS1, STAT6, STAT3) and NOTCH signaling (NOTCH1,
NOTCH2, NOTCH3, NOTCH4, DTX1, and SPEN) are frequently altered in FL, promoting
proliferation and survival of tumor cells [26,29,63,65,66]. SOCS1 or STAT6 mutations are
found in around 10% of FL cases [60,67]. Somatic mutations involving the C-terminal PEST
domain of the NOTCH1 and NOTCH2 proteins are similar to those observed in other B cell
lymphomas [57,62], as well as alterations in the NOTCH3 and NOTCH#4 loci and signaling
regulators such as DTX1 and SPEN [57,62]. Overall, the NOTCH pathway is altered in 18%
of FL patients.
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Recurrent mutations in genes encoding components of the mTOR complex 1 (mTORC1)
pathway have been identified in FL. mTORC1 promotes protein synthesis in response to
growth factors and nutrient signals. Intracellular amino acid levels are detected via a su-
percomplex that includes Rag GTPases, the Regulator complex, the v-ATPase complex, and
SLC38A9 that cooperate to activate mTORC1 signaling in the presence of sufficient amino
acids [68-70]. In the context of an acid-rich medium, active RAG GTPase heterodimers
recruit mTORCI to the lysosomal membrane [65,66,71]. Activating mutations in RRAGC
enhance mTORC1 even after amino acid depletion and are found in 17% of FL patients.
In addition, mutations in components of the V-ATPase complex have also been observed
in FL [65,66]. Finally, inactivating mutations of the S1PR2-guanine nucleotide-binding
protein subunit (Ga13) pathway, responsible for retaining B cells into the GC niche, are
present in around 10% of FL patients, promoting both dissemination and survival of FL
cells [35,62,72].

3.4. Immune Requlation/Evasion

The TNFRSF14 gene encodes the herpes virus entry mediator A (HVEM) which is the
most recurrently altered gene via inactivating mutations, deletions, and CN-LOH [27,29,73],
besides the epigenetic family members. HVEM induces activation or inactivation of B and
T cells depending on its interaction with different ligands, including B and T-lymphocyte
(BTLA) and LIGHT [74,75]. In BCL2 mouse models, HVEM or BTLA knockdown promoted
the development of FL [76]. Remarkably, B cells lacking HVEM produce increased tumor
necrosis factor (TNF)-associated cytokines, promoting an abnormal stroma activation,
which induces a supportive tumor microenvironment and recruitment of T follicular helper
cells which, in turn, support the survival of tumor cells.

3.5. Apoptosis and Proliferation

BCL2 mutations have been described together with the BCL2 rearrangement in around
half of FL cases [77]. Furthermore, PIM1 mutations have been reported in around 10% of
FL patients [57]. PIM1 is a kinase which promotes NF-«B signaling [78].

3.6. DNA Damage Response

Although TP53 mutations are identified in a low proportion of FL patients at diagnosis
(6%), they are enriched in subgroups of patients with an older age, higher-risk scores, and
a shorter progression-free survival [79].

4. Follicular Lymphoma Lacking BCL2 Rearrangement: A Different Entity?

FL lacking the BCL2 translocation (BCL2 — FL) comprises 10-15% of all FL patients [1,72].
Several studies have investigated whether this subset of patients is biologically and clin-
ically different to classical FL with BCL2 rearrangement (BCL2 + FL). Katzenberger and
colleagues [73] identified that BCL2 — FL were characterized by a diffuse growth pattern,
frequent inguinal presentation, and 1p36 deletions. Subsequent studies trying to define the
molecular profile of BCL2 — FL cases revealed: (i) somatic hypermutation, aberrant somatic
hypermutation and expression of activation-induced cytidine deaminase at similar levels
compared to the BCL2 + FL cases [72,80]; (ii) frequent gains of 2p16 involving REL [72]; (iii) ab-
sence of molecular features resembling marginal zone lymphoma [72]; and (iv) enrichment
in late GC B cell and NF-«B and proliferation signatures and significant downregulation of
miR16 expression [72,81]. Intriguingly, the vast majority of BCL2 — FL cases express BCL2,
suggesting an alternative molecular mechanism to induce BCL2 expression in this subset of
cases [51].

Similar clinical features have been identified in BCL2 + and BCL2 — FL [51]. However,
diffuse and pediatric forms of FL, which often lack BCL2 translocation, exhibit a better clin-
ical prognosis compared to BCL2 + FL cases [73,82]. On the other hand, some studies have
compared the clinical features of BCL2 — FL with and without BCL6 rearrangements and,
although most studies point towards a similar clinical presentation, some differences have
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been identified, e.g., advanced clinical stages, higher histological grades, and less frequent
expression of the CD10 marker in BCL2 — FL cases with BCL6 rearrangement [54,83,84].

Katzenberger and colleagues [73] were the first authors to delineate a subgroup of FL
patients with a diffuse growth pattern, characterized by CD23 expression, lack of BCL2
rearrangement, and 1p36 deletion. Later on, Siddiqi confirmed these findings in 2016 [85],
proposed the TNFRSF14 locus as the candidate gene of 1p36 deletion, and identified
recurrent mutations in the STAT6 and TNFRSF14 loci. In addition, current NGS studies of
BCL2 — FL cases have identified recurrent mutations in CREBBP [85-89], an enrichment
in immune response and N-glycosylation signatures and less frequent N-glycosylation
sites [88].

A recent comprehensive study conducted in the largest cohort of BCL2 — FL cases iden-
tified that this subtype is genetically heterogeneous. Patients were more commonly women,
presented in early clinical stages at diagnosis, and had a favorable clinical behavior [86].
Two molecular clusters were identified: cluster A, characterized by TNFRSF14 alterations
and frequent mutations in epigenetic regulators, with recurrent losses of 6q21-q24, resem-
bling BCL2 + FL cases; and cluster B, showing few genetic alterations, namely STAT6 muta-
tions concurrent with CREBBP alterations, lacking TNFRSF14 and EZH2 mutations [86].
Furthermore, an association between STAT6 mutations and CD23 expression, an uncom-
mon marker in BCL2 + FL, was identified, especially in cases with a diffuse growth pattern.
Importantly, the study concludes that BCL2 — FL cases are mainly characterized by a
follicular growth pattern and only a few cases have a diffuse component [86].

Recently, the International Consensus Classification (ICC) proposed the BCL2-R-
negative (here described as BCL2 — FL), CD23-positive follicle center lymphoma subtype
as a new provisional entity [2]. Besides, pediatric-type and testicular FL are also proposed
as distinct entities [2]. Pediatric-type FL is characterized by recurrent mutations in the
MAPK pathway, lack of BCL2 rearrangement, and an excellent prognosis FL [90-92], and
has also been included as a new subtype in the 5th edition of the WHO Classification [83].
Furthermore, testicular FL, identified as a new FL entity in young boys, which confers good
prognosis, is also characterized by the lack of BCL2 translocations [84,93].

5. Molecular Mechanisms of Transformation

Histological transformation of FL (tFL) into an aggressive lymphoma (mainly diffuse
large B cell lymphoma—DLBCL) [94-98] can occur during the course of the disease and
affects approximately 10-20% of patients [9,99-101]. Several studies have been conducted to
describe the genetic landscape of tFL and compare it to baseline biopsy samples. The studies
of paired diagnostic and tFL cases identified that tFL arises mainly through a divergent or
branching evolution from a common altered precursor cell (CPC) [29,73,102,103] (Figure 3).
Remarkably, none of these studies identified a single genetic event driving transformation.

Initial studies described an increased number of copy-number alterations (CNA),
including gains of oncogenes REL/BCL11A (2p16), BCL6 (3q27), and MYC (8q24), and
losses of tumor suppressor genes like TP53 (17p13) and CDKN2A/B (9p21) in transformed
compared to diagnostic samples [104-107]. Somatic mutations enriched at transformation
involve signaling pathways (e.g., PIM1, SOCS1, STAT6, MYD88, TNFAIP3, and ITPKB), the
cell cycle (e.g., CCND3), sphingosine-1-phosphate signaling (GNA13, SIPR2, and P2RYS), B
cell development (EBF1), and immune evasion (B2M and CD58) [29,73,102]. The majority
of tFL cases fall into the germinal center B (GCB) molecular subtype of DLBCL, although
20% of cases are of the activated B cell (ABC) subtype. The genomic profile differs between
the GCB and ABC subtypes of tFL, indicating that the different biological backgrounds
modulate the transformation process, mainly concerning the activation of the BCR and
NF-«B pathways associated with the ABC subtype [25,108].

Transcriptomic analysis of tFL suggests the implication of an embryonic stem cell
signature maintained by MYC activation, or the role of the NF-«kB pathway in the transfor-
mation event [99,109]. On the other hand, transformation in FL is also modulated by the
interaction of tumor cells with the immune system. Consequently, the composition and
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distribution of the immune cells infiltrating the tumor, such as CD4" T helper cells, have
been identified as a predictor of transformation [100].
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Figure 3. Clonal dynamics of transformed follicular lymphoma. Models of clonal evolution during
FL transformation. FL tumors derived from a common progenitor cell (CPC), that has acquired
the primary genetic events, e.g., BCL2 rearrangements (green thunderbolt). The CPC subsequently
harbors additional secondary alterations leading to the neoplasm (red thunderbolt). The transformed
FL (tFL) clone might originate from the FL clone after the acquisition of additional alterations
corresponding to a linear evolution, or derive from a CPC through an independent acquisition of
distinct mutations suggesting a divergent evolution. Figure created with BioRender.com (accessed on
13 July 2022).

6. Role of the Tumor Microenvironment (TME)

Despite the crucial role of genomic alterations of lymphoma cells in the development,
progression, and relapse of FL, their crosstalk with non-malignant tumor-infiltrating cells
might be even more relevant [101,102] (Figure 4). While some other lymphomas, such as
Burkitt’s, are dependent on an intense proliferation of tumor cells, and others (Hodgkin’s)
recruit reactive cells, FL recapitulates the GC organization and uses the support of follicular
dendritic cells and T follicular helper (Tgp) cells to build three-dimensional structures.

The tumor-promoting activity of the TME has been explained by the development of
an ecosystem that sustains the growth and survival of lymphoma cells and by the induction
of mechanisms of evasion of the host antitumor immunity. These effects are exerted by
means of genetic modifications (e.g., mutations in epigenetic modifiers), a modulation
of immune cell subsets (dampening of antitumor populations, stimulation of immune
suppressive cells), and an induction of T cell exhaustion mechanisms. For the sake of
practicality, cells of the TME can be categorized into T cells, tumor-associated macrophages
(TAM), and stromal cells.

94



Hemato 2022, 3

Neutrophil

CREBBP
mutations
(60%)

i expresy

Follicular
dendritic cell

CXCL12
CXCL13

T survival
1 growth

TNFRSF14
mutations
(50%)

Figure 4. Schematic representation of the crosstalk between follicular lymphoma (FL) cells and the
tumor microenvironment. From the upper right corner, clockwise: follicular dendritic cells secrete
BAFF, which is sensed by BAFER on FL cells. The “don’t eat me” signal CD47 expressed by FL cells
interacts with SIRP« in tumor-associated macrophages (TAM), which induces immune tolerance
towards tumor growth. N-glycan-modified residues of the B cell receptor (BCR) are recognized by
DC-SIGN on the TAM. Tgp cells secrete IL-4 and IL-21, which promote survival and growth of the FL
cell. The immunological synapse is established, among others, between B7, CD40, ICOS, and PD-1L
(FL cell) and CD28, CD40L, ICOS, and PD-1 (Tgy cell). TNFRSF14 mutations affect the HVEM-BTLA
interaction between FL and Tgp cells. Stromal cells secrete chemokines, which are sensed by CXCR5
on FL cells. In turn, tumor cells release TNF-«, which stimulates stromal cells. Mutations in CREBBP
induce a decreased MHC-II expression on FL cells, which reduce the interaction with the T cell
receptor (TCR), thus hampering the detection of tumor cells by the immune system. Figure created
with BioRender.com (accessed on 13 July 2022).

6.1. T Cells

CD4" cells: FL follicles show a higher proportion of some types of T cells compared to
healthy germinal centers [103,110]. First, Tpy cells are a subgroup of CD4" T lymphocytes
implicated in normal GC biology and antibody production. However, Tgy cells of FL
patients are not superimposable to those of healthy individuals [111,112]: they overex-
press IL-2 and IL-4 and have activated STAT6 signaling, which increases proliferation and
prevents apoptosis. Tumor immune evasion is also facilitated by T cell exhaustion and
tolerance: dysfunctional CD4* and CD8" and functional Tgy cells express PD-1, and some
of them secrete IL-4, IL-21, and TNF-«, sustaining malignant development [113].
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Second, regulatory T cells (Treg), a CD4* immunosuppressive subset expressing CD25
and FOXP3, are crucial guarantors of peripheral immune tolerance [114]. However, their
frequency is higher than in normal lymph nodes. By means of an increased number of
immune checkpoint molecules (GITR, TIGIT, ICOS), they have a stronger suppressive
capacity [115-117]. It has even been suggested that the Treg population is oligoclonal [118],
a fact that would explain their role in sustaining tumor growth. Finally, a recently de-
scribed type of infiltrating lymphocytes are Tgr (follicular regulatory T cells) [110,119],
which express FOXP3 and CXCRS5. Indeed, the Try/Trr ratio could be important for the
biology of FL.

CD8* (cytotoxic) cells: This cell subset is key to antitumor immunity. Some stud-
ies have established that a higher proportion of CD8" cells is an independent favorable
prognostic factor [120,121]. These cells build synaptic relationships with tumor cells and
exert direct cytotoxicity by means of lytic granules containing granzyme B. However,
their effector function can be lost with time, due to persistent antigen stimulation and
the expression of inhibitory receptors (PD-1, LAG3, TIM3, TIGIT) [122,123]. A deeper
understanding of these exhaustion mechanisms will be crucial for the development of
novel immunotherapeutic strategies [102].

6.2. Tumor-Associated Macrophages (TAM)

Besides being part of the innate immune system, macrophages are professional antigen-
presenting cells. Classically, two macrophage phenotypes were described: M1 (receiving
activating signals in the form of lipopolysaccharide or IFN-y) and M2 or activated (sensitive
to IL-4 and IL-13) [124]. However, this dichotomic classification is now considered too
simplistic and unable to grasp the plasticity of these cells [125].

Concerning the prognostic impact of macrophages, Dave and colleagues [126] demon-
strated that FL cases with high expression of genes mainly related to macrophages and
follicular dendritic cells (“immune response 2”) had shorter survival, while those of pa-
tients with high expression of T cell-related genes (“immune response 1”) were longer. The
real importance of TAM in FL is yet to be determined, especially when evaluated using
immunohistochemistry (CD68 and CD163). Although a higher proportion of CD68* cells
was associated with a poorer prognosis in chemotherapy-treated FL patients, this effect was
lost when rituximab was incorporated [127,128]. These apparently contradicting findings
suggest that therapeutic strategies modulate the composition of the TME.

Macrophages are important players in antibody-dependent cellular phagocytosis and
rituximab-induced cytotoxicity [129] and express SIRP«, which is part of the “don’t eat
me” signaling pathway. A higher proportion of macrophages expressing this protein has
been linked to poorer outcomes [130]. Furthermore, M2 macrophages enhance a dendritic
cell-specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN)-dependent
adhesion via N-glycan-modified residues of the BCR and generate BCR-associated kinase
activation [131].

6.3. Stromal Cells

Although initially viewed as not immunologically active, non-immune elements of the
TME (endothelial cells, fibroblasts, mesenchymal stromal cells) are considered increasingly
important in the pathogenesis of FL. Ongoing interesting studies are attempting to charac-
terize the composition and cell organization of the lymph nodes, blood, and bone marrow.
In this sense, the role of the crosstalk between the tumor and stromal cells needs to be high-
lighted [132]. Cancer-associated fibroblasts, emerging from the reprogramming of lymph
node lymphoid stromal cells, directly support malignant B cell growth and orchestrate a
permissive FL cell niche by recruiting and polarizing immune TME subsets.
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7. Clinical Implications
7.1. Molecular Prognostic Scores

With the advent of NGS, attempts at incorporating molecular data to refine prognosis
have been made. The first of such efforts was the m7-FLIPI, a clinicogenetic risk model
encompassing clinical (FLIPI and ECOG performance status) and genetic data [133]. After
applying a 74-gene deep sequencing panel to 151 lymph nodes from FL patients in need
of treatment, the authors found that mutations in EP300, FOXO1, CREBBP, and CARD11
(conferring poor prognosis), and in MEF2B, ARID1A, and EZH2 (conferring good prog-
nosis), enhanced the prognostic ability of the clinical parameters. The primary endpoint
of the study was failure-free survival, but the score was similarly predictive of OS. Sub-
sequent applications of the score to patients treated with different regimens have yielded
diverse results, which, together with its unavailability in common practice, has limited its
widespread use.

The same German and Canadian cohorts from the m7-FLIPI gave rise to the POD24
prognostic index (POD24-PI) [8], which was specifically designed to predict early treatment
failure. Selecting only mutations in EP300, EZH2, and FOXO1, the sensitivity to predict
POD24 was higher, at a cost of lower accuracy and specificity. Likewise, it has not reached
clinical practice.

Finally, with the intention of capturing the complexity of FL biology and the crosstalk
between tumor and accompanying cells, a gene expression profile score was devised,
the 23-GEP [134]. After genes independently associated with PFS were selected, 23 of
them were shown to have a strong correlation between the experimental platform and the
standard Nanostring® technology. Those genes were finally included in a score that was
predictive of PFS. The incorporation of a risk score using GEP is even more challenging
than that of NGS-based indexes.

It must not be forgotten that molecular prognostic scores calculated using lymphoid
tissue samples will always face the limitation of sampling bias: the mutational spectrum,
akin to histological grading, might change according to the site of biopsy [135]. This
drawback may be overcome by the incorporation of the circulating tumor DNA (ctDNA)
technology [136], which could integrate/recapitulate the overall genomic landscape of
a neoplasm.

7.2. Therapies Targeting the Molecular Pathogenesis of FL

Considering the importance of the t(14;18) and the BCL2 oncogene in the pathogen-
esis of FL, its selective inhibitor, venetoclax, would be expected to have notable efficacy,
akin to that seen in chronic lymphocytic leukemia. Results have been, however, under-
whelming [137,138]. The phase 2 CONTRALTO study [138] compared venetoclax (V),
bendamustine (B), and rituximab (R) with BR alone in the relapsed/refractory (RR) setting,
with similar efficacy but higher toxicity in the VBR arm, leading to a high discontinuation
rate of venetoclax. A chemotherapy-free arm with VR was also tested, with only 17% of
complete responses. Several mechanisms explaining this insensitivity to BCL2 inhibitors
have been postulated [102]: (i) the expression of BCL2 might be heterogeneous, (ii) other
components of the anti-apoptotic BCL2 family might be active (MCL-1, BCL-XL), and
(iii) a plethora of genetic and microenvironmental stimuli might make overt FL tumors less
dependent on BCL2 expression.

One of the few genetically-targeted therapies available in this disease is tazemetostat,
an oral selective inhibitor of the epigenetic regulator EZH2, which has been recently
approved by the Food and Drug Administration (FDA) for RR FL. A phase 2 study [139]
tested tazemetostat in 99 RR FL patients (45 EZH2™" and 54 EZH2"?), and the overall
response rate (ORR) was 69% and 35% in EZH2™" and EZH2%! patients, respectively.
Median progression-free survival (PFS) was around one year, and toxicity was acceptable,
mainly in the form of cytopenias. This makes tazemetostat an excellent candidate for
drug combinations.
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In contrast to EZH2, which is predominantly affected by activating mutations, the
function of most epigenetic regulators, such as CREBBP and KMT2D, is disrupted by
loss-of-function mutations, which are less easily amenable to pharmacological targeting.
Acetyltransferase inactivating mutations are frequent in FL, which is why vorinostat, an
oral histone deacetylase (HDAC) inhibitor, has been tested in this disease. By targeting
HDAG, this drug would restore the epigenetic homeostasis of the tumor. In the phase 2
study including 39 FL patients [140], the ORR was 49% and median PFS was 20 months,
with cytopenias as main adverse events. Vorinostat has later been combined with ritux-
imab, with comparable results [141]. The pan-HDAC inhibitor panobinostat [142] has also
been studied in FL, as well as newer-generation inhibitors, such as mocetinostat [143],
albeit with limited efficacy. It remains to be seen whether genetically-targeted drugs and
their combinations become relevant tools in the management of this neoplasm, in which
epigenetic dysregulation is a hallmark.

Several immunomodulatory drugs targeting the TME have been tested, and some of
them approved for both frontline and RR FL: lenalidomide [144,145] (a molecule unleashing
pleiotropic antitumor effects), the anti-CD47 antibody Hu5F9-G4 [146] (inhibiting the “don’t
eat me” signal on FL cells), as well as various CD20 x CD3 bispecific antibodies, such as
mosunetuzumab [147]. Moreover, with the incorporation of CAR-T cells in earlier lines of
therapy, prognosis for FL patients is likely to change significantly in the coming years.

8. Discussion

The t(14;18) is considered the primary genetic event in FL, juxtaposing the BCL2
oncogene to the immunoglobulin heavy-chain enhancer, which promotes BCL2 overex-
pression [3,4,12]. Important progress has been made to identify the additional genomic
alterations cooperating with BCL2 deregulation [28-31,33,35,77], although how these alter-
ations interact with each other, and which specific alterations are maintained or emerge
during the course of the disease remain unclear. Studies using more sensitive techniques
(e.g., single cell whole genome sequencing/RNAseq) will be needed to understand the
chronological evolution of single aberrations throughout the course of the disease. By com-
parison with other germinal center-derived B cell lymphomas, FL is addicted to epigenetic
alterations [148], as over 90% of patients have mutations in genes encoding epigenetic modi-
fiers [29,31,73,102], suggesting its potential as an attractive therapeutic target in this disease.
Moreover, genomic alterations in signaling and B cell differentiation, the BCR/NF-«xB
pathway, and proliferation/apoptosis have been identified in FL, cooperating in tumorige-
nesis [29,31,33,38,73,77,102].

Although the BCL2 rearrangement is the hallmark of FL, 10-15% of patients lack this
translocation [1,72]. Several studies have suggested that this subset of patients is different
to the classical BCL2 + FL and consequently emerge as a new provisional entity in the ICC
classification [51,72,73,80-82,85,86,88,149].

The identification of high-risk patient groups at diagnosis in FL is still challenging.
New molecular prognostic scores have been developed during the last years, combining
mutational (m7-FLIPI and POD24-PI) [8,133] or gene expression data (23-GEP) [134]. Nev-
ertheless, their use in the clinical setting is limited, and the vast majority of patients are
treated independently of prognostic scores.

The rate of transformation to a more aggressive lymphoma is estimated between
10% and 20% of all patients [101,150]. Studies conducted in paired diagnostic and tFL
cases showed a divergent or branching evolution from a CPC, which is responsible for
generating each new event (e.g., progression, transformation) of FL [29,73,102,103]. Ge-
nomic alterations in genes involving the cell cycle (CDKN2A/B), apoptosis (TP53), and
signaling pathways and immune evasion (B2M, CD58) are more prevalent at transforma-
tion [73,110,111,113]. However, further studies using high resolution genomic techniques
are needed to understand the evolution pattern and to identify whether these genomic al-
terations are acquired or present at low frequency at diagnosis. On the other hand, the com-
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position of the TME is crucial for the development, progression, and relapse of FL [101,102].
A better understanding of the TME could help develop novel targeted therapies.

Reflecting the clinical and molecular heterogeneity of FL, not all high-risk patients
(e.g., early relapse or primary refractory) are equal, and their clinical outcomes will differ
based on the genetic tumor profile, patterns of clonal evolution, composition and interaction
of tumor cells with the TME, and the timing and location of the relapse. Furthermore, a
deeper knowledge of specific high-risk groups will be essential to understand the wide
clinical spectrum of the disease.

Several therapies targeting key alterations in the pathogenesis of FL have been ap-
proved, highlighting the importance to expand our knowledge on the mutational profile of
FL. Although the efficacy of venetoclax, targeting BCL2, is insufficient [137,138], tazeme-
tostat, an EZH2 inhibitor, seems to be a good candidate for drug combinations [145].
Moreover, drugs targeting the TME, such as lenalidomide, have been investigated as
new alternatives to modulate the interactions between tumor and non-tumor cells in
FL [144,145].

9. Conclusions

FL, one of the most common lymphomas, is a heterogeneous disease, both geneti-
cally and clinically. Although the IGH::BCL2 rearrangement and mutations in epigenetic
modifiers are very common, the potential prognostic role of other genetic abnormalities
remains to be consolidated. Since a majority of patients will have prolonged survival, tools
to identify those at higher risk of early relapse, multiple relapses, or HT are eagerly sought.
In this sense, refined molecular prognostic scores and ctDNA will most likely be of help.
With the integration of those data, the practicing clinician will face the challenge of selecting
the most appropriate management strategy for each patient, including watchful waiting,
single-agent monoclonal antibodies, ICT, ASCT, immunomodulatory drugs, epigenetic
therapies, bispecifics, and CAR-T cells
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Abstract: Histological transformation (HT) to a more aggressive disease-mostly diffuse large B-cell
lymphoma-is considered one of the most dismal events in the clinical course of follicular lymphoma
(FL). Current knowledge has not found a single biological event specific for HT, although different
studies have highlighted common genetic alterations, such as TP53 and CDKN2A/B loss, and MYC
translocations, among others. Together, they increase genomic complexity and mutational burden at
HT. A better knowledge of HT pathogenesis would presumably help to find diagnostic biomarkers
allowing the identification of patients at high-risk of transformation, as well as the discrimination
from patients with FL recurrence, and those who remain in remission. This would also help to
identify new drug targets and the design of clinical trials for the treatment of transformation. In the
present review we provide a comprehensive overview of the genetic events frequently identified in
transformed FL contributing to the switch towards aggressive behaviour, and we will discuss current
open questions in the field of HT.

Keywords: transformed follicular lymphoma; genetics; histological transformation

1. Introduction

Follicular lymphoma (FL) is a B-cell lymphoid neoplasm whose origin is the germi-
nal centre cells present in the lymphoid follicle of the lymph nodes. It constitutes the
second most frequent non-Hodgkin’s lymphoma (NHL), with an estimated incidence of
20-30% of all lymphomas in western countries, and approximately 2.2 new cases per
100,000 inhabitants per year [1-4]. In a prospective epidemiological registry of lymphoid
neoplasms (RELINF) initiated in 2014 by the Spanish GELTAMO group (Grupo Espafiol de
Linfoma y Trasplante de Médula Osea), 23.1% (i = 2099) of B-cell lymphomas were FL [5].
The median age of presentation is ~60 years, being infrequent in young patients.

The number of centroblasts (enlarged activated B-cells) visualised by light microscopy
distinguishes the histological grades of FL: grade 1 (0-5 centroblasts per high-
power—40x magnification, 0.159 mm?-microscopic field-HPF), grade 2 (6-15 centroblasts
per HPF), and grade 3, further differentiated into 3A (>15 centroblasts per HPF, with centro-
cytes -B-cells with irregular or cleaved nucleus-still present) and 3B (extensive and diffuse
infiltration by centroblasts or immunoblasts). In the clinical practice, grade 3B FL manage-
ment is similar to that of diffuse large B-cell lymphoma (DLBCL), due to its more aggressive
clinical behaviour. In the recent updates of the classification of lymphoid neoplasms [6,7],
in addition to classical nodal FL, there are other types of FL recognised, including the in
situ follicular B-cell neoplasm, duodenal type FL, paediatric FL, as well as the provisional

Hemato 2022, 3, 615-633. https:/ /doi.org/10.3390 /hemato3040042 107

https:/ /www.mdpi.com/journal /hemato



Hemato 2022, 3

entity BCL2-rearrangement negative, CD23-positive follicle centre lymphoma, which will
not be the subject of the present review.

The prognosis of patients with nodal FL is relatively favourable, reflecting their
generally indolent behaviour, with median survival over 15 years, thanks in part to the
introduction of immunotherapy both at induction and relapse [8-10]. However, continuous
relapses, decreases in the response duration, and the gradual acquisition of drug resistance
defines the clinical pattern of this lymphoma, often leading to the death of the patients [2,11].
Additionally ~20% of patients progress within 24 months of treatment and half of them die
within five years [12,13]; on the other hand, those who remain in complete remission within
24 months of treatment have a similar overall survival (OS) as the general population [14].

Historically, approximately 3% of FL patients per year transform into an aggressive
lymphoma, commonly DLBCL, as a first or a later event, even in the absence of treatment.
More recently, the cumulative incidence of histological transformation (HT) is lower since
the incorporation of rituximab. In a European series with more than 5000 patients stud-
ied, the cumulative incidence of HT as a first event at five years was 7% in patients who
had not received rituximab, while it was 5% in those who had received rituximab only at
induction, and 3% in patients who received rituximab not only at induction but also at main-
tenance [15]. HT has been considered one of the most unfavourable events in FL's natural
history, with a five-year survival from transformation (SFT) of ~20-30% both prior to and
in the rituximab era [16-22], although this survival increases up to 40-50% when consider-
ing only transformation as a first event [15]. Those cases experiencing early histological
transformation show a reduced five-year SFT compared to late histological transformation,
although the time point to define early/late HT has to be validated [15,19,23]. Therefore,
the prediction of histological transformation at diagnosis remains a challenge [24].

In the present work we will review the most frequent genetic events described in
transformed FL and discuss current open questions in this field.

2. Definition of FL Transformation

The gold standard for determining FL transformation is based on the histologically
confirmed progression of grade 1, 2, or 3A FL to a high-grade lymphoma, consisting of a
predominance of large cells and the loss of the follicular architecture [23,25]. Most of the
transformed cases have a DLBCL histology (>80% of the cases) according to the current
WHO classification, although other histologies have been described, such as high-grade
B-cell lymphoma, FL grade 3B, Burkitt lymphoma, B lymphoblastic leukemia/lymphoma,
and plasmablastic lymphoma [25-28]. There are other atypical forms suggestive of histo-
logical transformation, such as the presence at diagnosis of both FL and DLBCL cells, at
the same site, referred to as composite lymphoma, or at different sites such as DLBCL in
the lymph node and FL in bone marrow, as well as DLBCL cases that undergo a process
of reverse transformation, relapsing as a lower grade lymphoma. These forms are not
addressed in the present review.

Since lymphoma lesions are not isolated, other tumour areas might have a FL compo-
nent at the same time in addition to the transformation area [23,29,30]. Positron emission
tomography and computerized tomography (PET/CT) could help by selecting the biopsy
site according to the highest standardized uptake value (SUV) of 18[F] fluorodeoxyglucose,
since a high value (generally > 14) is correlated with more aggressive histology [31]. How-
ever, only ~50% of patients are biopsied, with inaccessibility of the tumour, the patient’s
clinical situation or refusal among the main reasons [32]. Based on the clinical behaviour
of transformed patients, several clinical criteria of transformation suspicion could be of
utility in these cases, including an increase in lactate dehydrogenase (LDH) levels or hy-
percalcemia, rapid lymphadenopathy growth or the appearance of lymphoma masses
or conglomerates, and the novel involvement of extranodal sites and new B symptoms.
However, these criteria vary between studies and are not standardised [16,18,19]. Moreover,
these clinical criteria are also present in patients who progress without transformation [32].
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3. Clonal Evolution

Clonality analysis to test the relationship between the transformation and diagnosis
samples is essential to distinguish true transformed cases from a secondary de novo DLBCL,
and is especially recommended when the transformation occurs years later after the FL
biopsy [25,33]. It is well known in transformation from chronic lymphocytic leukaemia
(CLL), namely Richter syndrome (RS), that clonally unrelated cases can represent up to 20%
of all histological transformations in this setting. This fact can have clinical implications,
because clonally unrelated cases have a superior survival rate compared to clonally related
cases [3,34]. Studies in FL suggest that up to 5% of the transformed cases are clonally
unrelated to their FL counterpart at diagnosis [35,36]. Due to the lack of clonality testing
in several studies, the availability of paired low-grade and transformed samples and the
relatively low incidence of clonally unrelated cases, it is currently unknown whether these
cases could have a different clinical outcome compared to clonally related cases.

The pattern of clonal evolution in transformed FLs follows two main models: (i) the
linear model, a direct evolution of the transformed clone from the indolent lymphoma by
the acquisition of new lesions, and therefore retaining the genetic aberrations of the indolent
phase; (ii) the divergent/branching model, in which both the FL and the clonal related
transformed samples presumably derived from a common progenitor clone (CPC), which
independently acquired some genetic events at each phase. Both indolent and aggressive
clones will share the genetic events present in the CPC, such as t(14;18), and mutations in
KMT2D, and CREBBP, which drives lymphomagenesis (Figure 1).

Few studies have analysed paired clonally related FL and transformed FL samples
with next-generation sequencing (NGS), mainly due to the difficulties in case recruitment,
or in obtaining DNA with good quality and quantity at both events. Previous work using
karyotype, SNP-arrays or custom NGS panels to analyse a limited set of mutations have
observed a slightly higher incidence of the divergent evolution model (>50%) [37-40].
However, accurate classification of transformed cases on each model highly depends on
the number of genetic alterations studied and the inclusion of other samples of the FL
evolution. Indeed, up to 70% of transformations were classified as divergent when FL
relapse samples were added to the analysis [39,41]. In addition, when we consider studies
using whole-genome (WGS) or whole-exome sequencing (WES), most cases (~90%) present
a divergent evolution [28,41,42]. This predominance of the divergent model contrasts with
other transformed B-cell lymphoproliferative disorders, such as in RS-CLL, in which the
evolution usually follows a linear model [43]. In addition, two patterns of evolution from
the CPC have been identified. The most frequent (~80%) is the ‘rich” CPC pattern, in which
there is high similarity of genetic events shared in FL and transformed samples. The other
one is the ‘sparse’ CPC pattern, in which only a few genetic alterations are shared between
both samples [41].

Despite the use of different treatments, the CPC is difficult to eradicate and can persist
over time. The development of a donor-derived FL several years after an allogeneic stem-
cell transplantation (allo-SCT), sharing identical t(14;18) breakpoint, immunoglobulin heavy
chain (IGHV) usage, and different genetic events between recipient and donor, further
support the existence of this CPC and its persistence over time [44,45].

In FL progression, the responsible progression-contributing clones are already present
at diagnosis. In contrast, the dominant clone(s) at transformation were very rarely detected
(<1%) or absent at diagnosis even after analyses with ultra-sensitive variant detection
methods [28]. Several possibilities can explain why the responsible clone at transformation
was not seen at diagnosis: (1) very low numbers, which would have required even more
sensitive detection methods to identify the original clone at diagnosis; (2) the presence of
the responsible subclone at a different site compared to the primary site, perhaps requiring
the analyses of several lymphoma biopsies or liquid biopsy [46]; or (3) the emergence of
new clones being responsible for the transformation after the diagnosis.
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Figure 1. Models of clonal evolution in histological transformation.

Similarly, three evolution models have been proposed by analysing the somatic hy-
permutation of IGHV. In one, CPCs could coexist in FL and HT in the same lymph node.
In the second, CPCs could be present only in the pre-lymphoma germinal centre, with
the FL and HT arising independently of these CPCs. The third model proposes that the
CPCs are maintained in bone marrow niches before acquiring new lesions and migrating
to cause HT [44]; the last model is also supported by the development of FL in healthy
individuals in whom a t(14;18) was detectable years before the diagnosis, as well as by the
two transformed FL cases of donor origin after an allo-SCT [44,45,47]. It is plausible that
the three models occur in different patients or even coexist in some cases.

