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Abstract

:

The diagnosis and treatment of lymphoid neoplasms have undergone a continuously progressive positive change in the last three decades, with accelerated progress in the previous decade due to the advent of genomics in cancer diagnosis. Significantly, there has been an increasing emphasis on integrating molecular genetics with clinical, morphologic, immunophenotypic, and cytogenetic evaluation for diagnosis. As we think of moving forward with further advances in the genomics era, it is first helpful to understand our current state of knowledge and how we achieved it in the challenging and complex field of lymphoid neoplasms, which comprise very heterogeneous neoplastic diseases in children and adults, including clinically acute lymphoblastic leukemias (ALLs) arising from precursor lymphoid cells and clinically indolent and aggressive lymphomas arising from mature lymphoid cells. This work aims to provide an overview of the historical evolution and the current state of knowledge to anyone interested in the field of lymphoid neoplasms, including students, physicians, and researchers. Therefore, I discuss this complex topic in three review manuscripts, designated Parts 1–3. In Part 1, I explain the basis of the diagnostic classification of lymphoid neoplasms and its evolution up to the current fifth edition of the World Health Organization classification of hematolymphoid neoplasms, and the crucial importance of diagnostic tumor classifications in achieving and advancing patient care and precision medicine. In the second and third manuscripts, I discuss current diagnostic considerations for B-ALL and T-ALL (Part 2) and common indolent and aggressive mature leukemias/lymphomas (Part 3), including significant updates in the WHO 2022 classification, newly described entities, and concepts, including genetic predisposition to ALLs and lymphomas, and throughout emphasizing the essential integration of molecular genetics with clinical, morphologic (pathologic), immunophenotypic, and cytogenetic evaluation, as is required for precise diagnosis of the type of lymphoma/leukemia in any patient.
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1. Introduction


Lymphomas are neoplasms arising from mature B, T, or Natural Killer (NK) lymphocytes. About 90% of lymphomas are of B-cell origin, and 10% are T- and NK-cell neoplasms, as described in Part 1 of this work [1,2]. Lymphomas can affect any site of the body, including lymphoid organs and locations without normal lymphoid tissues, such as the brain. Our collective knowledge of lymphomas has evolved immensely in the last three decades, especially in the previous decade, as with other types of cancer, due to the application of genomics.



This paper represents Part 3 of this work. Part 1 provides a historical overview of lymphoma classifications and the principles of the diagnostic classification of lymphoid neoplasms and includes sections on B- and T-cell development in the bone marrow and the thymus, respectively, germinal center components and the origin of mature B-cell neoplasms, clonality analysis in lymphoid neoplasms, and the crucial role of the diagnostic World Health Organization (WHO) classification in achieving and advancing precision medicine [2]. Following Part 1 as an introduction to both acute lymphoblastic leukemia (ALL) and lymphomas, Part 2 discussed B- and T-ALL as we understand them today in 2023 [3]. Part 3 is focused on the mature B-, T-, and NK-cell lymphomas/leukemias, including in the pediatric and adult age groups. Here, I describe updates in the WHO classification, including a comparison with the International Consensus Classification (ICC) and the evolution of the classification of high-grade B-cell lymphomas, and discuss current epidemiologic, diagnostic, and molecular pathology considerations for common indolent and aggressive mature lymphomas/leukemias in the pediatric and adult age groups, a few rare lymphomas, newly described lymphoma entities, and new concepts, including lymphomas of immune-privileged sites, nodal T follicular helper (TFH) cell lymphomas, Epstein–Barr virus (EBV)+ nodal T- and NK-cell lymphoma, and germline genetic predisposition to lymphoid neoplasms, with emphasis throughout on the integration of molecular genetics with clinical, morphologic, immunophenotypic, and cytogenetic evaluation, as is currently required for precise diagnosis of the specific type of lymphoma in any patient.




2. An Overview of Incidence, Mortality, and Survival Data for the Types of Lymphoid Neoplasms


The International Agency for Research on Cancer provides the Global Cancer Observatory (GLOBOCAN) estimates of cancer incidence and mortality in various cancer types. These estimates are based on population-based national and subnational cancer registries in different countries worldwide. In these global reports, data for lymphoid neoplasms are separately provided for Hodgkin lymphoma (HL), non-Hodgkin lymphoma (NHL), multiple myeloma, and leukemias, as shown in Table 1 [4]. The leukemias include acute and chronic lymphoid and myeloid leukemias. NHL comprises the eleventh most common cancer and the eleventh most common cause of cancer deaths worldwide.



In 2020, women in Northern America and Australia/New Zealand had the highest worldwide age-standardized rate (ASR) of 10.0 per 100,000 individuals for NHL. At the same time, men in Australia/New Zealand and Northern America had the highest and second-highest worldwide ASR of 15.3 and 14.2 per 100,000, respectively, for NHL [4].



Table 2 shows the incidence of various types of lymphomas in the USA [5,6,7]. The incidence of the types of NHL varies according to ethnic origin, with the highest rates of NHL, chronic lymphocytic leukemia (CLL)/small lymphocytic lymphoma (SLL), and follicular lymphoma (FL) in non-Hispanic White males [7,8,9]. In contrast, Hispanic males have the highest rates of diffuse large B-cell lymphoma (DLBCL) [7] and B-lymphoblastic lymphoma/leukemia [9]. And T-cell lymphomas are twice as common in non-Hispanic Blacks as in Whites [9].



Table 3 shows the relative five-year survival of patients in different age groups with various subtypes of lymphoma, including all races and both sexes, based on the United States Surveillance, Epidemiology, and End Results (SEER) database [6,7,10].



NHL represents the eighth most common cancer in the USA, with an estimated 80,550 new cases and 20,180 new deaths in 2023. The median age at diagnosis is 68 years. The stage-based incidence of NHL at new diagnosis is as follows: 22% in Stage I, 15% in Stage II, 18% in Stage III, 35% in Stage IV, and 9% with unknown stage. Based on the stage at NHL diagnosis, the 5-year relative survival rates are as follows: 86.2% if Stage 1, 78.9% if Stage II, 73.3% if Stage III, 64.2% if Stage IV, and 70.7% if unknown stage. Based on 2016–2020 data, the death rates for HL, NHL, CLL/SLL, DLBCL, and FL in the USA were 0.3, 5.1, 0.8, 1.7, and 0.4 per 100,000 individuals per year, respectively [7].




3. Mature B-Cell Neoplasms


As shown in Part 1 in Table 3, the mature B-cell neoplasms recognized by the initial World Health Organization (WHO) classification in 2001 increased with each update in 2008 and 2017 [2]. Table 4 compares the neoplasms arising from mature B-cells recognized in the fifth edition of the WHO classification, hereafter referred to as WHO-HAEM5, and the International Consensus Classification (ICC), the creation of which was described in Part 1 [2]. The WHO-HAEM5 classification of lymphoid neoplasms includes a new group, “tumor-like lesions with B-cell predominance,” and therefore, the entire category of mature B-cell neoplasms and tumor-like entities is now named “B-cell lymphoid proliferations and lymphoma,” as depicted in Table 4 [11,12]. B-lymphoid proliferations and lymphomas also include “Precursor B-cell neoplasms” in WHO-HAEM5, but these are not included in Table 4 since they are discussed in Part 2 of this three-part work [3].



Lymphomas arising from mature B-cells are heterogeneous in clinical behavior and include lymphomas referred to as indolent, aggressive, or highly aggressive. They may be discovered in a routine examination or present as lymphadenopathy or tissue mass. Small B-cell lymphomas, except mantle cell lymphoma, are often regarded as indolent lymphomas and include chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL), follicular lymphomas, marginal zone lymphomas, and lymphoplasmacytic lymphoma. Indolent lymphomas may transform into aggressive lymphoma, a category now explicitly included in the WHO classification.



3.1. Lymphomas in the Pediatric and Adult Age Groups


Lymphomas may affect children, adolescents, young adults (AYA), and older adults.



Hodgkin lymphomas have a prominent bimodal age peak. Non-Hodgkin lymphomas have a low incidence in children. In contrast, the incidence increases progressively with age from the AYA group to adults older than 75 years, as shown in Table 5 [14]. Non-Hodgkin lymphomas are about 2 to 3 times more common in boys than in girls, more common in White children than Black children, and are uncommon before the age of five years [15]. Lymphomas are the third most common type of cancer in children aged 0–14 years, following leukemias and brain cancer as the two most common cancer types in that age group. However, in adolescents aged 15–19 years, lymphomas are the second most common, after brain and other central nervous system tumors as the most common and before leukemias as the third most common type of cancer [16].



In contrast with adults, high-grade lymphomas may occur more often in children in the setting of inherited genetic cancer predisposition syndromes (reviewed in [17]). The most common types of lymphomas in children are, in contrast with adults, high-grade mature B-cell lymphomas (Burkitt lymphoma is most common, followed by diffuse large B-cell lymphoma [DLBCL]), T lymphoblastic lymphoma, and anaplastic large-cell lymphoma (ALCL) as the most common mature T-cell lymphoma; the lower-risk lymphomas, such as follicular lymphoma and marginal zone lymphoma occur with increasing age in children [18,19]. High-grade B-cell lymphomas in children are often curable, treatment responses in children are usually better than those in adults for the same type of non-Hodgkin lymphoma, and recurrences are uncommon in children; if they occur, a cure is infrequent [18].



Brentuximab vedotin, an anti-CD30 antibody-drug conjugate directed against the malignant cells in classic Hodgkin lymphoma (CHL), showed a lower risk of disease progression, death, or noncomplete response [20] and five-year progression-free survival of 82%. These results were achieved by substituting bleomycin with brentuximab vedotin in combination with doxorubicin, vinblastine, and dacarbazine chemotherapy, with febrile neutropenia and peripheral neuropathy as adverse effects of therapy [21]. In children with high-risk CHL, brentuximab vedotin has similarly shown superior efficacy, a 59% lower risk of an event or death, and no increase in toxic effects at three years [22]. Challenges in pediatric non-Hodgkin lymphomas include defining the value of prognostic factors, such as early response in the radiologic and measurable residual disease evaluation, applying new technologies to improve risk stratification, and developing innovative therapies in the first-line setting and relapse [18].




3.2. Bruton’s Tyrosine Kinase Inhibitors as an Example of Precision Medicine


Bruton’s tyrosine kinase (BTK), discovered due to its impaired function in inherited X-linked agammaglobulinemia in 1993, is a member of a family of cytoplasmic tyrosine kinases termed TEC kinases, which include TEC, ITK, RLK, BMX, and BTK [23]. BTK is expressed in B lymphocytes, myeloid cells, mast cells, and platelets and is downregulated in T-cells, which express other TEC kinases, ITK, RLK, and TEC [23,24]. The BTK gene encodes for the BTK protein, which is located downstream of the B-cell receptor and CD19 pathways in B-cells. The BTK protein is critical for B-cell signaling and proliferation in normal, neoplastic, and autoreactive B-cells. BTK signaling is also implicated in autoimmune diseases [25], which are well-known to be risk factors for developing several types of lymphomas (reviewed in [26,27]). BTK is also a downstream target in non-hematopoietic cells (reviewed in [28]). Still, it is currently most well-known for its role in B-cell signaling due to the development of BTK inhibitors, which have transformed the treatment landscape of several types of mature B-cell neoplasms in the last decade.



Ibrutinib, a first-generation covalent BTK inhibitor, covalently binds to the C481 residue in BTK’s kinase domain to irreversibly inhibit BTK. Ibrutinib is currently approved by the United States Food and Drug Administration (FDA) for the treatment of patients with CLL/SLL, mantle cell lymphoma (second-line therapy), marginal zone lymphoma (second-line therapy), and Waldenstrom’s macroglobulinemia (WM) and chronic graft versus host disease (second-line therapy) [29]. Acalabrutinib and zanubrutinib are examples of second-generation covalent BTK inhibitors, and both are approved for the treatment of CLL/SLL and mantle cell lymphoma (second-line therapy) [30,31,32]. Zanubrutinib is also approved to treat patients with marginal zone lymphoma (second-line therapy) and WM, similar to ibrutinib [31]. In January 2023, the non-covalent BTK inhibitor, pirtobrutinib, was FDA-approved to treat relapsed or refractory mantle cell lymphoma after ≥2 lines of therapy that include a previous BTK inhibitor [33], while it continues to be in clinical trials for patients with CLL/SLL.