These data, together with the predominance of the divergent model, implies that the
predominant tumour clone at FL diagnosis is not the direct precursor of the transformed
clone in most of the cases, and therefore the genetic events identified at diagnosis probably
would not help to predict transformation.

4. Cell of Origin and Pathogenesis of FL Transformation

Transformed cases may have changes in their immunophenotype, with an antigenic
drift including CD10 loss or positivity of MUM1/IRF4. Although most transformed FLs
are of germinal B-cell DLBCL subtype (GCB), up to 15-20% of the cases change to an
activated B-cell (ABC) without differences in survival between both subtypes [27,48,49].
This contrasts with transformation in other B-cell lymphoproliferative disorders, such as
CLL, Waldenstrom macroglobulinemia or marginal zone lymphoma, in which transformed
cases are mostly ABC/non-GCB [50-52].
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Recurrent rearranged genes in DLBCL include BCL2, BCL6 and MYC. There are no
major changes in the frequency of BCL2 or BCL6 translocations in transformed samples
compared to FL diagnosis, however, MYC translocations are commonly acquired and
are present in 25% of transformed cases [27,42]. The acquisition of MYC translocations
implies an increase in the proportion of double-hit lymphomas (presence of both BCL2 and
MYC translocations) in transformed patients, which is associated with a shorter SFT [27],
although differences were not statistically significant likely due to the low number of
cases analysed.

High-resolution genome wide analysis using SNP-array, WGS or WES, and targeted
next-generation sequencing studies in transformed FL identify increased genomic com-
plexity and mutational burden at transformation in comparison to FL [28,39,41,42,53-56].
The most recurrent genetic lesions acquired in transformed FL cases are summarized in
Table 1 and Figure 2, and include alterations (mainly mutations and/or deletions) in TP53
in approximately 15-30% transformed cases, CDKN2A/B deletions in 20-30% of cases,
and B2M mutations and/or deletions in 20-25% of cases, together with the previously
mentioned MYC translocations [28,39,41,42,54,55,57]. Of note, although these lesions are
commonly acquired in transformation, they are not specific, as they could also be present
at diagnosis or acquired during disease recurrence, representing markers of more aggres-
sive disease [25,28,39,41,42,54,55,58]. In fact, these are also common acquired lesions in
refractoriness and/or transformation in other haematological disorders [43,59].

FL DIAGNOSIS TRANSFORMED FL

® /;& /~ > ®

X transformation:
Percentage of f
unique mutations

Biopsy Biopsy
e aogn |
to @
/ . T .
:ﬂm:!/itho‘rsF:gtransfmmaﬁonz Characteristic alterations of transformation:
ul el: - . 3

Translocation: MYC. BCL6 Mut/Del: TP53; COKN2A; 62M.

CNA: del(1p36); del(éq) Translocation: MYC )

Expression: IRF4 CNA: amp(2p16); 3q27 gains; +11

Other: rs6457327; IGHV3-48 Expression: FOXP1; Ki67; MYC

FL diagnosis clone

1 Transformed FL clone

Figure 2. Characteristic genetic events in follicular lymphoma histological transformation. Left:
Potential predictors of transformation; Right: Genetic alterations commonly found at histological
transformation. CNA: copy number alteration; ctDNA: circulating tumour DNA; Mut/Del: mutation
and/or deletion.

Other commonly acquired events include mutations in MYC, CCND3, CD58, EBF1,
GNA13, P2RY8, and S1PR2, as well as gains of 3q27.3-q28 (BCL6), amplification of 2p16
(REL), and gains in chromosomes 2, 5, and 11 [28,35,41,42,54,55,60,61]. All of these al-
terations together indicate that different pathways may be involved in transformation,
including both cell cycle and DNA damage dysregulation, immune escape, JAK-STAT or
NF-«kB pathways, increased proliferation, and lymphoma cell migration.
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When transformed cases are classified according to their cell-of-origin, different pat-
terns of mutations are observed in each group. MYD88, CD79B, and BCL10 mutations are
more frequently (~15-25%) identified in ABC transformed cases, while amplification of 2p16
(REL) are more common in GCB, consistent with what is observed in DLBCL [28,54,55,61].
This suggests that there could be at least two different subgroups of transformed FLs.
Moreover, recent studies have classified de novo DLBCL into different molecular clus-
ters according to their mutation, copy-number and structural variation profile, and these
clusters are associated with different outcomes [62,63]. There is no information regarding
the distribution of these clusters in transformed FL, although some of the most common
alterations in HT such as TP53 mutations/deletions, CDKN2A/B deletions and REL am-
plification are present in cluster C2, while C5 and MCD comprised mostly ABC-DLBCL,
with mutations in CD79B and MYD88 [62,63]. This suggests that different clusters of trans-
formed FL could be present, possibly with different pathways leading to transformation,
and perhaps a distinct outcome. In line with this, a previous study showed an increased
proliferation rate by gene expression analysis at transformation in a subgroup of HT, which
was enriched with aberrations in TP53, CDKN2A/B, and REL in contrast to other HT, sug-
gesting different mechanisms of transformation [48]. Similarly, previous studies in CLL
have suggested three groups of RS, one of them with alterations in TP53 and deletions in
CDKN2A/B with poorer prognosis than other RS [64]
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5. Can We Predict Transformation at Diagnosis?
5.1. Clinical, Biological and Immunohistochemical Factors

Several retrospective and prospective studies analysing clinical variables in the ritux-
imab era have suggested that a higher Follicular Lymphoma International Prognostic Index
(FLIPI) at diagnosis as well as some of their individual factors (elevated serum LDH, ad-
vanced stage or low haemoglobin) associates with a higher risk of transformation [18-22,32].
Other clinical indexes evaluated, including FLIPI-2 and PRIMA-P], are of limited value
in predicting HT [69]. Moreover, an association with higher risk of transformation is also
observed in patients experiencing a poor response to first-line treatment, especially in those
cases which are refractory [22,70]. The FLIPT index is prognostic of OS and therefore it could
be a poor tool to specifically predict transformation. Overall, lymphoma-related death is
the main cause of mortality in FL [71]. However, lymphoma-related death is prominent in
patients who experience transformation in contrast to patients who do not, thus indicating
that transformation in FL is the major cause of lymphoma-related death. In line with
this, a higher cumulative incidence of lymphoma-related death has also been observed
in patients with a higher FLIPI, as well as those who do not achieve event-free survival
at 24 months [71]. Thus, FLIPI will potentially play a role in predicting transformation,
probably as part of an integrated clinical and biological score.

According to the histological grade, FL grade 3A patients have a higher risk of transfor-
mation according to some studies [27,32] but not in others [19-22]. MUM1/IRF4 expression
is significantly higher in FL grade 3A than in FL grades 1-2 [72,73], and the positive
MUM1/IRF4 expression at diagnosis has been associated with transformation [27], as well
as lower progression-free (PFS) survival and OS in FL [74,75].

Different individual protein expressions have been associated with unfavourable
outcomes in FL. For example, FOXP1 protein levels have been previously associated with
failure-free survival and shorter OS in immunochemotherapy-treated patients [66,76],
although no impact on progression of disease within 24 months (POD24) was observed
in clinical trials [77]. FOXP1 regulates germinal centre differentiation and promotes B-cell
survival [78-80]. FOXP1 protein levels were higher in non-GCB DLBCL, and have also been
associated with shorter PFS and OS in DLBCL [81]. Although higher FOXP1 protein levels
at transformation were observed [66], their role at diagnosis in transformation prediction
have not been assessed. Similarly, higher MYC expression has been identified in HT as
compared to diagnosis [65], although its role at diagnosis is unknown.

5.2. Genetic Aberrations

All FL cells harbour a clonal rearrangement of the immunoglobulin heavy chain
gene (IGH). Previous reports showed a biased repertoire in FL in comparison with nor-
mal CD5 negative lymphocytes, with IGHV3-23, and IGHV3-48 genes the commonest in
FLs [36,82,83]. We have recently reported that patients carrying the IGHV3-48 gene have a
higher risk of transformation (Figure 2) [36]. IGHV gene usage was previously associated
with higher risk of transformation in CLL bearing the IGHV4-39 gene [84]. These findings
require further validation in prospective series.

At diagnosis, the role in transformation of the frequent individual genetic alterations
is controversial. Although TP53 alterations (mutations or deletions) are rare at diagnosis
(~5%), they have been associated with high POD24, shorter PFS and shorter OS, but not
with risk of transformation [56,68,85-88]. MYC translocations at diagnosis are also an
infrequent event (<3%), and most of these cases would therefore be double-hit lymphomas
with BCL2 and MYC translocations [89,90]. These cases usually have a shorter PFS, OS
and SFT [91], although the very low number of MYC translocated cases precludes drawing
definitive conclusions. CDKN2A/B deletions (<10%) have also been correlated with inferior
PES and OS [56,58]. Interestingly, methylation of CDKN2A is a more frequent event (~20%)
and is also correlated with shorter OS [58]. Together, these genetic alterations are rare events
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at diagnosis (<5%), but they have not been generally studied in large cohorts, especially
analysing their role in transformation.

Other genetic events are present at similar frequency at diagnosis and at transfor-
mation, however a potential role in transformation has been suggested. FAS mutations
(~5-10%) and deletions (~20%) are predominant in patients who will transform, suggesting
that FAS alterations could be an early biomarker in transformation, although these findings
require further validation [42]. FAS mutations have also been observed in GCB-DLBCL as-
sociated with an inferior outcome [92]. BCL6 translocations at diagnosis are associated with
a high risk of transformation [27,67], with a slightly increased frequency at transformation
(25% at HT and 10% at diagnosis). BCL6 translocations were similarly found in GCB or
ABC HT [27], in contrast to DLBCL, in which they are more frequent in ABC cases [93].

At diagnosis, chromosomal imbalances have been recurrently identified in FL, in-
cluding gains of 1q, 2p, +7, 12, 18, X, and losses in 1p36, 6q, 10q, and a copy-neutral loss
of heterozygosity (CNN-LOH) in 1p, 6p and 16p, some of them correlated with a worse
prognosis [53,54,56,94-98]. Losses in 1p36, 6q and CNN-LOH in 16p were also associated
with high risk of transformation (Figure 2 and Table 2) [53,94,97]. although most of these
studies included patients treated prior to the rituximab era and require validation.

Some genetic mutations alter FL B-cell interaction with the microenvironment. HVEM,
encoded by the TNFRSF14 gene, regulates T-cell response, delivering costimulatory or
coinhibitory signals, depending on the ligand [99,100]. The BTLA ligand is expressed by
B-cells and its interaction with HVEM inhibits T-cell response [99]. The TNFRSF14 gene
is disrupted by mutations (~30-40%), deletions, (~20-30%) and/or CNN-LOHs (~10%)
in FL patients [41,53,54,68,97]. This would lead to reduced HVEM expression [101,102]
and higher BTLA signalling [102]. Therefore, the inhibitory signalling of the HVEM-BTLA
axis is disrupted by TNFRSF14 aberrations modifying the microenvironment and inducing
B-cell expansion, activated lymphoid stroma and increased number of follicular T helper
cells [102]. Other genetic mutations altering the microenvironment include CREBBP mu-
tations, which are involved in FL immune evasion by both decreasing the proliferation
of T-cells and antigen presentation via downregulating the major histocompatibility com-
plex (MHC) class II [103], and mutations in CTSS or RRAGC, which alter CD4+ T-cell
interactions [104,105].

Table 2. Biological, genetic and clinical risk factors at follicular lymphoma diagnosis associated with
histological transformation in the literature.

Category Variable Effect on Transformation

Clinical High FLIPI (>3) Higher risk of HT [18-22,32]
FL Grade 3A Higher risk of HT (controversial) [27,32]
High IRF4 expression Higher risk of HT [27]
High levels of lymphoma-associated macrophages Shorter time to HT [106]

IHQ and microenvironment High density of CD21 Follicular dendritic cells Shorter time to HT, absent at HT [106]
FH(l)g)?Pl;ezels of CD4+, CD8+, CD57+, PD1+, and Higher risk of HT [106]
Follicular pattern of FOXP3+ T-cells Higher risk of HT [107]
Low tumour distance to blood vessels Higher risk of HT [108]
1p36, 6q deletions Higher risk of HT [94,97]
BCL6, MYC translocations Higher risk of HT [27,42,67]

. ) 16p CNN-LOH Higher risk of HT [53]

Genomic variants IGHV3-48 gene usage Higher risk of HT [36]
SNP rs6457327 (6p region) Higher risk of HT [109]
Circulating tumour DNA mutations Higher risk of HT [46]

CNN-LOH: copy number neutral loss of heterozygosity; HT: Histological transformation; SNP: single
nucleotide polymorphism.
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In summary, no single factor has been shown to accurately predict transformation, but
the combination of several genomic aberrations could be a good predictor of transforma-
tion. The m7-FLIPI index, which integrates the FLIPI clinical variables and performance
status with the mutational status of 7 genes—ARID1A, CARD11, CREBBP, EP300, EZH2,
FOXO1, and MEF2B—better classified patients with treatment failure, POD24 and OS
than FLIPI [86,87]. The POD24-PI, which includes FLIPI and the mutational status of
3 genes—EZH?2, EP300, and FOXO1, demonstrated superiority to identify POD24 patients
in comparison with FLIPI and m7-FLIPI [87]. However, none of these scores has been
used to assess the risk of transformation. The same can be said for genomic (copy-number
aberrations -CNAs- or CNN-LOH) or genetic (mutations) complexity, which is associated
with POD24, and inferior PFS, and OS when they are present at diagnosis [56,68]. Although
their frequencies are increased at transformation, their role in prediction is still unknown.

In addition, several genetic expression signatures have been associated with higher risk
of transformation in FL in the pre-rituximab era, which includes a pluripotency signature
composed of embryonic stem cell genes [110], and a six NF-kf target signature scores [111],
being the BTK score later validated in a series of patients receiving immunotherapy [112].

5.3. Tumour Microenvironment

Several components of the tumour microenvironment, including lymphoma-associated
macrophages (LAMs), follicular dendritic cells (FDCs), and different T-cell subsets, may
play a key role in FL outcome [113-116].

A higher level of LAMs has been associated with a worse PFS and OS in the pre-
rituximab era [113,114,117], although the unfavourable prognosis of LAMs has been re-
versed in the rituximab era [74,115,116], possibly due to the binding of the macrophages to
the rituximab-opsonized lymphoma cells and its phagocytosis [118]. The number of LAMs
at diagnosis is not related to a higher risk of transformation, although this cohort was
heterogeneously treated including pre-rituximab and rituximab patients [106]. However,
within FL patients who transform, the number of LAMs at diagnosis is associated with
shorter time to transformation [106].

Similarly, the high density of CD21+ FDCs at diagnosis have been correlated with
inferior PFS, OS and, in those who transform, shorter time to transformation [106,119,120],
although not with higher risk of transformation at diagnosis [106]. At transformation, most
cases showed the absence of CD21+ FDCs [106].

CD8+ tumour-infiltrating T-cells (TIL) have been correlated with better outcomes in
FLs, presumably due to their cytotoxic effect, and this association was stronger when high
expression of granzyme B is present [121-123]. Conversely, CD4+ cells are associated with
poor outcome, presumably due to B-cell stimulation [122].

Some studies have identified a higher risk of transformation in patients with high
levels of CD4+, CD8+, CD57+, PD1+, and FOXP3+ T-cells at diagnosis, as well as a FOXP3+
follicular pattern, a low tumour distance to blood vessels (TDV) or the high expression of
vimentin [106-108,124]. Interestingly, both the FOXP3 pattern and TDV are correlated with
the higher number of LAMs, although these studies included patients not treated with an
anti-CD20 monoclonal antibody [107,108].

All of these observations could be related to the therapy [119,125,126] and the presence
of other cell populations such as mast cells [127,128]. Moreover, the differences between
studies could also be due to small cohorts of patients, different cut-offs, and variability in
the interpretation by distinct pathologists. Therefore, the role of the microenvironment
immune cells in predicting FL transformation in the current scenario requires further
research, without forgetting the treatment and the balance between immune cell subsets, to
create a score/model for both prognosis and transformation with rituximab [117,121,122].

MHC (HLA in humans) is located in the 6p21.3 region, which is frequently disrupted
by loss or CNN-LOH in FL as previously mentioned [53,54,97]. Genome-wide studies
identify the 6p21.3 region as a susceptibility region for FL [129,130]. Previous studies have
reported an association between certain HLA polymorphisms and the higher susceptibility
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of B-cell lymphoproliferative disorders, including FL [131-134]. Studies analysing the role
of HLA specificities in FL prognosis are scarce, and no studies have focused on the risk
of HT [132]. Interestingly, the single-nucleotide polymorphism rs6457327, located in this
region, has been associated with poor outcome and higher risk of transformation [109,135].

5.4. Liquid Biopsy

Liquid biopsy has emerged as a non-invasive method that allows the detection of
tumour-associated alterations in circulating tumour DNA (ctDNA) in plasma, and has
shown clinical utility in different lymphoproliferative disorders [136-139]. Since tumour
ctDNA may arise from different clones, the ctDNA may better reflect the spatial and/or
intra-tumour heterogeneity, a feature that is especially relevant in FL [30]. Focused on
FL, the detection of high levels of ctDNA has been correlated with shorter PFS [137,140].
Interestingly, in one FL patient who transformed into DLBCL, mutations specific to the
transformed clone were detected in the ctDNA at diagnosis but were not present in the
FL lymph node biopsy, thus suggesting that the clone responsible for the transformation
could be detected in the ctDNA at diagnosis at least in some cases [46]. The authors of
this work described a predictive model only based on the mutations identified in plasma,
which could be a promising biomarker for transformation prediction [46].

6. Discussion and Concluding Remarks

Histological transformation is an unfavourable event of FL course which clearly affects
patient survival. In the last years, several works have increased the genetic knowledge of
FL transformation, helping to dissect different possible mechanisms of transformation.

The predominance of the divergent model in transformed FL suggests the existence
of an ancestral CPC driving FL recurrence and transformation. Whether this CPC (or the
subclone responsible for transformation) was already present at diagnosis still remains
unknown, and this could preclude prediction, at least in some transformed cases. The
driver events that trigger HT from the CPC are still unknown. There is most probably not a
single mechanism, but several distinct pathways driving HT from the CPC, as suggested by
gene-expression analysis and the differences in genetic alterations between HT groups, for
instance, according to the cell-of-origin of the HT, and these pathways could be different
according to the CPC niche [27,28,54,61]. Moreover, the variable histologies observed at
transformation also suggest different mechanisms, and this is highlighted by the different
incidence of some alterations such as TP53 mutations in DLBCL-HT compared to composite-
HT [28].

There is still not an accurate predictor of transformation. This may in part result from
the lack of biomarker validation, which, in turn, could be due to the heterogeneity of the
series included in the different studies, for other reasons. Much research has focused on
genetic aberrations, although some studies do not include FL relapse samples, or even
do not distinguish FL samples at diagnosis or FL relapse, which could lead to missing
or confounding information. The tumour microenvironment may play a key role in FL
outcome and probably in transformation. As mentioned, this microenvironment is affected
by the treatment and the presence of certain genetic alterations. Few studies have analysed
the role of immune cell crosstalk together with genetic events, and this was performed in
short and/or heterogeneous series. This emphasizes the need to perform comprehensive
biological and clinical analysis in large-scale series of clonally related FL-HT, including at
least genetic aberrations together with gene expression and microenvironment composition,
in homogeneous cohorts, to better identify the different pathways triggering transformation.
Moreover, emerging treatments, including EZH2 inhibitors, HDAC inhibitors, bispecific
antibodies and CAR T-cells, would probably improve the survival of FL transformed
patients, thus highlighting the need to perform these studies to help identify targets to
personalize treatment approaches [141-143].

However, there are several challenges to address these studies in transformed FLs.
First, not all cases can be biopsied at suspicion of transformation. There are limited available
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biopsies, and these are stored in formalin-fixed paraffin-embedded which fragments and
partially degrades DNA, limiting the availability of quality samples for the experiments.
Therefore, it is difficult to have paired samples both at diagnosis and at transformation, and
even more so when samples from different events, such as FL or transformation relapses,
are included.

In summary, collaborative efforts are required to obtain high and robust FL-HT collec-
tions, to generate and collect genetic data of large-scale series of HT, and to identify the
CPCs that if eradicated could potentially prevent both FL recurrence and transformation.
We hope the increasing biological knowledge on FL transformation will enable personalized
treatment strategies avoiding transformation.
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Abstract: Primary cutaneous B-cell lymphomas (PCBCLs) account for 25% of all primary cutaneous
lymphomas. Three major types are currently recognized by the WHO classification: primary cu-
taneous marginal zone B-cell lymphoma (PCMZL), primary cutaneous follicle centre lymphoma
(PCFCL) (both considered indolent lymphomas) and primary cutaneous diffuse large B-cell lym-
phoma, leg-type (PCDLBCL-LT), which is, instead, a very aggressive disease. Nowadays, the PCBCL’s
category also includes some rare entities such as intravascular B-cell lymphoma (IVBL) and the EBV+
mucocutaneous ulcer (EBVMCU). Furthermore, controversies still exist concerning the category of
primary cutaneous diffuse large B-cell lymphoma (PCDLBCL), because some cases may present
with clinical and histological features between PCFCL and PCDLBCL-LT. Therefore, some authors
proposed introducing another category called PCDLBCL, not otherwise specified (NOS). Regardless,
PCBCLs exhibit distinct features and differ in prognosis and treatment from their nodal/systemic
counterparts. Therefore, clinicopathologic analysis is a key diagnostic element in the work-up of
these lymphomas.

Keywords: primary cutaneous B-cell lymphoma; primary cutaneous marginal zone B-cell lymphoma;
primary cutaneous follicle centre lymphoma; primary cutaneous diffuse large B-cell lymphoma,
leg-type; primary cutaneous diffuse large B-cell lymphoma, not otherwise specified; intravascular
B-cell lymphoma; EBV+ mucocutaneous ulcer

1. Introduction

Primary cutaneous B-cell lymphomas (PCBCLs) are a clinically and pathologically
heterogeneous group of extranodal non-Hodgkin’s lymphomas (NHLs) that primarily
involve the skin, do not have evidence of extracutaneous disease at diagnosis and do not
exhibit extracutaneous spread for a long time (or for the entire course of the disease) [1].

PCBCLs make up about 25% of all primary cutaneous lymphomas, but less than
1% of all NHLs [2,3]. PCBCLs exhibit distinct clinical, histological, immunophenotypic
and genetic features and differ in prognosis and treatment from their nodal/systemic
counterparts [4,5].

PCBCL diagnosis and management is a multidisciplinary task, involving dermatol-
ogists, pathologists, haemato-oncologists and radiation oncologists [6]. The diagnosis of
PCBCL needs careful histomorphological and immunophenotypical analyses, corroborated
by clinical data and, when necessary, by molecular and cytogenetic investigations. The pre-
analytical phase is crucial, and adequate (in size and quality) lesional samples should be
obtained. Whenever possible, excisional biopsies should be recommended [2].
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Careful clinical examination and staging at presentation are mandatory to exclude
secondary cutaneous localization of systemic B-cell lymphomas—these can be histologically
indistinguishable from their primary cutaneous counterparts [7].

Current WHO (2017) classification [8] recognizes three types of PCBCLs as being most
frequent: (1) primary cutaneous marginal zone B-cell lymphoma (PCMZL); (2) primary
cutaneous follicle centre lymphoma (PCFCL); and (3) primary cutaneous diffuse large B-cell
lymphoma, leg-type (PCDLBCL-LT). PCMZL and PCFCL are considered to be indolent
lymphomas with a good prognosis and a five-year disease-specific survival rate of >95%.
In contrast, PCDLBCL-LT is an aggressive lymphoma, with a five-year survival rate between
40 and 60%. PCBCL also includes some rare entities such as intravascular B-cell lymphoma
(IVBL) and the EBV+ mucocutaneous ulcer (EBVMCU), a provisional entity [3].

In spite of these classificational advances, the diagnosis of PCBCL can be challeng-
ing and some issues are still a matter of debate. In some cases, a clear-cut distinction
between PCMZL and/or PCFCL and reactive cutaneous lymphoid infiltrates (so-called
“pseudolymphoma”) may be difficult through histology alone [9].

Furthermore, controversies still exist concerning the category of primary cutaneous
diffuse large B-cell lymphoma (PCDLBCL) [10]. The border between centroblast-rich PCFCL
and PCDLBCL is not clear; similarly, the term “PCDLBCL-LT” sounds inadequate for
describing the whole spectrum of PCDLBCLs. Cases of PCDLBCL that are mostly composed
of centroblast-like cells may also arise in sites other than the legs and pursue a less aggressive
clinical course. Based on such findings, some authors proposed the definition of PCDLBCL,
not otherwise specified (NOS) for these cases [11].

2. Primary Cutaneous Marginal Zone B-Cell Lymphoma

PCMZL is a very indolent type of extranodal marginal zone lymphoma (MZL), origi-
nating from the skin associated lymphoid tissue (SALT) that presents in the skin with some
distinctive features [3,12]. It accounts for about 20-40% of all PCBCLs in western countries
(0.4 per 1,000,000 per year in the U.S.A.) [8]. It affects mainly adults and the elderly (median
age at diagnosis >50 years with a male predominance) [13] and, exceptionally, children
and adolescents. However, the occurrence of primary cutaneous MZL in the paediatric age
range is a matter of debate [14,15].

As in other extranodal MZL, a link with chronic antigenic stimulation has also been
suggested for PCMZL, including bacterial and viral agents, tattoo pigments, vaccines and
iatrogenic agents (fluoxetine). Borrelia burgdorferi infection has been associated with
PCBCL, including the PCMZL type, according to studies from some European countries
(Scotland and Austria); however, other studies, mostly from Asia and the U.S.A., did not
confirm such an association, suggesting geographic variability [16,17]. Other infections
possibly associated with the development of PCMZL are herpes simplex virus type 1
and hepatitis virus [18]. Notably, hepatitis C virus (HCV) infections have been found
in association with up to 43% of PCMZL, according to one Italian study, and rare cases
responding to antiviral therapy have been reported [19-22]. PCMZL may also arise in an
autoimmune disease setting, such as Sjégren syndrome or Hashimoto’s thyroiditis [23-25].

2.1. Clinical Features

PCMZL usually presents on the arms and trunk, but other sites, including the head and
neck, may also be involved. Lesions are often multifocal, in contrast to PCFCL, and consist
of red to purple papules, nodules and/or plaques. Ulceration is exceptional [26,27]. In some
cases, mostly in the context of autoimmune disorders, the lesion may spontaneously regress,
leaving a localized area of flaccid skin (so-called anetoderma) due to loss of dermal elastic
tissue [28,29]. One peculiar subset of PCMZL, which is associated with HCV infection and
has a female predilection, presents with confined subcutaneous nodular lesions, clinically
mimicking lipoma [22].
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2.2. Pathology

PCMZL infiltrates initially involve the reticular dermis and may subsequently extend
throughout the whole dermis and hypodermis—the epidermis is spared. Periadnexal
infiltration around eccrine glands and hair follicles is frequently seen, but lymphoepithelial
lesions are uncommon and not critical for diagnosis [24].

The overall architecture is usually nodular, but it may also be diffuse (Figure 1). Lym-
phoid follicles with reactive germinal centres and preserved mantle zones are frequently
seen. In the initial lesion, the neoplastic marginal zone (MZ) circumscribes the reactive
follicles. At disease progression, the follicles can be colonized by MZ B cells with partial
and/or diffuse effacement of dendritic meshwork [12]. The lymphoma population includes
small- to medium-sized centrocyte-like MZ B cells, monocytoid B cells (Figure 1), lym-
phoplasmacytic cells, scattered centroblasts and/or immunoblast-like cells. A variable
degree of plasmacytic differentiation may occur (Figure 1), the plasma cells usually being
located at the periphery of the infiltrate. Amyloid deposition can be found in cases with
prominent plasmacytic differentiation. Some morphological variants of PCMZL have been
described, including small-cell lymphocytic variants, monocytoid variants and variants
with diffuse plasmacytic differentiation [30]. A variable amount of inflammatory cells
may be admixed with the neoplastic population, including T-cell lymphocytes, histiocytes,
mast cells and eosinophils. The reactive inflammatory population may be prominent,
obscuring the lymphoma cells [31].

Figure 1. PCMZL. At histological evaluation, this lymphoma shows a nodular ((A), HE 2x) or
a diffuse growth pattern ((B), HE 2x) and is composed of small- to medium-sized B cells, sometimes
with a monocytoid appearance ((C), HE 40x) or a plasmacytic differentiation (D), HE 40 x).

No specific immunophenotype profile exists for MZLs in general, including cutaneous
ones. Lymphoma cells express B-cell antigens (CD19, CD20, CD22 and CD79a), and bcl-2
being negative for CD5, CD10, bcl-6 and Cyclin D1. CD23 expression is variable. Plasma cell
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components express CD38, CD138 and CD79a, but not CD20. Light chain clonal restrictions
can be demonstrated with immunohistochemistry, as well as by in situ hybridization.
Follicular markers (CD10 and bcl-6), coupled with Ki-67, are helpful in highlighting residual
reactive germinal centres, in which CD21 and CD23 immunostainings may evidentiate the
disruption of the dendritic meshwork [32].

Increased numbers of plasmacytoid dendritic cells (CD123+) have been reported in
PCMZL when compared with very few or absent plasmacytoid dendritic cells in PCFCL
and PCLBCL, respectively [33].

Recently, PCMZL has been subdivided into two subtypes, one carrying class-switched
immunoglobulins, the other carrying non-class-switched ones [34]. The class-switched
form of the disease (90% of cases) contains monotypic plasma cells with expressions of
IgG and, to a lesser extent, IgA or IgE, which are mainly localized at the periphery of
the infiltrate. It lacks CXCR3, shows a predominant type 2 helper T cell environment
and lacks reactive germinal centre colonization [35]. In contrast, the non-class-switched
PCMZL (10% of cases) shows CXCR3 and IgM expression and more frequently reveals
a diffuse proliferation of large nodules of neoplastic B cells. The class-switched subtype
seems to pursue an indolent course, with an extremely low risk of progression to large
B-cell lymphoma and/or of extracutaneous spread [36].

On such a basis, it seems reasonable to retain the class-switched subtype as a clonal
chronic lymphoproliferative disorder, rather than as a lymphoma. Up to 40% of IgG-positive
PCMZL cases express IgG4, but they are unrelated to systemic IgG4-related diseases [37].

2.3. Molecular and Cytogenetic Features

Clonal IGH or IGK gene rearrangements may be detected in up to 80-92% of PCM-
ZLs [24,38]. Cytogenetic abnormalities usually associated with MALT lymphoma have been
variably reported in PCMZL: the t(14;18)(q32;q21) IGH-MALT1) is the most frequent one
(in up to 25% of PCMZL), whereas t(11;18)(q21;q21) (BIRC3-MALT1) and t(3;14)(p14.1;q32)
(IGH-FOXP1) rearrangements are less common. The t(1;14)(p22;q32) involving IGH and
BCL10 has not been identified [39]. Trisomies of chromosomes 3 and 18 have been reported
in up to 20% of PCMZLs. BCL6 rearrangements have been sporadically observed, but IGH-
BCL2 translocations are absent. Activating MYD88'2%" mutations, more commonly as-
sociated with lymphoplasmacytic lymphoma and PCDLBCL-LT, have been detected in
6% of PCMZLs, however, exclusively in IgM-positive types (three of six IgM-positive
PCMZLs) [40]. The mutational landscape of PCMZL may also include alterations of FAS
(24 of 38, 63%), SLAMF1 (9 of 38, 24%), SPEN (7 of 38, 18%) and NCOR2 (5 of 38, 13%) [41].

2.4. Differential Diagnosis

Particularly in the early phase of PCMZL, the lymphoma infiltrate may appear to
be not specific. Differential diagnoses include other lymphomas (i.e., lymphoplasmacytic
lymphoma, plasma cell myeloma and primary cutaneous follicular helper T-cell lymphoma
(PCFHTCL)), as well as inflammatory, non-neoplastic cutaneous lymphoid hyperplasia
(CLH) [24]. The distinction between PCMZL lymphoma and CLH may sometimes be very
difficult to determine (Table 1) as they often share histopathological features (abundant
reactive background and B follicles with germinal centres) [42].
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The presence of lymphoepithelial lesions has a limited diagnostic value in PCMZL.
Ancillary studies may corroborate lymphoma diagnosis, documenting clonal IGH rear-
rangements by means of molecular analyses and/or light chain restriction by means of
immunohistochemistry or ISH technique. However, it is important to stress that clonal
rearrangements may also occur in some reactive lymphoid infiltrates. As a consequence,
a definitive diagnosis may not always be achieved, even after a judicious integration of
pathological and clinical data. In these cases, only clinical “follow-ups” and repeated
biopsies may finally confirm the lymphoma diagnosis [12].

Distinction of PCMZL from other PCBCLs requires the careful evaluation of a series of
cytological and architectural features combined with a proper immunohistochemical panel.
The B-cell follicles in PCMZL typically exhibit reactive germinal centres. The follicles in
PCFCL are monomorphic in appearance, with low Ki-67 proliferation, while bcl6+ and
CD10+/ — B cells are detectable in the interfollicular areas (Table 1). Cases with prominent
plasmacytic differentiation must be distinguished from lymphoplasmacytic lymphoma
and plasma cell myeloma [43]. PCMZL usually lacks the MYD88M2%P mutation typical of
lymphoplasmacytic lymphoma; nevertheless, it is important to remember that plasmacytic
differentiation may occur in PCMZL [44,45]. In the skin infiltrated by systemic myeloma,
the detection of the sheet-like proliferation of monotypic plasma cells and/or plasmablasts
(without a CD20+ lymphocytic component) support the myeloma diagnosis.

Cytoarchitectural features and immunostainings for CD5, CD23, SOX11 and cyclin D1
usually allow for the exclusion of cutaneous localizations of mantle cell lymphoma (MCL)
and chronic lymphocytic leukaemia [8].

2.5. Prognosis and Treatment

PCMZL prognosis is excellent, with a five-year survival rate of 98%. Complete re-
sponse to therapy occurs in 93% of patients with solitary lesions and 75% of patients with
a multifocal disease [46]. Relapses are common within five years, occurring in 39% of
patients with solitary lesions and 77% of patients with multifocal lesions. PCMZL rarely
exhibits extracutaneous spread (lymph nodes and MALT sites) or large cell transforma-
tions [47,48].

PCMZL with solitary or few contiguous lesions can be treated with radiotherapy or
excision with curative intent. Antibiotic treatment is required in Borrelia antibody-positive
cases. Lesional regression has also been reported in cases of HCV-related PCMZL, including
the so-called “lipoma-like” variant. Topical therapies are sometimes employed, including
clobetasol, nitrogen mustard, cryotherapy and imiquimod [49-51].

2.6. Summing Up

PCMZL is an uncommon lymphoma subtype clinically characterized by a very in-
dolent course and a favourable outcome. In addition, spontaneous lesional regression
has been reported in various cases. In contrast, some studies have reported high rates
of relapse, mostly cutaneous. Particularly in the early stage of the disease, differential
diagnosis between PCMZL and CLH may be difficult. Recently, an MZL classification
based on IgH switching revealed two disease subsets, one of which (class-switched form)
usually shows a better clinical course and outcome. On such a basis, it is reasonable to
postulate that at least a part of PCMZL indeed represents atypical lymphoid proliferation
rather than true lymphoma. The high relapse rates reported in certain studies might be,
at least in part, ascribed to an incomplete lesional surgical excision, thus representing a local
disease recurrence rather that a true relapse.

3. Primary Cutaneous Follicle Centre Lymphoma

PCFCL is a low-grade lymphoid malignancy that develops from a mature germinal
centre (GC) B cell in the skin. PCFCL accounts for about 50% of PCBCL, and for 10-20% of
all cutaneous lymphomas. PCFCL is more frequent in Caucasian males (median age: 55),
and its occurrence in the paediatric age range is matter of debate; male-to-female ratio

132



Hemato 2022, 3

is 1.5:1 [8,52-54]. Borrelia burgdorferi infections have also been reported in a fraction of
PCFCL cases from endemic areas [55,56]. Prognosis is very favourable, but relapses may
occur. Transformation into diffuse large B-cell lymphoma (DLBCL) has been reported [57].

3.1. Clinical Features

PCFCL usually presents with solitary, localized or (less often) multifocal (15%), pain-
less, non-pruritic, erythematous to violaceous plaques, nodules or tumours that vary in
size and are not usually ulcerated. The most frequently involved sites include the head (in
particular the forehead and scalp) and trunk [8,58].

PCECL presenting on the trunk—historically known as “reticulohistiocytoma of the
dorsum” or “Crosti lymphoma—is characterized by a central core of plaques and tumours
centrifugally surrounded by papules and macules [59]. Localization on the legs occur in
about 5% of cases, and it seems to be associated with a less favourable outcome [8].

Without treatment, lesions tend to slowly progress and may assume a pattern of
infiltrating and destroying [60]. Recurrences usually occur at the same site or in proximity
of initial presentation [8].

3.2. Pathology

In the early stage, PCFCL usually shows a nodular growth pattern with closely spaced,
monotonous neoplastic follicular aggregates (Figure 2). Lymphoma follicles have no po-
larization, have diminished (or absent) mantle zones and lack tingible body macrophages.
Typically, a “grenz zone” beneath the epidermis surface is observed. At disease progression,
the neoplastic follicles tend to fuse, resulting in a nodular and/or diffuse growth pattern,
often with hypodermis involvement (Figure 2). Occasionally, an “inverted nodular pattern”
can be encountered, with neoplastic cells located in pale areas at the periphery of follicles
and small reactive lymphocytes in dark areas at the centre [61].

PCFCL populations consist of an admixture of centrocytes and centroblasts. Sometimes
it may consist predominantly of large, often multilobated, cells or exhibit a spindle-like
cytological appearance, mimicking sarcomatoid neoplasms (mostly due to intermingled
reactive fibrosis) [62].

In contrast with its nodal counterpart, in PCFCL, the grading (number of large
centroblast-like cells) and predominant growth pattern (follicular versus diffuse) retain
limited prognostic relevance.

PCFCL may be associated with a variable amount of reactive T cells and histiocytes.
Dendritic meshwork (highlighted by CD21/CD23 immunostainings) is usually disrupted
and/or effaced. PCFCL cells express B-cell markers (CD20, CD79a, CD19, CD22 and
PAX5) and GC markers (bcl6, CD10, MEF2B and HGAL). The CD10 expression on paraffin
sections is variable, being influenced by antibody clones and fixation time. Notably, PCFCLs
showing a diffuse growth pattern frequently lack CD10. Some studies have reported a lack
of bcl-2 in the vast majority of PCFCL cases. In contrast, in our and other researchers’
experience, bcl-2 may be expressed in at least 25-27% of PCFCL cases; the evaluation of
bcl-2 expression in PCFCL may be difficult in cases with T-cell-rich reactive infiltrates that
are uniformly bcl-2+. The proliferation index is variable, from low to up to 30%.

Cases showing a diffuse growth pattern, coupled with an increased number of
centroblast-like cells, usually have a higher Ki-67 rate [8].
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Figure 2. PCFCL. At histological evaluation, this lymphoma shows a nodular growth pattern
((A), HE 2x), sometimes nodular and vaguely diffuse ((B), 2x), composed of an admixture of
centrocytes and centroblasts ((C), HE 40 x), and is usually bcl6-positive (D), 10x).

3.3. Molecular and Cytogenetic Features

In the past, t(14;18)(q23;q21), the genetic hallmark of nodal follicular lymphoma (FL)
involving BCL2 and IGH genes, has been retained as an exceedingly rare occurrence in
PCFCLs. This lack was proposed as a way to distinguish secondary skin localizations of
nodal FL from PCFCL [63]. In contrast, in the last decade, several groups have documented
BCL2 chromosomal aberrations in up to 40% of PCFCL cases [63-71]. Such divergent
findings could be partially related to the molecular technique employed, with a higher
incidence observed with PCR analysis [69].

In some studies, the presence of BCL2 rearrangements has been more frequently
associated with a predominantly centrocytic morphology, a high probability of skin relapse
and a higher risk of extracutaneous spread [72,73].

Other reported chromosomal alterations include loss of heterozygosity in chromo-
somes 6p and 9p, deletion of 1p36, 14q32.33, 2p11.2 (IGKYV locus), 9p21.3 (CDKN2A locus)
and 14q32.33 (IGH locus), gains involving chromosomes 7 and 18 and high-level ampli-
fications at 2p16.1 (REL gene). Aberrant somatic hypermutations targeting BCL6, PAX5,
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RhoH/TTF and/or MYC genes have also been reported. NGS analysis documented somatic
mutations on TNFRSF14, CREBBP, TNFAIP3, KMT2D, SOCS1, EP300, STAT6 and FOX01
genes, as well as nucleotide substitutions (C>T transitions) associated with UV-damage [74].
Concomitant 1p36 deletion and TNFRSF14 mutations in PCFCL seem to be associated with
elevated levels of EZH2 protein expression [75,76].

3.4. Differential Diagnosis

PCFCL with a predominant follicular growth pattern must primarily be distinguished
from reactive CLH (Table 1). The differential diagnosis between PCFCL and CLH mainly
relies on the lack of the typical features that characterize the reactive follicles, such as het-
erogeneity in shape and size, compartmentalization (polarization) into light and dark zones,
detectable mantle and marginal zone areas and the presence of tingible body macrophages.
Reactive follicles have also retained the CD21/CD23+ dendritic meshwork and a high
Ki-67 proliferation index. PCFCL favours the reduction or disappearance of mantle and
marginal zone areas coupled with the absence of tingible body macrophages and a low
proliferation index. Similarly, lymphoma favours an expansion of follicular centre B cells
(bcl-6+ and CD10+) in the interfollicular areas. Detection of clonal Ig gene rearrangements
may support lymphoma diagnosis, but some cases remain doubtful and clinical follow-ups
should be recommended [77].

The distinction of PCDLBL from secondary cutaneous localizations of nodal FL is
a clinically relevant issue because of divergences in prognosis and therapy. PCFCL and
secondary cutaneous involvement by a nodal FL can be indistinguishable in skin biopsies
by morphology alone; thus, a complete clinical staging is mandatory. However, the primary
cutaneous forms often lack CD10 and bcl-2 immunoreactivity as well as BCL2 rearrange-
ments [63]. In skin localizations of systemic FL, the neoplastic cells usually show strong
co-expressions of bcl2 and bcl6 and carry BCL-2 translocation.

Recently, a whole-exome sequencing study on a series of FLs—, including both
systemic and primary cutaneous ones—proposed three criteria: BCL2 rearrangement,
chromatin-modifying gene mutations (CREBBP, KMT2D, EZH2, and EP300) and prolifer-
ation rate to identify PCFCL subsets at different degrees of risk for concurrent or future
systemic spread [78]. PCFCLs with diffuse growth patterns and a high content of large,
centroblast-like cells, enter the differential diagnosis with PCDLBCL-LT (Table 2).
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The presence of large, cohesive sheets of centroblasts and immunoblasts with an
activated B-cell-like (ABC) profile usually leads to the diagnosis of DLBCL; the presence of
a vaguely residual nodular pattern (at low magnification), a residual dendritic meshwork
(although disrupted), an intense, intermingled reactive T cell infiltrate, a weak to absent
bcl-2 expression and negativity for IgM and MUMI favour a PCFCL. Additional molecular
analysis can also be useful, as PCDLBCLs variably carry MYC and/or BCL6 translocations,
BCL2 and MALT1 region amplifications, CDKN2A loss on chromosome 9p21.3 (more than
50% of cases) and MYD8820P mutations [79].

Differential diagnosis between PCFCL and PCMZL mainly concerns cases of PCFCL
presenting with an inverted nodular pattern, or cases of PCMZL with prominent follicular
colonization. The presence of a clonal plasmacytic component, rarely seen in PCFCL,
and negativity for GC markers (bcl6 and CD10) in neoplastic cells may be a useful diagnostic
clue to recognize PCMZL, along with negativity for STMN1, LMO2, HGAL, MNDA and
AID, and the absence of 1p36 deletion [80-82].

PCFHTCL is a follicular centre T-helper CD4+ neoplasm, not yet well characterized,
which can mimic, both clinically and histologically, PCFCL. Cases of PCFHTCL misdiag-
nosed as PCFCL have been recognized only after an ineffective therapy with rituximab [83].

PCFHTCL usually contains a large amount of accompanying reactive B follicles;
neoplastic T cells are medium to large in size, have irregular nuclei with small nucleoli
and express T-cell markers (including CD2, CD3, CD4), T follicular helper markers (PD1,
CXCL13 and ICOS) and GC markers (such as CD10 and bcl6); T-cell clonality can be detected
in most cases. PCFCL with prominent spindle-shaped cytology must be distinguished
from other spindle-cell tumours, including spindle cell melanoma, spindle squamous cell
carcinoma, and spindle cell mesenchymal neoplasms [62,84].

3.5. Prognosis and Treatment

PCFCL is an indolent disease, with a 95% disease-specific five-year survival rate.

After treatment (see below), 99% of patients achieve complete remission; cutaneous
relapses occur in about 30% of cases, but only 10% of patients have extracutaneous spread
(lymph nodes, bone marrow and/or extralymphoid organs) [52-54].

Progression into large B-cell lymphomas is rare, and usually does not fit with leg-type
features. Histology and multifocal diseasedo not influence prognosis. PCFCLs presenting
on the legs seem to pursue a less favourable outcome (overall five-year survival rate: 41%).
The prognostic significance of BCL-2 translocation in PCFCL is a controversial issue. In our
experience and in other studies, the presence of such translocation seems to be associated
with less favourable outcomes and an elevated risk of recurrence [73].

Treatment choices include the “watch and wait” approach, excision, radiotherapy and
local or systemic therapy based on clinical presentation and disease extension [6].

Cutaneous relapses do not usually require a more aggressive treatment. Low-dose
radiation therapy is recommended for localized lesions, allowing a complete response
rate of 99%. Intralesional corticosteroids or rituximab and other topical agents (such as
mustard, cryotherapy and imiquimod) can also be employed. Skin-disseminated diseases
can achieve complete remission after systemic biological therapy with single-agent rit-
uximab, while multiagent chemotherapy (R-CHOP) is reserved for refractory diseases,
extracutaneous dissemination and cases arising on the legs [3,6].

3.6. Summing Up

PCFCL is the most frequent subtype of PCBCL, usually with a favourable clinical
outcome—other than for cases presenting on the leg. Histologically, PCFCL exhibits, in the
early stage, a nodular/follicular pattern. Subsequently, lymphoma follicles tend to merge,
resulting in a diffuse pattern extending into subcutis. Lymphoma populations consist
of an admixture of centrocyte- and centroblast-like cells. They sometimes present with
peculiar cytological features, including polylobated centroblasts and a spindle-like cell
appearance. The number of centroblastic cells and the growth pattern are retained as not
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being prognostically significant. PCFCL has a B cell phenotype with variable expressions
of GC markers and bcl-2, the latter often negative. Mainly in PCFCL, CD10 may also be
negative, showing a diffuse growth pattern. The presence of BCL-2 rearrangements is still
debated, but some studies have reported that cases of PCFCL with BCL-2 translocations
are associated with a less favourable outcome.

4. Primary Cutaneous Diffuse Large B Cell Lymphoma, Leg-Type

PCDLBCL-LT is an aggressive DLBCL characterized by sheets of centroblasts and/or
immunoblasts with no/few admixed reactive cells, usually arising on the leg and showing
an ABC phenotype [8,85]. According to the most recent WHO classification of skin tumours,
4% of all primary cutaneous lymphomas are PCDLBCL-LT and it accounts for the 20% of
PCBCLs [8,86]. It typically occurs in the eighth decade of life. Elderly women are more
commonly affected, with a male-to-female ratio of 1:3—4 [8,87].

4.1. Clinical Features

PCDLBCL-LT is a rapidly progressive disease which involves mostly the lower legs
(one or both), however in 10-15% of cases it may arise at other sites, such as the trunk,
the head-neck area, and the upper extremities [88].

Clinically, PCDLBCL-LT presents with one or multiple red to bluish tumours which
can be ulcerated, otherwise it may appear as a multicoloured or verrucous nodule. Larger
tumours may be surrounded by smaller satellite lesions [8,89]. Moreover, extracutaneous
dissemination is frequent [90].

4.2. Pathology

Morphologically, PCDLBCL-LT is characterized by a diffuse, non-epidermotropic,
dense infiltrate with a grenz zone, which involves the entire dermis, effaces adnexal
structures and often extends to the subcutaneous tissue. Overlying skin is frequently
ulcerated. Cytologically, the infiltrate is usually monomorphic, consisting of round cen-
troblastic and /or immunoblastic cells arranged in sheets (Figure 3), with very few reactive
T-lymphocytes and minimal stromal reaction; occasionally pleomorphic to anaplastic cells
are seen. Numerous mitoses and necrosis are usually found, while follicular structures and
CD21+/CD23+ dendritic meshwork are typically lacking [86,90].

The immunophenotype of PCDLBCL-LT resembles that of the non-germinal centre-
type of nodal DLBCL [91]. Neoplastic cells are positive for CD20, CD79a, bcl-2, MUM-1/IRF4
and (usually) bcl-6, but negative for CD10. FOXP1, c-MYC and cytoplasmic IgM are positive
in most cases (Figure 3), whereas CD30 is usually not expressed [8,86,92]. Since bcl-2 is
positive in more than 90% of cases and c-MYC is positive in over 65%, more than 60% of
PCDLBCL-LT have a double-expressor (DE) phenotype [12,86]. EBV search is negative [87].

PD-L1 and CD33 may be expressed by tumour cells or by myeloid-derived suppressor
cells (MDSCs), therefore, it has been suggested that they may shield the tumour against
PD-1+ tumour-infiltrating lymphocytes [93]. A high proliferative index (usually >70%)
is seen [8].
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Figure 3. PCDLBCL LT. At histological evaluation, this lymphoma is composed of sheets of large,
atypical cells (centroblasts and/or immunoblasts) with numerous mitoses and no/few reactive
backgrounds ((A), HE 40x). PCDLBCL-LT frequently expresses bcl2 ((B), 20x), IgM ((C), 20x),
and ¢-MYC ((D), 20 x).

4.3. Molecular and Cytogenetic Features

Clonal rearrangements of IGH genes are detected in most PCDLBCLs. According to
a post-germinal centre derivation, rearranged IGH genes usually carry somatic hypermuta-
tion, often with concurrent BCL-6 mutations. However, the precise definition of the cell of
origin (COO) of PCDLBCL-LT is incomplete.

A study by Hoefangel et al. [85], based on gene expression analyses techniques,
reported that PCDLBCL-LT has a profile similar to that of ABC-like nodal DLBCL.

On the other hand, a more recent study by Schrader et al. [94], based on Lymph2Cx
algorithm, documented that the COO classification of PCLBCL-LT is more heterogeneous
than expected, with only 18% of cases resulting as ABCs, 39% as germinal centre B cells
(GCBs) and 43% as unclassifiable.

FISH analysis reveals translocations involving IGH, MYC, and BCL6 genes [38,92].

Recently, cases of PCDLBCL-LT with a double or triple hit status have been described [11].

In spite of bcl-2 protein overexpression, BCL-2 rearrangements are usually absent,
whereas BCL-2 amplification was found in a fraction of cases. Loss of CDKN2A and
CDKN2B have also been reported in more than 50% of cases. MYD882%" mutations are
the most common, being found in two thirds of patients, [8,95,96] but mutations in PIM1
and CD79B have also been seen. MYD8820" mutations and mutations in CARD11, CD79B
and TNFAIP3/A20 may indicate a constitutive activation of the NF-kB pathway [12,97,98].

Moreover, Zhou et al. [99] reported that in the MYD-88 wild-type PCDLBCL-LT,
there may be a cancer-promoting mutation which activates the NF-kB pathway through
different genes or activates other cancer pathways. They also found PDL1/PDL2 transloca-
tions in 40% of PCBLBCL-LT cases. Most of these genes’ mutations are commonly found in
primary DLBCL of the central nervous system and in primary testicular DLBCL. Therefore,
even though the mutational profile of PCDLBCL-LT seems to overlap with that of the ABC
subtype of DLBCL, it is actually most similar to that of these two entities [12,99-102].
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Furthermore, another study about microRNA profiling of PCBCL showed that mi-
croRNAs with a higher expression in the ABC-type of nodal DLBCL were not differentially
expressed in PCDLBCL-LT, suggesting different pathogenetic mechanisms for PCDLBCL-
LT cases than for nodal ones [103].

4.4. Differential Diagnosis

PCDLBCL-LT is relatively easy to diagnose once sheets of large B cells with typical
morphology and immunophenotype are seen. The differential diagnosis of PCFCL with
a diffuse growth pattern and large-cell cytology is the most challenging issue, which has
already been discussed in the paragraph above (Table 2). Secondary skin involvement
from systemic DLBCL—histologically and immunophenotypically indistinguishable from
primary cutaneous forms—is frequent and can be excluded only based on clinical staging.

Predominantly blastoid or pleomorphic variants of MCL can infiltrate the skin, mimick-
ing the histopathologic features of PCDLBCL-LT. Imnmunostaining for Cyclin D1 and SOX11
must be performed to exclude secondary skin involvement by MCL. Cases with Cyclin D1
expression should be tested by FISH analysis for CCND1 gene translocation [104,105].

An EBV search is required to exclude EBV+ DLBCL, which typically arises in elderly
patients [8].

In cases with plasmablastic and immunoblastic differentiation, molecular and im-
munohistochemical tests for EBV and HHVS8 are recommended. EBV and HHVS infection
associations should also be tested in any immunodeficient patient. The possibility of
a precursor lymphoblastic lymphoma must be excluded by performing TdT immunos-
taining [104]. Some T-cell lymphomas, as mycosis fungoides, tumour stage, might show
aberrant expressions of CD20 [106]. Rare, non-haematological neoplasms, such as Merkel
cell carcinoma, might express B-cell markers, in particular PAX5 [104,107].

Cases with anaplastic cytology must be differentiated from CD30+/CD30-, anaplastic
large T-cell lymphoma [108] and non-lymphoid, large-cell neoplasms, including melanoma,
carcinoma and mesenchymal malignancies [109].

4.5. Prognosis and Treatment

PCDLBCL-LT is an aggressive disease with a five-year, disease-specific survival rate
of around 50%, and many patients experience relapse despite treatment [88].

Adverse prognostic factors are the presence of multiple skin lesions (on one or both
legs), involvement of both legs, inactivation of CDKN2A by gene deletion or promoter
methylation, and the presence of the somatic mutation MYD88L265P [38,79,89,90,96,110].

As for the DE profile, there have been discordant observations; while Menguy et al. [91,110]
observed impaired survival in cases with a DE phenotype, both Schrader et al. [92] and
Lucioni et al. [11] did not correlate a DE status with a significantly worse prognosis.

Similarly, the prognostic impact of MYC rearrangements is not completely understood.
While Schrader et al. [92] suggested a poorer prognosis for patients with MYC translo-
cations, this has not been confirmed by the study by Lucioni et al. [11] that documented
a poor response to treatment and a more rapid disease progression only in association with
a double/triple hit status.

Standard first-line treatment is based on polychemotherapy (CHOP regimen) in com-
bination with rituximab. However, many patients with PCDLBCL-LT are elderly and frail,
making them unfit for chemotherapy [87,88,111].

When the disease is confined to the leg, another option is radiation therapy, which can
be used in combination with systemic therapies or as a monotherapy for palliative purposes.
For single lesions, or for lesions confined in a single area, surgery with debulking intent may
also be considered [87]. Although there are no uniform recommendations for second-line
treatment in case of relapse, the management of recurrences seems to be comparable to that
of relapsed systemic DLBCL with an activated phenotype and, for this reason, the use of
lenalidomide has been reported [89,112].
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4.6. Summing Up

PCDLBCL-LT is an aggressive disease, usually arising on the leg. It is characterized by
sheets of centroblasts and/or immunoblasts, with no/few admixed reactive cells. Neoplas-
tic cells are usually positive for bcl-2, MUM-1/IRF4, bcl-6, c-MYC and IgM, but negative
for CD10, and more than 60% of PCDLBCL-LT cases have a DE phenotype.

The precise definition of the COO of this lymphoma is still incomplete and its muta-
tional profile seems to be more similar to those of primary DLBCL of the central nervous
system and primary testicular DLBCL.

5. Primary Cutaneous Diffuse Large B Cell Lymphoma, Not Otherwise Specified/Other

The 2005 WHO-EORTC classification of skin tumours included a further subgroup of
PCDLBCL that was named primary cutaneous diffuse large B-cell lymphoma, other (PCDL-
BCL, other). This group included rare cases not belonging either to the PCDLBCL-LT or to
the PCFCL categories. However, since PCDLBCL, other was not a clearly defined entity,
the 2018 update of the WHO-EORTC classification decided to delete it to avoid further
confusion [12,113].

As of today, the debate about this entity is still ongoing. Recent articles have high-
lighted the presence of a group of large B-cell lymphomas, primarily arising on the skin,
with peculiar morphological features and a slightly different prognosis than PCDLBCL-LT
and PCFCL. This group has been called primary cutaneous B-cell lymphoma, not otherwise
specified /unclassifiable (PCDLBCL-NOS/PCDLBCL-U) [10,11,73,91,114].

PCDLBCL-NOS seems to affect younger patients than PCDLBCL-LT, with a median
age of 60 years at diagnosis and a male prevalence [10,11,115]. It usually develops over
a longer period of time [10] and it most commonly arises as a single nodular or plaque
lesion on the trunk, followed by the head and neck region, the lower limbs and finally the
upper limbs [10,11,90].

Histologically, PCDLBCL-NOS is distinguished from PCDLBCL-LT (Table 2) because
it is composed of large centroblastic cells with a minority (<10%) of medium-sized cells
and/or a mild to moderate reactive cellular background of small CD3+ T lymphocytes.
The infiltrate most commonly presents with a diffuse growth pattern, but (rarely) vaguely
nodular areas may also be seen (Figure 4). Usually, necrosis and effacement of cutaneous
adnexa, along with the dendritic meshwork, are not found. PCDLBCL-NOS cells display
a B cell phenotype with expressions of CD20, CD79a, bcl-6 and variable positivity for bcl2
in a minority of cases (Figure 4). PCDLBCL-NOS can be positive for c-MYC, CD10, IgM and
MUM1/IRF4, but the DE status is infrequent. The proliferative index is lower than in
the PCDLBCL-LT cases, with a median value of 40%. The histogenetic characterization
according to the Hans algorithm showed cases with a GC profile and cases with a non-GC
phenotype [10,11,73].

FISH analysis revealed BCL6 as the most frequently translocated gene, followed by
MYC rearrangements; rarely, BCL2 alterations, rearrangements or an increase in gene copy
number, were found. A single case of PCDLBCL-NOS with a DH status (translocations of
MYC and BCL6) has been reported; the patient presented a GC histogenetic profile and
bcl2 negativity by means of immunohistochemistry [11,73].

PCDLBCL-NOS seems to be less aggressive than PCDLBCL-LT. The histogenetic
profile may be retained as a significant prognostic factor in this disease. In fact, there seems
to be differences in survival rates between PCDLBCL-NOS GC-type and PCDLBCL-NOS
non-GC-type, with the first group more similar to PCFCL and the latter presenting instead
with an intermediate behaviour between PCFCL and PCDLBCL-LT [73].

Interestingly, it has been noted that BCL6 translocations have correlated with inferior
survival rates in PCDLBCL-NOS [11]. Since PCDLBCL-NOS is not an entirely recognized
entity, no standardized treatment protocol exists. Local radiotherapy, chemotherapy, ra-
diotherapy in association with chemotherapy, or in a few cases, a wait-and-see approach,
were used [11,73].
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Figure 4. PCDLBCL-NOS. At histological evaluation, this lymphoma shows a diffuse growth pattern,
sometimes with vaguely nodular areas ((A), HE 2x) and is composed of large centroblasts with
a minority of medium-sized cells ((B), HE 40 x). PCDLBCL-NOS is frequently bcl6-positive ((C), 40x)
and bcl-2-negative ((D), 20x).

5.1. Diffuse Large B-Cell Lymphoma, Rare Subtypes

Primary cutaneous lymphomas with plasmablastic features are exceedingly rare.
Most of these cases occur in settings of immunodeficiency (HIV-associated or iatrogenic) [86]
or during the course of systemic T-cell lymphoma (such as angioimmunoblastic T-cell lym-
phoma). Plasmablastic lymphomas are clinically very aggressive. Histologically, they are
composed of sheets of cells resembling immunoblasts, with variable degrees of plasma-
cytic differentiation. The lymphoma cells phenotype is consistent with terminal stages
of B-cell differentiation, with negativity for CD20 and PAX5 and variable positivity for
CD79a, CD38/CD138 and MUMI1. Approximately 75% of cases are EBV-positive, exhibiting
a latency I phenotype (EBERs expression and negativity for LMP1 and EBNA2). CD30 is
frequently positive, correlating with EBV positivity, whereas, in contrast with plasma cell
myeloma, CD56 is usually negative [8,116]. Plasmablastic lymphoma harbours frequent
MYC rearrangements, with c-MYC protein expression by immunohistochemistry [86,116].

Intravascular B-cell lymphoma (IVBL) may present in the skin or localize to the skin
during the course of the disease. IVBL is characterized by the presence of large lymphoid
cells within the lumina of small- to medium-sized blood vessels, particularly capillaries and
postcapillary venules [8]. This peculiar intravascular growth pattern has been attributed
to a defect in homing receptors and adhesion molecules on the tumour cells (such as
the lack of CD29 (b1 integrin) and CD54 (ICAM1)) [108,117]. Lymphoma cells express
B-cell-associated antigens and may be positive for CD5 (38%) [8]; the majority of cases are
positive for MUMI1 and negative for CD10, suggesting an ABC phenotype [116] and show
an overexpression of bcl-2 in the absence of BCL2 rearrangements [118].
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In keeping with an ABC origin, a subset of IVBLs carry MYD882%P and CD79B
mutations [86,116]. Skin is a common site for presentation of IVBL, although most pa-
tients have a widespread, disseminated disease at the time of diagnosis. Dermatologic
manifestations include a wide range of skin lesions, including erythematous patches and
plaques, panniculitis-like lesions, as well as painful telangiectasias and nodular lesions
with a predilection for the trunk and lower extremities [3,108].

Clinical symptoms include fever and, due to the frequent involvement of the central
nervous system, focal neurological defects. Lungs, adrenal glands, thyroid, gastrointestinal
system, kidneys, genitourinary tract and eyes can also be involved. IVBL is an aggressive
disease, requiring systemic immunochemotherapy. However, patients presenting with
a cutaneous disease have a better prognosis in most series, probably because of earlier
detection and treatment [8,108,119].

5.2. EBV-Positive Mucocutaneous Ulcer

EBVMCU is a provisional entity included in the WHO Classification of Tumours of
Huaematopoietic and Lymphoid Tissues of 2017 [8,120]. It occurs in patients with primary or
secondary immunodeficiencies, including age-related or iatrogenic immunosuppression
for immune disorders, transplant recipients and HIV infection. The median age is about
66 years [121].

Clinically, EBVMCU presents as a solitary, sharply demarcated ulcer occurring mostly
in the oral mucosa; other involved sites may be the skin and the gastrointestinal tract with
(rarely) locoregional lymph node involvement and without systemic symptoms [12,122].

Histologically, there is a mucosal/cutaneous ulceration with the underlying presence
of EBV-positive, large, atypical cells resembling immunoblasts or Hodgkin/Reed-Sternberg
cells in a polymorphic background containing lymphocytes, histiocytes, plasma cells and
granulocytes. Angioinvasion, necrosis and apoptotic bodies may occur. An important
characteristic is the presence of a rim of CD8+ T cells at the base of the ulcer [123].

The atypical cells show expression of CD30, PAX5, MUM1/IRF4 and OCT?2, with vari-
able positivity for CD20, CD79a and BOB1. They have an ABC phenotype with negativity
for CD10 and bcl6. Half of these cases express CD15 [3]. EBV positivity may be detected
using an LMP1 antibody or in situ hybridization for EBV-encoded RNA (EBER) [123].

Up to 40% of cases show clonal immunoglobulin gene rearrangements and/or T-cell
receptor gene (TCR) rearrangements [116,123].

Differential diagnosis includes classic Hodgkin’s lymphoma and EBV-positive DLBCL-
NOS. Both of these diseases usually form masses and are more widespread (most commonly
involving lymph nodes) than EBVMCU. As such, the correlation between clinical and
pathological features is crucial to discriminate between these entities [122,123].

Other differential diagnoses include primary cutaneous or primary oropharyngeal
anaplastic large-cell lymphoma (negativity for PAX5 and EBV) and lymphomatoid granulo-
matosis (almost always involving the lungs) [122].

EBVMCU usually has a benign, self-limited course with spontaneous remission or
regression upon reduction of immunosuppressive medications. If a therapy is required,
the use of rituximab, local radiotherapy or chemotherapy has been reported. Only rare
cases experience recurrences or disease progression (mostly local spread) [3,8,12,121,123].

6. Conclusions

PCBCL is a heterogeneous group of lymphoproliferative disorders with distinct clini-
copathologic features comparable with their nodal counterparts. In the last decade, we have
achieved significant advancements in our understanding of the clinicopathologic features
and molecular background of PCBCL with the identification of characteristic molecular al-
terations in different lymphoma subtypes. In addition, some novel provisional entities have
been described, such as EBVMCU, further expanding the spectrum of PCBCLs. However,
in spite of such advances, the histopathological diagnosis of PCBCL is still challenging,
and a number of issues continue to be a matter of debate. The most compelling topics in-
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clude the differential diagnosis between PCMZL, PCFCL and reactive cutaneous lymphoid
infiltrates, the border between centroblast-rich PCFCL and PCDLBCL and the putative
prognostic subcategorization of PCDLBCL. The hope is that, in the future, the identification
of new genetic markers will be useful for refining PCBCL categories, opening up new
diagnostic and therapeutic perspectives.
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Abstract: Homeobox genes encode transcription factors which control basic processes in development
and differentiation. Concerning the sequence conservation in their homeobox, these genes are
arranged into particular groups sharing evolutionary ancestry and resembling in function. We have
recently described the physiological expression patterns of two homeobox gene groups, NKL and
TALE, in early hematopoiesis and subsequent lymphopoiesis. The hematopoietic activities of eleven
NKL and nine TALE homeobox genes have been termed as NKL- and TALE-codes, respectively.
Due to the developmental impact of homeobox genes, these expression data indicate a key role
for their activity in normal hematopoietic differentiation processes, including B-cell development.
On the other hand, aberrant expression of NKL- and TALE-code members or ectopic activation
of non-code members have been frequently reported in lymphoid malignancies, demonstrating
their oncogenic potential in the hematopoietic compartment. Here, we provide an overview of the
established NKL- and TALE-codes in normal lymphopoiesis and of deregulated homeobox genes in
Hodgkin lymphoma, demonstrating the capability of gene codes to identify homeo-oncogenes in
lymphoid malignancies.

Keywords: EBV; HLX; HOXB9; NFIB; PBX1; STAT3; TLX2

1. Hematopoiesis and B-Cell Development

In the course of hematopoiesis, all of the blood and immune cells are produced. Today,
developing and mature hematopoietic cells are extensively defined even at the molecular
level, allowing for the retracement of underlying mechanisms of cell differentiation [1].
Hematopoietic stem cells (HSCs) are located in the bone marrow and generate common
progenitors, which represent the starting points for the myeloid and lymphoid cell lin-
eages. The common lymphoid progenitor (CLP) generates all of the types of lymphocytes,
comprising B-cells, T-cells, natural killer (NK)-cells, and innate lymphoid cells (ILC). The
process of B-cell development begins with the CLP-derived B-cell progenitor (BCP) and
includes the rearrangements of B-cell receptor genes encoding the immunoglobulin chains.
BCPs differentiate via the pro-B-cell and pre-B-cell stages into naive B-cells. Early T-cell
progenitors migrate into the thymus to complete their differentiation. In contrast, for the
final differentiation steps to memory B-cells and plasma cells via the stage of germinal
center (GC) B-cells, naive B-cells migrate into lymph nodes, the spleen, and other lym-
phoid tissues. In these compartments, additional molecular alterations occur, such as the
somatic hypermutation and class switching of the B-cell receptor genes. These alterations
are operated at the DNA level and prone to generate oncogenic gene rearrangements
and mutations.

The main steps of lymphopoiesis including B-cell development are controlled at the
transcriptional level [2,3]. Accordingly, several transcription factors (TFs), such as BCL6,
EBF1, MYB, PAX5, PRDM1, SPIB, and TCF3 are members of a B-cell specific regulatory
network, which orchestrates basic differentiation processes [4-7]. TCE3 plays a prominent
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role for the development of all types of lymphocytes, while EBF1 and PAX5 are basic
factors of the B-cell lineage [3,8]. BCL6 and PRDM1 inhibit each other and are involved in
differentiation processes taking place in the GC [9]. Provoked by aberrant chromosomal
rearrangements or gene mutations, deregulations of these developmental TFs are reported
to contribute to the generation of B-cell malignancies [10,11]. Therefore, the knowledge
of physiological activities of developmental TFs supports the understanding of both the
normal and abnormal processes in B-cell differentiation.

2. Classification of Homeobox Genes

Homeobox genes encode TFs, which mainly control development and cell/tissue
differentiation [12]. They represent the second strongest group of TFs in humans [13]. Their
conserved homeobox encodes the homeodomain, which forms a 3D-structure classified as
helix—turn-helix. The homeodomain is about 60 amino acid residues long and consists of
three helices. Helix 3 shows the strongest sequence conformance, fits into the major groove
of the DNA, and performs sequence-specific interactions [14]. Accordingly, helix 3 has
been termed as a recognition helix. Moreover, the homeodomain mediates contacts with
chromatin and cofactors, thus representing the operating basis of these TFs [12].