The BTK inhibitors briefly described above represent one example of novel therapies in mature B-cell neoplasms, particularly CLL [34,35,36,37]. Current treatment paradigms based on our vastly increased understanding of the molecular mechanisms underlying tumors in general and specifically hematolymphoid neoplasms in the last decade mandate a precise diagnosis of lymphomas, including the subtype, which is where it becomes critically important to have a common worldwide language for tumor classification and for it to be easily understood to be applied reproducibly by pathologists and clinicians everywhere. Therefore, this section will briefly overview the most commonly encountered types of lymphoma/leukemia and discuss significant classification updates that have emerged from advances in our understanding of these lymphomas.




3.3. Chronic Lymphocytic Leukemia/Small Lymphocytic Lymphoma


CLL is the most common chronic leukemia in Western countries, showing a male predominance with a median age of 72 years at diagnosis [36]. For likely genetic but yet unknown reasons, CLL is 5–10 times less common in Asians than in individuals of European descent, as reviewed in [38]. According to the United States SEER data, the age-adjusted incidence of CLL in 2020 per 100,000 individuals was 2.8 in females and 5.3 in males, with a decreasing trend reported from 2014 to 2019 [14]. In 2023, CLL is expected to comprise almost one-third (31.8%) of all new leukemia cases (n = 59,610), with an expected 18,740 new CLL cases in 12,130 males and 6610 females, with a male-to-female ratio of 1.8:1. The estimated number of deaths due to CLL in 2023 is 4490, comprising less than 20% of all deaths (n = 23,710) due to leukemias [39]. The disease is currently incurable and has a highly variable clinical course, ranging from an indolent disease that does not require treatment for many years to an active, progressive disease [36].



Most CLL patients have a preceding asymptomatic monoclonal B-cell lymphocytosis (MBL) phase [40]. MBL has been observed in up to 4% of healthy individuals in the general population who harbor increased numbers of monoclonal B-cells with an immunophenotype characteristic of CLL, even with absolute lymphocyte counts less than 5 × 109/L [41,42]. As shown in Table 4, in WHO-HAEM5, both MBL and CLL/SLL are included in the family “pre-neoplastic and neoplastic small lymphocytic proliferations.” Three subtypes of MBL are now recognized in WHO-HAEM5: (A) low count MBL or clonal B-cell expansion, with a clonal CLL/SLL-phenotype B-cell count below 0.5 × 109/L and with no other features diagnostic of a B-lymphoproliferative disorder; (B) CLL/SLL-type MBL, with a monoclonal CLL/SLL-phenotype B-cell count ≥0.5 × 109/L, total B-cell count <5 × 109/L, and no other features diagnostic of CLL/SLL; and (C) non-CLL/SLL-type MBL, with any monoclonal non-CLL/SLL phenotype B-cell expansion and no symptoms or features diagnostic of another mature B-cell neoplasm; the majority of these cases have features consistent with a marginal zone origin [11]. The thresholds in MBL types A and B are arbitrary but based on population studies compared with hospital hematology cases with prior or current lymphocytosis for MBL type A [11,43]. The count for type B is based on the substantially lower likelihood (hazard ratio = 0.32, p = 0.04) of MBL type B individuals requiring treatment compared with low count, Rai stage 0 CLL patients with B-cell counts between 5.0 and 10.0 × 109/L (n = 94), and patients with Rai stage 0 CLL with an absolute lymphocyte count greater than 10.0 × 109/L (n = 219; p = 0.0003) [11,44].



Some CLL patients have a family history of lymphoproliferative disorders, and susceptibility loci have been identified by genome-wide association studies [45,46]. An inherited polygenic risk is also present in individuals of European ancestry for developing MBL [47]. However, the causes of familial CLL are not yet understood. Rare germline ATM variants have been reported in CLL, associated with somatic ATM mutations; whether they have a role in familial CLL is not yet known [48,49].



Biologically, the cell of origin in CLL is being investigated. There is evidence that aberrant hematopoietic stem cells may lead to stem cell skewing towards a B-cell lineage and, eventually, the emergence of clonal B-cell populations in CLL. Experimentally in mice, stem cells from CLL patients developed into oligoclonal B-cells similar to MBL (Kikushige et al. 2011) [50]. The mutational status of the IGH variable region gene (IGHV) impacts prognosis in CLL, with IGHV unmutated CLL having a worse prognosis than IGHV-mutated CLL (CLL-International Prognostic Index [CLL-IPI] 2016) [51]. Gene expression profiling studies have shown that IGHV-unmutated CLL is derived from unmutated mature CD5+ B-cells and IGHV-mutated CLL is derived from CD5+, CD27+ post-germinal center B-cells [52]. Continuous antigen stimulation via the B-cell receptor and the cellular microenvironment appears to lead to MBL; with continuing antigenic stimulus and proliferation, additional genetic alterations are acquired, leading to the development of CLL, as reviewed in [53,54].



The immunoglobulin repertoire in CLL is biased and characterized by the presence of subsets of patients with closely homologous or stereotyped, complementarity-determining region 3 (CDR3) sequences [55,56]. The CDR3 sequence in each lymphocyte represents a unique “clonotype” for that lymphoid cell, and this sequence is formed with the rearrangement of the antigen receptor genes, as described in Part 1 [2]. The term clonotype contrasts with the term clone, which indicates identical cells usually arising from a single cell. The presence of identical or stereotyped B-cell receptor immunoglobulins in unrelated and geographically distant CLL patients is evidence of the significant role of antigen selection in the biology of CLL, likely following binding to self- or non-self-antigens. Interestingly, identical or stereotyped patient subsets show similar clinical features and are designated as numbered subsets. Subsets 1, 2, and 8 are very aggressive, each comprising less than 3% of all CLL with time-to-first treatment earlier than two years; subset 8 has the highest risk of Richter’s transformation [56]. Since the CDR3 sequence needs to be determined, this analysis requires next-generation sequencing (NGS).



Significantly, skewing of the B-cell receptor IGH gene repertoire to a dominant clonotype was detected by NGS up to 16 years before diagnosis in patients with CLL transformed to aggressive lymphoma, indicating that even high-risk CLL can have a prolonged indolent preclinical stage [57]. This finding suggests that individuals at risk of developing a lymphoid neoplasm, such as immune deficiencies and immune dysregulation, could be screened by NGS to detect early lymphoma.



Further, a consistent IGHV mutation status and cytogenetic aberrations were present among multiple members of three Dutch families, indicating shared genetic features in familial CLL [58]. Therefore, in addition to intense interest in studying the “immunome,” which represents the complete set of unique clonotypes in the genome, there is now a growing demand for NGS technology analysis of the mutational status of B-cell receptor IGH variable region genes in CLL, since NGS can provide much more immunogenetics information for the clinical management of patients with pre-neoplastic states and overt CLL disease [59,60].



The somatic mutational landscape of CLL shows alterations in several cellular pathways, including NOTCH1, B-cell receptor, and the nuclear factor kappa B (NFκB) signaling, DNA damage/cell cycle, RNA/ribosome processing, and mitogen-activated protein (MAP) kinase pathways (without the BRAF p.V600E mutation, which is present in other lymphoid neoplasms, including hairy cell leukemia) [61,62,63,64]. A recent whole genome sequencing analysis of 485 CLL patients enrolled in clinical trials as part of the United Kingdom’s 100,000 Genomes Project showed novel findings, including putative drivers in non-coding regions within regulatory elements for potentially druggable target genes (NOTCH1, DTX1, NFKBIZ, NTRK2, and BACH2) and chromosomal translocations with breakpoints in WDHD1 and CTNND2::ARHGAP18 [65]. The study identified several associations, including:




	(1)

	
SETD2/del3p21.31, del9p21.3, and gains of chr17q21.31 are associated with relapsed/refractory disease and TP53 disruption.




	(2)

	
MED12 and DDX3X mutations are associated with unmutated IGHV CLL.




	(3)

	
B-cell receptor immunoglobulin subset 2, which represents about 3% of all CLL and is known to be associated with a poor prognosis, is linked to the putative driver, FAM50A.




	(4)

	
IGHV3-21 gene rearrangement is enriched for FAM50A, ATM/del11q22, SF3B1 mutations, and chr21q21.3-q22.3 gains.









Further, shorter telomeres were associated with p53 pathway alterations, relapsed/refractory disease, and worse progression-free survival. By integrating 186 distinct recurrent genomic alterations in their cohort, the authors defined five genomic subgroups associated with response to therapy. While the results require validation, the study highlighted the potential of whole genome sequencing to inform risk stratification in CLL [65].



3.3.1. CLL Diagnosis and Prognosis


CLL/SLL is a neoplasm composed of predominantly small mature B lymphocytes with few admixed medium-sized or larger cells (prolymphocytes); the neoplastic cells typically express surface CD5 and CD23 with dim surface expression of light chain-restricted immunoglobulin. CLL/SLL is considered one disease entity, with CLL and SLL diagnosed based on the level of involvement of peripheral blood and tissues. Before, and according to the WHO 2001 classification, CLL was defined by peripheral blood absolute lymphocyte count >5 × 109/L. By WHO 2008 criteria, CLL diagnosis required a monoclonal B-cell count of >5 × 109/L, in the absence of disease-related symptoms or cytopenias, with the clonal B-cells having characteristic morphologic and immunophenotypic features of CLL, and those criteria remain unchanged; the increased B-cell count should be sustained for at least three months [66].



SLL is diagnosed when the B-cell count is <5 × 109/L, but there is lymphadenopathy, splenomegaly, or other extramedullary involvement due to a neoplastic B-cell infiltrate similar to the neoplastic cells in CLL. The histopathologic features of CLL/SLL in tissues show a neoplastic infiltrate comprised predominantly of small mature B-cells admixed with fewer medium-sized or larger cells. The larger cells, termed “paraimmunoblasts” in tissues, are characteristically identified as clusters within “proliferation centers,” also called “pseudofollicles,” in lymph nodes and tissue specimens involved by CLL/SLL and help to diagnose CLL/SLL.



By immunophenotyping, the neoplastic cells in CLL/SLL typically express CD19, dim CD20, CD5, variable CD11c, CD23, CD43, CD45, CD200, and dim surface immunoglobulin, and the neoplastic cells are negative for CD10, CD79b, FMC7, CD25, and CD103. In a significant harmonization effort, the required diagnostic markers by flow cytometry included CD19, CD5, CD20, CD23, kappa, and lambda light chain immunoglobulin [67].



Progression in CLL/SLL may be suggested by the presence of ≥15% prolymphocytes in peripheral blood (prolymphocytoid progression), and care must be taken to exclude mantle cell lymphoma in these cases. Large, confluent proliferation centers in tissue sections or bone marrow core biopsies also indicate a more aggressive disease. An expanded proliferation center broader than one 20× microscopic field or high proliferation indices, defined as >2.4 mitoses per proliferation center or >40% Ki67-positive cells per proliferation center, predict a poor outcome [68]. Of note, B-cell prolymphocytic leukemia is now eliminated from the WHO 2022 classification since it is considered a progression of CLL [11].