With regards to the similarities in their homeobox sequences, these genes are arranged
in classes and subclasses. Overall, eleven classes have been recognized, comprising ANTP,
CERS, CUT, HNF, LIM, POU, PRD, PROS, SINE, TALE, and ZF [15]. The largest classes
are antennapedia (ANTP) and paired (PRD). The ANTP class contains the subclasses
HOX-like (HOXL) and NK-like (NKL). This established scheme reflects the evolutionary
history of these genes, which have been detected in all of the eukaryotes and expanded in
Metazoa [16]. The human genome contains 235 homeobox genes [15]. The process of gene
duplication has generated gene clusters, which subsequently diversified and separated,
but are still present for the HOX genes and to some extent, for the NKL genes [17]. The
human genome contains four HOX gene clusters, called HOXA, HOXB, HOXC, and HOXD,
showing an evolutionary conserved arrangement and colinear activities in the embryonal
development. Furthermore, the human genome contains 48 NKL subclass members. For
instance, NKL homeobox genes TLX3, NKX2-5, and MSX2 are distant neighbors and located
at chromosomal position 535, displaying their evolutionary history as part of an ancient
and more comprehensive NKL gene cluster [15,17].

The basic impact of homeobox genes in developmental processes is evident by nomi-
nating several members as master genes. NKL homeobox gene NKX2-3 has been described
as a fundamental regulator of spleen development. Knockdown of this gene in embryonal
mice results in asplenic animals [18]. Furthermore, NKX2-3 is hematopoietically expressed
in human HSCs and silenced in the following stages of differentiation, indicating functional
roles at the stem cell level [19]. NKX2-5 is involved in the development of both the spleen
and heart [20,21]. Its role in heart development is evolutionary conserved in vertebrates
and insects, highlighting the profound developmental impact of homeobox genes. Finally,
PAXS5 is a member of the PRD class of homeobox genes and controls the differentiation of
B-cells [22]. Loss of PAX5 activity in the hematopoietic compartment disturbs the B-cell
development in mice [23]. Therefore, these master genes regulate fundamental steps in the
differentiation of specific cells, tissues, and organs.

3. Homeobox Gene Signatures: Lymphoid NKL- and TALE-Codes

Homeobox gene codes have been described for the first time for the clustered HOX
genes expressed in the developing fruit fly Drosophila and later in vertebrate embryos [24].
Regarding their genomic arrangement, these genes display a colinear anterio—posterio
expression pattern in the embryonic head region of mice, which has been called HOX-
code [25]. The DLX-code describes a dorso—ventral expression pattern of DLX homeobox
genes in the developing pharyngeal region [26]. Therefore, these gene codes represent the
expression signatures of related homeobox genes for particular tissues or body regions.
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Recently, we have created the NKL-code, which describes the expression of particular
NKL homeobox genes in the course of hematopoiesis, including early stem cell stages,
lymphopoiesis, myelopoiesis, and mature lymphoid and myeloid cells [19,27,28]. This
code encompasses eleven NKL homeobox genes, showing a specific expression pattern in
stem and progenitor cells, as well as mature blood and immune cells [29]. The lymphoid
NKL-code is depicted in Figure 1. With regards to this code, the expression of NKX2-
3 and NANOG is restricted to hematopoietic stem/progenitor cells, while HHEX and
HLX are active in developing and mature lymphocytes. The activity of NKL homeobox
genes is downregulated in the final differentiation stages of T-cells, ILC1, and ILC2. In
B-cell development, HLX is silenced after the stage of B-cell progenitors, while HHEX and
NKX6-3 contribute to the differentiation of memory B-cells and plasma cells, respectively.

Lymphoid NKL-code . R @ , . , @ .
B-cell

HHEX HHEX HHEX
HLX NKX6 3

MSX1 lasm

NRXE-3 pa-ceu NOE3

POMORONE

HHEX

HLX
NKX3-1 cDs8
_’ _’ TLX2 ==
VENTX T-cell

HHEX HHEX HHEX

HLX HLX HLX
NKX2-3 NANOG MSX1
NKX3-1 _., —’ MsX1
. @
HHEX
@ HHEX

Figure 1. The lymphoid NKL-code describes activities of NKL homeobox genes (red) in stages and
cell types of early hematopoiesis and lymphopoiesis, including developing B-cells, T-cells, NK-cells,
and ILCs. NKL homeobox gene HLX is highlighted in blue. BCP: B-cell progenitor; CILP: Common
innate lymphoid cell progenitor; CLP: Common lymphoid progenitor; CMP: Common myeloid
progenitor; DN: Double negative thymocytes; DP: Double positive thymocytes; ETP: Early T-cell
progenitor; GC: Germinal center; HSC: Hematopoietic stem cell; ILC: Innate lymphoid cells; LMPP:
Lymphoid and myeloid primed progenitor; memo: Memory; NKP: NK-cell progenitor; ?: Cell types
with unknown NKL gene activities; —: Cell types with absent NKL gene activities.

TALE genes represent a conspicuous homeobox gene class [12,30]. All of the members
contain a three amino acid loop extension between helix 1 and 2, abbreviated as TALE. This
very ancient group of homeobox genes encodes TFs, which are able to cooperate with other
TALE or with particular HOX proteins to regulate target genes. Regarding the generation
of the NKL-code, we have created the lymphoid TALE-code [31]. This gene signature
includes 11 of the 20 genes of the strong TALE homeobox gene class, expressed in early
hematopoiesis and lymphopoiesis (Figure 2).

Each stage in lymphopoiesis expresses between one (ILC1) and eight (for example,
naive B-cells) TALE homeobox genes. TGF1 is expressed in all of the analyzed cell types,
while PBX1, for example, is restricted to stem and progenitor cells. Thereafter, PBX1 is
silenced in the course of B-cell development [31,32], indicating a suppressive function in
lymphoid maturation.
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Lymphoid TALE-code
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Figure 2. The lymphoid TALE-code describes the activities for TALE homeobox genes (red) in stages
and cell types of early hematopoiesis and lymphopoiesis, including developing B-cells, T-cells, NK-
cells, and ILCs. TALE homeobox gene PBX1 is highlighted in blue. BCP: B-cell progenitor; CILP:
Common innate lymphoid cell progenitor; CLP: Common lymphoid progenitor; CMP: Common
myeloid progenitor; DN: Double negative thymocytes; DP: Double positive thymocytes; ETP: Early
T-cell progenitor; GC: Germinal center; HSC: Hematopoietic stem cell; ILC: Innate lymphoid cells;
LMPP: Lymphoid and myeloid primed progenitor; memo: Memory; NKP: NK-cell progenitor; ?: Cell
types with unknown TALE gene activities.

4. Deregulated Homeobox Genes in Hodgkin Lymphoma
4.1. Hodgkin Lymphoma

Hodgkin lymphoma (HL) is a GC-derived B-cell malignancy, although rare cases with
T-cell origin have been described [33]. With regards to the histological and phenotypi-
cal characteristics, this tumor type is classified into two main groups, classical HL and
nodular lymphocyte predominant HL (NLPHL). Classical HL is further divided into the
subtypes nodular sclerosis, mixed cellularity, lymphocyte-rich, and lymphocyte-depleted.
The typical large tumor cells are called Hodgkin Reed Sternberg (HRS) and lymphocyte
predominant (LP) cells, respectively for the classical HL and NLPHL groups, occurring
rarely in infiltrated lymph nodes. Therefore, most of the cells of the tumor mass represent
reactive lymphocytes, macrophages, dendritic cells, and granulocytes [34].

The specific phenotype and rareness of HRS and LP cells complicate their analysis.
However, established bona fide HL cell lines may serve as suitable models to investigate
their molecular abnormalities [35]. HL has a long and intense background of causal research
revealing several hallmarks, including aberrant receptor-signaling, inhibition of apoptosis, acti-
vated NFkB-pathway, loss of B-cell associated TFs, EBV infection, and immune escape [34,36].
HL is one of the most frequent lymphomas in the Western world. In addition, the current
chemotherapeutic and radiation protocols have substantially improved the prognosis [34].
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In HL, several deregulated homeobox genes have been reported, belonging to different
classes/subclasses: ANTP/HOXL (HOXB9, MNX1/HLXB9), ANTP/NKL (DLX1, EMX2,
HLX, NKX2-2, NKX3-2, TLX2), POU (POU2AF1/BOB1, POU2F2/0CT2), PRD (HOPX,
PAX5, MIXL1, OTX1, OTX2), SINE (SIX1), TALE (IRX3, IRX4, MEIS1, MEIS3, PBX1, PBX4,
TGIF1), and ZF (ZHX2) [29,31,37-46]. Downregulation of B-cell associated homeobox
gene activities has been described for PAX5, POU2AF1/BOB1, POU2F2/0CT2, and ZHX2,
basically contributing to the generation of this malignancy by disturbed B-cell differentia-
tion [41,46]. The remaining deregulated homeobox genes are aberrantly overexpressed or
ectopically activated. Recently, we have systematically analyzed the groups of NKL and
TALE homeobox genes in hematopoiesis and revealed aberrant activities of two members
in HL, which are detailed in the following section [30,36].

4.2. Deregulated NKL Homeobox Gene HLX in HL

A systematic screening for deregulated NKL homeobox genes in HL revealed six mem-
bers [27]. A subsequent comparison of lymphoid NKL-code members with HL patient data
demonstrated aberrant overexpression of HLX in about 8% of patients [37]. HL cell line
L-540 showed conspicuously high HLX expression levels and served as a model to investi-
gate the upstream and downstream factors. Expression profiling analysis, knockdown and
inhibitor experiments, reporter gene assays, in addition to chromatin immunoprecipitation
data showed that STAT3 directly activates HLX in L-540. Furthermore, analyses of the
subcellular localization of STAT3 indicated that deacetylation of STAT3 protein supports
nuclear translocation and the subsequent activation of HLX expression [37]. Consistently,
Kube et al. have reported that STAT3 represents an aberrantly activated TF in HL [47].
Analyses of HLX target genes revealed the inhibition of differentiation factors BCL11A,
MSX1 and SPIB, and of pro-apoptotic factor BCL2L11 [37]. Therefore, HLX impacts the
HL hallmark processes B-cell differentiation and apoptosis. The deregulated activity and
oncogenic function of HLX in HL cells is summarized in Figure 3.

The activator role of STAT3 for HLX expression has also been shown in the pathological
contexts of anaplastic large cell lymphoma (ALCL) and EBV-positive diffuse large B-cell
lymphoma (DLBCL). In ALCL, STAT3 is overexpressed, mutated, and aberrantly activated,
representing a hallmark oncogene for this disease [48,49]. Using ALCL cell lines as models,
we have demonstrated that STAT3 in addition to STAT3-activators and STAT3-target genes
including HLX are overexpressed and targeted by copy number gains. Moreover, the
oncogenic fusion protein NPM1-ALK activates STAT3, which can in turn drive HLX
expression in ALCL cell lines [50].

Infection with Epstein-Barr virus (EBV) plays a pathognomonic role in B-cell lym-
phomas, including HL and DLBCL [51]. EBV-encoded proteins deregulate the activity
of several signaling pathways, including JAK-STAT [52-54]. Accordingly, isolated EBV-
positive and EBV-negative cell populations of DLBCL cell line DOHH-2 were used to
demonstrate that EBV-factors LMP1 and LMP2A mediate STAT3 activation, which can in
turn drive HLX expression in this malignancy [55]. Therefore, aberrant HLX activation by
STATS3 is a general oncogenic transaction, playing a role in HL, ALCL, and DLBCL.
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BCL11A, MSX1’

SPIB, BCL2L11

Figure 3. This diagram shows the regulation and function of aberrantly expressed NKL homeobox
gene HLX. STAT3 is activated by interleukin (IL)-receptor-signaling or EBV-infection resulting in
phosphorylation (P). The subcellular localization of STAT3 is regulated by acetylation (ac). EP300
mediates acetylation, while SIRT1 and overexpressed histone deacetylases (HDACs, red) perform
deacetylation. Phosphorylated and deacetylated STAT3 translocate into the nucleus (dashed arrow)
to activate its target gene HLX. HLX can in turn operate as a repressor to inhibit the target genes
BCL11A, MSX1, SPIB, and BCL2L11 (green).

4.3. Deregulated TALE Homeobox Gene PBX1 in HL

Screening for deregulated TALE homeobox genes in HL patients revealed seven
class members, including PBX1 [31]. The HL cell line SUP-HD1 expressed elevated PBX1
levels and served as a model to analyze upstream and downstream factors of this TALE
homeobox gene. Genomic analysis demonstrated a copy number gain for PBX1 at 123 in
SUP-HD1, which may underlie its upregulation. Target gene analysis revealed that PBX1
activated the differentiation factor NFIB and NKL homeobox gene TLX2. Of note, aberrant
overexpression of NFIB in addition to NFIA, NFIC, and NFIX may indicate that this family
of developmental TFs plays a substantial role in the pathogenesis of HL [31].

TALE homeodomain factors are described to interact with homeodomain factors of the
TALE class or of the HOXL subclass [56]. This feature may represent a very ancient function
of TALE factors [30]. Recently, we have found by a combination of PCR-screens the use
of degenerate oligonucleotides and expression profiling analysis overexpression of HOXL
subclass member HOXB9 in HL cell lines. HOXB9 is normally silent in hematopoietic cells,
indicating ectopic activation. Therefore, once again, a copy number gain may underlie
elevated HOXB9 expression in HL [39]. Additional analyses of the identified PBX1-target
genes demonstrated that TLX2 is coregulated by PBX1 and HOXB9, while NFIB and
TNFRSF9 are regulated by PBX1 or HOXBY, respectively. Deregulation of NFIB and
TLX2 may impact B-cell differentiation, while TNFRSF9 has been implicated in immune
escape [31,57,58]. Furthermore, TLX2 was shown to inhibit apoptosis via TBX15 and
BCL2L11 (Figure 4). Therefore, PBX1 and HOXB9 support several oncogenic hallmark
processes in HL.

156



Hemato 2022, 3

dup(1923) dup(17qg21)

PBX1 HOXB9

LN

NFIB  TLX2 TNFRSF9
TBX15
il | ek |
BCL2L11

B-cell development ” Apoptosis " Immune escape |

Figure 4. This diagram shows the activation and function of aberrantly expressed TALE homeobox
gene PBX1 and HOXL homeobox gene HOXBY in HL. Both genes are targeted by genomic copy
number gains. PBX1 activates NFIB and TLX2, while HOXB9 activates TLX2 and TNFRSF9. NFIB
and TLX2 mediate the inhibition of B-cell development, and TLX2 inhibits apoptosis via TBX15 and
BCL2L11. TNFRSF9 supports aberrant immune escape via NFkB-signaling.

5. Conclusions

In conclusion, homeobox genes encode basic TFs with oncogenic functions, in the
case that they are deregulated. Homeobox gene codes serve to describe the physiological
differentiation processes and to identify and evaluate aberrant homeobox gene activi-
ties in coresponding tumor entities. Deregulated NKL- and TALE-code members HLX
and PBX1 play important pathogenic roles in HL, and may thus have diagnostic and/or
therapeutic potentials.
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Abstract: Burkitt lymphoma (BL) is a rare non-Hodgkin lymphoma first described in 1958 by Denis
Burkitt in African children. BL occurs as three types, endemic, which occurs in Africa and is causally
attributed to Epstein-Barr virus and P. falciparum infections; sporadic, which occurs in temperate areas,
but the cause is obscure; and immunodeficiency-type, which is associated with immunosuppression.
All BL cases carry IG::MYC chromosomal translocations, which are necessary but insufficient to cause
BL. We report a comprehensive study of the geographic, sex, and age-specific patterns of BL among
15,122 cases from Cancer Incidence in Five Continents Volume XI for 2008-2012 and the African
Cancer Registry Network for 2018. Age-standardized BL rates were high (>4 cases per million people)
in Uganda in Africa, and Switzerland and Estonia in Europe. Rates were intermediate (2-3.9) in
the remaining countries in Europe, North America, and Oceania, and low (<2) in Asia. Rates in
India were 1/20th those in Uganda. BL rates varied within and between regions, without showing a
threshold to define BL as endemic or sporadic. BL rates were twice as high among males as females
and showed a bimodal age pattern with pediatric and elderly peaks in all regions. Multi-regional
transdisciplinary research is needed to elucidate the epidemiological patterns of BL.

Keywords: Burkitt lymphoma; epidemiology; Plasmodium falciparum; Epstein Barr virus; registry
studies; multimodal cancer; non-Hodgkin lymphoma; HIV /AIDS

1. Introduction

Burkitt lymphoma (BL) is an aggressive B-cell non-Hodgkin lymphoma of germinal
center B cells [1], first described as a jaw sarcoma in Ugandan children by Denis Burkitt
in 1958 [2]. The pathology of BL was defined as a diffuse infiltration of medium-sized
lymphoid cells, with pale staining macrophages giving a “starry-sky” appearance under the
microscope [3,4]. This pathology definition enabled the epidemiology and clinical behavior
of BL cases to be studied worldwide [5-8], at different anatomic sites [4,9,10], and from
periods predating Burkitt’s report [11]. The World Health Organization (WHO) introduced
the eponym “Burkitt tumor” to standardize the classification of BL cases worldwide and to
recognize Burkitt’s seminal contribution [12].

The early study of BL revealed a comparatively high incidence of BL cases in warm,
wet, low-lying areas, particularly in Africa, and a low incidence of BL cases in temperate
or arid areas [13]. This simple distribution was used to classify BL cases as endemic or
sporadic, and provided a useful insight about possible causal factors, notably that BL was
caused by a virus [14,15] or parasite, such as malaria, vectored by insects in Africa [16].
Discovery of Epstein-Barr virus (EBV), by electron microscopy in tumor samples obtained
from an African child [17], appeared to confirm the virus hypothesis. EBV DNA was
detected in ~95% of endemic BL cases, consistent with this hypothesis. However, EBV DNA
was detected in only 10-20% of sporadic BL cases, suggesting that EBV was not necessary
for development of BL. EBV also did not satisfy the “insect-vector transmission mode” of the
hypothesis because it was transmitted by saliva [18,19] and was equally prevalent in areas
with endemic and sporadic BL. The insect-vector hypothesis was satisfied by holoendemic
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Plasmodium falciparum, which is transmitted by female Anopheline mosquitoes and is co-
endemic with BL [20,21]. Thus, the hypothesis was modified to suggest that interactions
between EBV and P. falciparum infection promote BL risk, with P. falciparum promoting
B-cell proliferation through chronic stimulation of the reticulo-endothelial system [21]
and increasing EBV burden [22]. The hypothesis that EBV and P. falciparum cooperate in
BL development is one of the earliest examples of polymicrobial etiology of cancer [23].
Subsequently, the identification of BL in previously healthy young homosexual men in the
US in the early 1980s [24] led to recognition of the acquired immunodeficiency syndrome
(AIDS) [25] and focused attention on immunosuppression as a co-factor in BL etiology. For
a short time, BL was used as a sentinel condition in the surveillance of AIDS as one of the
AIDS-defining cancers [26].

Molecular studies showing consistent detection of IG::MYC translocations [27,28] con-
firmed common pathology of BL reported in diverse settings. The translocation is believed
to be an early, possibly initiating event, in all forms of BL. Clinical studies, demonstrating
similar responses to chemotherapy for endemic cases in Africa [29-31] and sporadic cases
in the US and elsewhere [32,33], reinforced the notion that BL cases diagnosed in different
settings shared common pathology. Research on BL marks a watershed moment in cancer
research, which gave birth to new specialties, including discovery of tumor viruses, elucida-
tion of biology, re-focusing research on chemotherapy to combination regimens with intent
to cure cancer, and increased interest in global oncology [34]. The excitement triggered by
BL prompted Joseph Burchenal to declare in 1966 [35] that geographic studies of BL would
reveal new principles in cancer research. These new principles include six human tumor
viruses that have been discovered [36] and now are linked to ~1 million cancers worldwide
(about one-sixth of the cancer burden) [37] that are prime targets for cancer prevention.

However, our understanding of the worldwide epidemiology of BL is incomplete
because current research of BL does not have a global coverage [15,38]. Our understanding
is also limited by the pathology definition established six decades ago, which did not codify
a gold standard [39,40]. For example, the pathology definition recognized variant pathology
features, such as differences in cell size, shape, degree of differentiation, amount of stroma
and number of histocytes. BL cases with variant pathology have been described as atypical
BL or Burkitt-like [41], and were classified and coded with BL until 2008 [42,43]. Thus, it
is difficult to compare BL data from single countries [44—48] or in limited geographical
regions [15,49-53] because the variant BL cases may be treated differently and the results are
difficult to generalize. For example, the incidence rate of BL in the US increased steeply (~7%
per year) between 1973 and 2005 and exhibited pediatric, adult, and elderly age-specific
peaks [46,47]. While the adult patterns could be attributed to the underlying HIV epidemic
in the US [47], this explanation was difficult to reconcile with the lack of corresponding
increases in BL in Africa, one of the regions with many cases of AIDS [54], or in India and
China, which also have a substantial burden of HIV [55-57]. An attempt to resolve this
issue by analyzing BL data for cases diagnosed in four continents between 1963-2002 [58]
confirmed the temporal patterns of BL and the multiple age-specific peaks but not the
correlation between BL and regional HIV prevalence. Data in this study were sparse or not
available for sub-Saharan Africa, North Africa, the Middle East, and the Caribbean.

We conducted an epidemiological analysis of 15, 122 BL cases diagnosed worldwide
using data reported to the International Agency for Research on Cancer (IARC) Cancer
Incidence in Five Continents Volume XI (CI5(XI)) for 2008-2012 [59] and estimated by the
African Cancer Registry Network (AFRCN) for 2018 [50].
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2. Materials and Methods

The CI5(XI) data [59] were compiled from cancer registries in 65 countries (details in
Supplementary Table S1). The cancer coverage was sub-national in most countries, except
for nineteen that have national coverage (36 countries had a single registry and twenty-
nine had multiple registries). The CI5(XI) report represents about 15% of the worldwide
population. The lowest coverage is in Africa (1%), Central and South America (8%), and
Asia (7%), while near half or higher are in Europe (46%), Oceania (77%), and the highest in
North America (98%).

Cancer data were available for the 5-year period 2008-2012 in most countries, but only
for shorter periods (four or three years, Supplementary Table S1) in a few. BL was defined
as cases with International Classification of Diseases, 10th edition (ICD10) code = C83.7 [60].
BL data were downloaded by registry as case counts and person-years by gender and
5-year age group (Supplementary Table S2). Burkitt cell leukemia (BCL), which is coded
as C91.8 (mature B-cell leukemia, Burkitt type) was not coded with BL in CI5(XI). Data
are presented by country. Data from multiple registries in a country were aggregated to
calculate country-specific estimates. US data were available for white and black people as
well as overall. To minimize the impact of sparse data on the rates, we restricted analyses to
countries with a minimum of total cases. Specifically, 30 total cases for geographic analyses
of overall rates (38 countries), 60 total cases for sex-specific analyses (28 countries), and
100 total cases for age-specific analyses (18 countries), referred to as the 30/60/100 criteria.
Because cancer data cover only 1% of people in Africa, we supplemented the African
data with estimates published by AFRCN for 2018 [60]. AFRCN estimated BL rates by
calculating the proportions of NHL (ICD10 codes C82-86, C96) in GLOBOCAN 2018 within
5 broad sex-specific age groups that were attributed to BL [50]. The calculated proportions
were applied to the estimated number of NHL cases (by sex and age) in GLOBOCAN 2018
for the African countries (Supplementary Table S3). Countries that have no registries were
included by using the mean of the proportions (within age-sex groups) from the nearest
neighboring countries with cancer registries. We filtered these data using 30/60/100 total
case criteria to include data for 27 countries for the geographic patterns, 16 countries for
sex-specific patterns, and 10 countries for age-specific patterns (Supplementary Table S3).

2.1. Age-Standardized Incidence Rates

Age-standardized incidence rates (ASR) of BL per million person-years were calculated
by country using the CI5(XI) data, adjusted to the World Standard Population of Segi and
Doll [61]. The available AFRCN data were age-adjusted using the same standard. The
overall BL ASRs were plotted on the world map to discern geographic patterns. The sex-
specific rates were plotted on horizontal bar charts, sorted in descending order by the rates
among males by region and within region to discern regional patterns. Male-to-female
incidence rate ratios were calculated and tabulated.

2.2. Age-Specific Incidence Rates

Age-adjusted age-specific BL rates were calculated for 5 age groups (0-14, 15-34, 35-54,
55-74,75+). Our goal was to confirm or refute the multimodal patterns hypothesized based
on previous reports in the US [46,47,62] and data from four continents but not Africa [58].
Rates based on >10 cases were plotted on a log scale on the y-axis and age intervals on
the x-axis on a linear interval scale (Supplementary Table S4). We compared age-specific
incidence rate ratios (IRRs) for BL in different countries versus rates among US white
people, which we selected as the referent because it was the largest group in the dataset.
The IRR results were plotted as horizontal bar charts to discern patterns.
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3. Results
3.1. Worldwide Geographic Patterns of BL

We downloaded data for 11,743 BL cases from the CI5(XI) report during 20082012
(Supplementary Table S2) and retained for geographic analysis 11,446 BL cases from 38 coun-
tries with >30 total BL cases (1 in Africa, 5 in Central or South America, the US and Canada
in North America, 9 in Asia, 19 in Europe, and 2 in Oceania). Five countries accounted for
67.9% of BL cases (Table 1): US (47.2%) in North America; United Kingdom (8.3%), and
Germany (5.9%) in Europe; South Korea (3.3%) in Asia, and Australia in Oceania (3.2%).

Table 1. Burkitt lymphoma incidence by region and country for both sexes combined, sorted by rate
within region, based on data from Cancer Incidence in Five Continents Volume XI [CI5(XI)] 2008-2012
and the African Cancer Registry Network (AFRCN) 2018.

Region Country ! Total Cases 2 Total Rate 3 Incidence Rate Ratio *
International CI5(XI) data for 2008-2012:

Africa

Uganda 124 9.28 291
Central/South
America
Colombia 60 3.19 1.00
Puerto Rico 60 3.13 0.98
Uruguay 48 2.82 0.88
Brazil 41 223 0.70
Ecuador 33 1.15 0.36
North America
US white people (referent) 4482 3.19 1.00
United States (US) 5405 3.09 0.97
US black people 611 2.68 0.84
Canada 194 147 0.46
Asia

Israel 143 3.77 1.18
Saudi Arabia: Saudi 54 2.41 0.76
Turkey 115 2.30 0.72
Republic of Korea 376 1.72 0.54
Japan 276 1.55 0.49
Jordan: Jordanians 39 1.17 0.37
Thailand 44 0.88 0.28
India 128 0.59 0.18
China 120 0.45 0.14

Europe
Estonia 35 5.67 1.78
Switzerland 96 4.12 1.29
Belgium 199 3.72 1.16
Norway 90 3.49 1.10
Spain 153 3.34 1.05
Ttaly 347 3.23 1.01
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Table 1. Cont.

Region Country ! Total Cases 2 Total Rate 3 Incidence Rate Ratio *
The Netherlands 265 3.16 0.99
France 172 3.13 0.98
Lithuania 37 3.00 0.94
Denmark 77 2.92 0.91
United Kingdom 950 2.68 0.84
Ireland 67 2.64 0.83
Austria 99 244 0.77
Germany 676 243 0.76
Czech Republic 91 1.97 0.62
Belarus 70 1.96 0.61
Ukraine 252 1.52 0.48
Poland 37 0.88 0.27
Russian Federation 30 0.72 0.22
Oceania
New Zealand 80 321 1.01
Australia 363 3.12 0.98
African AFRCN data for 2018:
Eastern Africa
Malawi 521 19.3 6.05
Uganda 307 48 1.50
Zambia 105 4.2 1.32
Rwanda 42 3.5 1.10
Burundi 37 34 1.07
South Sudan 39 2.5 0.78
Tanzania 171 2.2 0.69
Madagascar 71 2.1 0.66
Kenya 102 1.7 0.53
Mozambique 72 1.7 0.53
Ethiopia 56 0.4 0.13
Middle Africa
Cameroon 251 8.0 2.51
Congo, Democ.ratic People 261 29 091
Republic of
Angola 86 2.1 0.66
Chad 38 1.7 0.53
Northern Africa
Sudan 90 2.0 0.63
Egypt 178 1.7 0.53
Morocco 55 1.7 0.53
Algeria 37 0.9 0.28
Southern Africa
South Africa 94 1.6 0.50
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Table 1. Cont.

Region Country ! Total Cases 2 Total Rate 3 Incidence Rate Ratio *
Western Africa

Cote d'Ivoire 138 4.6 1.44

Nigeria 647 2.8 0.88

Ghana 86 2.4 0.75

Senegal 48 2.4 0.75

Burkina Faso 58 2.2 0.69

Mali 41 14 0.44

Niger 45 1.2 0.38

! In the CI5(XI) data, Uganda and Saudi Arabia each had 1 sub-national registry, Colombia and the Russian
Federation had 4, Ecuador and Poland had 5, Brazil had 6, Thailand had 7, Turkey had 8, Japan, Switzerland, and
Germany had 9, Canada had 12, Spain had 14, France had 15, India had 16, China and Italy had 36. 2 Includes
countries with at least 30 total cases. 3 Rates per million person-years, age-adjusted using the 1960 Segi world
standard. # Incidence rate ratio compared to rates of US white people.

Figure 1a and Table 1 show the geographic distribution of BL worldwide. Using CI5(XI)
data, we observed a 20-fold range between Uganda (the country with the highest BL ASR)
and China (the country with the lowest BL rate). In addition, BL rates varied 2-8-fold
within and between regions. To simplify reporting, the rates were categorized descriptively
and arbitrarily as “high”, defined as >4 cases per million person-years, “intermediate”,
defined as 2-3.9 cases per million, and “low”, defined as <2 cases per million. All regions
included countries with high, intermediate, or low BL rates. In CI5(XI) data, BL rates
were high in Uganda (9.28 per million), Switzerland, and Estonia, with 4.12 and 5.67 cases
per million, respectively. BL rates were intermediate in the US in North America and in
Central /South America; in Israel, Saudi Arabia, and Turkey in Asia; and in most countries
in Europe. BL rates were low in most countries in Asia and the Czech Republic, Belarus,
Ukraine, Poland, and the Russian Federation in Europe. Worldwide, BL rates were lowest
in China (0.45) and India (0.59). The BL incidence rate ratio (IRR), relative to the rate among
white people in the US, was about three for Uganda and less than 0.2 for China and India.

The AFRCN dataset included 3899 estimated BL cases in 54 African countries in 2018
(Supplementary Table S3) and 3676 BL cases from 27 countries with >30 cases (Table 1,
Figure 1, inset map for Africa). Five countries accounted for 54.0% of the cases: Nige-
ria (17.6%), Malawi (14.2%), Uganda (8.4%), Democratic Republic of Congo (7.1%), and
Cameroon (6.8%). While the CI5(XI) data from Uganda only appeared to suggest a thresh-
old in the BL rates that could be used to classify cases in Africa (based on Uganda only) as
endemic and those diagnosed elsewhere as sporadic BL, this apparent threshold was an
artifact of sparse data. No threshold was evident when we used the AFRCN data, which
showed a mosaic pattern with various countries in Africa having high, intermediate, or
low BL rates. The highest and lowest BL rates were in East Africa where the Malawi rate of
19.3 was 48 times that of 0.4 in Ethiopia. BL rates were high (>4) in five countries (Malawi,
Cameroon, Uganda, Cote d'Ivoire, and Zambia) in low-lying regions in the Congo-Nile
basin [15]. This pattern also corresponds to regions that are most prone to P. falciparum
transmission (Figure 1b). BL rates were intermediate (2.0-3.9) in Eastern Africa in Rwanda,
Burundi, South Sudan, Tanzania, and Madagascar; in Middle Africa in the Democratic
Republic of Congo and Angola; in Western Africa in Nigeria, Ghana, Senegal, and Burk-
ina Faso; and in Northern Africa in Sudan. BL rates were low (<2.0) in Eastern Africa
in Kenya, Mozambique, and Ethiopia; in Middle Africa in Chad; in Northern Africa in
Egypt, Morocco, and Algeria; in Western Africa in Niger and Mali; and in South Africa in
Southern Africa.
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Figure 1. (a) Age-standardized Burkitt lymphoma rates per million person-years (world standard) for
males and females combined in 38 countries with at least 30 cases during 2008-2012, using data from
CI5(XI). Inset shows data for Africa in 27 countries with at least 30 cases during 2018 from the AFRCN.
(b) World map showing P. falciparum temperature suitability index for P. falciparum transmission 2010
(data from the Malaria Atlas Project: https://malariaatlas.org/explorer/#/; accessed on 9 June 2022).

= b. P falciparum temperature suitability index

Table 2 and Figure 2a,b show the sex-specific BL rates in the CI5(XI) and AFRCN data
for countries with at least 60 total cases. BL rates were higher in males than females in
all countries. The male-to-female ratio exceeded 2.00 in most countries and 4.00 in seven
countries. By far, BL rates were highest among males and females in Uganda and Malawi,
followed by Cameroon. The lowest rates among both males and females (<1.0) were in
India and China. The sex-specific rates showed within and between regional variation.

Table 2. Burkitt lymphoma incidence by region and country by sex, sorted by male rate within region,
based on data from Cancer Incidence in Five Continents Volume XI [CI5(XI)] 2008-2012 and the
African Cancer Registry Network (AFRCN) 2018.

MALES FEMALES
Region Country ! Cases?  Rate®  Cases?  Rate? Male-to-Female Rate Ratio 4
International CI5(XI) data for 2008-2012:
Africa
Uganda 71 11.74 53 7.05 1.67
Central/South America
Puerto Rico 49 532 11 1.03 5.14
Colombia 47 5.10 13 1.38 3.71

167



Hemato 2022, 3

Table 2. Cont.

MALES FEMALES
Region Country ! Cases?  Rate®  Cases?  Rate3 Male-to-Female Rate Ratio *
North America
US white people 3344 494 1138 1.45 3.41
United States (US) 3997 4.75 1408 1.46 3.25
US black people 433 4.04 178 1.45 2.79
Canada 151 2.35 43 0.58 4.02
Asia

Israel 99 5.36 44 2.17 247
Turkey 87 342 28 1.12 3.07
Republic of Korea 289 2.71 87 0.70 3.86
Japan 205 2.54 71 0.57 4.45
India 80 0.70 48 0.47 1.47
China 77 0.55 43 0.34 1.63

Europe
Switzerland 71 6.63 25 1.54 431
Norway 69 5.53 21 1.37 4.03
Belgium 129 5.16 70 2.26 2.28
The Netherlands 202 5.02 63 1.25 4.02
Italy 255 5.02 92 1.38 3.65
Spain 108 4.89 45 1.72 2.84
France 122 4.70 50 1.56 3.02
Denmark 57 4.56 20 1.23 3.72
United Kingdom 695 4.12 255 1.25 3.30
Austria 76 4.10 23 0.75 547
Ireland 48 3.98 19 1.29 3.09
Germany 485 3.75 191 1.09 343
Czech Republic 66 3.06 25 0.84 3.65
Belarus 47 3.00 23 0.87 3.47
Ukraine 166 222 86 0.78 2.84

Oceania
New Zealand 60 494 20 1.52 3.25
Australia 279 4.90 84 1.33 3.70

African AFRCN data for 2018:
Eastern Africa

Malawi 405 29.7 116 8.7 341
Zambia 84 6.6 21 1.7 3.88
Uganda 201 5.9 106 37 1.59
Tanzania 114 2.8 57 1.5 1.87
Madagascar 39 2.3 32 19 121
Kenya 67 2.2 35 1.2 1.83
Mozambique 36 1.7 36 1.7 1.00
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Table 2. Cont.