CLL/SLL is clinically and genetically heterogeneous. In 2000, Döhner et al. found the chromosomal abnormalities, deletion of 13q14 as a sole abnormality, normal karyotype, trisomy 12, deletion of 11q22 (ATM), and deletion of 17p13 (TP53) to have a prognosis ranging from the best, for 13q as a sole abnormality, to the worst for 17p deletion [69]. Since then, interphase FISH for these abnormalities has been routinely performed at diagnosis. Chromosomal banding analysis using novel mitogens for culture and FISH are complementary methods. A complex karyotype in CLL classically refers to ≥3 clonal abnormalities. However, the highest risk is present with ≥5 abnormalities. The chromosomal microarray may also detect these abnormalities [70,71]. In addition, the presence of unmutated variable regions of the IGH gene, with unmutated defined as ≥98% identical with the germline sequence [72,73], TP53 mutations and a complex karyotype or genomic complexity have an adverse prognosis and affect treatment decisions [34,35,36,37]. Mutations in NOTCH1 (10–15%), ATM (10–15%), SF3B1 (10%), TP53 (5–10%), and BIRC3 (5%) are most frequent at diagnosis, and these mutations have clinical correlations (reviewed in [12,34,54]).



TP53 deletions occur with chromosomal 17p deletion, and TP53 mutations may occur in the absence of cytogenetic abnormalities so that FISH alone will not detect all clinically relevant TP53 alterations [66,74]. In addition, TP53 mutations may occur with disease evolution. Therefore, a comprehensive analysis of TP53 genetic alterations [75] is required at the time of diagnosis and disease progression. In contrast, the mutational status of the IGH variable region gene does not change during the disease course, and this analysis only needs to be performed once for each patient; analysis for the #2 subset configuration is essential for predictive purposes. In addition, testing to demonstrate a complex karyotype and analysis for BTK, PLCG2, and BCL2 mutations, which can arise during therapy, is desirable by WHO-HAEM5 [12]. In addition to the #2 subset analysis, the European Research Initiative on CLL (ERIC) recommends analysis for the #8 subset since it is associated with the highest risk for Richter’s transformation [76].



In cases of Richter’s transformation, it is essential to establish whether the transformed lymphoma is clonally related or unrelated to the neoplastic clone in the earlier CLL phase since, if unrelated, the prognosis is better, and the management is different than for the clonally related transformation, which has a dismal prognosis [77].




3.3.2. Other Relevant Diagnostic Aspects in B-Cell Neoplasms in Relation to CLL in WHO-HAEM5


CLL/SLL represents one of the “small B-cell neoplasms”, and in that respect, this section briefly describes a few relevant diagnostic considerations and WHO-HAEM5 updates.



WHO-HAEM5 Eliminated B-Prolymphocytic Leukemia


The elimination of B-cell prolymphocytic leukemia (B-PLL) by WHO-HAEM5 raised questions, which were answered by the editors of the WHO classification [78], briefly described here. Mantle cell lymphoma with nucleolated cells resembling prolymphocytes was already excluded from B-prolymphocytic leukemia by the revised fourth edition WHO classification. The two categories of CD5+ B-cell lymphoid proliferations with >15% prolymphocytes previously included (1) atypical CLL (CLL/PLL) with ≤55% prolymphocytes and (2) B-PLL with >55% prolymphocytes. The 55% cutoff distinguishing atypical PLL and B-PLL was arbitrary, and the >55% prolymphocytes category was also heterogeneous in morphology, immunophenotype, and genetics, with the genetics showing a strong resemblance to poor-risk CLL without transformation to DLBCL-type Richter’s transformation [78,79]. These findings supported WHO-HAEM5 classifying such cases as prolymphocytoid transformation of CLL [78]. As shown in Table 4, the ICC continues to recognize B-PLL as a distinct entity to be diagnosed only after rigorously excluding other lymphoid neoplasms, particularly transformation of CLL, mantle cell lymphoma, and marginal zone lymphoma [13].




Splenic B-Cell Lymphomas/Leukemias in WHO-HAEM5


Primary splenic lymphomas, defined as lymphomas confined to the spleen and splenic hilar lymph nodes, are very rare. Most splenic lymphomas/leukemias represent secondary involvement of the spleen by a generalized primary disease, including large B-cell lymphoma (most common) and small B-cell neoplasms, including CLL/SLL, mantle cell lymphoma, follicular lymphoma, splenic marginal zone lymphoma (SMZL), lymphoplasmacytic lymphoma, hairy cell leukemia [HCL], T-cell neoplasms, and CHL [80]. These primary lymphoma/leukemia diseases causing spleen involvement and splenomegaly are well-characterized, including recent characterization of the genomics of SMZL [81], the differential diagnosis of which from other small B-cell neoplasms can be difficult to establish.



The essential WHO-HAEM5 diagnostic criteria for SMZL [12] are:




	(1)

	
Small B-cell lymphoma involving bone marrow, peripheral blood, or both, composed of small lymphoid cells with villous processes;




	(2)

	
Neoplastic cells express pan-B-cell markers, IgM, and IgD and are negative for BCL6, annexin A1, CD103, cyclin D1, SOX11, and LEF1;




	(3)

	
Other splenic and nodal B-cell lymphomas should be excluded; and




	(4)

	
Clinical or imaging studies should show splenomegaly.









The desirable WHO-HAEM5 criteria are negativity for CD5 and CD10 in the neoplastic cells [12].



HCL is readily diagnosed by the characteristic peripheral blood findings, i.e., monocytopenia and small to medium-sized mature lymphoid cells with round, oval, or kidney-shaped nuclei, indistinct or absent nucleoli, and variably abundant cytoplasm with wispy projections, bone marrow aspirate, and trephine biopsy morphologic findings in conjunction with the clinical and immunophenotypic features, including bright expression of surface immunoglobulin, CD11c, CD20, CD22, CD25, and CD103 on the neoplastic B-cells. Further, the BRAF p.V600E mutation as the genetic cause of HCL was established in 2011 [82], providing another manner to confirm the diagnosis, distinguish HCL from other HCL-like neoplastic diseases, and allow targeted therapeutic choices with BRAF inhibitors for HCL patients [83]. In contrast with the B-cell lymphomas involving the white pulp mentioned above [80], HCL, HCL variant, and splenic diffuse red pulp small B-cell lymphoma involve the red pulp predominantly.



The new WHO-HAEM5 group, “splenic B-cell lymphoma with prominent nucleoli,” is meant to include CD5-negative splenic lymphomas that could not be grouped with other more common diseases [78]. This new group is not meant to be a definite entity. It has been introduced as a placeholder until additional evidence allows the precise classification of the entities (some cases of splenic marginal zone lymphoma, CD5-negative B-PLL cases, and HCL variant) currently included in this group [11,12,78].






3.4. Follicular Lymphoma


Follicular lymphoma comprises the second most common form of lymphoma in the Western parts of the world, after DLBCL. In the USA, the incidence of FL is 3.4/100,000, less than that of CLL/SLL (5.1/100,000) and DLBCL (6.9/100,000), and greater than that of mantle cell lymphoma (0.8/100,000) and marginal zone lymphoma (1.8/100,000) [9]. The disease is currently incurable. Most FLs are clinically indolent, with a long natural history for most patients. However, about 20% of patients with FL progress early in their disease course within 24 months of starting therapy, and these patients have poor outcomes [84]. In addition, 3% of FL patients transform into aggressive lymphoma yearly, with a continuing risk for 15 years [85].



Biologically, the origin of the malignant transformation of FL is being investigated. Many healthy individuals carry a t(14;18) chromosomal translocation in their circulating B-cells in the peripheral blood; this chromosomal translocation is present in about 85% of all FL cases but is clearly insufficient to cause neoplastic transformation. FL presumably arises from a mature B-cell that has previously acquired the t(14;18) translocation and undergone additional oncogenic changes in the germinal center that lead to malignant transformation [86]. Histologically, FL comprises neoplastic centrocytes and centroblasts, with the lymphoma showing at least a partially follicular pattern. Immunophenotypically, the neoplastic cells express B lineage markers, CD19, CD20, PAX5, CD22, and CD79a, and they express BCL2 protein, in contrast with reactive B-cells that are negative for BCL2 by immunohistochemistry. The neoplastic cells in FL also express germinal center-associated markers CD10, BCL6, GCET1, HGAL (GCET2), LMO2, AID, MEF2B, and stathmin, with variable sensitivity and specificity of each of the markers. In rare cases negative for CD10 and BCL6, the additional germinal center-associated markers help support the diagnosis of FL [12].



NGS studies have identified the most common mutations in FL to be epigenetic in chromatin-modifying genes. These include mutations in genes involved with posttranslational histone modification, such as the histone H3 lysine 4 (H3K4) methyltransferases KMT2D and KTM2C, the histone acetyltransferases CREBBP and EP300, and the histone H3 lysine 27 (H3K27) methyltransferase EZH2 (enhancer of zester homolog 2). Other mutations that occur in lower frequency include the Switch/sucrose nonfermentable (SWI/SNF) complex components and genes in the HIST1H1/2 linker histone family [87]. Interestingly, FL neoplastic cells appear to acquire these mutations in the same cell to remain in a germinal center differentiation state [87,88]. An inhibitor of EZH2, tazemetostat, is FDA-approved for treating relapsed FL after two or more lines of therapy in EZH2-mutated FL and independent of EZH2 mutation status if there is no other available therapeutic option [89].



3.4.1. Grading in Follicular Lymphoma


In 1994, the REAL classification introduced grading of FL into grades 1, 2, 3A, and 3B [90] based on criteria proposed in 1983 for counting centroblasts in ten high-power microscopic fields [91]. The WHO 2001 classification divided grade 3 FL into grades 3A (centrocytes present) and 3B (centrocytes absent) [92]. The REAL classification was based on the Kiel classification, compared in [93] (Table 3A, pp. 325–326). Still, the introduction of FL grading by the REAL and WHO classifications was in contrast with the Kiel classification due to the following reasons cited by the Kiel group: “unclear clinical relevance and lack of reproducibility of stratification based on the numbers of blasts in the neoplastic follicles, including about 50% reproducibility among different experienced hematopathologists for this grading system” [94] (p. 12). As stated in the cited reference, the Kiel group believed that “in our opinion, it is of major importance to distinguish between diffusely distributed blasts and solid sheets. The latter (corresponding to grade 3b) indicates a transformation into a diffuse large B-cell lymphoma, which should be noted in the report” [94] (p. 12). In WHO 2008, FL grades 1 and 2 were merged as low grade (0–15 centroblasts per high-power microscopic field), and grade 3A needed to be distinguished from grade 3B. This grading system continued in the revised fourth edition in 2017 but is no longer mandatory and considered optional in WHO-HAEM5 for similar and continued reasons cited earlier, including lack of reproducibility due to technical reasons, inter-observer variability in counting centroblasts, and differences in sizes of high-power microscopic fields [11,95,96]. Challenges in FL grading were noted to be present in the SWOG study that showed a 10-year overall survival of 79% for FL grades 1/2 compared to 68% for FL grade 3A (p = 0.0990) [97]. In contrast with WHO-HAEM5, the ICC has continued to recommend grading to study further in the context of current clinical therapies [13].



In WHO-HAEM5, FL grades 1, 2, and 3A are considered one disease representing classical FL (cFL), which is separated from grade 3B, termed follicular large-cell lymphoma [11]. The ICC recognizes the similarities between grades 1, 2, and 3A and suggests the use of ancillary tests to aid in distinguishing grade 3A (BCL2-rearranged and CD10-positive neoplastic cells) from grade 3B [13]. Interestingly, an analysis of United States SEER data for FL grades 1, 2, and 3, with grades 3A and 3B lumped together as grade 3 in SEER data, correlated with clinical outcomes showed that, despite all difficulties in grading, grading does impact clinical outcome in FL [98]. More reproducible methods for grading FL, such as digital pathology and artificial intelligence, applied to clinical outcomes with current treatments and prognostic factors defined only in the last decade, may provide a more precise understanding of the significance and clinical relevance of grading in FL.




3.4.2. Other Diagnostic Considerations in Follicular Lymphoma


Since FL grade 3B often coexists with DLBCL, if diagnosing a follicular large-cell lymphoma or FL grade 3B, FISH testing for BCL2 and MYC rearrangement is recommended to rule out a large B-cell lymphoma with dual BCL2 and MYC gene rearrangements [12]. In a young patient, pediatric or young adult, a diagnosis of FL grade 3B should prompt interferon regulatory factor 4, IRF4, gene rearrangement studies to distinguish from large B-cell lymphoma with an IRF4 rearrangement (LBCL-IRF4), which has a very different (favorable) prognosis [12]. LBCL-IRF4 was a provisional entity in 2017 and was upgraded to a definite entity by WHO-HAEM5 and ICC. LBCL-IRF4 may also occur in adults. This differential diagnosis should also be considered with strong immunohistochemical positivity for IRF4/multiple myeloma 1 (MUM1) protein in the neoplastic cells [12].



Patients with LBCL-IRF4 typically present with localized involvement of the head and neck region, most commonly tonsils and cervical lymph node enlargement. The essential diagnostic criteria by WHO-HAEM5 for LBCL-IRF4 are:




	(1)

	
Intermediate or large-cell morphology;




	(2)

	
Follicular, diffuse, or follicular and diffuse growth pattern;




	(3)

	
Mature B-cell phenotype with co-expression of B-cell lymphoma 6 (BCL6) and MUM1 proteins, and




	(4)

	
IRF4 translocation.









In the proper clinical setting, in combination with a typical immunophenotype, the diagnosis is allowed without an IRF4 rearrangement as “not molecularly confirmed.” The desirable WHO-HAEM5 criteria include evidence of the IG::IRF4 translocation and absence of BCL2 and MYC gene rearrangement [12].



Pediatric-type follicular lymphoma (PTFL) is also typically seen in childhood and young adults but may also occur in adults, usually aged <40 years, most often 2–25 years [12], but cases up to the age of 60 years have been reported [99]. This entity was introduced in the WHO 2017 classification [100]. PTFL has an excellent prognosis with usually conservative management. The disease is often localized to the head and neck region. Still, unlike LBCL-IRF4, the neoplastic cells in PTFL show a follicular pattern, which may be serpiginous, often with a rim of reactive lymphoid tissue at the periphery, and importantly, a diffuse component must be absent. The neoplastic cells are large and blastoid with a high proliferative fraction, but the large cells may be mistaken for large cells of FL, grade 3. The neoplastic cells express B-cell antigens. Although BCL2 protein is not usually expressed, it can be expressed by immunohistochemistry in the absence of a BCL2 gene rearrangement. In addition to the above features, the diagnosis requires evidence of B-cell monoclonality by immunophenotyping or genetics, absence of gene rearrangements in BCL2, BCL6, and MYC, and absence of strong, uniform MUM1 protein expression and absence of IRF4 rearrangement. Markedly expansile follicles and mutations in MAP2K1 and TNFRSF14 are desirable criteria for diagnosis [12]. In contrast with classic FL, the PTFL genome is characterized by low complexity, and the chromatin-modifying mutations typically seen in classic FL, mentioned above, are rare in PTFL [99,101]. Recently, pediatric nodal marginal zone lymphoma was shown to be similar to PTFL in its clinical and genomic profile [102]; watchful waiting after complete resection is the therapy of choice for both [103].



The WHO-HAEM5 has introduced “FL with uncommon features” as a new subgroup of FL, including two FL types: one with blastoid or large centrocyte variant and the other with a predominantly diffuse pattern. The latter type in WHO-HAEM5 overlaps with the FL subtype, BCL2-rearrangement-negative, CD23+ follicle center lymphoma, newly introduced by the ICC as a provisional entity [12,13,104]. Conversely, the ICC has introduced testicular FL as a distinct type of FL [13], while WHO-HAEM5 includes it among FL. Testicular FL occurs in the testes in young males and, in six cases, was limited to the testes, completely resected by unilateral orchiectomy, and there were no relapses with a long-term follow-up; histology showed the presence of diffuse and follicular areas [105], although the clinical features were reminiscent of a PTFL.





3.5. In Situ Mantle Cell Neoplasia in Relation to Overt Mantle Cell Lymphoma


Mantle cell lymphoma (MCL) is a mature B-cell lymphoma that is often aggressive, representing the classic form involving lymph nodes. However, the overt neoplasm includes an indolent, primarily non-nodal, or leukemic form.



In situ mantle cell neoplasia (or in situ mantle cell neoplasm) (ISMCN) is an earlier form of the disease that may precede, coexist with, or occur after the development of an overt MCL (reviewed in [106]). The relationships between in situ mantle cell neoplasia and the two overt forms of MCL are depicted in Figure 1 (figure previously published in open access publication [106]). The genetic hallmark of MCL is the t(11;14)(q13;q32) translocation, which leads to CCND1 juxtaposed with the IGH locus, causing overexpression of cyclin D1, a cell cycle regulator. Rare cyclin D1-negative MCL cases may harbor CCND2 or CCND3 gene rearrangements.



The diagnosis of in situ mantle cell neoplasia requires showing the presence of cyclin D1-positive B-cells (CD20+) in non-expanded or slightly expanded mantle zones of secondary lymphoid follicles in their natural position, as depicted in Figure 1. The diagnosis is more often made in patients with newly diagnosed overt MCL in whom a retrospective examination of a prior reactive-appearing lymph node or lymphoid tissue biopsy shows IS-MCN. In 672 cases examined in four retrospective studies of reactive or resected lymph nodes due to cancer [106], ISMCN was not detected or was very rare, identified in 0.58% (2/341) cases in one study [106,107]. Minimal infiltration by cyclin D1 positive-neoplastic mantle cells was identified at extranodal sites in previous lymphoid tissues predating an overt MCL diagnosis in 16.2% (6/37) cases of overt MCL [108].



Nevertheless, the actual incidence of in situ mantle cell neoplasia, especially how often it occurs before the development of an overt MCL, is currently unknown since its diagnosis requires a biopsy for histopathologic examination, and a biopsy is only performed with an enlarged lymph node, and in situ mantle cell neoplasia could be present in non-enlarged lymph nodes before the development of overt MCL.



The clinicopathologic features of 31 reported cases of histologically identifiable IS-MCN were reviewed at the individual patient level, including the ISMCN background and the outcomes reported in 16 publications [106,107,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123]. The findings relevant to the background and outcomes of ISMCN are summarized in Table 6, indicating that a high percentage, at least 77% (24/31), of ISMCN patients were associated with overt lymphoma (concurrent or subsequent after 1–20 years), treated for lymphoma, or died [106]. The remaining seven patients included four with <1 year or no follow-up, while 9.6% (3/31) patients did not develop overt lymphoma at 3, 5, and 16 years of follow-up [106]. ISMCN was associated with Castleman disease, hyaline vascular type, and multicentric HHV8-positive in 3/31 cases [106,109,122,123].



Of note, by WHO-HAEM5, the diagnosis of ISMCN warrants rigorous clinical staging and careful follow-up to exclude overt MCL [12].



The t(11:14) translocation characteristic of overt MCL was also present in the examined cases of ISMCN. However, this translocation may also be present in other lymphoid neoplasms and has also been identified in healthy individuals at a lower incidence than the t(14;18) translocation in healthy individuals, as previously reviewed [106,124,125,126].



Overt MCL was first described in 1982 as a follicular variant of intermediate lymphocytic lymphoma (ILL) [127]. ILL represented lymphomas with features intermediate between the poorly differentiated and well-differentiated types of lymphomas in the Rappaport classification, described in Part 1 [2] and [93]). Lymphomas with a “mantle zone” histologic pattern were observed while studying the clinicopathologic features of patients with ILL, wherein wide mantles of slightly atypical cells were noted around normal germinal centers, also with focal, diffuse areas, by morphologic examination; importantly, the clinical outcomes showed that these were aggressive lymphomas [128]. The BCL1 chromosomal rearrangement was described in 1990 [129,130]. In 1992, American and European lymphoma pathologists described MCL [131], which was subsequently included in the REAL and WHO classifications in 1994 and 2001, respectively.



The essential WHO-HAEM5 criteria for the diagnosis of cyclin D1-positive MCL require (1) lymphoma cells of B-lineage (CD20+ and usually CD5+), (2) the morphology of the classic variant (monomorphic and centrocyte-like) or less often variant morphology, and (3) cyclin D1-positivity, detection of CCND1 rearrangement, or both; SOX11 expression positivity is desirable. For cyclin D1-negative MCL, the essential WHO-HAEM5 criteria require (1) B-lineage lymphoma cells and morphology similar to cyclin D1-positive MCL, (2) an immunophenotype consistent with MCL, including SOX11 expression, and (3) absence of cyclin D1 expression and CCND1 rearrangement; CCND2 rearrangement is desirable [12].



The essential WHO-HAEM5 diagnostic criteria for the leukemic non-nodal MCL require (1) a typical clinical presentation (lymphocytosis, mostly asymptomatic with absent or insignificant nodal involvement), (2) usually monomorphic small to medium-sized cells of B-lineage (CD20+), and (3) cyclin D1 positivity, detection of CCND1 rearrangement, or both. SOX11 is commonly negative, and this evaluation is desirable [12].



The blastoid and pleomorphic variants, illustrated in reference [132], are usually associated with higher mitotic and proliferative indices [12]. Evaluating Ki67 and TP53 expression by immunohistochemistry and TP53 mutational status may help define higher-risk MCL patients [12,132]. Ki67 > 30% is the currently accepted cutoff for patients, with Ki67 > 30% associated with worse outcomes; high TP53 expression is considered to be 50% TP53-positive lymphoma cells and is associated with poor overall survival (median two years) [12].



Genetically, overt MCL involves dysregulated cell cycle and DNA damage response pathways. In a systematic meta-analysis of 32 studies, including the nodal and the leukemic forms of MCL, published from 2006 to 2019, excluding review articles, Hill et al. detailed the findings for gene mutations in overt MCL by analyzing 2127 MCL patients and 2173 samples included in the analyzed studies [106,133]. As per this meta-analysis, in MCL tumor or bone marrow samples at diagnosis or baseline, the most frequent genetic abnormalities occurred in the ATM (43.5%), TP53 (26.8%), CDKN2A (23.9%), CCND1 (20.2%), NSD2 (15.0%), KMT2A (8.9%), S1PR1 (8.6%), and CARD11 (8.5%) genes. Cytogenetic methods detected aberrations in IGH (38.4%) and MYC (20.8%) in the same tumor specimens [106,133]. However, the steps to the development of an overt MCL from an ISMCN are not yet understood [106]. The reader is referred to a comprehensive review from 2022 of the molecular pathogenesis and other current clinical aspects in MCL [134].



MCL has been reported to occur in families with other members having lymphoproliferative disorders, including CLL. Still, the prevalence of familial MCL is currently unknown, and the germline causes of familial cases have only rarely been described [106]. Of note, familial lymphoproliferative disorders that included CLL before MCL was described might have included instances of MCL. Specifically, the analysis for familial risk among 153,115 Swedish patients with hematologic malignancies diagnosed between 1958 and 2015 included 18,521 CLL patients, including 8,043 (43.4%; 8043/18,521) CLL patients diagnosed during the same period when MCL was not yet recognized [135], as previously reviewed [106].



Two Spanish patients were described from a Spanish study of 85 MCL patients, with a third MCL patient, with all three having family members with another lymphoid neoplasm [136]. One patient in that report was initially diagnosed with CLL and subsequently diagnosed with MCL after re-reviewing the previous pathology. In one family, typical MCL was diagnosed at age 77 in one male patient, and his daughter developed a blastoid MCL at a younger (43 years) age, consistent with anticipation in familial MCL [136]. Germline mutations have been described in rare cases, including a 15 bp deletion in CHEK2 in an overt MCL in one of seven examined patients with lymphoma [137], a heterozygous abnormality of ATM in one of four MCL patients [138], and germline mutations in ATM and CHEK2 in seven and two MCL cases, respectively [139]; however, a personal history of cancer other than MCL or a family history of cancer was unavailable for these cases [137,138,139]. In one Chinese family, Wang et al. determined the germline basis of familial MCL in the proband with overt MCL to be maternally inherited Lynch syndrome with co-segregation of an MLH1 variant and a history of DLBCL in the father and follicular lymphoma in one sibling. The index patient with MCL also developed a colonic adenocarcinoma due to mismatch DNA repair defects [140]. Germline mutations in MCL need to be studied, as well as early and, when possible, preclinical stages of MCL by methods other than tissue biopsies.