MALES FEMALES
Region Country ! Cases?  Rate®  Cases?  Rate3 Male-to-Female Rate Ratio
Middle Africa
Cameroon 159 10.4 92 5.6 1.86
bt s m s
Angola 68 32 18 0.9 3.56
Northern Africa
Sudan 63 27 27 1.3 2.08
Egypt 137 25 41 038 3.13
Southern Africa
South Africa 52 1.9 42 1.4 1.36
Western Africa
Cote d'Ivoire 76 52 62 3.9 1.33
Ghana 68 37 18 1.0 3.70
Nigeria 379 3.0 268 2.5 1.20

1 In the CI5(XI) data, Uganda had 1 sub-national registry, Colombia had 4, Turkey had 8, Japan, Switzerland, and
Germany had 9, Canada had 12, Spain had 14, France had 15, India had 16, China and Italy had 36. 2 Includes
countries with at least 60 total cases. > Rates per million person-years, age-adjusted using the 1960 Segi world
standard. ¢ Incidence Rate Ratio, Male Rate relative to Female Rate.
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Figure 2. Age-standardized Burkitt lymphoma rates per million person-years (world) for males and
females for countries with at least 60 cases total: (a) for 28 countries included in CI5(XI) and (b) for
16 countries included in the AFRCN data. The x-axis scale for Malawi is broken to accommodate the
higher male BL rate in that country.
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The proportion of BL cases aged 0-14 years was ~13% in the US, ~50% in Israel
and Turkey, ~62% of cases in the Democratic Republic of Congo, 75% in Uganda, and
100% in Malawi and Zambia (Supplementary Table S4). BL incidence exhibited a bimodal
pattern, with an early peak in the pediatric (0-14 years) age group and a second peak in the
adult/elderly (55+) age groups (Figure 3). BL rates were lower for ages 15-54 years than
the pediatric and elderly rates, representing the trough of a U-shape age-specific incidence
curve. This shape of the age-specific BL rates was observed in all regions, except among
US white people, US black people, and Australia where rates among adults were higher
than the pediatric rates but lower than the elderly rates. The BL rates in one age group
were correlated with rates in the other age groups, suggesting that when BL rates were
intermediate in one age group, they were intermediate in the other age groups as well.
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Figure 3. Burkitt lymphoma incidence rates for five age groups for countries with >100 total cases:
Rates for 18 countries in five continents are based on CI5(XI) data for 2008-2012, and rates for Africa
are supplemented with data reported to the AFRCN for 2018 by region and separately for six countries
with cases in both 0-14 and 15-34 age groups. Rates based on <10 cases are not shown. Horizontal
lines for BL rates = 2 and 4 cases per million divide the graph space into three areas corresponding to
low, intermediate, and high BL rates (see results).

While country-specific data were sparse at ages >35 years, making it difficult to
discern patterns at older ages for most African countries, bimodal patterns were observed
in data aggregated by region. The exception was South Africa whose pattern resembled
that in US white and black people, Australia, and the UK.
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3.2. Age-Specific Incidence Rates Relative to BL Rates in US White Individuals

Figure 4 shows geographic variation in age-specific IRR as compared to US white peo-
ple rates as the referent group (Supplementary Table S4). Among children aged 0-14 years,
the IRRs ranged between 2.0-3.0 in Israel, Belgium, Italy, Spain, and France, and exceeded
8.0 in Uganda, in contrast to IRRs <0.5 in India and China. Among adults aged >55 years,
IRRs were <0.5 in Canada, Korea, and Italy, and <0.2 in India, China, and Ukraine. Among
those aged >75, IRRs were close to 1.0 only in Israel, Belgium, and the United Kingdom.
Among US black individuals, all the IRRs were <0.85 except 35-54 where it was 1.2. Rates
among US white adults aged 35 and older were the highest among all groups except US
black people aged 35-54, those aged 75+ in Belgium, and those aged 55-74 in the Demo-
cratic Republic of Congo. Among the 10 countries in Africa, the IRRs for those aged 0-14
ranged from 1.6 to 2.0 in four countries, from 2.1 to 5.6 in four countries, to 8.5 in Cameroon
and 24.6 in Malawi.
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Figure 4. Age-specific Incidence Rate Ratios (IRR) of Burkitt lymphoma with the rate for US white
individuals as the reference group. IRRs are plotted as horizontal bars along on the x-axis and the
age groups on the y-axis. The first three rows are IRR using CI5(XI) data, while the bottom two rows
use AFRCN data.

4. Discussion

Our report presents the most complete descriptive analysis of population profiles
of BL, based on 15,122 BL cases diagnosed in 64 counties in five continents, including
26 from Africa. The results reveal three key insights. First, that there is no quantitative
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threshold for classifying all BL cases from Africa as endemic and all cases from elsewhere
as sporadic. Rather, the geographic patterns describe a mosaic pattern with countries
with high, intermediate, and low BL rates scattered in all continents, except in Asia, and
North, South and Central America where none of the countries reached the threshold for
high BL rate. This pattern suggests that there might be multiple risk factors that influence
the within- and between-regional variation of BL rates. Because BL has a multi-factorial
etiology, including EBV [63,64], P. falciparum [65], HIV [25], and immune dysregulation,
including from genetic or nutritional factors [66], the mosaic pattern observed here provides
an epidemiological framework, as did the endemic/sporadic classification, for discovery
of etiological factors that vary regionally, leading to pockets of high or deficit BL rates.
Second, we confirm that BL predominates in males, including in countries that reported
only pediatric cases. Finally, we show that BL risk is bimodal in all populations, and the
proportions of pediatric versus adult-type BL vary geographically.

Our finding that BL rates were highest in Eastern (Malawi and Uganda) and Middle
Africa (Cameroon) agrees with historical data [67]. This pattern is attributed to climatic
co-factors favoring P. falciparum transmission [68]. Exposure to holoendemic P. falciparum
for >6 months per annum [69,70] is the strongest geographic co-factor responsible for
this pattern (Figure 1b). BL rates were intermediate or low in countries where climate
is unfavorable to transmission of P. falciparum [69,71]. Thus, the rate in Malawi was
11 times that in Kenya and 48 times that in Ethiopia, which lie at a high elevation (>5000 ft);
11-14 times those in Chad and Mali, which have a dry or arid climate (<20 inches of rainfall
per year); and 11 times that in South Africa with a temperate climate (<16 °C) [70]. However,
our finding that geographic patterns of BL rates vary across countries with apparently
similar climate might be due to contribution of other etiological factors [72]. These factors
could be related to micro-geographical variation in patterns of genetic complexity of
P. falciparum infection (number of different clones capable of causing an infection at the same
time) [73-75] or parasites with distinct genetic profiles or strains [76,77]. Entomological
factors, including type of mosquitoes, biting habits (night or day), host preference, and
niche factors (where mosquitoes live) could also lead to subtle variation in BL rates [78].
Although not usually considered, other infections that are spread by mosquitoes could
contribute [65]. Finally, the role of EBV variants [63,64], nutritional deficiencies, such as
dietary selenium [79] or magnesium [66], are exposures that could modify geographical
patterns of BL.

We confirm that BL from all regions is multimodal. The clearest evidence of multi-
modality was first reported in US data [46,47,58], but the results were not generalizable.
Multimodality is an epidemiological manifestation of biologic heterogeneity [80,81]. Multi-
modal patterns were reported in a small series of HIV-negative BL cases from France that
were diagnosed carefully [62], reducing concern that multimodality is due to diagnostic
misclassification and increasing support for age-related biologic heterogeneity. Recent
molecular studies of BL support the hypothesis of biological heterogeneity with age. A
study of 162 well-diagnosed sporadic BL cases in Germany reported that the proportion
of EBV + BL cases increased with the age at BL diagnosis [82]. Because EBV + BL is char-
acterized by fewer somatic mutations in driver genes, particularly those in the apoptotic
pathway, than EBV—BL [83], this finding suggests that EBV could be a biological marker
of age-related heterogeneity in BL. This idea was also supported by findings that somatic
mutations in ID3, TCF3, CCND3, and SOX11 genes were detected more frequently in
pediatric BL patients than adult cases [82], which agrees with the EBV data discussed above.
Independent support for this idea has been reported in a study of 230 BL cases from Africa,
the US, Germany, and Brazil, which showed distinct somatic mutations in pediatric cases
(ARID1A) versus adult cases (TET2) [84]. A promising area of research is to elucidate the
molecular basis of multimodality of BL in regional and global datasets.

We confirm the male predominance of BL, which was previously based on limited
datasets [46,73,85], with worldwide BL data, including from countries with only pediatric
cases. Sex patterns may suggest a role of reproductive factors or social factors related
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to gender, but these explanations are implausible because this pattern is observed in
all countries with only pediatric or both pediatric and adult cases, and in countries with
different socioeconomic statuses. The simplest explanation may be a role of recessive genetic
factors on sex chromosomes [86]. Thus, females who carry one allele of a predisposing
recessive genetic variant on the X-chromosome could experience lower risk of BL because
the random lyonization of alleles could lead to escape from X-inactivation of the tumor-
suppressor gene (abbreviated as EXITS) [87]. This idea is supported by recent findings of
somatic mutations in DDX3X on the X-chromosome [88] and sex determining region Y-box
transcription factor 11 (SOX11) in BL tumors [82]. However, germline studies are needed
to confirm the population level effects of this hypothesis.

Our findings that BL rates in India and China are 1/20th those in Uganda and 1/6th
the rate in US white people is puzzling given the role of P. falciparum and EBV as risk
factors for BL. Climate is suitable for P. falciparum transmission in India (Figure 1b) [89] and
China, although transmission has recently been eliminated in China [90]. EBV infection is
prevalent in Asia and its epidemiology is similar to that in Africa more than that in the US
or Europe [91,92]. While underdiagnosis and/or underascertainment of BL are possible
explanations for the discrepant low BL rates in Asia, that explanation is inconsistent with the
high rates for nasopharyngeal cancer [93] and extra-nodal NK/T-cell lymphomas [94], both
associated with EBV, in Asia. The low BL rates could be an epidemiological manifestation
indicating that EBV strains circulating in Asia have a lower population attributable risk
for BL than EBV in Africa [63]. EBV phylogenetic data have confirmed that EBV in Asia
is genetically distinct from EBV in Africa [63,95-97]. Moreover, the EBV in US/Europe is
phylogenetically closer to that in Africa [63,96], which is intriguing given that BL rates in
US/Europe intermediate to those in Africa versus Asia. Molecular analysis of EBV variants
in regions with different BL rates could lead to discovery of EBV variants with differential
risk for BL.

Our findings that BL is multimodal raise several questions. First, could it be that adult
cases are missed in those countries where only or mostly pediatric cases were reported? If
so, why are adult cases missed? Second, the observation that compared to US white people,
pediatric BL rates were twice as high in five European countries (Belgium, Netherlands,
France, Italy, and Spain) and in two Asian countries (Israel and Turkey) was unexpected
because both regions are thought to have a comparable risk profile for EBV and P. falciparum.
Similarly, the observation that adult BL rates were lower in most countries than rates among
US white people is puzzling. It is difficult to explain why pediatric and adult BL rates
vary. While it is theoretically possible that differences in case ascertainment, diagnosis,
and registration of BL contribute, it is difficult to imagine how under-ascertainment could
lead to different patterns for pediatric versus adult cases. As we noted in the Methods, BL
might be coded differently. It was identified using ICD10 code C83.7, which is in the non-
Hodgkin lymphoma range. BCL, a mature B-cell leukemia, Burkitt type that is assigned
code C91.8 was, per IARC practice, not included with BL in CI5(XI). The US Surveillance,
Epidemiology, and End Results (SEER) Program, includes the BCL ICD-0-3 morphology
code 9826 with the BL morphology code 9687 to calculate BL rates, which increases US
SEER BL cases by up to 15% [46,88]. Researchers need to be cognizant of these differences
in handling of BL and BCL types when making comparisons in rates between our CI5 data
and those reported using national registries or over time. However, this would not explain
why pediatric versus adult rates would vary geographically as noted above.

The interpretation of BL rates assumes accurate and reliable diagnosis, classification,
and registration [83,98-101]. However, BL data are clouded with uncertainty because a
gold standard has not been established. The WHO has devoted efforts to improving and
standardizing BL diagnosis through successive revisions of the Classification of Hematopoi-
etic and Lymphoid Tissues, but the impact on global BL data is unknown. In 2008 [42],
the WHO recommended that diagnosis of Burkitt-like lymphoma (BLL) be reclassified
to B-cell lymphoma unclassifiable (BCL-U) with features intermediate between BL and
diffuse large B-cell lymphoma (DLBCL). In 2016 [43], the WHO further recommended that
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cases still diagnosed as BLL based on having features like BL but with multiple chromoso-
mal translocations, e.g., MYC/BCL6, or BCL2, be assigned a new name called high-grade
B-cell lymphoma (HGBL) with double-hit or triple-hit lymphoma, or not otherwise spec-
ified (NOS). However, BL cases with features like BL that lacked MYC rearrangement
but with 11q alterations (gain in 11q23.2-23.3 and losses of 11q24.1-ter) were assigned a
new name BLL-11q. These cases, although technically not BL, are still coded along with
BL morphology code 9687 in ICD-O3, highlighting the difficulties that still surround the
definition, the accuracy, and reliability of BL data [43,102-104]. The 5th edition classifi-
cation of haematolymphoid tumors leaves the definition of BL unchanged but stresses
EBV as a marker of discrete biologic groups (EBV-positive versus EBV-negative BL) based
on consistent findings of common molecular features regardless of epidemiologic context
and geographic location. Thus, EBV status should supersede epidemiological subtypes of
endemic, sporadic, and immunodeficiency-associated [105]. While consensus guidelines
should improve the reliability of diagnosis, accuracy is at the mercy of pathologists who
diagnose cases and the quality of their experience, which is likely variable because BL is
rare, and at the mercy of data abstractors and coders who translate technical diagnoses into
classification codes that may be ambiguous [42,106,107]. The quality of these services likely
varies between poorer [108] and richer areas based on better access to adequate tumor
material, appropriate test equipment, reagents, and pathology referral support [41,109-111].
We performed a limited evaluation of NHL data (C82-86, C96) versus BL to assess to what
extent quality of data (underascertainment or incomplete data) contributes versus variation
in risk factors for five countries with most variable BL rates, namely, the US, Uganda, Hong
Kong, China, and India. Focusing on NHL and BL rates in males, where number of BL
cases are reasonably large, we observed that male NHL rates were highest in the US, for
both white and black individuals, then in Uganda and Hong Kong, and then lower in other
parts of China and India. The rates ranged from 1.8 to 7.6 per million in China, with a
median of about 4.0. The rates ranged from 1.2 to 5.3 per million in India, with a median of
about 3.0. The ratio of the BL to the NHL rate was 1.65 for Uganda, 0.34-0.43 in the US, and
0.14 in China and 0.23 in India. These patterns suggested to us that there is considerable
geographic variation in both the BL and NHL rates, with the relative variation greater
for BL than for NHL. We infer from this limited comparison that the differences in case
identification and real differences in risk are playing a role in the observed patterns of BL.
While issues of differences in case identification and registration might be greater in poorer
countries, they may occur in richer countries based on whether patients access health care
through private or single payer systems [112,113].

We believe uncertainty about the validity of BL diagnoses in different regions has re-
duced the enthusiasm to conduct BL research, particularly in poorer countries. Thus, almost
all high-impact research on BL, such as using molecular methods to define BL [98-102],
testing novel treatments [105], and developing? prognostic indices? [114-116] has been
conducted in richer countries. The exclusion of poorer countries from BL research is ironic
given that Denis Burkitt’s epoch-making report was based on cases seen in Africa [12].
Burkitt’s report is one of the most important epidemiological cancer discoveries of the last
century, ranking close to the “two-hit hypothesis” by Alfred Knudson based on analysis
of retinoblastoma data [117] and the hereditary cancer predisposition syndrome by Drs.
Frederick Li and Joseph Fraumeni [118]. Those reports have inspired coordinated multidis-
ciplinary global research [119] establishing retinoblastoma and the LFS as epidemiological
models for discovery of genetic cancer predisposition and biology [120,121]. While the
seminal discoveries in viral oncology, cancer chemotherapy, and characterization of the
tumor lysis syndrome resulting from BL research showed its potential as a disease model
for discovery [122], subsequent research has been less revealing because it is conducted
in limited geographical and disciplinary settings [123], which limits the type of questions
that can be answered. The unanswered questions include a reliable definition of the gold
standard of BL diagnosis, BL subtypes, the multimodal patterns, discovery of EBV variants
and predisposition to BL, development of simpler diagnostic methods, and better therapies.
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Our analysis shows that thousands of BL cases occur globally. These cases confirm the
feasibility of conducting BL research globally to answer questions identified here. One
mechanism could be modeled along the framework of the International Collaboration for
Cancer Classification and Research (IC?R) under the World Health Organization. Interna-
tional research on BL could boost access to BL expertise in poorer countries, enable the
recruitment of diverse BL cases for research to answer outstanding questions and support
development of novel technology, such as liquid biopsy [124] and telepathology [111] to
support BL research and care. International research on BL could deliver on the promise of
BL envisioned six decades ago by Joseph Burchenal.

5. Conclusions

To summarize, we report the first epidemiological analysis of BL diagnosed worldwide.
BL rates were highest in countries in Africa, intermediate in North America, Europe, and
South/Central America, and lowest in Asia. BL rates varied within and between regions.
BL rates in Asia, particularly India and China, were 1/20th of those in Africa. The deficit
of rates in Asia could be due to underascertainment of cases in that region or could be
an epidemiological clue that EBV variants circulating in Asia are associated with lower
virulence for BL. We observed that BL predominates in males in all countries, including
those with only pediatric cases. This pattern may be due to recessive genetic factors on
sex chromosomes that influence the risk for BL. Our results show that BL is multimodal
in all regions, providing epidemiological evidence for biologic heterogeneity of BL cases.
Given the concerns about data quality discussed above, it will be important to repeat
comprehensive epidemiological analyses of worldwide cases at reasonable intervals to
reevaluate and update the patterns as the quality of the underlying data improves over
time. The number of BL cases reported worldwide support the feasibility of conducting
international transdisciplinary collaborative research on BL.
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Abstract: Lymphomas in people living with HIV (PLWH) are associated with Epstein Barr virus (EBV)
and Kaposi-sarcoma-associated herpesvirus (KSHV). They include primary effusion lymphoma, large
B-cell lymphoma arising in multicentric Castleman disease, plasmablastic lymphoma, Burkitt lym-
phoma, diffuse large B-cell lymphoma, and Hodgkin lymphoma (HL). Inclusion of these lymphomas
in the WHO classification of tumors of hematopoietic and lymphoid tissues and the increasing recog-
nition of these disorders have resulted in established clinical management that has led to improved
outcomes. In this review, we report on the current management in lymphomas occurring in PLWH
with an emphasis on KSHV-associated disorders and EBV-related HL. We also report on the simulta-
neous occurrence of KSHV- and EBV-associated disorders and highlight preventive measures that
have been planned for tumor prevention in PLWH. In conclusion, it is recommended that treatment
choice for PLWH affected by lymphoma, and receiving effective combined antiretroviral therapy
(cART), should not be influenced by HIV status. Moreover, there is an urgent need (1) to reduce the
current large disparities in health care between HIV-infected and HIV-uninfected populations, (2) to
disseminate effective treatment, and (3) to implement preventive strategies for PLWH.

Keywords: lymphomas; people living with HIV; management; tumor prevention in people living
with HIV; EBV; KSHV

1. Introduction

Before the development of effective combination antiretroviral therapy (cART), the
relative risk for non-Hodgkin lymphoma (NHL) in people living with HIV (PLWH) was
estimated as 60200 fold compared to the general population [1-3]. Despite the introduction
of cART, the incidence of lymphoma in PLWH is increasing compared to the general
population [4,5].

Lymphomas occurring in PLWH are characterized by advanced stage, extranodal
involvement at presentation, an aggressive clinical course, and are usually associated with
Epstein Barr virus (EBV) and/or Kaposi-sarcoma-associated herpesvirus (KSHV) [4,6,7].
They include those KSHV- and EBV-related entities that are particularly concentrated in this
population at high risk of infection-related cancers, i.e., primary effusion lymphoma (PEL),
large B-cell lymphoma arising in multicentric Castleman disease (MCD), and plasmablastic
lymphoma (PBL) [4,8]. There are probably no tumors that occur uniquely in PLWH,
even if they are much more frequent and cluster highly in this group. Lymphomas that
develop in the absence of HIV infection, i.e., Burkitt lymphoma (BL), diffuse large B-
cell lymphoma (DLBCL), and Hodgkin lymphoma (HL), occur in PLWH with increased
incidence compared to the HIV negative population [8]. Despite the introduction of cART
DLBCL remains a leading malignancy, the incidence of BL, PEL, and PBL remains stable,
while the incidence of HL- and KSHV-associated MCD is increasing [4,5]. Importantly,
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all KSHV-associated lymphoid proliferations have been also detected in HIV-negative
individuals [9]. The increasing recognition of these disorders and their clear inclusion in the
WHO classification [10] have resulted in established clinical management and consensus
treatment protocols that have led to improvement in outcomes.

It is well known that the HIV pandemic remains a critical health problem, even
though modern cART has changed the infection into a chronic manageable disease. Today,
malignant tumors represent an important risk of death in PLWH, justifying and enhancing
the role that hematologists and oncologists have, alongside infectious disease skills, in the
effective management of PLWH with lymphoma and other tumors.

Significant gaps remain between PLWH and the general cancer population, particularly
in cancer care. It is mandatory to close this gap to improve treatment outcomes. Clinical
trials of immunotherapeutic strategies to simultaneously eradicate cancer and persistent
HIV infection are warranted [11].

In this review, we report on the current management of HIV-related hematologic
malignancies with emphasis on KSHV-associated disorders [12] and EBV-related HL [7].
We also highlight preventive measures that have been planned to avoid a second tumor and,
in general, to prevent tumor development, including virus-related and unrelated cancers.

2. Pathologic and Virologic Features

The majority of lymphoid proliferations in PLWH are associated with tumor cell
infection by EBV (DLBCL, 25-100%; BL, 60%; PEL, 80-100%; PBL, 70%; HL, 80-100%). The
minority of lymphoid proliferations in PLWH are associated with infection by KSHV; PEL,
100%; MCD-associated large B-cell lymphoma (LBCL), 100%; and MCD, 100%. Only PEL is
associated with the infection by both herpesviruses [4,6,7].

DLBCL in PLWH display either centroblastic or immunoblastic morphology (Figure 1A)
showing a GC B-cell like profile (CD20+, CD10— or +, BCL6— or +, MUM1/IRF4—, and
CD138—) or the activated B-cell-like profile (CD20+, CD10—, BCL6—, MUM1/IRF4+, CD138+,
and CD38+), respectively. BL in PLWH displays a proliferation of medium-sized tumor
cells, often demonstrating a starry sky appearance (Figure 1B). BL tumor cells express B-cell
germinal center antigens (CD20+, CD10+, BCL6+, and BCL2—) and high proliferative rates
(Ki67+ 100%).

PEL in PLWH express a plasma cell profile (CD138+, CD38+, and MUM1/IRF4, B-cell
markers-, and T-cell markers-). Inmunohistochemical staining for ORF73/LANA1 reveals
KSHYV infection in all cases (Figure 2). PEL tumor cells are also often positive for EBV-
encoded small RNA (EBER). PBL in PLWH consists of tumor cells displaying plasma cell
differentiation (CD138+, CD38+, MUM1/IRF4+), and are often positive for EBV infection.

In classic HL occurring in PLWH, Hodgkin and Reed-Sternberg cells (HRS) express
the typical diagnostic profile (CD15+, CD30+, CD40+, and MUM1/IRF4+). As shown in
Figure 3, HRS cells typically express positivity for EBER and LMP1 (EBV-type II latency).
Table 1 lists lymphoproliferative disorders showing EBV positivity. In contrast with classic
HL, these lymphoproliferative disorders lack typical /diagnostic HRS cells [5].

Images were taken using a Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan) with a
Pan Fluor 40x /0.75 objective and Nikon digital sight DS-Fil camera equipped with control
unit-DS-L2 (Nikon). Images were processed using Adobe Photoshop 6 (Adobe Systems).

In MCD KSHYV positive plasmablasts in the mantle zones of expanded follicles are
the diagnostic marker (Figure 4). Plasmablasts in MCD typically express cytoplasmic
monotypic lambda light chain, IgM, CD19, and MYC, CD38, CD45, and CD79a, while they
are usually negative for CD10, CD20, CD30, CD138, BCL6, PAX5, T-cell antigens, and EBV
infection. KSHV-MCD is commonly associated with other disorders and malignancies
either at presentation or in the course of the disease (see below). Table 2 lists disorders and
malignancies concurrent with KSHV-MCD [12].
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Figure 1. (A) Diffuse large B-cell lymphoma (DLBCL) with immunoblastic-plasmacytoid features in
an individual infected by HIV. Most tumor cells have plentiful cytoplasm and round or oval nuclei
with large nucleoli. The inset shows that the morphology of tumor cells is immunoblastic. (B) Burkitt
lymphoma in an individual infected by HIV. A homogeneous proliferation of medium-sized tumor
cells displaying cohesive and starry sky (arrows) patterns. In the inset, tumor cells show round nuclei,
multiple nucleoli, and small cytoplasms. H&E, hematoxylin—eosin stain. Original magnification x400
(A, Binset); x200 (B). Images were taken using a Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan)
with Pan Fluor 20x /0.75 and Pan Fluor 40 /0.75 objectives and Nikon digital sight DS-Fil camera
equipped with control unit-DS-L2 (Nikon). Images were processed using Adobe Photoshop CS2 V9.0
(Adobe Systems).

Figure 2. Primary effusion lymphoma (PEL) in individuals infected by HIV. (A) In a cell line
derived from a classic PEL, tumor cells display features resembling anaplastic large lymphoma cells.
(B) Immunohistochemical staining for ORF73/LANA1 detects evidence of KSHV infection. Typically,
the staining pattern is speckled, more evident in circled cells. (C) In a cell block derived from a
classic PEL, tumor cells display features of blastic medium-sized lymphoma. Benign mesothelial
cells are also recognizable (arrow). H&E, hematoxylin—eosin stain; ORF73/LANA1, hematoxylin
counterstain. Original magnification x400. Images were taken using a Nikon Eclipse 80i microscope
(Nikon, Tokyo, Japan) with a Pan Fluor 40x /0.75 objective and Nikon digital sight DS-Fil camera
equipped with control unit-DS-L2 (Nikon). Images were processed using Adobe Photoshop CS2 V9.0
(Adobe Systems).
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Figure 3. Hodgkin lymphoma (HL) in individuals infected by HIV. Hodgkin and Reed-Sternberg
(HRS) cells are seen within a mixed inflammatory microenvironment. Several circled cells are
mononuclear Hodgkin cells. In the inset, EBV-infected tumor cells are demonstrated by EBER in situ
hybridization and LMP1 immunostaining. H&E, hematoxylin—eosin stain; EBER, in situ hybridization;
LMP1, immunohistochemistry, hematoxylin counterstain. Original magnification x400.

Table 1. Hodgkin lymphoma and other lymphoproliferative disorders in which proliferative or
malignant cells can demonstrate EBV positivity *.

Lymphomas and Lymphoproliferative

Categories Disorders

B-cell malignancies Hodgkin lymphoma
Diffuse large B-cell lymphoma
Burkitt lymphoma
Plasmablastic lymphoma

NK- and T-cell malignancies Angioimmunoblastic T-cell lymphoma #
Follicular T-cell lymphoma #
Peripheral T-cell lymphomas
Extranodal NK/T cell lymphoma, nasal type

Immunodeficiency related Post-transplant lymphoproliferative disorders
HIV-related

* Modified and adapted from Toner et al. [7]. # B-cells are EBV positive.
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Figure 4. KSHV-associated multicentric Castleman disease (MCD). (A) An expanded lymphoid
follicle shows a large germinal center. Vascular structures are present within the germinal center and
around the follicle (demonstrated by dark outline). (B) KSHV-infected LANA-stained cells are found
predominantly in the mantle zone of the follicle but are also seen scattered as single cells at the border
of the interfollicular area. H&E, hematoxylin—eosin stain; ORF73/LANA1, immunohistochemistry,
hematoxylin counterstain. Original magnification x200.

Table 2. Disorders and malignancies concurrent with KSHV-MCD *.

KSHV-Associated Disorders Kaposi Sarcoma

Primary effusion lymphoma
MCD-associated large B-cell lymphoma
KSHV-positive germinotropic
lymphoproliferative disorder

* Modified and adapted from Carbone et al. [12].

Images were taken using a Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan) with
a Pan Fluor 20x /0.75 objective and Nikon digital sight DS-Fil camera equipped with
control unit-DS-L2 (Nikon). Images were processed using Adobe Photoshop CS2 V9.0
(Adobe System:s).

Other lymphomas that can develop in PLWH include primary central nervous sys-
tem lymphomas, high grade B-cell lymphomas, lymphomas of the marginal zone, poly-
morphic B-cell lymphoma PTLD-like, plasmacytoma, myeloma, and peripheral T-cell
lymphoma [13].

3. Simultaneous Occurrence of KSHV- and EBV-Associated Disorders in PLWH

KSHV-MCD occurring in PLWH may be found in association with other malignancies
including Kaposi sarcoma (KS) (Figures 5 and 6) and B-cell lymphomas (PEL), that are con-
sistently associated with KSHYV, and frequently with EBV infection (PEL). MCD-associated
LBCL is a new lymphoma category that usually arises in association with HIV infection.
The tumor cells display plasmablastic features are usually positive for CD45 and CD20,
and express terminal B-cell differentiation markers, including MUM1/IRF4, and are often
negative for EBV.

In KSHV-positive germinotropic lymphoproliferative disorder (usually benign), pa-
tients present with localized lymphadenopathy without immunodeficiency. Plasmablasts,
confined to expanded germinal centers, are positive for cytoplasmic monotypic light chain,
CD38, MUM1, viral IL6, LANAI, and EBV [14].
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Figure 5. Synchronized images. (A) LANA1 staining reveals a micro area of Kaposi sarcoma (KS)
placed between two follicles featuring multicentric Castleman disease (MCD). The lesion is vascular
and the positive LANA1 cells have a spindle morphology. In the follicular mantle zone, plasmablasts

are also positive for LANAL. (B) Hematoxylin—-eosin stain shows interfollicular, endothelial prolifera-
tion consistent with KS.

C

Figure 6. Triple synchronized images. The Figure shows a small Kaposi sarcoma (KS) lesion in
a lymph node (top) and a follicle with the typical features observed in multicentric Castleman
disease (MCD) (bottom). The KS lesion located in the context of the lymph node is revealed by
immunohistological stain for Factor VII (A) and is synchronized with hematoxylin and eosin stain
(B) and immuno-histological stain for LANA1 (C).

Other disorders concurrent with KSHV-MCD include HIV-associated disorders and
EBV-associated disorders. For example, in HIV-infected persons, and in other immuno-
suppressed patients, the so-called EBV positive hyperplastic (plasmacytic/plasmoblastic)
B-cell lymphoproliferative lesion may occur (Figure 7) [15].

186



Hemato 2022, 3

MUML (27 ae'a.®  4%%e = EBER

Figure 7. Synchronized images of a small lymphoproliferative lesion with the LANA1-, EBV+,
MUM1+ profile. In the same lymph node of Figure 6, two areas containing EBV-positive cells (inset)
which were LANAT negative (not shown) and were located in areas containing MUM1 expressing
cells (inset).

4. Treatment Strategies

Treatment of lymphomas in PLWH has evolved over time in tandem with improved
control of HIV infection and immune function restoration by cART [4,16-18]. In the
pre-cART era, outcomes were poor regardless of the treatment used, including low-dose
chemotherapy, risk-adjusted intensive chemotherapy, and infusional chemotherapy [13].

The combination of cART with chemoimmunotherapy significantly improved the
outcomes of the lymphomas in PLWH, with 5-year survival increasing from 13% in the
pre-cART era (1986-1995) to 70-80% in the late cART era (2005-2015) [19]. Aggressive lym-
phomas remain the main cause of death in PLWH [20]. Prognosis depends on lymphoma-
related characteristics that are incorporated into the age-adjusted International Prognostic
Index (IPI) or Burkitt’s lymphoma IPI score, as well as by the lack of a complete response
(CR) to therapy rather than on HIV-specific factors [4,21]. Importantly, PLWH with cancer
are commonly excluded from innovative clinical trials [4,22].

Treatment choice for PLWH affected by lymphoma receiving effective cART should
not be influenced by HIV status. Nevertheless, in PLWH affected by lymphomas there are
special considerations that must be considered in the antineoplastic treatment, such as the
presence of HIV and the comorbidity of other coinfections including oncogenic viruses.
Concurrent administration of cART with chemotherapy has been associated with improved
CR rates and improved immune recovery. Side effects due to drug-drug interactions may
occur with CYP3A4 inhibitors such as ritonavir and cobicistat-based antiretroviral regimens.
Integrase strand-transfer inhibitors (INSTIs) without cobicistat (raltegravir, dolutegravir,
and bictegravir) have advantages in drug-drug interactions and result in a more rapid
decline in HIV viremia. All PLWH with cancer must receive cART during antineoplastic
treatment, preferably with INSTI-based regimens. In addition, maximizing supportive care,
especially prophylaxis for opportunistic infections, is essential in high-risk patients [4].

The development of second primary cancers (SPC) is now an important cause of
morbidity and mortality in HIV-positive lymphoma survivors, arguing for the need for
regular monitoring and surveillance programs [23-27]. Therefore, there is an urgent
need (1) to reduce the current large disparities in health care between HIV-infected and
HIV-uninfected populations, (2) to disseminate effective treatment, and (3) to implement
prevention strategies for PLWH.
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5. Front-Line Treatment for Non-Hodgkin Lymphoma

Non-Hodgkin lymphomas (NHLs) in PLWH are aggressive diseases that require
immediate treatment. The most common up-front treatment for DLBCL is rituximab (R)
and chemotherapy in PLWH, although an initial randomized phase 2 trial indicated safety
issues particularly in patients with low CD4 counts (<50/uL) and in those who received
rituximab “maintenance” [28], which has not been shown to be beneficial in HIV-negative
NHL. Subsequent phase 2 trials with R-CHOP (cyclophosphamide, doxorubicin, vincristine,
and prednisone), R-CDE (cyclophosphamide, doxorubicin, and etoposide), or dose adjusted
(DA)-EPOCH-R (etoposide, prednisone, vincristine, and doxorubicin-cyclophosphamide
at a dose adjusted for CD4 count) plus rituximab resulted in complete response (CR)
rates of 69-91% and 2-year survival rates of 62-77%, with a low infectious mortality
rate (<10%) [29,30] (Table 3) [28-34]. In a pooled analysis, the combination of rituximab
and chemotherapy showed a significant benefit for all CD20-positive HIV-NHL patients
compared to chemotherapy alone (higher CR rates and better progression-free survival
(PFS) and overall survival), supporting its use in HIV-DLBCL [35]. Notably, prophylaxis of
opportunistic infections in high-risk patients must be maximized according to current HIV
management guidelines (https://aidsinfo.nih.gov/guidelines/html/4/adult (accessed on
26 July 2022) and adolescent.oi-prevention and treatment guidelines).

Table 3. Major clinical trials with rituximab (R) and chemotherapy in HIV-associated aggressive
B-cell Non-Hodgkin lymphomas.