3.6. Lymphoplasmacytic Lymphoma


Lymphoplasmacytic lymphoma (LPL) is an uncommon mature B-cell neoplasm composed of small lymphocytes, lymphoplasmacytoid lymphocytes, and plasma cells involving the bone marrow primarily and, less frequently, the spleen and lymph nodes, and rarely other organs, such as the CNS. Morphologically, the neoplastic infiltrate in LPL shows admixed mast cells, and intranuclear cytoplasmic immunoglobulin inclusions termed Dutcher bodies may be identified, which help to confirm the diagnosis. Waldenström macroglobulinemia is a clinicopathologic diagnosis requiring the presence of LPL infiltrating the bone marrow associated with monoclonal IgM protein [141].



In contrast, IgM monoclonal gammopathy of unknown significance (MGUS) requires the presence of a monoclonal IgM protein and absence of bone marrow involvement on histologic examination by clinical criteria [141]; WHO-HAEM5 requires less than 10% bone marrow infiltration by clonal lymphoplasmacytic cells for a diagnosis of IgM MGUS, the presence of a serum monoclonal IgM protein of <3g/dl, and no evidence of anemia, constitutional symptoms, hyperviscosity, lymphadenopathy, or hepatosplenomegaly that can be attributed to the underlying lymphoproliferative disorder [12]. IgM MGUS can progress to WM or other B-cell lymphoproliferative disorders, with an estimated probability of progression of 1.5 to 3.0% per year [142]. It is not possible to distinguish between IgM MGUS and WM based on the IgM level since this level is usually not greater than three g/dL in MGUS and is less than three g/dL in most patients with WM [141].



The MYD88 p.L265P mutation is present in >90% of patients with WM. MYD88 is an adaptor protein recruited to the activated Toll-like and interleukin-1 receptor (IL-1R) complex as a homodimer, which then complexes with IL-1R-associated kinase (IRAK) 4 to activate IRAK1 and tumor necrosis factor receptor-associated factor 6, leading to NFκB activation via IκBα phosphorylation [142,143]. The MYD88 p.L265P is a gain-of-function mutation that gives the mutated cells a survival advantage [141]. The MYD88 p.L265P mutation activates NFκB signaling, as described above, and triggers BTK signaling through the SRC family member HCK, and both HCK and BTK are targeted by ibrutinib [144,145]. In addition, in 30–40% of patients with WM, CXCR4 gene mutations are present similar to those seen in the Warts, Hypogammaglobulinaemia, Infections, and Myelokathexis (WHIM) syndrome [146]. CXCR4 mutations are associated with higher levels of bone marrow involvement and serum IgM protein, symptomatic hyperviscosity in patients with CXCR4 nonsense mutations, and resistance to ibrutinib [147,148].



The clinical task force recommendations for the diagnosis and initial evaluation of patients with WM include molecular testing of the bone marrow aspirate for MYD88 mutations. However, routine testing for CXCR4 mutations was not mandated [149]. Rare non-p.L265P MYD88 mutations have been reported by Sanger sequencing. MYD88 wildtype WM patients are rare, and an alternative clinicopathologic diagnosis is common in patients suspected to have WM with wildtype MYD88. The rare WM patients with MYD88 wildtype have a high incidence of associated DLBCL and significantly shorter survival than MYD88-mutated WM [150]. The MYD88 wildtype WM patients harbor NFκB activating mutations downstream of BTK and IRAK, overlapping with somatic mutations found in DLBCL [151]. Interestingly, integrating epigenomic transcriptomic and genomic profiling analyses in WM has revealed the neoplastic cells in WM to have either a memory B-cell or a plasma cell type of differentiation, which have correlations with the MYD88 and CXCR4 mutational status, as illustrated in the cited publication [152].



The essential diagnostic criteria for LPL by WHO-HAEM5 are >10% involvement of the bone marrow cellularity by the neoplastic infiltrate comprised of small lymphocytes, plasmacytoid cells, and plasma cells (similar to WHO 2017), with the following immunophenotype of LPL cells: IgM+, CD19+, CD20+, CD22+, CD25+, CD10−, CD23−, CD103−, CD138+/− [12]. The desirable criteria are the detection of MYD88 p.L265P and CXCR4 somatic mutations and monoclonal IgM by serum electrophoresis and immunofixation [12]. Slightly different from WHO-HAEM5, the ICC criteria also allow a diagnosis of WM with less than 10% bone marrow infiltration by a clonal lymphoplasmacytic infiltrate [13].



Of note, MYD88 mutations are readily detectable by allele-specific PCR, and this method was found to be superior to the NGS method for detecting these mutations. In a study of 391 patients with MYD88 p.L265P identified by allele-specific PCR in CD19-selected bone marrow, allele-specific PCR identified 96% of the patients with MYD88 L265P mutations using unselected bone marrow. However, NGS identified only 66% of those patients [153]. The MYD88 mutation can also be detected in clinical samples other than bone marrow in WM patients, including peripheral blood, cerebrospinal fluid, and pleural effusions. Cell-free DNA analysis has also detected MYD88 p.L265P and CXCR5 p.S338X mutations in WM patients [154,155].



In rare cases, LPL may be associated with a non-IGM protein (IgG or IgA) or no monoclonal protein. The non-IgM LPL patients have a higher frequency of lymph node, splenic, and extranodal involvement and may also harbor MYD88 p.L265P and CXCR4 mutations [156].



Further, almost 20% of WM patients are known to have a familial predisposition, which affects treatment outcomes [157]. The median bone marrow involvement at diagnosis was higher (50%) in patients with familial WM who had a first-line relative with WM or plasma cell myeloma compared to non-familial WM or WM patients with a B-cell malignancy in first-line relatives [158]. Variants in the LAPTM5 and HCLS1 genes have been identified in familial WM [159].




3.7. Immunophenotypic Features Characteristic for Specific Mature B-Cell Lymphomas/Leukemias Composed of Small to Medium-Sized Neoplastic Cells


The diagnosis of lymphoma/leukemia is most often made by histologic examination of a tissue biopsy or by morphologic evaluation and flow cytometric immunophenotyping (FCI) of peripheral blood or bone marrow involved in leukemia. The histologic features must be evaluated before obtaining immunohistochemical (IHC) stains, which must always be selected in a panel based on the differential diagnosis from the cytomorphologic, histologic, and clinical features. Table 7 shows the characteristic immunophenotypic features of the neoplastic cells in the small B-cell neoplasms discussed in the previous sections. This table includes surface antigens evaluated by FCI or IHC stains. Of note, there is variability in the panels used for diagnosis, and the antigens shown in the table may not all be necessary for diagnosis in any individual case.



It is essential to remember that the expression of any single antigen by FCI or immunohistochemistry is not diagnostic of any specific type of lymphoid neoplasm. Besides morphologic features, BCL2 protein expression by immunohistochemistry helps distinguish follicular lymphoma from reactive follicular hyperplasia. This distinction requires a CD3 stain to evaluate the numbers and distribution of CD3+ T-cells, which are positive for BCL2, while reactive B-cells are negative for BCL2. The BCL2 stain is also required to confirm the presence of suspected in situ follicular neoplasia in lymphoid tissue sections. An in situ follicular neoplasm is diagnosed when intensely-stained BCL2-positive B-cells are seen in the germinal centers in otherwise reactive nodal or extranodal lymphoid tissues. In addition, CD43 positivity alone must never be used as the criterion to diagnose a lymphoma since reactive cells can also be positive for CD43. The interpretation of a panel of antigens examined by FCI or immunohistochemistry must be made in the context of clinical, cytomorphologic, and histopathologic features, which can be supplemented by molecular genetic techniques as needed for diagnosis.




3.8. Aggressive Mature B-Cell Lymphomas


Large B-cell lymphomas comprise a very heterogeneous group of lymphomas in clinical and molecular genetic features; they are defined by the size of the neoplastic (lymphoma) cells being large. As shown in Table 4, WHO-HAEM5 recognizes 17 specific types of large B-cell lymphomas in addition to DLBCL, not otherwise specified (NOS), which is diagnosed when a DLBCL cannot be classified into any of the specific types. DLBCL NOS is the most common among all large B-cell lymphomas [12] and lymphomas in the USA [1,9]; the specific types are less common.



Most large B-cell lymphomas are aggressive lymphomas that arise de novo or as lymphomas transformed from indolent lymphomas; the latter are newly classified as a separate group in WHO-HAEM5. The transformed lymphomas most often consist of large-cell lymphomas arising from CLL/SLL, FL, or marginal zone lymphoma. However, they can also have blastoid or intermediate-sized morphology or may represent an entirely different lymphoma, such as classic Hodgkin lymphoma. A DLBCL can also occur as an unrelated aggressive lymphoma in a patient with a previous indolent lymphoma. Therefore, it is essential to establish the clonal nature of the transformed lymphoma as similar (or not similar) to the previous indolent lymphoma since clonally related transformed lymphomas usually have a worse prognosis, and clonal relatedness versus unrelatedness lead to different management.



Conversely, aggressive lymphomas may be composed of large-sized cells, such as in DLBCL, medium-sized cells in Burkitt lymphoma, or small to medium-sized neoplastic cells in mantle cell lymphoma, as discussed earlier. This section will discuss Burkitt lymphoma first since it is the prototypic aggressive lymphoma, followed by other types of aggressive lymphomas.



3.8.1. Burkitt Lymphoma


Burkitt lymphoma (BL) is a highly aggressive, rapidly growing lymphoma with a short doubling time, characterized as endemic in Africa, sporadic, and immunodeficiency-associated forms [163]. BL involves extranodal sites, including the abdomen, particularly the ileocecal region, the maxillary and mandibular regions in the endemic form, the orbit, Waldeyer’s ring, thyroid, breasts, ovaries, and testes. A leukemic presentation may occur in immunocompromised patients [12,164]. The three forms of BL have similar micro RNA expression profiles, confirming that all three forms represent the same disease that is different from DLBCL [165]. BL is the most common pediatric malignancy in sub-Saharan Africa and also affects adolescents and adults associated with human immunodeficiency virus infection [166]. Endemic BL occurs in children at peak ages between 5 and 9 years in regions with endemic Plasmodium falciparum malaria, where Epstein–Barr virus (EBV) is associated with BL in >90% of cases. In contrast, in other geographic regions, EBV is associated with only 30% of sporadic BL [167]. In germinal center B-cells, immunoglobulin gene somatic mutation and class switch recombination is initiated by the activation-induced cytidine deaminase (AID) enzyme [168]. Chronic malarial and EBV infection causes B-cell hyperplasia with aberrantly increased activity of AID, leading to widespread genomic instability in the germinal center B-cells formed during the chronic infection [169], which increases the possibility of a chromosomal translocation involving MYC and an immunoglobulin gene, the genetic hallmark of BL. Although BL has a very aggressive natural history of disease, appropriate treatment specific to BL leads to a cure in most patients. Therefore, prompt diagnosis and distinction from other mature aggressive B-cell lymphomas, including DLBCL, is essential.



The historical background for BL, including the discovery of the diagnostic genetic abnormalities in BL, was described in Part 1 [2]. In 80% of BL cases, MYC is juxtaposed to the IGH gene in the t(8;14)(q24;q32) translocation or, less commonly, to IGL or IGK in the t(8;22)(q24;q11) and t(2;8)(p12;q24) translocations, resulting in constitutive MYC expression. However, the site of chromosomal breakpoints and structural alterations differ between endemic and sporadic BL [170]; see references in [12]. In 2006, gene expression profiling accurately distinguished BL from DLBCL and identified cases of BL not identifiable by routine genetic techniques, termed molecularly-defined BL (mBL) [171,172].



In 2012, three studies described the mutational landscape of BL [173,174,175]. BL harbors mutations in the transcription factor 3 (TCF3) or inhibitor of DNA binding 3 (ID3), a negative regulator of TCF3, to cause tonic B-cell receptor signaling that activates the phosphatidylinositol 3-kinase (PI3K) pathway in the lymphoma cells, seen in 70% of sporadic BL cases. Alternatively, oncogenic cyclin D3 (CCND3) mutations that drive cell cycle progression by producing highly stable cyclin D3 isoforms are present in 38% of sporadic BL cases [173]. ID3, TCF3, or both mutations were also present in HIV-associated BL (67% cases), and endemic BL (40% cases), and these mutations were rare in other lymphoid cancers [173].



WGS, whole exome, and transcriptome sequencing of four pediatric sporadic prototypical BLs with IG::MYC translocation and corresponding germline samples identified seven recurrently somatically mutated genes. These genes included TP53, MYC, and SMARCA4, previously known to be mutated in BL, FBXO11, and DDX3X12, also involved in other B-cell lymphomas, RHOA, and ID3. ID3 mutations were also present in 68% (36/53) of other mBL cases. Of note, ID3 mutations were strongly enriched with lower patient age, negative BCL2, positive BCL6, and high Ki-67 index by immunohistochemistry, absence of t(14;18) and BCL6 breaks, low genetic complexity, and low IGHV mutation, and showed a significantly favorable prognosis [174].



In the third study, exome sequencing of 51 primary BL tumors, 14 with paired normal tissue, and 8 BL cell lines showed recurrent mutations in 70 genes, most frequently MYC (40%) and ID3 (34%); other frequently mutated genes included ARID1A, SMARCA4, TP53, PIK3R1, and NOTCH1 [175]. In 2015, RNA sequencing of 20 endemic BL samples showed lower frequencies of mutations in MYC, ID3, TCF3, DDX3X, CCND3, and TP53, as compared to their reported recurrence in sporadic BL, and higher mutational frequencies in ARID1A, RHOA, and CCNF [176].



Further, several studies showed differences between EBV+ and EBV-negative BL [176,177,178,179]. In 2005, endemic and HIV-related BLs showed higher IGHV mutation rates than sporadic BL and also showed signs of antigen selection, which were absent in sporadic BL; these differences were even more evident between EBV+ and EBV-negative BL when compared regardless of geographic location or HIV status [177]. The presence of EBV was almost mutually exclusive with mutations in TCF/ID3, considered driver mutations for sporadic BL [176]. In 2019, WGS and transcriptomic analysis supported the link between EBV and aberrant AID activity since EBV+ BL showed a striking genome-wide increase in aberrant somatic hypermutation and had significantly fewer driver mutations, especially among genes with roles in apoptosis. In addition, IGHV4-34, known to produce autoreactive antibodies, and IGKV3-20, were overrepresented in the lymphoma cells [178].



Moreover, in a 2022 study, mutations in ID3, TCF3, and CCND3 and the expression of sex-determining region Y-box transcription factor 11 (SOX11) were significantly decreased with patient age at diagnosis. In contrast, EBV was more frequently detected in adult patients. Further, irrespective of age, EBV-positive sporadic BL showed significantly less frequent mutations in ID3/TCF3/CCND3 but more often mutations of G protein subunit alpha 13 (GNA13) and forkhead box O1 (FOXO1) compared to EBV-negative BL [179].



The collective evidence described above indicates that EBV status provides a better separation of the differences in biologic heterogeneity, irrespective of geographical location and patient age (pediatric versus adult). Therefore, WHO-HAEM5 recommends this distinction in the diagnosis [11,12], which is easy to perform since the characterization of EBV positivity or negativity in lymphomas is readily obtained in most clinical laboratories. A 2023 study showed shared features between pediatric and adult BL and confirmed the vital role of EBV status in distinguishing the molecular pathogenesis of BL [180].



Diagnostically, BL arises from proliferating centroblasts in the dark zone of the germinal center and is characterized by the presence of MYC translocations with the IGH, IGK, or IGL gene; see review [181]. Histologically, BL is composed of a diffuse monomorphous infiltrate of medium-sized, not large, lymphoid cells with round nuclei, finely clumped and dispersed nuclear chromatin, multiple peripherally located nucleoli, and a moderate quantity of deeply basophilic, often vacuolated cytoplasm. Mitoses are frequent. The neoplastic cells are densely packed with a “squared-off” appearance, and numerous tingible body macrophages engulfing fragments of apoptotic neoplastic cells cause a “starry-sky” appearance. The neoplastic cells express CD19, CD20, CD79a, CD22, and PAX5 (pan B-cell antigens), CD10 (strong expression), and BCL6, CD38, HGAL, and MEF2B (other germinal center-associated antigens); GCET is variably expressed, and the neoplastic cells are consistently negative for LMO2. Cyclin D1 must be absent for differential diagnosis with blastoid mantle cell lymphoma. The proliferative rate (Ki67) is >95%, and BCL2 protein expression is typically absent. The cytogenetics in BL typically shows a simple karyotype with the primary abnormality causing the MYC translocation. Notably, the cytogenetics findings are not complex at initial diagnosis; if multiple cytogenetics abnormalities are found, the diagnosis should be questioned, and additional tests are needed. Nevertheless, routine cytogenetics and molecular genetics analysis may not detect molecular abnormalities in all cases of BL.



The WHO-HAEM5 essential diagnostic criteria for BL require the morphologic features with CD20+ CD10+ neoplastic cells, absent or rarely weakly expressed BCL2, Ki67 index >95%, usually strong MYC expression in >80% of cells, demonstration of MYC breakage or IG::MYC translocation, or both MYC expression and translocation [12]. The WHO-HAEM5 desirable criteria include a starry-sky pattern, cohesive growth pattern, BCL6 positivity, TdT negativity, CD38 positivity, and the exclusion of BCL2 and BCL6 rearrangements, which are mainly required to be excluded in adult BL [12].



For resource-poor settings such as in sub-Saharan Africa, where BL is frequent, and FISH is not readily available, a diagnostic algorithm has been proposed that requires characteristic morphologic and immunophenotypic features, CD20+, CD10+, BCL2 negative or weak, CD38+ (clone SPC32), CD44 negative (clone DF1485), MYC ≥ 80% (using the Y69 antibody), and Ki67 > 95% [12,182]. If the characteristic morphologic and immunophenotypic features are absent, the differential diagnosis with other aggressive non-Burkitt (large-cell) mature B-cell lymphomas requires further workup. Distinguishing B-ALL, in which the neoplastic cells may be small to medium-sized and, regardless of size, have finely dispersed nuclear chromatin with indistinct nucleoli, from the differential diagnosis of BL requires integration of all clinical, pathologic, and genetic features [183].




3.8.2. How the Classification of Aggressive Non-Burkitt (or large) B-Cell Lymphomas Has Evolved


As shown in Table 3 in Part 1 [2], the aggressive B-cell lymphomas in WHO 2001 included BL, DLBCL, four specific types of large B-cell lymphomas (mediastinal thymic large B-cell lymphoma, intravascular large B-cell lymphoma, primary effusion lymphoma, and lymphomatoid granulomatosis), and mantle cell lymphoma. All these except BL and mantle cell lymphoma are large-cell lymphomas. At that time, all large-cell lymphomas except the specific types were lumped into one diagnosis of DLBCL. Figure 2 depicts the evolution of the classification of large B-cell lymphomas in relation to BL and CHL. With advances in our understanding of lymphomas, the classification updates in 2008 and 2017 separated additional specific types of large-cell lymphomas. The cases that could not be classified as any specific type were termed DLBCL, not otherwise specified (NOS). In addition, patients who did not meet the BL or DLBCL NOS criteria were now grouped into a heterogeneous group termed unclassifiable with features intermediate between BLBCL and BL, as depicted in Figure 2.



Patients with DLBCL are treated with R-CHOP (anti-CD20 (rituximab) combined with chemotherapy (CHOP, cyclophosphamide, doxorubicin, vincristine, and prednisolone)) as the standard-of-care first-line therapy. About 60% of patients are cured; the remainder are either refractory to primary treatment or relapse [184,185]. Identifying upfront at the time of diagnosis the patients who have a high chance of cure and those at high risk for being refractory to treatment or for relapse continues to be a significant research goal, which includes defining different subsets of patients with specific types of diseases so that each could be treated appropriately; this is a major goal of cancer classification and, as applied to large-cell lymphomas, is depicted in Figure 2.




3.8.3. DLBCL/High-Grade B-Cell Lymphoma with MYC and BCl2 Rearrangements


The revised fourth edition WHO 2017 classification created the high-grade B-cell lymphoma group with MYC and BCL2 and/or BCL6 rearrangement. This group included WHO 2008 subsets of cases from the unclassifiable group (with features intermediate between DLBCL and BL) and DLBCL NOS. Therefore, diagnosing these cases required FISH on virtually all cases of the two WHO 2008 groups, including DLBCL NOS. These lymphomas were termed double-hit or triple-hit lymphomas. In 2022, both WHO-HAEM5 and ICC recognized DLBCL/high-grade B-cell lymphoma with MYC and BCl2 rearrangements as a distinct type due to its homogeneous genetic features. The previously included subtype with rearranged MYC and BCL6 was considered heterogeneous with available evidence and, therefore, deleted in WHO-HAEM5 while the ICC continued to recognize it as a provisional entity.



Enormous progress has been made in understanding the molecular pathogenesis of DLBCL in the last 25 years. In 2000, DLBCL was classified into the germinal center and activated B-cell subtypes and an unclassified type by gene expression profiling, with the germinal center subtype DLBCL patients showing a better overall survival than the activated B-cell subtype [186]. Subsequently, the Hans algorithm using CD10, BCL6, and MUM1 immunohistochemical stains on formalin-fixed, paraffin-embedded tissues [187] has been most commonly used as a surrogate for defining a germinal center or activated B-cell DLBCL. This cell-of-origin classification for distinguishing the two subtypes of DLBCL was included in the revised fourth edition WHO update [100,188]. In the meanwhile, molecular genetic studies showed alterations in genes involved with chromatin modification in follicular lymphoma and germinal center subtype of DLBCL [189,190,191,192,193,194,195,196], as reviewed in [197,198], and chronic B-cell receptor signaling with NFκB pathway activation in the activated B-cell subtype of DLBCL [193,194,199,200,201].



In the last five years, three groups from the National Cancer Institute (NCI) [202,203] and Dana Farber Cancer Center (DFCC) in the USA [204] and the UK Hematologic Malignancy Research Network (HMRN) [205] independently characterized 5–7 subgroups in DLBCL with distinct genetic profiles showing characteristic co-occurring mutations in specific genes. Notably, there was significant overlap with similar profiles of mutations in each genetic group among all three studies [202,203,204,205], and the mutational profile in each genetic group in DLBCL resembled that of other (specific) mature B-cell lymphomas [206].



Despite the significant advances in molecular genetics briefly summarized above in DLBCL, there is current evidence for one DLBCL genetic subgroup within the NCI EZB group (or cluster 3 in DFCC and BCL2 group in HMRN) harboring dual MYC and BCL2 gene rearrangements. This group of lymphomas is included in WHO-HAEM5, with or without the presence of BCL6 translocations and with or without TdT expression [12]. The dual MYC- and BCL2-rearranged cases showed mutations characteristic of follicular lymphoma (BCL2, KMT2D, CREBBP, EZH2, and TNFRSF14), and some patients had a history or concurrent diagnosis of follicular lymphoma [207]. Interestingly, 65% of BCL2-rearranged cases showed the characteristic genetic mutations of follicular lymphoma in the absence of a history or concurrent diagnosis of follicular lymphoma, suggesting transformation from an occult follicular lymphoma [207]. These lymphomas usually comprise the germinal center subtype by the cell-or-origin classification of DLBCL [208]. The presence of IG::MYC translocations, TdT expression, and MYC hotspot mutation may indicate a higher risk [12,207,209].