CD4

Patients Study Count DLBCL aa-IPI > 2 CR Rate PFS Overall Infectious
° Design JuL % % % Survival Death %
R-CHOP-R vs. CHOP 11.3 vs. 28 vs. 35 14°°vs. 2
(Kaplan et al., 2005 [28]) 150 Phase 3 130 81 43 58 vs. 47 9.5 mos mos *
R-CHOP 69% 75%
(Bou et al., 2006 [31]) 61 Phase 2 172 72 48 77 @y @yr) 2
R-CHOP 56%
(Ribera ot a, 2008 [32]) 95 Phase 2 158 81 58 69 NA Gy 7
-CDE 52% EFS 64%
(Spina et al,, 2005 [33]) 74 Phase 2 * 161 72 57 70 @y oy 7
Randomized
R-EPOCH phase 2: o o
(Sparano et al., 2010 106 R-EPOCH 194 80 64 73vs.55 ~ 60vs: 6%  T0vs.67% 5.0y
(2yr) 2yr)
29]) vs.
EPOCH-R
SC-EPOCH-RR 849% 68Y%
(Dunleavy et al., 2010 33 Phase 2 208 100 76 91 N N 0
3 (5yr) (5yr)
VOI}}ENPOOSgST-R 90 Randomized 54 % 7 66 68 vs. 74 63 vs. 69% 70 vs. 77% NA
Phase 2 (<200) . EFS (3 yr) @B yr)

(Ramos 2020 [34])

R, rituximab; CHOP, Cyclophosphamide, Doxorubicin, Vincristine, Prednisone; R-CDE, 96 h continuous infusion
(ci) Cyclophosphamide, Doxorubicin, Etoposide; R-EPOCH, 96 h ci Etoposide, Prednisone, Vincristine, Cyclophos-
phamide dose adjusted to CD4 count and Doxorubicin; SC-EPOCH-RR, short course (median 3 cycles, range 3-5)
EPOCH plus dose-dense (days 1,5) Rituximab; DLBCL, Diffuse Large B Cell Lymphoma; aa-IPI, age-adjusted
international Prognostic Score; CR, complete remission; PFS, progression-free survival; EFS, event-free survival;
OS, overall survival; * p < 0.005; °° majority of patients with CD4 count < 50/pL and without combination
antiretroviral therapy. R °, rituximab in CD20-positive NHL.

A pooled analysis by the AIDS Malignacy Consortium (AMC) suggests that infusional
R-EPOCH may be more effective than bolus treatment with R-CHOP in patients with
HIV-associated aggressive B-cell NHLs. However, in a randomized prospective trial in
immunocompetent patients with DLBCL, DA-R-EPOCH, and R-CHOP were found to be
equally effective [36].

Recently, the AMC-075 trial (Table 3) reported that the addition of the oncolytic
vorinostat to EPOCH+/ — rituximab had no benefit on treatment outcomes or HIV reservoir.
Only Myc protein expression was significantly associated with worse outcomes, with 3-
year event-free survival (EFS) of 44% in Myc-positive compared with 83% in Myc-negative
DLBCL [34].

To date, the best therapy for HIV-associated BL remains unclear. Several retrospective
studies suggest that dose-intensive up-front therapies may be better than R-CHOP, as
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in the general population. A phase 2 trial with a modified CODOX-M/IVAC regimen
(cyclophosphamide, doxorubicin, vincristine, methotrexate, etoposide, ifofosfamide, and
cytarabine) in combination with rituximab resulted in a 2-year survival rate of 69%, with
favorable toxicity compared with the parent regimen [37].

The risk-adapted strategy DA-EPOCH proved effective for BL patients without CNS
involvement (4 years EFS 85%), regardless of HIV status [38,39]. A large retrospective inter-
national study in the late cART era showed better outcomes with the CODOX-M/IVAC
chemotherapy, with longer PFS (hazard ratio (HR) 0.45, p = 0.005) and longer overall
survival (HR 0.44, p = 0.007) compared to the other regimens. The highest treatment-
related mortality (TRM) was observed with hyperCVAD/MA (hyperfractionated cyclophos-
phamide, vincristine, doxorubicin, and dexamethasone, followed by high-dose methotrex-
ate) (18%), followed by DA-EPOCH (13%) and CODOX-M/IVAC (7%). DA-EPOCH-R, on
the other hand, resulted in a higher 3-year CNS recurrence (HR 2.52, p = 0.03) compared to
the other regimens, with no TRM benefit [40].

In the cART era, the prognosis of PBL and PEL remains dismal, with a median overall
survival of less than one year [4], although long-term survival can be achieved in selected
cases [41]. Of note, in the AMC-075 trial, patients with PBL or PEL treated with DA-EPOCH
with/without vorinostat, had 3-year EFS of 60% and 71%, respectively, which compares
favorably with poor outcomes in retrospective series [34].

Clinical trials using combined treatment approaches with chemotherapy and targeted
therapies such as bortezomib, lenalidomide, or daratumumab are currently in progress.

6. Treatment of Relapsed or Refractory Lymphoma

Since 2000, several prospective studies have demonstrated the safety and the effi-
cacy of HD-chemotherapy with an autologous stem cell transplantation (HDC/ASCT)
strategy in relapsed/refractory lymphomas of PLWH, with 3 yr overall survival ranging
from 61% to 85% and low treatment-related mortality (<5%) (Table 4) [42-50]. In retro-
spective case—control studies, outcomes between PLWH patients and controls were not
statistically different [48,51,52]. However, data on long-term PLWH survivors affected by
relapsed /refractory lymphoma undergoing HD/ASCT support the need of active surveil-
lance of opportunistic infections (35%) early after HD/ASCT and second cancers (19%)
later from ASCT [49].

Table 4. Major prospective and retrospective studies on autologous hematopoietic stem cell trans-
plantation in relapsed /refractory HIV lymphomas. *

References Patients Study (s) CondiFioning Foll.ow-Up PFS Overall Survival TRM
N° Design Regimen Median, mos % % %
Gazt’;(;f[;é]al" 14 Prl‘if};:gﬁz"e T%{E%d, 32 NA 5 pts alive 0
Kr‘zsggg‘ll‘g] al, 20 Setrospective - CBy, TBI/CyEto 2 85 85 5
Smmetsl gy Pmewhemwme . : :
sziéf)esr[i;]“l” 20 Pr;f‘ii‘efg"e Low dose Bu/Cy 6 49 74 5
;%g‘[jlz] 27 P;‘lfaiicg‘s’e BEAM 44 76 75 0
mghbmad, o Smeehe mw g . . :
Zonet [ej;]' 26 CR Sif;gff:;:ﬁ;’:g BEAM 72 86 (10 yr) 91 (10 yr) 0
Alvzzrlrgaai‘] al, 40 Prospective BEAM 25 80 82 5

* 166 patients with diffuse large B-cell lymphoma and 82 with Hodgkin lymphoma. PFS: progression free
survival; TRM: treatment-related mortality; BEAM: carmustine, etoposide, cytarabine, melphalan; TBI: total
body irradiation; Bu/Cy: busulfan/cyclophosphamide; NA: not available; CBV: cyclophosphamide, carmustine,
etoposide; CyEto: cytarabine, etoposide; BEAC: carmustine, etoposide, cytarabine, cyclophosphamide; CR:
complete response.

Allogenic hematopoietic cell transplant (alloHCT) is an emerging treatment modality
for selected PLWH patients with different hematological disorders including refractory
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lymphomas [53-55]. In one small phase II study, the 1 yr non relapsed mortality rate
was 12%, the 1 yr overall survival 59%, and complete donor chimerism was 69% at 6
months. However, alloHCT was limited by the risk of graft-versus-host disease (grade 2—4
44%), severe infectious complications (47%), or unexpected adverse events (82%) [54]. It is
noteworthy that there have been two cases of a virological cure of HIV after alloHCT using
CCR5A32 homozygous donors [53,56].

Chimeric antigen receptor (CAR) T-cell therapy, originally studied as an HIV erad-
ication therapy without significant efficacy, is an alternative for the treatment of highly
refractory lymphomas in the general population. To date, severe toxicity and logistical
problems limit its use in HIV-lymphoma patients [57]. Notably, bispecific CAR (duoCAR
T cells) reduced cellular HIV infection in a humanized mouse model by 97% [58]. Future
studies should investigate the role of multitarget CAR T cells in HIV-lymphoma patients.

7. Hodgkin Lymphoma

It has been reported that HL incidence was growing among PLWH patients on cART,
specifically during immune reconstitution inflammatory syndrome [59-61]. However,
recent reports have shown stabilizing/slightly declining rates of HL in PLWH [62,63].
Patients typically present moderate immune deficiency, B symptoms, and advanced stages
involving bone marrow, liver, and spleen [13]. Involvement of bone marrow by HL at diag-
nosis (i.e., primary bone marrow HL) was found in 3-14% of cases and was characterized
by an aggressive clinical course [64]. Noteworthy involvement of bone marrow by HL at
diagnosis was found in 61% of cases in an HIV endemic setting [65].

A stage-adopted pretreatment approach is the current therapy for HL regardless of
HIV status. Treatment with ABVD regimen (doxorubicin, bleomycin, vinblastine, dacar-
bazine) has been shown to be safe and effective (CR rate 74%, 5-year overall survival
81%) in PLWH with HL. Good results have also been reported with BEACOP (bleomycin,
etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, and prednisolone)
with a CR rate of 86% and 2-year overall survival of 91% in PLWH with advanced HL.
However, BEACOPP is rarely used in frontline therapy because of its high toxicity (dose
reduction/delay > 50%, TMR 6%) [5,66].

Risk-adjusted therapy on the basis of baseline fluorodeoxyglucose position emission
tomography (FDG-PET) may be an appropriate standardized approach in patients with HIV-
HL as in the general population. Preliminary data suggest that a negative interim PET (after
two chemotherapy courses) may be predictive of higher PFS in HIV-HL patients but needs
confirmation [67,68]. Recently, in a large series of PLWH with HL with a homogeneous
management, a high total metabolic tumor volume (TMTV > 527 cm?) on baseline FDG-PET
was the only parameter associated with a poorer PFS (2-year PFS 71% vs. 91% in patients
with TMTV < 527) [69].

Patients with relapsed/refractory HL on effective cART should be treated with salvage
chemotherapy followed by ASCT. In a phase 2 trial the combination of brentuximab
vedotin and AVD (doxorubicin, vinblastine, and dacarbazine) was safe and effective, with
2-year PFS 86% and 2-year overall survival 92%. There are only limited data on immune
checkpoint inhibitors (ICIs) in HIV-HL patients since they have been excluded from all
clinical trials in the general population [5]. The results of two clinical trials support the
safety and efficacy on ICIs in PWLH with advanced cancers, without a negative impact on
HIV viremia and CD4 cell count [70,71].

8. Multicentric Castleman Disease

KSHV-MCD is a remitting B-cell lymphoid disorder, usually occurring in PLWH
on cART, that if untreated is usually fatal. The disease is characterized by an elevated
KSHYV viral load and increased serum levels of cytokines including viral IL-6, systemic
inflammatory symptoms, multiple lymphadenopathies, organomegaly, and laboratory
abnormalities. KSHV-MCD simultaneously occurs together with other KSHV- and EBV-
associated disorders (see above).
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Rituximab-based therapy is the standard of care, resulting in a 5-year overall survival
rate of 90% and an 11-fold lower risk of developing lymphoma. Patients with concurrent
KS and MCD require rituximab plus pegylated liposomal doxorubicin because KS can be
reactivated by rituximab [12]. Recently, a series of 62 PLWH with KSHV-MCD reported
long-term survival with 10-year survival rates of 73% and 81% for patients without and
with KS, respectively. Notably, patients who received rituximab plus doxorubicin followed
by maintenance therapy with high-dose zidovudine and valganciclovir or alpha-IFN had
the best 5-year PFS (89%) [4,72]. To date, the overall benefit of maintenance therapy remains
unclear. Intermittent rituximab therapy for relapsed disease may be a reasonable alternative
strategy for prolonged disease management. A multidimensional approach is needed in
this complex disease.

9. Preventive Measures

Early cART access and maintenance of immune recovery in PLWH is still the key strat-
egy to prevent infectious-related malignancies, including lymphoma [73]. This benefit may
be linked to CD4 cell recovery as well as to different mechanisms impacting coinfections
with oncogenic viruses [73,74].

Today the survival of many PLWH with cancer is approaching that of the general
population. Surveillance programs should be carried out in cancer survivors because
they are at increased risk for SPC, probably due to persistence of the etiological agents as
well as the immunosuppressive/carcinogenic effects of treatments [23-26]. Population-
based linkage studies found that 9% of all HIV-associated cancers in the United States
and Europe were second or subsequent cancers, a similar proportion but with higher
incidence than in the general population [24,27]. From 1990 to 2010, the standardized
incidence ratio (SIR) for SPCs was elevated for Kaposi’s sarcoma (28.0), anal cancer (17.0),
NHL (11.1), HL (5.4), and liver cancer (3.6) in the US-population-based linkage study [24].
Of note, the pattern of SPCs differs by first primary cancer and by sex [25,27,75]. A
large linkage study (1996-2015) found an increased risk of second primary non-lymphoid
cancers after lymphoid malignancy, particularly myeloid malignancies, Kaposi’s sarcoma,
and HPV-associated cancers, including anal, vaginal/vulvar, and rectal squamous cell
carcinomas [25]. In a population-based cancer registry study in the United States, anal
cancer risk was particularly high in DLBCL survivors with HIV (SIR 68) compared with
survivors without HIV (SIR 2.09) [75]. Long-term persistence of HPV, particularly high-risk
HPYV, is more common in PWLH than in the general population and correlates with low
CD4 count [76].

To date, there is a lack of appropriate prevention and screening programs for SPCs.
Nevertheless, preventive measures such as immunization (HPV and HBV vaccination),
antiviral therapy (HCV), and early disease detection through screening programs (Table 5)
should be recommended for all PLWH including cancer survivors [13,77] (https:/ /aidsinfo.
nih.gov/guidelines/html/4/adult and adolescent.oi-prevention and treatment guidelines
(accessed on 26 July 2022); www.ncen.org (accessed on 26 July 2022)).

At present, the new SARS-CoV-2 and COVID-19 pandemic represent a global pub-
lic health crisis. Large cohort studies have shown that patients with cancer, especially
hematological malignancies, are at high risk for COVID-19-associated complications [78].

International guidelines recommend three doses of mRNA vaccines plus additional
booster doses for PWLH with advanced HIV infection and/or cancers. Pre-exposure
prevention with monoclonal antibodies (tikagevimab plus cilgavimab) is recommended for
immunocompromised patients (www.ncen.org (accessed on 26 July 2022)). Close vigilance
and monitoring during antineoplastic treatment and persistent HIV care are mandatory.
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Table 5. Prevention and screening programs for common solid tumors in persons living with HIV

(PLWH).
Cancer Prevention Patients at Risk Screening Methods Screening Frequency
-Age < 30 yrs: baseline, every 12 mos
until 3 normal PTs, then every 3 yrs
. -Age > 30 yrs: baseline, every 12 mos
Pap Testing (PT) A
. HPV -Sexually active women Co-testing (Pap Testing+HPV until 3 normal PTs, then every 3 yrs or
Cervical cancer P . every 3 yrs if normal co-testing
vaccination -Age > 21 yrs Testing) Lo
Colposcopy (C) -Annualy co-testing if normal PT and
P positive HR-HPV testing
-Performed C if abnormal PT or positive
HR-HPV testing
-Al_ll\i]s“l‘\//[v Hs -Visual inspection of perianal -Annually

Anal cancer

Liver cancer

Lung cancer

HPV vaccination *

-HBV vaccination
-HBV/HCYV therapy
-Alcohol cessation

-All PLWHSs with a history of
anogenital condylomas
-Women with abnormal

region plus digital rectal
examination
Anal Pap Testing (aPT)
-HRA **

-Baseline and annually, every 3-6 mos if
abnormal aPT
-Performed HRA if abnormal aPT
(ASCUS, LSIL, HSIL)

Smoking cessation

Reduction/protection sun
exposure

genital histology
-HCV/HIV with cirrhosis Abdominal
-HBV/HIV resistant to ultrasonography+/-AFP -Every 6-12 mos
antiviral therapy testing
-Smokers > 20 pack-year
-Current or former smokers
who quit smoking within 10 Low-dose chest CT Annually
yrs and age > 40 yrs
-Fair skin
-White/non-Hispanic Skin examination Annually
ethnicity

* The WHO recommends vaccination of preadolescent girls and boys long before HIV infection; the CDC
recommends three doses of HPV vaccine in all women < 26 years, in all men < 21 years, and in MSM or
individuals with a compromised immune system (including HIV) through age 26 years if not received earlier.
** in MSM, the highest anal cancer risk group, the most cost-effective screening modality is primary HRA.
Abbreviations: AFP, a-fetoprotein; ASCUS, atypical squamous cells of undetermined significance; HBV hepatitis
B virus; HCV, hepatitis C virus; HPV, Human Papilloma virus; HRA, high resolution anoscopy; HSIL, high-grade
squamous intraepithelial lesion; LSIL, low-grade intraepithelial lesion; MSM, men who have sex with men; Pap,
Papanicolaou cytology.

10. Concluding Remarks

Lymphomas occurring in PLWH have been included in “The International Consensus
Classification of Mature Lymphoid Neoplasms” [10]. Their clear inclusion will result in
consensus treatment protocols leading to further improvements in outcomes. Moreover,
novel therapeutic strategies targeting EBV and KSHV will be further investigated in pre-
clinical research. As multiple KSHV-associated malignancies and EBV-associated disorders
may be present in PLWH, careful pathological review, using suitable immunohistochemical
panels, is critical for the correct diagnosis, thus, ensuring optimal treatment and outcomes
for patients with KSHV-MCD. Importantly, it is recommended that the treatment choice for
PLWH affected by lymphoma, and receiving effective cART, should not be influenced by
HIV status.
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Abstract: In 1992, Kaposi sarcoma herpesvirus (KSHV /HHV8) was discovered and identified as the
causative agent for Kaposi sarcoma. Subsequently, the presence of this virus has been detected in
a number of lymphoproliferative disorders in people living with HIV (PLWH), including: KSHV-
associated multicentric Castleman disease, primary effusion lymphoma, KSHV-positive diffuse
large B-cell lymphoma, and germinotropic lymphoproliferative disorder. Each of these rare en-
tities has subsequently been diagnosed in HIV-negative individuals. The recognition of some of
these KSHV /HHV8-associated lymphoproliferative disorders has led to their inclusion in the WHO
classification of lymphomas in 2008 and the revision of 2016; however, further revision is under
way to update the classification. The relatively recent recognition of these lymphoproliferative
disorders and their low incidence, particularly in the HIV-negative population, means that there
is little published evidence and consensus on their clinical features and management. The publi-
cation of a new WHO classification of lymphomas should yield diagnostic clarity, providing an
impetus for retrospective case series and prospective clinical trials in these KSHV/HHV8-associated
lymphoproliferative disorders.

Keywords: lymphomas in PLWH; KSHV/HHVS; EBV; lymphoma classification; management; cART

1. Introduction

On 5 June 1981, a report in the Mortality Morbidity Weekly Report (MMWR) of
clusters of Pneumocystis pneumonia heralded the AIDS epidemic. Just one month later,
on 3 July, a headline on the front page of the New York Times read “Rare cancer seen in
41 homosexuals”. It subsequently became apparent that the incidence of Kaposi sarcoma
(KS) was increased many thousands of times amongst people living with HIV (PLWH).
An epidemiological investigation of Kaposi sarcoma amongst PLWH by Dame Valerie
Beral and Harold Jaffe in 1990 pointed to a sexually transmitted infection [1]. In 1994, the
novel oncogenic herpes virus known as Kaposi sarcoma herpesvirus (KSHV), or Human
herpesvirus 8 (HHVS), was discovered by Yuan Chang and her husband Patrick Moore [2].
Thus, the search for and discovery of this novel oncogenic herpesvirus was led by the
clinical observation and scientific analysis of the distribution of KS amongst PLWH.

The evidence that KSHV /HHVS plays a causal role in the pathogenesis of KS followed
shortly after its discovery. Firstly, KSHV/HHVS is detectable in the malignant spindle cells
of all forms of KS, whether associated with HIV infection, allograft recipients, or classical
or endemic forms of KS. Secondly, molecular evaluation revealed that KSHV/HHVS is
monoclonal in KS lesions, indicating that KSHV /HHVS infection precedes the clonal ex-
pansion of KS spindle cells [3]. Thirdly, an elegant study demonstrated that the presence of
KSHV/HHVS in the blood of PLWH, prior to the introduction of combination antiretroviral
therapy, predicts the subsequent development of KS [4]. Fourthly, the global distribution
of KSHV/HHV8 mirrors the prevalence of KS. Finally, the KSHV/HHV8 genome encodes

Hemato 2021, 2, 703-712. https:/ /doi.org/10.3390 /hemato2040047

197 https:/ /www.mdpi.com/journal /hemato



Hemato 2021, 2

around 90 genes, along with multiple non-coding RNAs, including microRNAs. Several
of these viral genes have been pirated from host cells over millennia of co-evolution and
possess potentially oncogenic functions.

Following the identification of a causal role for KSHV/HHVS in KS, the virus was
linked to a number of lymphoproliferative diseases. In 1995, the presence of KSHV/HHV8
was detected in a form of plasmablastic multicentric Castleman disease, seen most frequently
in PLWH [5]. Similarly, and around the same time, KSHV /HHV8—often in combination
with Epstein Barr virus (EBV)—was linked to primary effusion lymphoma (PEL), which
was also known as body cavity lymphoma [6,7]. Recent iterations of the WHO classification
of haematological malignancy have included KSHV /HHV8-associated diffuse large B-cell
lymphomas, which have frequently arisen on a background of KSHV /HHV8-associated
multicentric Castleman disease. More recently, in 2002, KSHV /HHV8—along with EBV—
was identified in the rare entity germinotropic lymphoproliferative disorder (GLPD) [8].
Interestingly, whilst most KSHV /HHV8-associated lymphoproliferative disorders occur
more frequently in PLWH, solid organ allograft recipients, and those from KSHV/HHVS8
endemic areas, GLPD is most commonly seen in immunocompetent individuals.

Without the HIV pandemic, the discovery of KSHV /HHV8 would almost certainly
have been delayed and the recognition of these KSHV/HHV8-associated lymphoprolifera-
tions would undoubtedly have been postponed; although, it is noteworthy that all forms
of KSHV /HHVS8-associated lymphoproliferations have been described in HIV-negative
individuals. The purpose of the review is to analyse KSHV /HHV8-associated lympho-
proliferations, considering how oncogenic herpesviruses contribute to the development
of lymphomas. Based on the knowledge of these entities, the WHO classification of lym-
phomas considered the immunodeficiency-related lymphoproliferations and included the
spectrum of KSHV /HHVS- and EBV-related disorders in PLWH, as well as in HIV-negative
individuals.

2. Pathological and Clinical Features

Tables 1 and 2 show the immunophenotypic markers, virologic associations, and
genetic markers of these lymphoproliferative disorders (MCD, PEL, KSHV+DLBCL, and
GLPD). Co-infection of KSHV/HHVS8 with EBV in tumour cells is present in only two
lymphoproliferative disorders, namely PEL and GLPD. These disorders are very different
from each other in terms of malignancy (malignant PEL, non-malignant GLPD), aggres-
siveness, and type of affected people (immunocompromised PEL, immunocompetent
GLPD). KSHV /HHV8-related diseases in HIV-positive and HIV-negative subjects are
morphologically indistinguishable, but their incidence is higher in PLWH than in the
general population.

Table 1. Pathologic spectrum and immunophenotypic markers in KSHV/HHV8-MCD, PEL, KSHV/HHV8-DLBCL, and GLPD.

CD20 IRF4/MUM1 CD138 Other Positive Cell Markers
Classic PEL Negative Positive Positive CD30, CD31, CD71, EMA
Solid PEL Negative Positive Positive CD30, EMA
KSHV/HHV8-MCD-DLBCL Positive Positive Positive Lambda light chain, CD45
(may be lost)
KSHV/HHV8-MCD Negative Positive Negative CD38, IgM, Lambda light chain
. . Positive - .
GLPD Negative Positive (may be lost) Monotypic light chain

Abbreviations: DLBCL—diffuse large B-cell lymphoma; NOS; PEL—primary effusion lymphoma; MCD—multicentric Castleman disease;
GLPD—germinotropic lymphoproliferative disorder. Modified and adapted from Carbone et al. [9,10].
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Table 2. Virologic association, and genetic features in KSHV/HHV8-MCD, PEL, KSHV/HHV8-DLBCL,
and GLPD.

EBV Infection KSHV/HHVS .
. Genetic Features
(Frequency) Infection
Positive Positive Complex karyotype, no
Classic PEL (80-100%) (100%) recurrent translocation, Tp53
° and RAS rarely mutated
. Positive Positive . L
Solid PEL (80-100%) (100%) Occasional p53 positive cells
KSHV /HHV8-MCD- Negative Positive Myc rearrangement, TP53
DLBCL 8 (100%) point mutation
. Positive
KSHV/HHV8-MCD Negative (100%)
Positive Positive
GLPD (100%) (100%)

Abbreviations: DLBCL—diffuse large B-cell lymphoma; PEL—primary effusion lymphoma; MCD—multicentric
Castleman disease; GLPD—germinotropic lymphoproliferative disorder; EBV—Epstein Barr Virus; KSHV /HHV8—
Kaposi sarcoma-associated herpesvirus. Modified and adapted from Carbone et al. [9,10].

2.1. KSHV/HHVS8-Associated Multicentric Castleman Disease (KSHV/HHV8-MCD)

MCD is a generalized lymphoproliferative disease [11] which may display in the
lymphoid tissues’ interfollicular plasmacytosis or rich intrafollicular or perifollicular
vascularity, with hyalinization. KSHV/HHV8-MCD is a plasmablastic variant of MCD
(Figure 1) [12,13].

Figure 1. KSHV/HHV8-associated MCD. (A) There is a marked intrafollicular vascular proliferation
(V). The lymphoid follicle also has typical penetrating hyalinised vessels (PHV). (B) In the follicular
mantle, some large atypical cells, consistent with plasmablasts, are positive for KSHV /HHVS viral
IL-6. Magnification x20 (A,B).

Disorders that morphologically overlap with MCD include follicular hyperplasia, NOS,
HIV-associated lymphadenopathy, autoimmune disorders, HL, and plasmacytoma [14].

Patients with KSHV/HHV8-MCD present with marked constitutional symptoms,
generalised lymphadenopathy, and splenomegaly. Fever, night sweats, and weight loss are
common and up to half the patients have cutaneous or lymph node Kaposi sarcoma.
Autoimmune haemolytic anaemia and thrombocytopenia are frequent, alongside hy-
pergammaglobulinemia and hypoalbuminemia. Approximately 10% have features of
haemophagocytosis and 10% have pulmonary involvement with ground-glass pneumoni-
tis. KSHV/HHV8-MCD is a relapsing and remitting illness and two clinical criteria have
been devised for establishing a diagnosis of active MCD, one from the French ANRS
(Agence Nationale de Recherche sur le SIDA) 117 CastlemaB trial group and one from the
National Cancer Institute (NCI) [15,16] (see Table 3). The French ANRS definition requires
the following: raised serum C-reactive protein (CRP) (in the absence of any other cause),
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pyrexia, and at least 3 of 12 clinical features [15]. The National Cancer Institute (NCI)
scheme requires the following: raised serum CRP, at least one clinical symptom, and one
laboratory abnormality probably or definitely attributed to MCD [16]. The serum CRP
cut-off is higher in the French (>20 mg/L) than in the US (>3 mg/L) scheme. Although the
two systems have been compared in an independent patient population of 75 cases [17],
one of the simplest and most reliable laboratory markers of active KSHV/HHV8-MCD is a
markedly elevated blood KSVH level.

Table 3. Comparison of French ANRS (Agence Nationale de Recherche sur le SIDA) 117 CastlemaB
trial group and the National Cancer Institute (NCI) criteria used to define a flare of KSHV-associated
multicentric Castelman disease [15,16].

ANRS Criteria NCI Criteria

Fever Fatigue CTAE grade > 1
C-reactive protein > 20 mg/L in the absence of any
other aetiology

Fever or night sweats

Peripheral lymphadenopathy Weight loss
Enlarged spleen Respiratory symptoms
Oedema Gastrointestinal symptoms
Pleural effusion Neurological symptoms
Ascites Oedema or effusion
Cough Xerostomia
Nasal obstruction Rash
Xerostomia
Rash
Central neurologic symptoms Anaemia (Hb <12 g/dL)
Jaundice Thrombocytopenia (<100 x 10°/L)
Autoimmune haemolytic anaemia Hypoalbuminemia (<35 g/L)
Serum CRP >3 mg/L

2.2. Primary Effusion Lymphoma (PEL), Classic, and Solid Variants

PEL is an AIDS-a disease and one third of patients have coincidental Kaposi sar-
coma. There is a pathological or clinical overlap between PEL, KSHV /HHV8-MCD, and
KSHV/HHVS inflammatory cytokine syndrome (KICS). KICS is a condition characterized
by elevated levels of viral proteins and cytokines, such as MCD. However, KICS is not
associated with lymphadenopathy. PEL tumour cells, both in classic form and in solid vari-
ant, display a plasmablastic or anaplastic morphology, are positive for latency-associated
nuclear antigen 1 (LANA1) (Figure 2), and are often positive for EBV/EBER. They are
frequently positive for CD45, CD38, CD138, BLIMP1, VSc38, MUM1, CD30, and EMA.

PEL was first described in 1989 in the context of PLWH [18] and the link with
KSHV/HHVS8 was discovered in 1995 [6]. As originally defined, PEL is a large B-cell
lymphoma presenting in pleural, peritoneal, or pericardial effusions. These effusions are
not usually associated with lymphoma masses; although, up to a third of patients have
co-existing Kaposi sarcoma. In the early case series of PEL among PLWH, patients were
usually young men who have sex with men (MSM) with low CD4 cell counts and the PEL
lymphoma cells were co-infected with both KSHV/HHVS8 and EBV [19]. Subsequently,
PEL was described in solid organ transplant recipients [20] as well as elderly HIV-negative
individuals who live in areas of high KSHV /HHVS8 prevalence [21,22].

A decade after the original description of PEL, the category was expanded to include
extra-cavity solid lymphomas with the same morphology, immunophenotype, and vi-
rology [23,24]. These solid PEL have been described in both PLWH and HIV-negative
individuals and often present with extra-nodal disease.
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Figure 2. KSHV/HHV8-associated MCD and solid PEL. (A) The figure shows large atypical lym-
phoid cells with plasmablastic morphology, consistent with solid PEL. The tumour cells are negative
for CD20 and variably positive for CD138 and CD30 (not shown). (B) This lymphoma is involving
the lymph node in the interfollicular zone of the lymph node (dashed). Neoplastic cells are positive
for LANA. In the follicular mantle, some large, atypical cells, consistent with plasmablasts, are also
positive for LANA (circled). Magnification x40 (A), x20 (B).

A recent meta-analysis included 301 cases of whom 181 (63%) occurred in PLWH [25].
Over 90% PEL cases occurred in men, including 85% in HIV-negative individuals and the
median age was 55 years (43 years in PLWH and 73 years in HIV-negative individuals).
Almost half the cases involved the pleural cavity followed by abdominal cavity (14%) and
pericardium (8%) and 28% had involvement of multiple body cavities.

KSHV /HHV8-positive diffuse B-large cell lymphoma, NOS.

KSHV /HHVS-positive diffuse large B-cell lymphoma, NOS is a relatively new lym-
phoma category, usually arising in association with MCD and HIV infection. The tumour
cells display plasmablastic features and are usually positive for CD45 or CD20 and express
terminal B-cell differentiation markers, including MUMI. They are often negative for
EBV/EBER.

Many of these lymphomas arise in the context of KSHV /HHV8-MCD in PLWH. The
risk of lymphoma in patients with KSHV /HHV8-MCD is extremely high and may affect
up to one in five patients [26,27], and in one series, lymphoma was the most frequent
cause of death [28]. In many cases, the lymphomas were positive for KSVH and most
frequently were classified as primary effusion lymphomas and large B-cell lymphomas
(KSHV /HHVS8-positive DLBCL or NOS in the 2016 WHO classification), both with poor
prognoses. KSHV/HHV8-DLBCL is most commonly present with lymphadenopathy
and splenomegaly; although, extra-nodal involvement does occur uncommonly. The
limited number of cases reported and (to some extent) the relatively recent recognition
of this sub-classification means that not only is the optimal therapy uncertain, but the
prognosis is also unclear; although, it is a widely held view that the prognosis is worse
than KSHV /HHV8-negative DLBCL in the same HIV-positive population.
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2.3. KSHV/HHV8-Positive Germinotropic Lymphoproliferative Disorder (GLPD)

GLPD usually presents with localized lymphadenopathy, often without immunode-
ficiency. A plasmablastic proliferation is confined to expanded germinal centres, which
are positive for cytoplasmic monotypic light chain, CD38, MUM1, KSHV /HHVS viral IL6,
LANAL1, and EBV/EBER (Figures 3 and 4).

Figure 3. Germinotropic lymphoproliferative disorder. (A) The Hematoxylin and Eosin stain shows
aggregates of plasmablasts with the involved germinal centres. (B) Plasmablasts are positive for MUM1.
(C) In situ hybridization for EBV-encoded RNA (EBER) shows EBV infection.

Figure 4. Germinotropic lymphoproliferative disorder. Immunohistochemical stain for KSHV /HHVS8-
encoded LANA shows co-infection of KSHV/HHVS in the plasmablasts, within the involved germi-
nal centres.

GLPD is a very rare disease with an indolent clinical course. A systematic review of
the published literature in 2020 only identified 19 cases [29], only 5 of which were those of
HIV-seropositive individuals. The described cases occurred mostly in middle aged men
(68% male, mean age 58) and all presented with nodal involvement. Lymphadenopathy
was present in all cases but fewer than half had constitutional symptoms and most of those
who did were PLWH.
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3. Treatment and Outcome
3.1. KSHV/HHVS8-MCD

The clinical care of PLWH who developed KSHV /HHV8-MCD was revolutionised
in 2007 by the publication of two prospective open-label phase 2 clinical studies, that
established the efficacy of rituximab [15,30]. Subsequently, it was established that for
patients with life-threatening organ failure or the presence of concurrent Kaposi sarcoma
(KS), the addition of chemotherapy to rituximab was required. In general etoposide is
the additional drug of choice for patients with life-threating disease, whilst pegylated
liposomal doxorubicin is usually added to rituximab if there is concurrent KS. Three large
European cohort studies have described the medium-term outcomes of this approach
using rituximab-based immunochemotherapy in a total of 249 patients, yielding 5 year
overall survival in excess of 90% [26,28,31]. Despite the high response rates and good long-
term survival following rituximab-based treatment, relapse is frequent and can usually be
salvaged with a further course of rituximab [28].