Intriguingly, many, but not all, of these MYC and BCL2 dual-hit DLBCL cases show a molecularly-defined high-grade signature harbored in about 9% of DLBCL patients with a poor prognosis, as identified by Sha et al. [210]. Of note, the dual-hit cases without the molecularly-defined high-grade signature did not show outcomes worse than the other germinal center B-cell-like DLBCL cases [207,210]. Conversely, only 48.6% and 36.1% of the molecularly-defined high-grade group were MYC-rearranged and double-hit (MYC and BCL2 rearranged), respectively, indicating that identifying this molecularly-defined high-grade signature doubled the size of the poor prognosis cases [210]. Interestingly, at the same time, Ennishi et al. reported similar findings with a gene expression signature for double-hit lymphomas predicting a poor clinical outcome, and only half of those double-hit-signature-positive cases harbored the actual MYC and BCL2 gene rearrangements [211].



Of note, these findings in the above two studies [210,211] are reminiscent of the diagnostic situation with Ph-like B-ALL, described in Part 2 [3], and similarly suggest that attempts should be made to identify these dual MYC- and BCL2-rearrangement-like cases with a molecularly-defined high-risk signature and a poor outcome.



The essential diagnostic criteria in WHO-HAEM5 are morphology and phenotype consistent with an aggressive B-cell lymphoma and evidence of concurrent MYC and BCL2 rearrangements, with or without BCL6 rearrangement. The presence of a germinal center phenotype and determining the TdT protein expression status and the MYC fusion partner are desirable in WHO-HAEM5 [12].




3.8.4. High-Grade B-Cell Lymphoma with Chromosome 11q Aberration


High-grade B-cell lymphoma with chromosome 11q aberration (HGBCL-11q) in WHO-HAEM5 was introduced provisionally in WHO 2017 as Burkitt-like B-cell lymphoma with chromosome 11q aberration. These are very rare lymphomas originally described by studying aggressive lymphomas with morphologic, immunophenotypic, and gene expression profiles of BL but without the hallmark MYC translocation of BL [212]. The defining genetic feature of this lymphoma is a combined pattern of proximal chromosomal gains and telomeric loss at 11q23. The telomeric loss shows a copy-number-neutral loss of heterozygosity. This telomeric loss is considered to be characteristic of this type of lymphoma since a proximal gain of 11q23 can be seen in other high-grade lymphomas, including BL and high-grade B-cell lymphoma with MYC translocation. Large-cell lymphomas may also show this cytogenetic aberration, and it is not clear yet whether these cases are the same biologically as the WHO-HAEM5-described entity [12]. Despite the similarities with BL, HGBCL-11q is molecularly distinct. It does not harbor genetic alterations frequently present in BL (genes in the ID3-TCF3 axis or the SWI/SNF complex) or in the germinal-center-derived B-cell lymphomas, e.g., KMT2D or CREBBP [213]; the latter mutations were noted in another study in cases with the 11q aberration and large-cell morphology [214].



The disease occurs in childhood and young adults with a median age at diagnosis of 14 or 15.5 years (overall range, 4–52 years) in two series of cases and shows a male predominance with a male-to-female ratio of 2.75:1 [213,214]. The disease may be localized and show nodal involvement of the head and neck region, but it may also be extranodal and present in the abdomen [214]. A characteristic finding on morphologic evaluation is the presence of coarse 5–9 apoptotic fragments phagocytosed inside the “starry-sky” macrophages in contrast with 1–2 apoptotic bodies in the macrophages in BL [215], which can help confirm the diagnosis [216]. Flow cytometry can show the lymphoma cells to express CD16 and CD56 or CD8 expression and the absence of CD38 (high) expression, which are highly characteristic of HGBL-11q [12,217].



The essential diagnostic criteria by WHO-HAEM5 are lymphoma with an intermediate/blastoid or Burkitt-like morphology, typical immunophenotype (B-cell markers+, CD10+, BCL6+, BCL2-negative), chromosome 11q-gain/loss, telomeric loss or telomeric loss of heterozygosity (LOH) pattern, and exclusion of an MYC translocation. Expression of CD56 in the absence of high expression of CD38 by flow cytometry is a desirable criterion for diagnosing HGBCL-11q [12].




3.8.5. Primary Large B-Cell Lymphoma of Immune-Privileged Sites


Primary large B-cell lymphoma of immune-privileged sites is included as a new group by WHO-HAEM5. These lymphomas include primary large B-cell lymphomas that arise in the central nervous system (CNS), vitreoretina, or the testes in immunocompetent individuals, excluding lymphoma arising in the dura or the choroid and those that spread to these immune-privileged sites from other body sites [11,12].



Primary large B-cell lymphoma of the CNS (PCNS-LBCL) presents as a mass, solitary or multiple, in the brain parenchyma. If this lymphoma occurs in an immunocompromised individual, which is more frequent than in immunocompetent individuals, it would be classified as a lymphoma arising in immune deficiency/dysregulation, which is included in another new group in WHO-HAEM5, as shown in Table 4.



In immunodeficient individuals, PCNS-LBCL occurs at a younger age, in the 30s, predominantly in males, as multiple masses, and it is frequently associated with viral infections (EBV and HIV); this lymphoma is an acquired immune deficiency syndrome (AIDS)-defining illness. In contrast, PCNS-LBCL in immunocompetent individuals presents as a solitary mass in the brain parenchyma in older individuals aged >60 years, with an equal incidence in males and females [218]. Among immunocompetent individuals, primary CNS lymphoma rates increased significantly in men (1.7%/year) and women (1.6%/year) aged >65 years from 1992 to 2011 in the USA but remained stable in younger individuals [219].



The principal differential diagnosis for PCNS-LBCL is secondary CNS involvement from another body site [220]. However, in addition to PCNS-LBCL in the immune-privileged sites group, several other primary lymphomas may rarely arise in the CNS. These include highly aggressive lymphomas, such as primary CNS BL and primary CNS T-cell lymphoma, and lymphomas with clinically indolent behavior, such as primary CNS parenchymal small B-cell lymphoma and primary dural lymphoma [221]. Of note, intravascular large B-cell lymphoma (IVBCL), a highly aggressive lymphoma that frequently affects the CNS, does not present with a mass in the CNS in contrast with PCNS-LBCL and other primary CNS lymphomas; IVBCL is briefly described separately.



The neoplastic cells in PCNS-LBCL, primary vitreoretinal (PVR-LBCL), and primary testicular large B-cell lymphoma are similar to a late germinal center mature B-cell phenotype with ongoing somatic hypermutations [12,222]. PCNS-LBCL and PVR-LBCL preferentially show IGHV4-34 gene rearrangement, which is common in autoimmune diseases [223,224,225]. Genetically, these lymphomas show recurrent MYD88 and CD79B hotspot mutations among other mutations in the Toll-like receptor and NFκB pathways and inactivated CDKN2A and belong to the MCD, C5, and MYD88 genetic groups of DLBCL described in Section 3.8.3 [202,203,204,205].



Nonetheless, recent evidence indicates that ~65% of PCNS-LBCL represent the MCD subtype, and ~35% of PCNS-LBCL may represent one of the other non-MCD groups [226]. The MCD subtype included recurrent mutations in MYD88 and CD79B, among other mutations affecting the JAK/STAT, Toll-like receptor, and NFκB pathways [226]. The non-MCD types included the EZB group, or germinal-center-like DLBCL, with deletions in CREBB, a hallmark of follicular lymphoma [195], which would suggest that PCNS-LBCL might represent an occult follicular lymphoma first presenting as a CNS lymphoma [226].



Interestingly, kataegis, a phenomenon associated with a promiscuous non-IGH activity of the enzyme activation-induced cytidine deaminase (AID) in B-cells [227], was observed in PCNS-LBCL with numerous mutations in IGH, IGK, IGL, and non-IG genes. While most mutations overlapped between PCNS-DLBCL and the activated B-cell types of DLBCL, mutations in BTG2, GRHPR, OSBPL10, and ZNF860 were significantly more frequent in PCNS-DLBCL [226]. In contrast with PCNS-LBCL in the WHO-HAEM5 immune-privileged sites group, which are EBV-negative as mentioned above, EBV+ PCNS-LBCLs show a different mutational profile and do not harbor MYD88 and CD79B mutations [227].



The diagnosis of PCNS-LBCL requires a tissue biopsy, which should ideally be performed before giving steroids, if clinically feasible since steroids cause lysis of neoplastic cells and increased numbers of macrophages and may lead to a false-negative biopsy [12,218]. Histologically, the neoplastic cells are medium- to large-sized CD20+ B-cells that infiltrate diffusely with characteristic perivascular infiltration and splitting of vessel walls, which is most evident at the tumor periphery. Necrosis and high mitotic activity are present. The lymphoma cells are intermingled with reactive bystander cells consisting of small mature T and B lymphocytes, macrophages, activated microglial cells, and reactive astrocytes [228]. In addition to mature B-cell antigens, CD20, CD22, CD79a, CD19, and PAX5, the lymphoma cells express IRF4/MUM1, BCL2, BCL6, and IGM, have a high (>80–90%) Ki67 proliferation index, and are negative for CD38 and CD138 [12]. CD10 is not usually expressed, and its expression should suggest the possibility of a secondary CNS lymphoma. EBV is also negative in PCNS-LBCL in immunocompetent individuals; its expression should lead to suspecting an immune deficiency/dysregulation state [12,229].



Intraocular lymphomas include lymphomas arising in the vitreoretina (PVR-LBCL) or the uvea, with the latter including choroidal, iridal, or ciliary body lymphoma [230]. The PVR-LBCLs are protected by a blood–brain barrier [230]; in contrast, choroidal lymphomas do not have that protection [231]. Therefore, PVR-LBCLs alone are classified as lymphomas of immune-privileged sites [12]. PVR-LBCL may occur concurrently with, before, or after a PCNS-LBCL. The diagnosis may masquerade as uveitis and is often delayed for this reason. Close collaboration between the ophthalmologist and a pathologist with experience in ocular cytology is necessary for evaluating these samples; refer to excellent reviews [230,231].



PVR-LBCL must be distinguished from secondary involvement by systemic lymphoma and a PCNS-LBCL. The lymphoma cells in PVR-LBCL involve and are contained within the vitreous, retina, and subretinal space anterior to the Bruch membrane [230,231]. In contrast with PVR-LBCL, which are challenging to diagnose, choroidal lymphomas, which occur in a non-immune-privileged site, are low-grade lymphomas typically diagnosed by a fine needle aspiration biopsy, and patients respond to low-dose radiotherapy [231].



MYD88 and CD79B mutations are recurrent in all three lymphomas in immune-privileged sites mentioned above. Detecting these mutations may allow a precise diagnosis in cases where clonality may not be ascertained or in samples with low cellularity [12]. Especially in PVR-LBCL samples with low cellularity wherein the MYD88 p.L265P mutation occurs in 60–80% of cases and can be readily identified by a single gene molecular assay, this assay can be very helpful in establishing a diagnosis [231]. The WHO-HAEM5 essential diagnostic criteria require a large B-cell lymphoma primarily confined to the CNS, vitreoretina, or testes at presentation, exclusion of secondary involvement by other entities of large B-cell lymphoma, and exclusion of immune deficiency/dysregulation-related settings. The desirable WHO-HAEM5 findings include a post-germinal center B-cell phenotype (MUM1+, BCL6+, CD10-negative), absence of EBV (in >97% of cases), and showing a clonal B-cell population or an MYD88 or CD79B hotspot, or both mutations if histology is not definitive, such as in corticosteroid-treated PCNS-LBCL or PVR-LBCL [12].