Even though rituximab-based therapy is highly successful in KSHV /HHV8-MCD,
other management strategies have been investigated, including the use of anti-herpes virus
therapies. Anti-herpes virus drugs target viral replication, and for this reason have very
limited success in KS where the majority of KSVH is latent. However, in KSHV /HHVS-
MCD there are high levels of lytic replication of KSHV/HHV8 and this makes the approach
with anti-herpes agents attractive. Several small studies using anti-virals have reported
efficacy in KSHV/HHV8-MCD, but in most cases the responses were brief [32-36]. A
combination of valganciclovir and zidovudine has been most widely studied with a recent
publication reporting 5 year progression-free survival (PES) of just 26% as first line therapy
but a more promising 87% 5 year PFS, when used as maintenance after rituximab-based
immunochemotherapy for 10 patients, compared with a figure of 62% for 16 patients
who did not receive maintenance [37]. It is thought that KSHV/HHV8 encoded vIL-6,
an early lytic gene of KSHV/HHVS, contributes to the pathogenesis of KSHV /HHVS-
MCD. This virokine binds to the gp80 subunit of the IL-6 receptor, which is the target of
the monoclonal antibody tocilizumab. However, single agent tocilizumab achieved only
transient responses in just 5 of 8 HIV patients with KSHV /HHV8-MCD [38].

3.2. PEL

The treatment of PEL in both PLWH and HIV-negative individuals is not based on
clinical trial evidence. Nevertheless, there is a general consensus that patients should be
treated with multi-agent chemotherapy, along with combination antiretroviral therapy,
opportunistic infection prophylaxis, and careful consideration of the potential pharmaco-
logical interactions (if HIV seropositive) [39]. The most widely employed regimens are
dose-adjusted EPOCH (etoposide, prednisolone, vincristine, cyclophosphamide, doxoru-
bicin) or CHOP (cyclophosphamide, doxorubicin, vincristine, prednisolone). Rituximab
may be added to these regimens if the tumour expresses CD20, although this is uncommon.
The prognosis is pretty poor, with fewer than 50% alive at 1 year [40,41]; although, earlier
series reported an even worse prognosis [42,43]. In a meta-analysis of 301 patients from
the literature, systemic chemotherapy was associated with an improved median survival
(8 months vs 1.8 m). Furthermore, in this analysis, peritoneal involvement and elevated
serum LDH were associated with worse prognosis, whilst pericardial involvement carried
a lower risk of death. Interestingly, HIV status did not influence prognosis [25].

The poor outcomes have led investigators to explore the roles of molecular-targeting
therapies in PEL, including immunomodulatory drugs (thalidomide, lenalidomide, poma-
lidomide), proteosome inhibitors (bortezomib), and monoclonal antibodies targeting CD30
(brentuximab) and CD38 (daratumumab), but with limited success [44].

3.3. KSHV/HHV8-Associated DLBCL

Again, there is no consensus regarding optimal treatment of these tumours and
prognosis is poor [45]. Either CODOX-M/IVAC (as used for Burkitt lymphoma and
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leukaemia) or dose-adjusted EPOCH are frequently used, whilst CHOP chemotherapy is
generally considered inadequate [39].

3.4. GLPD

With so few cases described in the literature it is impossible to be clear about the
optimal therapeutic strategies in GLPD. Combination chemotherapy with CHOP or EPOCH
has been administered to seven patients and five have achieved remission. However, a less
aggressive approach was taken in ten patients with monitoring, surgery, or radiotherapy
but no systemic anticancer therapy. The very limited data suggests that GLPD may be a
more indolent disorder than other KSHV /HHV8-associated lymphoproliferations [8,29,46].

4. Conclusions

Following the discovery of KSHV/HHVS, it was quickly identified in MCD and
subsequently in PEL, some PBL, and in the rare cases of these diseases that occur in HIV-
negative individuals. The pathogenetic role of KSHV/HHVS in these lymphoproliferations
is uncertain; although, the virus encodes many potential oncogenes and tumour suppressor
genes, which could contribute, though many are lytic antigens. The increasing recognition
of these KSHV/HHVS8 lymphoproliferative disorders and their clear identification in
the WHO classification has driven forward knowledge of their clinical behaviour and
treatment. Thus, the recognition of KSHV /HHV8-MCD has resulted in established clinical
criteria, clinical management trials, and consensus treatment protocols that have led to
improvements in survival. To a lesser extent, these advances have also been seen for PEL,
which was first included in the WHO classification in 2001. It is hoped that the inclusion of
KSHV /HHV8-associated DLBCL in the 2016 revision and the inclusion of GLPD in future
classifications will similarly lead to greater recognition, better treatments, and survival
benefits for patients.
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Abstract: Indolent T- and NK-cell lymphoproliferative disorders of the gastrointestinal tract are
uncommon clonal neoplasms that have a protracted clinical course and limited response to therapy.
In recent years, advances in the immunophenotypic, genetic, and clinical characterization of these
disorders have led to increased awareness and a better understanding of disease pathogenesis. How-
ever, many questions remain unanswered, including those concerning the cell(s) of origin, inciting
immune or environmental factors, and the molecular pathways underlying disease progression and
transformation. In this review, we discuss recent findings regarding the immunophenotypic and
genomic spectrum of these lymphoproliferative disorders and highlight unresolved issues.

Keywords: indolent; T-cell; NK-cell; lymphoproliferative disorder; gastrointestinal tract; genetics;
cell of origin

1. Introduction

Accumulating evidence over the past two decades has led to the recognition of rare
indolent T- and NK-cell lymphoproliferative disorders (LPDs) occurring in the gastrointesti-
nal (GI) tract and rarely other organs that have unique clinical, morphologic, immunophe-
notypic, and genetic features. Carbonnel et al. reported the first case of “low grade” small
intestinal T-cell lymphoma in 1994 involving the duodenum of a 28 year-old man with a
7-year history of diarrhea and weight loss [1]. Since then, over 70 additional cases have
been reported in a variety of Gl sites, all showing similar patterns of mucosal infiltration
by bland appearing small-sized lymphocytes (Figure 1A,B,D,E; Table 1), indolent clinical
behavior, and poor response to chemotherapy [2-29]. The vast majority of these LPDs
persisted as organ-confined disease for years, at times with regional lymph node involve-
ment; however, dissemination outside the GI tract has been documented in some cases,
and transformation to aggressive lymphomas has rarely been observed. Although early
series described predominantly CD4" cases (Figure 1C), many subsequent studies have
reported CD8* cases (Figure 1F), and less commonly CD4~ /CD8~ and CD4*/CD8" LPDs.
The clonal nature of these diseases was established and confirmed by investigators from
the 1990s through the early 2010s, but no recurrent chromosomal changes were identified.
In recent years, high throughput DNA- and RNA-based sequencing approaches have
provided greater insights into the genetic bases of these LPDs and recurrent alterations in
multiple gene classes and pathways are now recognized. The knowledge gained thus far
has led to the inclusion of these diseases within a provisional category in the 2017 revised
4th edition of the WHO classification of lymphoid neoplasms, termed “indolent T-cell LPD
of the GI tract” (ITLPD-GI) [30].

In addition to LPDs of T-cell lineage, indolent LPDs of natural killer (NK) cells also
occur in the GI tract. The first case (“atypical NK-cell proliferation of the gastrointestinal
tract”) was reported by Vega et al. in 2006 [31], followed by two series from the United States
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and Japan describing morphologically similar lymphoproliferations, albeit with distinct
clinical presentations and sites of involvement, designated “NK-cell enteropathy” (NKCE)
and “lymphomatoid gastropathy” [32,33]. Over the years, nearly 50 cases of indolent NK-cell
LPDs have been reported, as isolated case reports or small series [34-46], further refining
the clinical, morphologic, and immunophenotypic features of these diseases, which are
currently considered to represent a single entity, referred to as NKCE in this manuscript.
In contrast to ITLPD-GI, the lesional cells of NKCE are medium- to large-sized and show
mild pleomorphism (Figure 1J,K; Table 1) but lack the histopathologic features of extranodal
NK/T-cell lymphomas, i.e., angioinvasion/angiodestruction and EBV infection [31—-46]. Until
recently, it wasn’t clear whether NKCE represented reactive or neoplastic proliferations, in
part due to the challenges associated with demonstrating clonality of NK-cells; however, a
recent study identified recurrent mutations in a small number of cases [46], supporting the
neoplastic character of at least some if not all cases of NKCE.

Despite advances in our understanding of the pathobiology of ITLPD-GI and NKCE,
many questions remain. The cell(s) of origin of these lymphoid proliferations have not
been established and the (micro)environmental and immunological factors associated with
disease initiation as well as those related to disease progression and transformation are
unknown. Alterations of molecular pathways and signaling networks, as a consequence
of mutations and structural genetic alterations, remain to be deciphered, and optimal
strategies for disease monitoring need to be defined. Here we review recent progress in the
immunophenotypic and genetic characterization of ITLPD-GI and NKCE and call attention
to some of the lingering questions.

2. Indolent T-Cell Lymphoproliferative Disorder of the Gastrointestinal Tract ITLPD-GI)
2.1. Immunophenotype

ITLPD-GI encompasses immunophenotypically heterogeneous diseases. Of the
>70 cases reported to date, 34 are CD4* [2,3,5,8,10,14,16,17,22-24,26-28], 29 are
CD8* [4-6,10-13,15,18,19,25,27,29], 5 are CD4~ /CD8 ™ (“double-negative”, DN) [7,10,25,27],
and 3 are CD4* /CD8" (“double-positive,” DP) [5,9,27] (Table 1). Comprehensive immunophe-
notypic analyses have not been performed in all cases; however, virtually all cases express
CD2 and CDB3, and partial downregulation or loss of CD5 and/or CD7 has been reported in
~25% of cases. CD103 is generally negative, though variable expression has been described
in 2 CD4* cases [14,17] and 3 CD8" cases [10,27] and partial weak CD56 expression has been
observed in one CD8" case [27]. T-cell receptor (TCR) of3 or BF1 is positive in all analyzed
cases and T-follicular helper cell (TFH) markers (CD10, BCL6, PD1, CXCL13) are usually neg-
ative, although weak positivity for CD10 and CXCL13 was reported in one DN case [10] and
PD1 expression in two cases, each exhibiting DN and DP phenotypes [27]. Expression of the
regulatory T-cell (Treg) marker FOXP3 was negative in all cases tested [21,27]. The cytotoxic
marker TIA1 is frequently expressed by CD8" cases, and CD8* and DN cases display variable
granzyme B and perforin expression [4-8,10,12,15,18,19,21,25,27]. Aberrant CD20 expression
has been reported in five cases (2 CD4*, 1 CD8*, 2 DN) [7,10,15,16]. Epstein-Barr virus (EBV)-
encoded RNA (EBER) is negative in the T-cells, though rare admixed EBV® cells, probably
B-cells, have been reported in two cases [2,10]. The Ki-67 proliferation index is inherently
low (usually <5%). CD30 and/or MUMI expression has been reported in transformed cases,
but not during the indolent phase of disease [5,21,22].
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A *

Figure 1. Histopathologic and immunophenotypic features of ITLPD-GI and NKCE. (A-C) CD4*
ITLPD-GI: (A) A duodenal biopsy shows expansion of the lamina propria by a dense lymphocytic
infiltrate that extends into the submucosa, accompanied by villous atrophy and crypt hyperplasia.
(B) The lymphocytes are small and have round or mildly irregular nuclei, condensed chromatin, incon-
spicuous nucleoli, and scant cytoplasm. (C) The vast majority of lymphocytes express CD4. (D-F) CD8*
ITLPD-GI: (D) The lymphocytic infiltrate within the lamina propria mildly distends the lower portions
of the villi; no villous atrophy or crypt hyperplasia is evident. (E) The lymphocytes are small and
mature appearing and do not show significant atypia. (F) In this case, the lymphocytes are CD8-positive.
(G-I) Reactive B-cell follicles: (G) Scattered, small lymphoid follicles can be seen in some cases, which
are comprised of (H) B-cells (CD20*) and surrounded by neoplastic (I) T-cells (CD3*). (J-L) NKCE: (J) A
colonic biopsy shows an infiltrate of lymphoid cells within the lamina propria that displaces the crypts.
(K) The lymphoid cells are medium- to large-sized and have ovoid or irregular nuclei, fine chromatin,
indistinct or small nucleoli, and moderate or abundant cytoplasm. (L) The cells express CD56.
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2.2. Cell(s) of Origin

Lamina propria (LP) helper T-cells (Th) are believed to be the cell of origin of CD4*
ITLPD-GI. CD4" T-cells comprise the largest LP T-lymphocyte subset (~70%) [47] and they
represent a diverse family, including Th type 1 and 2 (Th1, Th2) cells, T-follicular helper (TFH)
cells, and regulatory T-cells (Tregs), amongst others [48,49]. Absence of TFH and Treg markers
by CD4" ITLPD-GI argues against their derivation from these T-cell lineages. By immunohis-
tochemistry, CD4" cases show heterogeneous expression of T-bet (TBX21) and GATA3 [27],
which are master transcription factors governing Thl vs. Th2 cell development [50]. Thl,
Th2, and hybrid Th1/2 profiles have each been observed (Figure 2A,B), and in one case with
longitudinal data, a phenotypic shift from a Th1/Th2 to Th2 profile was noted over time [27].
The etiology and significance of this phenotypic variability is unknown. Studies have shown
that Th cells, both within and outside the GI tract, are not restricted to singular fates and
can display phenotypic plasticity even after lineage specification [50]. It is presently unclear
whether T-bet" /GATA3" ITLPD-GI derive from bifunctional Th1/2 cells that develop directly
from naive T-cells in certain immune/inflammatory conditions [51] or committed Th subsets,
which have been reprogrammed to adopt a mixed Th1/Th2 phenotype [52]. Inter-tumoral
differences in the frequency of T-bet and GATA3 expression favors the latter supposition.
The impact of lineage-specific transcription factor co-expression on cellular identity and
function, however, remains poorly understood. Importantly, since RORyt (transcriptional
regulator of Th17 differentiation) can be co-expressed with either T-bet or GATA3 in certain
pathological conditions, induction of a Th17 program by some CD4" ITLPD-GI cannot be
ruled out (Figure 2A,B).

CD8* ITLPD-GI are favored to originate from lamina propria CD8* T-cells, which
constitute a smaller subset of lamina propria T-cells (~30%) [47]. Similar to their CD4*
counterparts, LP CD8* T-cells are subclassified based on their cytokine expression profiles
into type 1 effector (Tc1) and type 2 effector (Tc2) T-cells. Inmunohistochemical analysis
has shown that most CD8" ITLPD-GI express GATA3, suggesting an origin from Tc2
T-cells [27,53] (Figure 2A,B).

The cellular derivation of the DN and DP ITLPD-GI cases is not known. DN and
DP T-cells represent uncommon GI mucosal T-cell subsets, and most of the knowledge
regarding origin, differentiation, and function of these cells is inferred from their peripheral
blood (PB) counterparts or from murine studies. LP DN T-cells have not been functionally
characterized, but PB DN T-cells have been shown to derive from activated CD4" or CD8*
T-cell subsets, which have downregulated these antigens due to chronic antigenic stimula-
tion in response to infectious agents or in autoimmune/inflammatory conditions [54,55]
(Figure 2A,B). LP DP T-cells have also not been characterized in humans; however in
rhesus macaques (Macaca mulatta), LP DP T-cells have been shown to represent terminally
differentiated effector memory T-cells with innate cytotoxic activity [56], which are inferred
to play roles in viral immune responses, similar to human PB DP T-cells [57] (Figure 2A,B).
It remains to be determined whether DN and DP ITLPD-GI arise from CD4* or CD8" T-cell
subsets that have silenced or upregulated CD4 or CD8 expression (Figure 2A,B). In one
reported DN case, the authors hypothesized that CD4 expression had been lost during dis-
ease progression; however, this supposition was not confirmed by TCR clonality analysis of
early and late samples [22]. The lineage of the DN case expressing two TFH antigens (CD10
and CXCL13) is unclear, given the co-expression of TIA1 and perforin [10]. Expression of
PD-1by DN and DP ITLPDs (in the absence of other TFH markers) could be a manifestation
of an “exhausted” cell state due to chronic activation/antigen stimulation [58].

Interrogation of gene expression programs and chromatin accessibility states of ITLPD-
Gl by transcriptome (e.g., RNA-seq [59]) and chromatin profiling (e.g., ATAC-seq [60]), and
comparisons with normal mucosal and /or PB T-cell subsets, could help delineate the cell(s)
of origin of the different immunophenotypic subtypes and unravel the transcriptional and
epigenetic mechanisms responsible for disease heterogeneity.
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2.3. Genetics
2.3.1. Clonality, Karyotyping, and Chromosome Microarray Analyses

All cases analyzed demonstrate clonal T-cell receptor gene (TR) rearrange-
ments [2-10,12,14,15,17,19-29]. Karyotype analysis of isolated cases has identified a few
non-recurrent chromosome abnormalities [2,13,27]. In a CD4" case, Carbonnel et al. de-
tected a translocation t(4q27; 16p13) involving the interleukin-2 (IL2) gene on chromosome
4q27 and TNF Receptor Superfamily Member 17 (TNFRSF17), also known as B-cell matura-
tion antigen (BCMA), on chromosome 16p13 [1,2,61]. In another CD4* case, a bone marrow
sample showed a balanced translocation t(9;17)(p24;q21) that later was shown to represent
a STAT3-JAK?2 fusion [27]. Chromosome microarray studies have revealed a multitude of
non-recurrent copy number changes in 10 of the 13 analyzed cases [21,26]. Large segmental
chromosomal gains and losses were seen in some cases, encompassing numerous genes,
and no minimal commonly altered region has been uncovered till now. Of interest, however,
some of the altered loci (1p13, 4q27, 16p13, 17q21) harbor genes with potential relevance to
ITLPD-GI pathogenesis, which might be deregulated as a consequence of the copy number
aberrations, e.g., loss of SOCS1, TNIP3, and CD58, and gain of STAT3.

2.3.2. Next-Generation Sequencing (NGS)
JAK/STAT Pathway Alterations

Recent RNA- and DNA-based sequencing studies identified frequent genetic abnor-
malities in ITLPD-GI, with an enrichment of alterations involving the JAK/STAT pathway
(Figure 2D). Recurrent STAT3-JAK2 rearrangements were observed in 5/11 (45%) CD4*
cases, but not in any CD8" (0/12, 0%), DN (0/3, 0%), or DP (0/2, 0%) cases (one case
listed in the EAHP workshop report by Montes-Moreno et al. was included in the study of
Soderquist et al.) [5,10,27]. The rearrangements generate fusion transcripts joining the first
21 coding exons of STAT3 with the last 9 exons of JAK2. The resultant protein retains many
key functional domains of STAT3, including the Src homology 2 (SH2) domain, and JAK2,
including the JAK homology 1 (JH1) tyrosine kinase domain, and activates STATS.

In some cases lacking STAT3-JAK2 rearrangements, genetic alterations in other com-
ponents of the JAK/STAT pathway were detected. Specifically, activating STAT3 point
mutations were seen in 3 cases; 1/4 (25%) CD4* cases, 1/1 (100%) DP case, and 1/2 (50%)
DN cases, but in none of the 10 CD8" cases assessed [6,10,25,27]. The reported STAT3
mutations, D661Y and S614R, are well-characterized SH2 domain hotspot mutations, which
enhance dimerization, nuclear transport, and activation of the STAT3 transcription factor,
leading to heightened JAK/STAT signaling in response to cytokine stimulation [62,63].
Deletion of SOCS1, a negative regulator of the JAK family proteins [64], was also reported
in one CD4* case [27].

IL2 Structural Alterations

Rearrangements or deletions involving the 3’ untranslated region (UTR) of the IL2 gene,
which encodes an important T-cell cytokine that signals via multiple pathways, including
the JAK/STAT pathway [65], have been identified in two CD8" cases (2/4, 50%), but not in
any CD4* (0/4, 0%), DP 0/1 (%), or DN (0/1, 05) cases [27]. Mapping of these structural
alterations showed that they result in loss of most or all of the 3’ UTR AU-rich regulatory
elements (AREs) which serve as binding sites for components of the mRNA degradation
machinery and play a key role in mRNA stability [66]. In cultured T-cells, deletion of
certain IL2 3 UTR AREs resulted in longer mRNA half-life [67], demonstrating a potential
mechanism wherein 3’ UTR alterations could modulate turnover and concentration of
IL2 transcripts. The functional significance of these structural abnormalities (genes and
signaling pathways impacted) in ITLPD-GI, however, is not clear.

Other Altered Genes and Pathways

Beyond JAK/STAT signaling, other pathways/gene classes are also altered in ITLPD-
GI. Putative loss-of-function mutations in epigenetic modifier genes, including genes
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involved in DNA methylation (TET2, DNMT3A) and histone modification (KMT2D, EZH?2),
have been identified in five cases, including 3/5 (60%) CD4* cases, 1/1 (100%) double-
negative case, and 1/1 (100%) double-positive case, but not in five CD8" cases ana-
lyzed [6,10,27]. While these specific variants have not been functionally characterized,
mutations in epigenetic modifiers are pervasive in hematopoietic neoplasia and are known
to disrupt CpG methylation, chromatin structure, and gene expression. Additionally, non-
recurrent alterations have been observed in genes affecting NF-kB signaling. One CD4*
case harbored a frameshift TNFAIP3 mutation and one CD8* case demonstrated a small
inversion disrupting TNIP3 (also known as TNFAIP3 Interacting Protein 3). Since both
TNFAIP3 and TNIP are negative regulators of NF-«kB signaling, these presumed loss-of-
function mutations are predicted to result in aberrant NF-«kB activation.

2.3.3. Genetic Stability and Evolution

Longitudinal genetic data have only been reported for five cases to date [27]. Four of
those five cases, including two with JAK/STAT pathway and epigenetic modifier mutations,
showed stable genomic profiles for many years, which tracked the indolent disease course.
In contrast, the ITLPD of one patient treated with multiple chemotherapeutic regimens
over the years, including antimetabolite drugs, which eventually transformed to aggressive
lymphoma, demonstrated genetic evolution over time.

Mutations targeting epigenetic modifiers and the JAK/STAT pathway likely repre-
sent early events in ITLPD-GI pathogenesis, as has been proposed in other hematopoietic
neoplasms [68-70], whereas mutations targeting other pathways, particularly those pre-
disposing to genomic instability, e.g., TP53, may be late events. The implications of the
sequence of acquisition and interplay of somatic lesions, as well as the role of chemotherapy,
in fostering clonal evolution and disease progression await clarification.

2.4. Environmental and Immunologic Factors

To date, no inherited, environmental, or immunologic factors have been definitively
linked to ITLPD-GI and disease-specific triggers are unknown. Some observations, however,
suggest a potential role of chronic antigenic stimulation and/or immune dysregulation. An
underrecognized histologic feature of ITLPD-GI is the presence of reactive lymphoid folli-
cles (Figure 1G-I). Whether these structures are related to disease pathogenesis or represent
epiphenomenon (“reactive”) change, is not known. Prior and/or concurrent inflamma-
tory or autoimmune diseases, including Crohn’s disease, ulcerative colitis, autoimmune
enteropathy, and rheumatoid arthritis have been reported in a few patients [6,12,22,25-27],
and viral infections, either gastrointestinal (e.g.,, HHV6), extra-intestinal (e.g., HSV), or
systemic (e.g., HTLV-1) have also been described [25,26].

The contributions of immune dysregulation and/or suppression in triggering or mod-
ifying the course of ITLPD-GI is not known, since many patients have been treated with a
variety of immunomodulatory agents, including TNF inhibitors (infliximab, adalimumab,
and certolizumab), mycophenolate mofetil, methotrexate, and 6-mercaptopurine, either be-
fore or after ITLPD-GI diagnosis [6,12,19,22,25,27]. Two ITLPD-GI cases were also reported
following solid organ transplant (liver and kidney) [12,17].

It is possible that persistent antigenic stimulation amplifies signaling cascades nor-
mally utilized by mucosal immune subsets, resulting in augmented survival and prolifera-
tion, which can increase the likelihood of incurring genetic lesions. It is unclear whether
some immunomodulatory agents have mutagenic effects in addition to impairing tumor
immunosurveillance, which allows the unrestrained expansion of neoplastic T-cell clones.
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Table 1. Pathologic and genetic characteristics of ITLPD-GI and NKCE.

ITLPD-GI

NKCE

Site of
involvement

Cytomorphology

Immunophenotype

Other
histopathologic
features

Chromosome/
genomic
structural
alterations

Mutations

GI tract: Small intestine (84%, 53/63), colon (48%, 30/63), stomach
(38%, 24/63), oral cavity (5 cases), esophagus (2 cases)

Abdominal lymph nodes: enlarged (47%, 22/47), biopsy confirmed
involvement (12 cases)

Other: Bone marrow (9 cases), blood, liver, peripheral lymph nodes

Small size, round, oval or mildly irregular nuclei, condensed
chromatin, inconspicuous nucleoli, scant/moderate cytoplasm

CD4*: 48% (34/71), CD8*: 41% (29/71), DN: 7% (5/71), DP: 4%
(3/71)

Typical: CD2*, CD3*, CD5%, CD7*, TCRa*, CD103~, CD10~,
BCL6~, PD1~, CXCL13~, FOXP3~, CD30~, MUM1~, MATK™
Variant: CD5™ (14%, 6/42), CD7~ (24%, 9/38), CD103* (5 cases),
CD20* (5 cases), CD56" (1 case), PD1" (2 cases), CXCL13" and CD10*
(1 case)

Cytotoxic markers:

CD8: TIA1* (96%), GrzB* (30%)

CD4: TIA* (0%), GrzB* (0%)

Ki-67 index: <10%

Typical: Diffuse or nodular infiltrate largely confined to the lamina
propria

Other: Small clusters of lymphocytes infiltrating crypt or

villous epithelium, scattered B-cell follicles, and occasionally
granulomas

CD4

Translocations:
STAT3-JAK2 (45%, 5/11)
IL2-TNFRSF17
Gains/Losses:
Gains:
Chr: 1p, 1q, 8q, 13q, 15q, 17q, 19q, X
Losses:
Chr: 1p, 3q, 4q, 7q, 9p, 10p, 15q,

16p, 19p, 19q, 20q, X

CD8
Structural alterations:
IL2 3'UTR-RHOH
IL2 3" UTR del/IL2-TNIP3 *

CD4 CD8
JAK/STAT pathway: JAK/STAT pathway:
STAT3, SOCS1 del None reported
Epigenetics: Other:
TET2, KMT2D, EZH2 MCM5
Other:
TNFAIP3, DIS3

GI tract: Stomach (73%, 35/48),
small intestine (31%, 15/48), colon
(27%, 13/48)

Other: Gallbladder, cystic duct
lymph node, esophagus, vagina *
Medium/large size, ovoid or
irregular nuclei, fine chromatin,
inconspicuous nucleoli, moderate
pale cytoplasm with occasional
azurophilic granules

Typical: sCD3~, cCD3", CD5™,
CD2*,CD7*,CD56%,CD4~,CD8 ",
TIA1Y, GrzB*

Variant: CD2~ (30%, 7/23), CD7~
(1 case), CD8" (11%, 5/46)

Ki-67 index: <40%

Well-circumscribed infiltrate within
the lamina propria, often
surrounded by a rim of
polymorphous inflammatory cells
Absence of
angioinvasion/angiodestruction

None reported

JAK/STAT pathway:

JAK3 (27%,3/11)

Other:

PTPRS, AURKB, AXL, ERBB4,
IGF1R, PIK3CB,

CUL3, CHEK2, RUNX1T1, CIC,
SMARCB1, SETD5

DN: double-negative (CD4~ /CD8~); DP: double-positive (CD4* /CD8"); GI: gastrointestinal; GrzB: granzyme B.
* Indolent NK-cell proliferations can occasionally be seen outside the GI tract. * Two IL2 alterations were observed
in one case: a deletion spanning the majority of the 3 UTR (“IL2 3’ UTR del”) and an inversion involving IL2 and
TNIP3 (“IL2-TNIP3").

3. NK-Cell Enteropathy (NKCE)
3.1. Immunophenotype

The neoplastic cells demonstrate a phenotype typical of NK-cells: CD3(cytoplasmic)*,
CD3(surface)”, CD7*, CD5~, and CD56* (Figure 1L, Table 1), with variable downreg-
ulation/loss of CD2. They often express one or more cytotoxic granule proteins (TIA1,
granzyme-B, and/or perforin) and usually lack CD4 and CD8 expression; however, four
CD8* cases have been reported [31-46]. The Ki-67 labeling index is generally <40%, but
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higher proliferation indices (up to 90%) have been reported in a few cases. In situ hybridiza-
tion for EBER is always negative.

3.2. Cell of Origin

It is not known whether mucosal tissue-resident or circulating NK-cells are the normal
counterparts of NKCE (Figure 2C). Mucosal NK-cells normally account for a small fraction
of lymphoid cells in the GI tract [71-74]. Various subpopulations of cells with NK attributes
reside within the LP, including conventional NK-cells, tissue-resident NK-cells, and NK-
like innate lymphoid cells; however, knowledge of the function and distribution of these
populations is limited [71-74]. These cells are believed to play roles in combatting viruses
and other intracellular pathogens via secretion of cytotoxic proteins and IFN-y [72,74]. The
occurrence of two cases of indolent NK-cell LPDs in the gallbladder, one in a cystic duct lymph
node and one in the vagina [38,43,45,75], suggests that either extra-intestinal (and rarely extra-
Gl sites) harbor unique tissue-specific NK-cell populations or provide a microenvironment
conducive to the growth and proliferation of NK-cells that traffic to these locations.

3.3. Genetics

Until recently, there was no evidence that NKCE represented a clonal or neoplastic
disorder. In keeping with NK-cell derivation, the LPDs show an absence of clonal TR
gene rearrangements [31-35,40-42,45]. Heterogeneous killer-cell immunoglobulin-like
receptor (KIR) expression was reported in a single case [31]. In 2019, Xiao et al. identified
identical somatic JAK3 K563_C565del mutations in 3 out of 10 (30%) NKCE cases [46]
(Figure 2D, Table 1). This in-frame deletion of three amino acids is predicted to disrupt
a portion of the JH2 pseudokinase domain responsible for modulating inhibitory feed-
back and suppression of JAK kinase activity. While the K563_C565del mutation has not
been functionally characterized, similar mutations in the JH2 domain in other lymphoid
neoplasms have been shown to result in upregulation of JAK activity [76]. Immunohis-
tochemical analysis showed p-STATS5 staining in all NKCE cases tested, irrespective of
JAK3 mutations, suggesting ubiquitous activation of the JAK/STAT pathway in NKCE [46].
In addition, an assortment of non-recurrent somatic variants were identified, but their
pathogenic significance is presently uncertain [46].

3.4. Environmental and Immunologic Factors

No instigating factors for NKCE are known, though similar to ITLPD-GI, chronic
antigenic stimulation and dysregulated immune signaling have been implicated. In cases
from Japan, many of the gastric cases had co-existing H. pylori infection, and a history of
gastric cancer was noted in others; however, no definitive causal links between NKCE
and these diseases have been identified [33,34,36,39,41,42,45,46]. In two cases, anti-gliadin
antibodies were reported in the absence of histologic evidence of celiac disease [31,43].

4. Disease Monitoring of ITLPD-GI and NKCE

While the majority of ITLPD-GI persist for years without evidence of disease dissemi-
nation outside the GI tract, imaging reveals enlarged abdominal lymph nodes in ~50% of
cases [2,4,13,16,17,19,23-28], and biopsy-confirmed nodal involvement has been reported
in ~15% of cases [2,10,13,26,27] (Table 1). Spread to bone marrow and peripheral blood,
amongst other sites, is considered uncommon [2,4,7,13,19,21,22,24,26,27]. NKCE can also
persist for years to decades, sometimes showing a relapsing/remitting course, though un-
like ITLPD-GI, disease dissemination outside the GI tract has not been documented [31-46].
It is important to note, however, that either systemic evaluation was not documented
in many studies of ITLPD-GI and NKCE or information regarding the assays used to
investigate presence of disease outside the GI tract was not provided.
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Figure 2. Pathogenetic aspects of ITLPD-GI and NKCE: (A) During “normal” T-cell development,
immature double-negative (“DN”) thymocytes give rise to double-positive (“DP”) thymocytes in the
thymus, which subsequently express either CD4 or CD8 following positive and negative selection.
(B) Mature T-cells migrate to the gastrointestinal tract lamina propria. CD4* ITLPD-GI manifest
Th1, Th2, or hybrid Th1/2 profiles; acquisition of a Th17 fate has not been excluded. CD8* cases
predominantly display a Tc2 profile. It is not known whether the rare DP cases derive from DP
thymocytes, which migrate directly to the intestinal mucosa, or from single-positive T-cells which
up-regulate CD4" or CD8*. DN ITLPD-GI may derive from activated CD4" or CD8" T-cells that have
downregulated the T-cell co-receptors. (C) The cell of origin of NKCE (tissue-resident or circulating
NK-cells) is unclear. The inciting factors for ITLPD-GI and NKCE (local or systemic) have not been
elucidated. (D) Genetic alterations in the JAK/STAT signaling pathway have been identified in most
immunophenotypic subsets of ITLPD-GI and in NKCE.

Currently, the optimal strategies and frequency of testing for extra-GI disease in these
indolent LPDs are unclear. When present, the burden of ITLPD-GI in the peripheral blood
is generally low, therefore high analytic sensitivity of the assay is paramount. Multiplex
polymerase chain reaction (PCR) analysis for TR rearrangement, which has utility in the
evaluation of ITLPD-GI but not NKCE, shows a limit of detection (LOD) of ~5% of T-cells
(range 1-10%), though comparison with involved GI biopsy results can improve confidence
at the lower end [77]. NGS-based clonality methods are more sensitive (LOD ~2.5%) and
can more accurately identify and track disease-associated clonotypes, as well as distinguish
them from background non-neoplastic clonal expansions due to other etiologies [78]. Flow
cytometry can detect immunophenotypically aberrant T- and NK-cell populations, but a
substantial proportion of ITLPD-GI and NKCE do not harbor overt immunophenotypic
abnormalities. Finally, targeted NGS analysis of PB circulating DNA to detect disease-
associated mutations (“liquid biopsy”), although not yet attempted in ITLPD-GI or NKCE,
has been reported to be equally or more sensitive than standard PCR analysis in other
lymphoid malignancies harboring mutations [79]. Periodic imaging is recommended, and
bone marrow biopsy may also be considered; however, invasive procedures should perhaps
be used more sparingly (e.g., at initial diagnosis or on suspicion of disease progression).
For each of these modalities, additional studies are required to establish the appropriate
assessment intervals.

5. Summary

Progress in the clinicopathologic, immunophenotypic, and molecular characterization
of ITLPD-GI and NKCE has increased awareness of these rare and underrecognized disor-
ders, furthered our understanding of disease pathogenesis, and confirmed their neoplastic
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nature; however, many questions remain. While targeted genomic profiling studies have
identified recurrent alterations in many cases of ITLPD-GI and NKCE, unbiased whole ex-
ome or genome sequencing analyses are required to delineate the genetic landscape of these
diseases and decipher their clonal architecture. The etiology of the different immunophe-
notypic subsets of ITLPD-GI is still a mystery and it remains to be seen whether similar
diseases in some animals can serve as surrogates for human ITLPD-GI and provide clues
about disease-initiating factors [80]. The use of newer multi-omic approaches integrating
genetic, epigenetic, transcriptomic, and metabolomic data may unmask novel therapeutic
targets. Finally, it is hoped that incorporation of newer disease monitoring tools will allow
a better understanding of the natural course of indolent T- and NK-cell LPDs.
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Abstract: Follicular helper T-cell (TFH) lymphomas comprise a unique group of T-cell lymphomas
that represent neoplastic proliferations of follicular helper T-cells and share genetic, immunophe-
notypic, morphologic, and clinical features. Angioimmunoblastic T-cell lymphoma (AITL) is the
prototypical TFH lymphoma; in addition, the 2017 revised World Health Organization (WHO) 4th
edition recognizes two other unique subtypes: follicular T-cell lymphoma (FTCL) and nodal periph-
eral T-cell lymphoma with the T follicular helper phenotype (PTCL-TFH). This review discusses the
morphologic spectrum, immunophenotype, diagnostic mimics/pitfalls, and unique genetic attributes
of this category of T-cell lymphomas.

Keywords: T follicular helper cells; TFH lymphoma; angioimmunoblastic T-cell lymphoma; follicular
T-cell lymphoma; peripheral T-cell lymphoma of T-follicular helper immunophenotype; peripheral
T-cell lymphoma

1. Introduction

Follicular helper T-cells (TFHs) are a specialized subset of CD4-positive helper T-cells
that are essential for germinal center formation, B-cell maturation, and the development of
high-affinity antibodies [1,2]. TFH differentiation from naive CD4-positive helper T-cells
is a complex multistep process that is initiated by the interaction between dendritic cells
(DCs) and T-cells and mediated by interleukin-6 (IL-6), inducible costimulatory (ICOS),
and T-cell receptor (TCR) molecules [3]. The second stage of TFH maturation occurs during
T-cell interaction with antigen-specific B-cells in the follicle or interfollicular areas. TFH
and B-cell maturation in the follicle is a symbiotic process [4] and is mediated by the
BCL6-IRF4-BLIMP1 transcriptional axis [5]. TFH maturation is completed in the germinal
center (GC), and the majority of GC TFH cells express CD4, CXCR5, PD1, BCL6, CD10,
CXCL13, and ICOS [1,6-8]. Mature TFH cells are not confined to the GC; they can exit the
follicle and enter a different GC, or return to the same GC, or downregulate BCL6 and
become memory TFH cells [1].

The most important function of TFH cells is GC development and function, enabling
B-cell maturation and high-affinity antibody production. This critical process is exquisitely
regulated and defective TFH function results in suboptimal immune responses to viral
infections such as human immunodeficiency virus (HIV) [9]. TFH cells are also implicated
in autoimmunity, with increased circulating TFH-like cells seen in some patients with
systemic lupus erythematosus (SLE) and Sjogren’s syndrome [10]. TEH cells also seem to
play a role in cancer immunity, and it is postulated that they may help maintain ectopic
lymphoid structures and potentially affect prognosis [11].

Understanding TFH cell maturation has also allowed the identification of these cells in
normal lymphoid tissue and in neoplastic lymphoid proliferations, such as lymphomas. It is
now understood that a subset of peripheral T-cell lymphomas (PTCL) represents neoplastic
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proliferations of TFH cells, the best-characterized of which is angioimmunoblastic T-cell
lymphoma (AITL), which has unique clinical and pathologic features [12,13]. Two addi-
tional nodal T-cell lymphomas with different morphologic features than AITL, but sharing
a TFH cell immunophenotype and genetic and molecular features have been described:
follicular T-cell lymphoma (FTCL) and nodal peripheral T-cell lymphoma with the TFH
cell phenotype (PTCL-TFH) [14-16]. Additionally, cutaneous T-cell proliferations with the
TFH cell phenotype have also been described [17].

To reflect this understanding, the 2017 WHO Classification has removed FTCL and
PTCL-TFH from the PTCL, not otherwise specified (PTCL, NOS) category and included
them with AITL as subtypes of a new broader category, nodal lymphomas of T-follicular
helper (TFH) origin (Table 1) [18]. Cutaneous TFH proliferations are not included in this cat-
egory, as they do not share clinical or molecular features with nodal TFH lymphomas [19].

Table 1. 2017 WHO classification of T follicular helper cell (TFH) lymphomas.

Angioimmunoblastic T-Cell Lymphoma and Other Nodal Lymphomas of T Follicular Helper (TFH) Cell Origin

Angioimmunoblastic T-cell lymphoma
Follicular T-cell lymphoma
Nodal peripheral T-cell lymphoma with the TFH phenotype

From a practical and diagnostic standpoint, TFH lymphomas share some features. By
flow cytometry, many cases show an aberrant CD3 (dim/—)/CD4+ T-cell population [20].
The most commonly used markers for identifying TFH T-cells in paraffin-embedded tissue
are CD10, BCL6, PD1, CXCL13, CXCRS5, ICOS, SAP, CD200, and MAF, and the recommen-
dations for assigning a TFH phenotype include expression of at least two, ideally three TFH
markers [1,6-8,12,13,18,21-24]. Given the varying sensitivities of immunohistochemical
stains, utilizing a panel of markers to identify these T-cell lymphomas in routine practice is
a prudent approach [25].

2. Angioimmunoblastic T-Cell Lymphoma

Angioimmunoblastic T-cell lymphoma is the prototypical member of the TFH family
of PTCLs [26]. AITLs have unique clinicopathologic and pathologic features. Lymph node
biopsies are characterized by a polymorphous infiltrate, effaced architecture, and expanded
follicular dendritic cell (FDC) meshworks, which especially encircle the proliferating high
endothelial venules (HEVs). In addition to cytogenetic abnormalities, AITLs also demon-
strate a unique gene expression signature and mutational profile that is partly shared with
other TFH lymphomas (discussed in detail later) [13,15,16,27-29].

2.1. Epidemiology and Clinical Features

AITL occurs usually in middle-aged and elderly patients and with a male predom-
inance [30,31]. While it accounts for only 1-2% of non-Hodgkin’s lymphoma, it is one
of the more common T-cell lymphomas and constitutes 15-20% of non-cutaneous T-cell
lymphomas [32,33].

Patients typically have high-stage (III-IV) disease with frequent bone marrow involve-
ment [34]. They present with diffuse lymphadenopathy, hepatosplenomegaly, skin rashes
(with or without pruritus), pleural effusion, ascites, and arthritis [30,31,35-37]. Extranodal
involvement is usually seen in the liver, spleen, skin, and bone marrow, but other sites such
as the lung and gastrointestinal tract can be infrequently involved [31,35,36].

Laboratory studies show polyclonal hypergammaglobulinemia, cold agglutinins,
Coombs-positive hemolytic anemia, positive rheumatoid factor, anti-smooth muscle an-
tibodies, and elevated LDH [31,38]. Complete blood counts usually show cytopenia(s)
with or without eosinophilia. Patients also demonstrate immune dysfunction, immunodefi-
ciency, and frequent EBV infection. The proliferation of EBV-positive B-cells suggest an
etiologic role of EBV in this lymphoma [39,40].
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Patients can have a variable clinical course, but the disease tends to be aggressive
with a median survival of less than 3 y [41]. Histology or genetics do not influence the
outcome [18].

2.2. Morphology and Immunophenotype

Lymph node biopsies are the most common specimens in routine practice that pathol-
ogists encounter for AITL diagnosis. An excisional biopsy is the ideal specimen, and
diagnoses on small core biopsies might be challenging because of a lack of an architectural
context and a paucity of tissue for ancillary tests. A diagnosis of AITL can be especially
challenging in extranodal site biopsies.

Lymph node excisional biopsies generally demonstrate effacement of the architecture
by a polymorphous infiltrate composed of small, atypical lymphocytes (usually with a
clear cytoplasm), plasma cells, macrophages, and scattered larger cells, which appear either
immunoblastic or sometimes Hodgkin’s-/Reed-Sternberg cell (HRS)-like. The atypical
lymphocytes are clustered especially around proliferating high endothelial venules, which
are rather prominent in the biopsies. The subcapsular sinuses tend to be distended. Biopsies
can also demonstrate tissue eosinophilia.

Three major patterns have been described in the context of AITL; these are sequentially
named Patterns 1, 2, and 3 and are believed to be the histologic progression of the disease
(Table 2). A high proportion (up to 17%) of patients present with Pattern 1 [21,42—44], which
is especially challenging to diagnose because of retention of the architecture, presence of
hyperplastic germinal centers, and lack of overt proliferation of high endothelial venules
or polymorphous infiltration. The clues to Pattern 1 diagnosis are the absent/attenuated
mantle zones surrounded by clear atypical cells, the PD1 staining pattern (circumferential
perifollicular PD1 staining TFH cells as opposed to TFH cells either scattered throughout the
germinal center or polarized appearing in reactive lymph nodes), and the slight branching
of FDC meshworks outside of the intact germinal centers (Table 1 and Figure 1A,D,G). In
addition, closer observation might identify focal expansion of the paracortex and a slight
increase in HEVs. Any suspicion of a T-cell lymphoproliferative disorder should trigger a
molecular or genetic analysis (see below).

Table 2. Morphologic patterns of angioimmunoblastic T-cell lymphoma.

Pattern 1 Pattern 2 Pattern 3
Architecture Preserved Partially effaced Totally effaced
Hyperplastic Absent or occasional
Follicles germinal centers Atretic/regressed compressed follicles seen at the
Absent/attenuated Castleman-like follicles periphery (especially
mantle zones highlighted with a CD20 stain)
Focal areas of paracortical . Area% w1th.p ol'ymorphous Marked polymorphous diffuse
. P infiltration with immunoblasts o . s
expansion and perifollicular R infiltration with immunoblasts
Paracortex - and Hodgkin’s-like cells R
polymorphous infiltrate Proliferation of HEVs in the and Hodgkin’s-like cells
focal slight increase in HEV's Marked proliferation of HEVs
expanded areas
Perifollicular with occasional Paracortlca} aggre'gates spll‘lmg Diffuse pro.hferauon'of TFH
TFH cell aracortical clusterin out of follicles with grouping cells with grouping
p & around HEVs around HEVs
FDC Partially intact with areas Marked expansion with
meshworks (CD21 or Intact with slight branching out ~ demonstrating expansion and encirclin ioun 4 HEVs
CD23 THC) encircling of HEVs &

FDC, follicular dendritic cells; HEV, high endothelial venule; IHC, immunostain; TFH, follicular helper T-cells.
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Figure 1. Morphologic patterns of AITL. Pattern 1: (A) intact architecture, hyperplastic germinal
centers, attenuated/absent mantle zones, slight paracortical expansion, and slight proliferation

of high endothelial venules; (D) circumferential perifollicular PD1-positive TFH cells with only
occasional clustering around vessels; (G) intact CD21+ FDC meshworks with only slight expansion

into the paracortex. Pattern 2: (B) Partial effacement of architecture, proliferation of HEVs, and

paracortical expansion by a polymorphous infiltrate with atypical clear cells, small lymphocytes,
plasma cells, macrophages, eosinophils, frequent immunoblasts, and rare Hodgkin/Reed-Sternberg-

like cells; (E) increase in PD1-positive TFH cells extending out of the follicle into the paracortex with

accumulation around the HEVs; (H) CD21+ FDC meshworks start expanding and encircling the HEVs.

Pattern 3: (C) Total effacement of architecture, polymorphous infiltration with diffuse neoplastic

clear-appearing T-cells, small lymphocytes, macrophages, plasma cells, eosinophils, immunoblasts,

and scattered Hodgkin’s-/Reed-Sternberg-like cells. Marked proliferation of HEVs is seen with neo-
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plastic clear-appearing T-cells clustered around them; (F) PD1-positive neoplastic T-cells are diffusely
present; (I) CD21+ FDC meshworks are markedly expanded and encircle the blood vessels. Image
created in Biorender by M.M.

Pattern 2 demonstrates partial effacement/partial retention of the architecture
(Figures 1B and 2A) with paracortical expansion by a polymorphous infiltrate with neoplas-
tic clear TEH cells, small lymphocytes, plasma cells, macrophages, eosinophils, scattered
immunoblasts, and Hodgkin’s-/Reed-Sternberg-like cells (Figures 1B and 2C). Atretic
Castleman-like follicles are also seen (Figures 1B and 2A,B). The neoplastic TFH cells are
more pronounced and start spilling out of the follicles into the paracortex (Figure 1B) and
encircle the HEVs; this is particularly evident with CD3 (Figure 2D) and TFH marker stains,
e.g., PD1 stain (Figures 1E and 2E), CD10 (Figure 2E), and CXCL13 (Figure 2F). CD21
demonstrates partial expansion and distortion of FDC meshworks along with some areas,
demonstrating retention of the architecture (Figures 1H and 2G). EBER-ish demonstrates
scattered EBV+ cells, demonstrating a size range (Figure 2H).

Pattern 3 is the most recognizable pattern of AITL. Lymph nodes demonstrate com-
plete effacement of the architecture (Figures 1C and 3A) by a polymorphous infiltrate
(Figures 1C and 3B) composed of mostly atypical clear-appearing neoplastic TFH cells,
macrophages, plasma cells, eosinophils, and numerous larger cells, including Hodgkin’s-
like cells, representing immunoblasts (Figures 1C and 3B). The neoplastic TFH cells express
T-cell markers such as CD3 (Figure 3D) and TFH markers such as PD1 (Figures 1F and 3E)
CD10 (Figure 3F), and CXCL13 (Figure 3G). CD21 demonstrates marked expansion and
distortion of FDC meshworks (Figures 11 and 3H). CD30 is positive not only in the large
HRS-like cells, but also in a subset of the smaller neoplastic TFH cells (Figure 3I). EBER-ish
demonstrates scattered EBV-positive cells (Figure 3J).

Immunohistochemical studies are crucial to the diagnosis of AITL, which hinges on the
demonstration of a TFH phenotype. An extensive T-cell panel, i.e., CD2, CD3, CD4, CD8,
CD5, and CD7, should be used to evaluate immunophenotypic aberrancies. Aberrancies
(dimness or loss) of CD3, CD5, and CD7 are most common. The vast majority of the
neoplastic TFH cells are CD4-positive. As discussed above, TFH cells express several
markers, i.e., CD10, BCL6, PD1, CXCL13, CXCR5, ICOS, SAP, CD200, and MAF, and the
recommendations for assigning a TFH phenotype include expression of at least two, ideally
three TFH markers [1,6-8,12,13,18,21-24]. Studies have also shown that, while in most
cases, a four-marker panel (CD10, PD-1, CXCL13, and BCL6) is adequate, employing ICOS
as an additional marker (creating a five-marker panel) greatly improves TFH phenotype
detection [25]. An additional consideration is the intensity of these markers, especially PD1
and ICOS, which need to be bright to qualify as TFH markers. In addition, CD10 expression
is usually variable and, in most cases, is expressed in a subset of the neoplastic TFH cells.
Hence, CD10 needs to be evaluated carefully. Overall, CXCL13 and CD10 are considered
most specific, while PD1 and ICOS are considered more sensitive [18]. CD21, CD23, or
CD35 can be used to evaluate the FDC meshworks.

An important point worth mentioning is that AITL can relapse with a follicular T-cell
lymphoma (FTCL) morphology (discussed below) and vice versa [15]. Figure 4 illustrates
one such case of a patient with a previous history of AITL with a subsequent biopsy
demonstrating FTCL.
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Figure 2. AITL, Pattern 2. (A) The lymph node architecture is partially effaced with the pres-
ence of atretic follicles, 20x; (B) Castleman like-follicles surrounded by atypical TFH cells, 200 x;
(C) partially effaced areas with polymorphous infiltration and the presence of neoplastic T-cells.
The neoplastic T-cells are positive for (D) CD3, (E) PD1, and (F) CD10. (G) CD21 shows partial
FDC meshworks (right) and expanded distorted FDC meshworks (left). (H) EBER-ish demonstrates
scattered EBV-positive cells.
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Figure 3. AITL, Pattern 3. (A) The lymph node architecture is completely effaced; (B) polymorphous
infiltrate composed of neoplastic T-cells, macrophages, plasma cells, few eosinophils, and scattered
immunoblasts; (C) CD20 demonstrates few retained B-cell areas with some follicles compressed at
the periphery. The neoplastic T-cells are positive for (D) CD3, (E) PD1, (F) CD10, and (G) CXCL13.
(H) CD21 shows expanded distorted FDC meshworks. (I) CD30 demonstrates positivity not only in
the larger immunoblastic/Hodgkin’s-like cells, but also in the surrounding smaller neoplastic T-cells.
(J) EBER-ish demonstrates scattered EBV-positive cells.
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Figure 4. Follicular-T-cell-lymphoma-like relapse of AITL. (A) The lymph node demonstrates a
nodular architecture. The nodules are composed of mostly small lymphocytes and macrophages
(B) reminiscent of progressive transformation of germinal centers (PTGCs) and nodular lymphocyte
predominant Hodgkin’s lymphoma (NLPHL), with scattered larger lymphocyte predominant (LP),
Hodgkin’s /Reed-Sternberg-like (HRS), and immunoblasts (C). PD1-positive neoplastic T-cells are
diffusely increased (D,F), albeit that in some of the nodules, they form rosettes around the larger
cells (E). CD21 shows expanded distorted FDC meshworks (G), which also surround the HEVs
(H). The larger HRS and LP-like cells are positive for CD30 (I), CD20 (J), and OCT2 (K). EBER-ish
demonstrates scattered EBV-positive cells, both large and small (L).

2.3. EBV, B-Cell, and Plasma Cell Proliferations

B-cell and plasma cell proliferations (clonal and non-clonal) are a frequent occurrence
in AITL [31]. The B-cells can appear to be either immunoblastic or HRS-like. While EBV is
associated with the majority of B-cell proliferations in AITLs (more than 80%) [31,40,45],
EBV-negative cases have also been reported [46]. In most cases, EBV-positive B-cells are
scattered or form small clusters; however, in some cases, sheets of large B-cells are seen,
which would prompt the consideration of a second diagnosis of a composite diffuse large
B-cell lymphoma [45,47]. Plasmacytosis and plasma cell proliferations are a frequent
occurrence in AITL, and most of these are EBV-negative. While most are polyclonal,
occasional clonal plasma cell proliferations have also been reported [48,49].

2.4. Flow Cytometry

Flow cytometric studies can be a powerful ancillary tool in the diagnosis of
AITL [20,50-53]. Neoplastic T-cells in AITL frequently demonstrate the downregulation
or the absence of surface CD3 along with absent or diminished surface T-cell receptors
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(Figure 5A,B) [53]. However, in these cases, they generally express cytoplasmic CD3 and
cytoplasmic TCR-alpha/beta (Figure 5E,F). In addition, most AITL patients (as opposed to
PTCL patients) also seem to demonstrate this atypical surface CD3 dim/neg population to
varying extents in the peripheral blood [50,52,53]. A simple T-cell panel employing CD3,
CD4, CD10, CD14, CD5, and CD45 to evaluate for surface CD3 dim/neg, CD10+, CD4+
population has been suggested to aid in AITL diagnosis, especially in bone marrow and
peripheral blood [20]. Bright PD1 expression by flow cytometry has also been shown to be
a useful tool for both the diagnosis and monitoring of AITL [54]. Flow cytometry studies
might also demonstrate additional immunophenotypic abnormalities described in AITL,
e.g., loss of CD5 or CD?7.
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Figure 5. Flow cytometric findings in AITL The neoplastic T-cells are negative for surface CD3 and
surface TCRalpha/beta (A) and surface TCR gamma/delta (B), but positive for CD10 (C), CD5 (D),
cytoplasmic CD3 (E), cytoplasmic TCR alpha/beta (F), and CD4 (F).

2.5. Genetics

Most AITLs demonstrate clonal T-cell receptor rearrangements by PCR; in addition,
they also demonstrate clonal immunoglobulin gene rearrangements in 25-30% of cases.
The latter usually correspond to EBV-positive B-cell proliferations in most cases [18].

The cytogenetics and mutational spectrum of AITL, as well as the association with
clonal hematopoiesis are discussed in detail in a separate section (see below).

2.6. Differential Diagnoses

While other mature T-cell lymphomas including peripheral T-cell lymphoma NOS should
be considered in the differential diagnosis, the distinction is perhaps less critical from a treat-
ment standpoint. As mentioned above, the diagnosis of AITL hinges on the demonstration
of at least two (ideally three) TFH antigens, as well as the presence of other characteristics’
findings such as a polymorphous infiltrate, aggregates of TFH cells around proliferating
HEVs, and scattered EBV+ cells.
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Perhaps one of the most challenging differential diagnoses of Pattern 1 AITL is reactive
lymphoid hyperplasia [21,42—44]. Pattern 1 AITL can often be retrospectively diagnosed in a
previous biopsy from a patient with a subsequent Pattern 3 AITL. The main morphologic
clues in favor of a Pattern 1 AITL include absent or attenuated mantle zones, the presence
of clear atypical cells surrounding the hyperplastic germinal centers (this might not be
obvious), focal expansion of the paracortex, and focal increase in HEVs. This should prompt
further staining with PD1, which would demonstrate the circumferential grouping of the
neoplastic TFH cells and few clusters in the paracortex. CD21 would demonstrate slight
branching out of the FDC meshwork. If the findings are suspicious for Pattern 1 AITL, then
PCR for T-cell receptor rearrangement and next-generation sequencing studies (NGS) for
IDH1, IDH2, DNMT3A, TET2, and RHOA (see below) should be ideally performed. In
addition, as discussed above, flow cytometry might demonstrate a CD3dim/neg, CD4+,
CD10+ population that is highly suggestive of AITL; if flow cytometry is not available on
tissue, it could be attempted on peripheral blood [20,52,53]. Interestingly, several patients
present at a clinically advanced stage with a Pattern 1 morphology on a biopsy; this perhaps
reflects the morphologic evolution of the disease with the distinct possibility that other
lymph nodes in the body might have a more evolved Pattern 3 morphology [42].

Classic Hodgkin lymphoma (CHL) can be a challenging differential diagnosis especially
considering the similar polymorphous background and the presence of Hodgkin’s-/Reed—
Sternberg (HRS)-like cells, which is common in AITL. Adding to the difficulty is the observa-
tion that these large cells are usually CD30-positive and occasionally CD15-positive [46,55].
However, the HRS-like cells in AITL generally tend to preserve the B-cell program more
often, and an extensive panel of B-cell markers, i.e., CD20, PAX5, OCT2, BOB1, and CD79%a,
should be employed (albeit that CD20 and PAX5 downregulation can be seen in HRS-like
cells in AITL). In addition, an extensive T-cell IHC panel (CD3, CD2, CD5, CD4, CD8, CD?)
should be used in challenging cases to evaluate for immunophenotypic aberrancies in
T-cells. Fibrosis is unusual in AITL and is more common in CHL. Cytologic atypia in the
surrounding T-cells, proliferating HEVs, FDC expansion beyond follicles, morphologic
variation, pleomorphism in the larger cells, etc., would favor AITL. In addition, sheets and
aggregates of PD1-positive cells beyond rosetting of HRS-like cells should raise suspicion
for AITL and prompt further workup including molecular studies (PCR and NGS; see
above). In addition, EBV positivity is usually restricted to the large HRS cells in CHL, while
there usually is more variation in the cell size of EBV+ cells in AITL. CD30 staining in
smaller lymphocytes, in addition to the larger HRS-like cells, should also prompt consid-
eration of AITL [56]. As mentioned above, flow cytometric detection of a CD3 dim/neg,
CD4+, CD10+ population can be particularly helpful in the diagnosis of AITL and other
TFH lymphomas, as this population is not seen in CHL [20,50-53].

3. Follicular T-Cell Lymphoma
3.1. Epidemiology and Clinical Features

Follicular T-cell lymphoma (FTCL) was first described in 1988 [57] and is a rare entity,
representing 1-2% of peripheral T-cell lymphomas. It is a disease of older individuals
occurring in the sixth decade of life and slightly more common in males. Patients usu-
ally present with diffuse lymphadenopathy, and high-stage disease with extranodal and
cutaneous involvement has been reported. Rare patients may show immunological abnor-
malities on laboratory investigations, including positive direct antibody tests (DATs) and
hypergammaglobulinemia [15].

3.2. Morphology and Immunophenotype

By morphology, two distinct growth patterns are recognized: a follicular growth
pattern that mimics B-cell follicular lymphoma (FL-like) and a progressive transformation of
a germinal centers-like pattern (PTGC-like) (Figure 6) [18]. In cases with the FL-like pattern,
the neoplastic T-cells are arranged in well-defined nodules that lack the morphological
features of normal follicles. Mantle zones can either be preserved or absent. In PTGC-
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like cases, representing the majority of FTCL, the neoplastic T-cells are seen in small
aggregates surrounded by small mantle zone B-cells arranged in large, irregular nodules.
Eosinophilic infiltration is uncommon, and unlike in AITL, arborizing high endothelial
venules and expanded follicular dendritic cell meshworks are not identified. The neoplastic
T-cells range from small to medium with irregular nuclei, coarse to vesicular chromatin,
and moderate to abundant pale cytoplasm. While the nuclear features can resemble
centrocytes or centroblasts, the pale cytoplasm is a useful distinguishing feature. Scattered
B-cell immunoblasts, including some resembling Hodgkin’s /Reed-Sternberg cells, usually
surrounded by neoplastic T-cells, are seen in a significant subset of cases.

Figure 6. Follicular T-cell lymphoma with a PTGC-like pattern. (A) The lymph node architecture
is effaced by atypical nodules containing (B) small mature lymphocytes resembling mantle zone
cells and admixed medium-sized lymphocytes with clear cytoplasm. (C) Scattered Hodgkin’s/Reed—
Sternberg-like cells are noted. The neoplastic T-cells are positive for (D) CD3, (E) CD4, (F) CD10,
(G) PD1, and (H) CXCL13. (I) CD21 shows dendritic cell meshworks within the nodules that are
composed predominantly of mantle zone B-cells positive for (J) CD20 and (K) IgD. (L) The H/RS-like
cells are positive for (M) PAX5 (weak), (N) CD30, and (O) EBER.
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The neoplastic T-cells in FTCL express pan T-cell antigens including CD2, CD3, CD5,
and CD7. An aberrant immunophenotype is seen in the majority of cases with the loss
of CD7 most commonly noted [58]. They are positive for CD4 and express multiple TFH
markers, with PD1 and ICOS reportedly the most sensitive, followed by CXCL13. CD10
and BCL6 are less sensitive and are expressed in fewer cases. They are negative for CDS,
CD56, cytotoxic markers, and EBV. Follicular dendritic cell meshworks are limited to the
nodular areas. The proliferative rate, assessed by Ki-67, is variable, with mean values
approaching 50%. The transformed immunoblasts are positive for B-cell markers including
CD20 and PAX5. CD30 and EBV can be expressed in a subset of cases [58].

3.3. Molecular Studies

Clonal T-cell receptor gene rearrangements are identified in the vast majority of cases;
additionally, a subset of cases may show oligoclonal or clonal IgH gene rearrangements [58].

3.4. Differential Diagnoses

While it is rare, a diagnosis of FTCL should not be overlooked when evaluating a
lymph node for involvement by lymphoma. FTCL with an FL-like growth pattern can
mimic FL, but can be distinguished from FL by the cytologic features of the neoplastic T-cells
and the expression of multiple T-cell markers by the abnormal follicles. The PTGC-like vari-
ant raises the differential diagnosis of classic Hodgkin’s lymphoma, the lymphocyte-rich
variant (CHL-LR), or nodular-lymphocyte-predominant Hodgkin’s lymphoma (NLPHL).
In cases resembling CHL or NLPHL, careful examination of the T-cells rosetting the H/RS-
like cells or LP cells is mandatory, as in most FTCL cases, these T-cells are neoplastic and
express multiple TFH markers, most commonly PD1, ICOS, and CD10 [59,60]. A subset
of these neoplastic cells can also express CD30, which can help distinguishing them from
reactive T-cells [56].

4. Peripheral T-Cell Lymphoma with TFH Phenotype

Multiple studies have shown that a significant subset of peripheral T-cell lymphomas,
morphologically classified as peripheral T-cell lymphoma, not otherwise specified (PTCL,
NOS), arise from TFH cells and share genomic features, but are not identical to
AITL [16,28,61,62]. This relationship has also been confirmed by the evaluation of TFH
marker expression in these lymphomas [14,25,63]. In recognition of these findings and to
aid in better classification and therapy, the WHO 2017 Classification recommends that nodal
CD4+ T-cell lymphomas be evaluated for the expression of TFH antigens and provisionally
classified as peripheral T-cell lymphoma with the TFH phenotype (PTCL-TFH) if they ex-
press at least two (ideally three) TFH antigens [18]. The rates of classification as PTCL-TFH
appear significantly different when using two or three TFH markers, and large-scale studies
are required to help develop stringent criteria for reproducible classification [25].

Morphologically, PTCL-TFH shows diffuse effacement of the nodal architecture by
neoplastic T-cells that can range in size from small to large (Figure 7). Unlike AITL,
PTCL-TFH lacks the clear cell morphology, polymorphous inflammatory background,
and expanded dendritic cell meshworks with high endothelial venule proliferation [14,25]
(Figure 4).

PTCL-T TFH shares immunophenotypic features with AITL and FTCL with variable
expression of TFH markers. PD1 and ICOS remain the most sensitive, while CXCL13, BCL6,
and CD10 are expressed in fewer cases [25].
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Figure 7. Peripheral T-cell lymphoma with the TFH phenotype. (A,B) The interfollicular areas are
expanded by a diffuse proliferation of predominantly medium-sized cells with irregular nuclei,
mature chromatin, and variable amounts of cytoplasm. The atypical cells are positive for (C) CD3,
(D) CD4, (E) PD1, and (F) CXCL13 and negative for (G) CD7 and (H) CD8. (I) CD21 shows relatively
intact dendritic cell meshworks.

5. G. Genetics of TFH Lymphomas

T-cell lymphomas of T follicular helper origin show some distinct differences from
other peripheral T-cell lymphomas. Angioimmunoblastic T-cell lymphomas have a distinct
gene expression profile relating to the unique microenvironment that includes a B-cell
signature, angiogenesis/vascular endothelial signature, cytokine signature, and T follicular
helper signature [16,29,64]. While PTCL-TFH also shares the TFH signature, it lacks the
characteristic microenvironment signature of AITL. Nevertheless, the gene expression
profiles of AITL, FTCL, and PTCL-TFH are similar and distinct enough to support the
argument that they likely represent a continuum of a single disease [16]. Rodriguez also
demonstrated that AITL, but not PTCL-TFH cases that were enriched for the B-cell signature
had a more favorable prognosis [61].

Among the genetic mutations identified in T-cell lymphomas, IDH2 R172 mutations
seem to be specific for AITL and have only rarely been reported in other PTCL-NOS, while
they have been reported in 20-40% of AITL cases [16,29,64,65]. In one study, this mutation
was significantly associated with chromosome 5 gains and upregulation of 1L4, IL13, and
MAPKO [66].

TET2 mutations and, less frequently, DNMT3A mutations are also enriched in TFH
lymphomas (TET2 mutations are seen in approximately 50-75% of cases). Interestingly,
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these mutations are not only seen in tumor cells, but are present in non-tumor hematopoi-
etic cells as well, suggesting that these lymphomas may have a pre-malignant mutant clone

(clonal hematopoiesis of indeterminate potential), much as what has been extensively de-
scribed and investigated in myeloid malignancies such as myelodysplastic syndrome [16,64].
TET2 mutations have been associated with advanced-stage disease, high IPI scores, and

shorter progression-free survival [67].

RHOA mutations, almost always at the G17V hotspot, are frequently identified in AITL
and FTCL (60-70%) and essentially always co-occur with TET2 mutations [61,64,68]. While
the TET2 mutation is found in the non-tumor hematopoietic cells, the RHOA mutation
appears restricted to the tumor cells and likely occurs as a later event. The combination of
the two mutations may contribute to AITL-specific pathogenesis. RHOA T19I mutations,
albeit less common, have also been reported [69].

Genotype/phenotype correlations have also been described, with AITL carrying
RHOA G17V mutations showing increased vasculature and prominent follicular dendritic
cell meshworks [70], while those with IDH2 R172 mutations having more prominent large,
clear cells and strong TFH marker expression [71].

The cytogenetic profile of AITL is considerably less abnormal than other PTCLs [66].
Chromosome 5 gains are seen in about 40% of AITL and are distinct among hematologic
malignancies, which more typically show losses in chromosome 5. Cases that do not
have chromosome 5 gains show enrichment of NF-KB and PI3K-AKT pathways and
may have a distinct pathogenesis [66]. Additionally, ~20% of FTCL carry a recurrent
translocation t(5;9)(q33;q22)(ITK-SYK). This rearrangement is not specific for FTCL and has
been described in other peripheral T-cell lymphomas, including AITL [72,73].

6. TFH Lymphomas, Clonal Hematopoiesis of Indeterminate Potential, and
Myeloid Neoplasms

TET2 and DNMT3A mutations are frequently noted in clonal hematopoiesis of in-
determinate potential (CHIP) [74,75] and myeloid malignancies [76-78]. The subsequent
discovery of TET2 and DNMT3A mutations in TFH lymphomas has prompted the inves-
tigation of the relationship between these seemingly disparate categories of hematologic
malignancies. Interestingly, studies have shown that TFH lymphomas can arise from
divergent clonal evolution from TET2 and DNMT3A-mutant progenitor cells upon ac-
quisition of RHO and/or IDH2 mutations [79]. Supporting this hypothesis are reports
of TFH lymphomas and myeloid malignancies (both de novo and therapy-related) co-
occurring in patients and arising from TET2 and DNMT3A-mutated clonal progenitor
cells [80,81]. Furthermore, the presence of two or more TET2 mutations and a mutant allele
fraction > 15% appears to confer a higher risk for myeloid neoplasms in patients with TFH
lymphomas [81,82]. These studies have elucidated the unique biology of TFH lymphomas
and highlight the importance of the evaluation for clonal hematopoiesis in these patients,
which can have important diagnostic and therapeutic implications.

7. Treatment and Conclusions

TFH lymphomas are an important subtype of peripheral T-cell lymphomas, and the
last decade has seen significant advances in understanding their biology and molecular
pathogenesis. The identification of shared recurrent mutations in AITL, FTCL, and PTCL-
TFH hasjustified classifying these morphologically unique lymphomas as a single biological
category. These discoveries have also provided a wealth of biomarkers for diagnosis and
targets for therapy [83]. Currently, the distinction between TFH lymphomas and PTCL,
NOS, has no impact on current clinical management, with most patients treated with
cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP) or CHOP-like upfront
therapy, but with less-than-optimal response rates. Recent studies have shown improved
progression-free survival (PFS) and overall survival (OS) in patients with systemic CD30-
positive T-cell lymphomas treated with CHOP-like chemotherapy regimens that replace
vincristine with brentuximab vedotin, an anti-CD30 antibody drug conjugate. The majority

234



Hemato 2022, 3

of these patients had anaplastic large cell lymphoma (ALCL), which is characterized
by diffuse and strong CD30 expression. Patients with other T-cell lymphoma subtypes
expressing CD30, including AITL, were included; however, due to small sample sizes,
efficacy in the non-ALCL subgroups could not be evaluated [84]. Studies evaluating the
efficacy of romidepsin, a histone deacetylase inhibitor, in the treatment of TFH lymphomas
have shown interesting results. Romidepsin in addition to CHOP showed marginal, but
not significant beneficial effects when compared to CHOP in previously untreated patients
with TFH lymphoma [85]; however, romidepsin, either alone or in combination with other
drugs, had significant benefits in patients with relapsed/refractory TFH lymphoma [86].
These incongruous results warrant further investigation with larger patient cohorts. Finally,
the identification of TET2, DNMT3A, and IDH mutations in TFH lymphomas has created
opportunities for targeted therapy with hypomethylating agents, such as azacytidine, in
combination with current therapy regimens with promising results [87,88].
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