3.8.6. Intravascular Large B-Cell Lymphoma


Intravascular large B-cell lymphoma (IVBCL) is a rare, highly aggressive B-cell lymphoma that has often been diagnosed at autopsy due to an unsuspected diagnosis during life. There are no classification changes, but the entity is briefly described to continue spreading awareness to enable diagnosis during life and prompt treatment. The disease often presents with neurologic symptoms or a skin rash [232,233]. However, in most instances, the neurologic symptoms resemble a stroke, and there is no mass in the CNS, which is usually expected in lymphoma involving the CNS. Notably, in five Japanese patients, a CNS mass due to lymphoma was present with features typical of IVBCL [234]. IVBCL may precede or follow other lymphomas, including small lymphocytic lymphoma, follicular lymphoma, gastric MALT lymphoma, DLBCL NOS, and lymphoplasmacytic lymphoma [235]. Of note, in the Japanese IVBCL patients with a CNS mass, if the IVBCL had not been diagnosed, the CNS lymphoma would have been interpreted as a PCNS-LBCL [234], indicating that the disease biology and inter-relationships between these types of lymphomas remain to be understood.



IVBCL appears to have a higher incidence, accounting for 1% of all B-cell lymphomas, in Japan than in Western countries, but this could be due to a greater awareness of IVBCL in Japan [232,236]. Fever, general malaise, neurological symptoms, and dyspnea were reported most frequently in Japanese patients, while skin eruptions were observed in only 6% of patients [236]. Lymphadenopathy is also usually not observed in IVBCL, although newer radiologic methods have shown the presence of lymphadenopathy in some patients.



IVBCL comprised 88% (n = 651) of all intravascular lymphoma (IVL) (n = 740) patients reported over 50 years in 431 publications between 1959 and 2011; the remaining patients included 6% (n = 45) with T-cell intravascular lymphoma and 2% (n = 12) with NK-cell lymphoma. Post-mortem diagnosis was most frequent (60%, n = 250) with CNS involvement by IVL, followed by skin (8%, n = 21), bone marrow and spleen (11%, n = 28), and lung (7%, n = 17) involvement by IVL [237].



In a multi-institutional U.S. study of 54 IVBCL patients, the most common presenting symptoms were non-specific, including fever, night sweats, or weight loss, followed by neurologic symptoms (altered mental status, weakness, headache, paresthesia, vision changes, or seizure) in 41% (18/43), skin involvement (rash, cutaneous nodules, and hemangiomas) in 21% (n = 9), respiratory symptoms (shortness of breath, cough, and respiratory failure) in 21% (n = 9) of patients, and rarely, gastrointestinal symptoms (abdominal pain, and ascites) and endocrine abnormalities (panhypopituitarism, and goiter) [238].



The lack of specific symptoms is due to the unique biology of this disease, which is still not well-understood, as recently reviewed [236]. The lymphoma cells are located and grow inside small vessels and capillaries and can be found in virtually any organ in the body. The occlusion of the capillary vessels by the lymphoma causes progressive rapid deterioration and death if the diagnosis is not made.



The only definitive way to diagnose IVBCL is a surgical biopsy of involved tissue, and often, a bone marrow or random skin biopsy will allow a diagnosis. The diagnosis may be based on a small number of cells in single, or very few, tiny foci in the bone marrow, and the lymphoma cells are easier to recognize by the evaluation of morphology in a trephine core biopsy compared with the bone marrow aspirate smears or aspirate clot (unpublished observation). Of note, a bone marrow biopsy provided the diagnosis in 45% of patients in a single institution cohort; at diagnosis, anemia, leucopenia, and thrombocytopenia were present in 91%, 30%, and 45% of those patients, respectively [239]. In the U.S. multi-institutional study, the bone marrow was involved by lymphoma in 60% (n = 26) of patients, but it was the diagnostic biopsy site in only ten (23%) patients [238].



Immunohistochemically, the lymphoma cells show strong positivity for CD20, which is the basis for the treatment with rituximab. The lymphoma cells showed positivity for BCL2, BCL6, MYC, and MUM1 in 100% (19/19), 61.9% (13/21), 71.4% (5/7), and 77% (17/22) of patients, respectively [239]. While BCL6 was rearranged in one patient, BCL2 or MYC was not rearranged in six examined patients [239].



Most significantly, cell-free DNA (cfDNA) studies have shown promising results for the diagnosis and even monitoring of patients with IVBCL [240,241]. Cell-free DNA is present at a higher concentration in patients with IVBCL compared with DLBCL patients and healthy controls. Whole exome sequencing of cfDNA in patients with IVBCL showed similar genetic mutations as in the bone marrow involved by IVBCL [240]. IVBCL showed mutations in MYD88 (57%), CD79B (67%), SETD1B (57%), and HLAB (57%). Rearrangements involving the 3’ untranslated region of programmed cell death ligands 1 and 2 (PDL1/PDL2) were identified in 38% (n = 8) of IVLBCL, suggesting the presence of immune evasion via PD-L1/PD-L2 overexpression in IVBCL, which could be used therapeutically [240].



Of note, the MYD88 p.L265P mutation, found in most cases of Waldenström macroglobulinemia [142,143] and also present in other lymphomas, including those occurring in immune-privileged sites as described in the previous section, was detected by digital droplet PCR assays in 50.0% (5/10) of cfDNA samples and 52.8% (19/36) of tumor-tissue-derived DNA samples from 16/27 (59.3%) patients with IVBCL [241]. Targeted sequencing showed MYD88 p.L265P (44%) and CD79B p.Y196 mutations (26%) in 25 patients with IVBCL [242].





3.9. Immunophenotypic Features Characteristic of Mature B-Cell Lymphomas/Leukemias Composed of Medium-Sized to Large Cells


Table 8 summarizes the immunophenotypic findings by FCI and IHC stains performed in lymphomas described in the previous sections.



The Hans algorithm is used most commonly by immunohistochemistry as a surrogate for gene expression profiling to classify DLBCL as germinal center B-cell (GCB) and activated B-cell (ABC) types [187]. This algorithm uses three IHC stains, CD10, BCL6, and MUM1. Each antigen is considered positive if 30% or more neoplastic cells in DLBCL stain positive. If the lymphoma cells are CD10+, the subtype is GCB. If the neoplastic cells are CD10-negative and BCL6+, then MUM1 expression determines the subtype. If the neoplastic cells are CD10-, BCL6+, and MUM1+, the subtype is ABC. If the neoplastic cells are CD10-, BCL6+, and MUM1-negative, the subtype is GCB [187]. The lymphoma cells in DLBCL may be positive for CD5 and indicate an inferior prognosis to CD5-negative DLBCL [246].



LIM-domain only 2 (LMO2), a cysteine-rich protein containing two zinc-binding LIM domains, is expressed in all tissues except mature T-cells. LMO2 is upregulated in germinal center B-cells. Its expression in DLBCL has been associated with increased genomic instability and double-stranded DNA breaks [247,248]. In cases classified by the Hans algorithm, LMO2 expression has been shown to correlate with the genetic features of DLBCL. In that study, LMO2 was considered positive if more than 30% of lymphoma cells showed nuclear positivity; MYC was considered positive if more than 40% of lymphoma cells showed nuclear positivity [243]. The GCB cases of DLBCL with negative or low (<30%) expression of LMO2 were significantly enriched in the subtype with dual MYC and BCL2 gene rearrangements [243]. High (>30%) LMO2 expression was associated with isolated BCL2 translocations; it was suggested that LMO2 expression might be downregulated or lost after MYC rearrangements in aggressive cases of DLBCL.




3.10. Primary Mediastinal Lymphomas


Lymphomas comprise 50–60% of all mediastinal malignancies in children and adults, including ~65% of non-Hodgkin lymphomas. The majority of mediastinal involvement by non-Hodgkin lymphoma is due to secondary involvement of the mediastinum from systemic disease. Primary mediastinal non-Hodgkin lymphomas comprise only about 5% of all mediastinal lymphomas. They are defined as the involvement of mediastinal lymph nodes, thymus, and/or extranodal mediastinal organs (heart, lung, pleura, and pericardium) by lymphoma without evidence of systemic disease at presentation [249]. T lymphoblastic lymphoma, primary mediastinal (thymic) large B-cell lymphoma (PMBCL), and primary mediastinal “nonthymic” DLBCL represent the most common types of non-Hodgkin lymphomas [249]. Knowledge of the anatomic site of the tumor mass and the biopsy or fluid sample examined is essential for precise diagnostic classification of lymphomas arising in the mediastinum. Therefore, Table 9, modified from the cited reference [249], shows the types of primary mediastinal lymphomas based on their anatomical location in the mediastinum.



Mediastinal Grey Zone Lymphoma: In the Middle of the Spectrum between Classic Hodgkin Lymphoma and Primary Mediastinal Large B-CELL lymphoma


The term “grey zone lymphoma” was first introduced in 1998 when three cases of mediastinal lymphomas with features of CHL and DLBCL were discussed at a workshop conducted by 12 expert hematopathologists for borderline cases between CHL and non-Hodgkin lymphomas [250]. In 2005, mediastinal grey zone lymphomas (MGZLs) were described as the “missing link” between CHL and primary mediastinal large B-cell lymphoma (PMBCL) [251] and included in the WHO 2008 and 2017 classifications as a provisional entity. Both WHO-HAEM5 and ICC confirmed MGZL as a definite entity replacing the previous provisional entity “B-cell lymphoma, unclassifiable, with features intermediate between DLBCL and classic Hodgkin lymphoma.” MGZL represents the mediastinal lymphoma with features intermediate between PMBCL and CHL nodular sclerosis. MGZL is considered to be a part of the spectrum of the mediastinal lymphomas, PMBCL, and CHL, particularly the nodular sclerosis subtype, and shows clinical, pathologic, immunophenotypic, and genetic overlap with nodular sclerosis CHL and PMBCL.



PMBCL, nodular sclerosis CHL in its first age peak, and MGZL occur in young individuals aged <40 years. In Western countries, females predominate in PMBCL and CHL but not in MGZL, which is more frequent in males [251,252]. The treatment approaches differ between nodular sclerosis CHL and MGZL, so the diagnostic distinction is necessary [253]. The differential diagnosis is critically based on pathologic features, especially the integration of morphologic and immunophenotypic features of the neoplastic cells in these three mediastinal lymphomas, all occurring as a mediastinal mass. Therefore, the diagnostic criteria for each entity are briefly described in this section.



The diagnostic criteria for CHL have remained the same since nodular lymphocyte predominant Hodgkin lymphoma was separated from CHL in the WHO 2001 classification. CHL is characterized by the presence of a few neoplastic Hodgkin or Reed–Sternberg (HRS) cells scattered in a background of non-neoplastic polymorphous inflammatory cells required for the neoplasm to grow. The nodular sclerosis subtype is characterized by nodules of the cellular infiltrate described above, typically with the “lacunar” variants of Reed–Sternberg cells and surrounded by fibroblast-poor collagen bands. Foci of necrosis may be present. The HRS cells have a “crippled” B-cell phenotype and express weak PAX5, with its stain intensity less than normal B-cells, and CD30, with strong membrane and Golgi region positivity, and the HRS cells usually express CD15 at least focally. The HRS cells are negative for CD45, negative or variably positive for CD20, negative for CD79a, OCT2, and BOB1, and consistently express MUM1. The HRS cells are most often negative for T-cell markers but may show aberrant positivity in rare cases. EBV-infected HRS cells express EBV latent membrane protein 1 (LMP1) and EBNA1 without EBNA2, characteristic of type II EBV latency; EBV positivity is seen in ~40% of cases [12].



PMBCL was first described in 1980 in 17 patients with a mediastinal mass, comprising 9% of 184 DLBCL patients. The PMBCL patients showed rapid onset symptoms due to mass effect and pathologically diffusely infiltrating lymphoma [254]. PMBCL was included in the REAL classification in 1994 as a specific subtype of DLBCL and is now a well-characterized entity [255,256]. The presumed cell of origin is the thymic B-cell, first described in the human thymus in 1987 [257] and subsequently described by immunohistochemistry as B-cells with dendritic processes (asteroid B-cells) [258]. The gene expression profiles [259,260] and the genetic abnormalities in PMBCL are similar to those in CHL [259,260,261,262,263]. PMBCL may occur before, concurrently with, or after the development of nodular sclerosis CHL [251] and can occur in children [264]. There is a female predominance in Western countries, but male predominance (3:1 male-to-female ratio) has also been noted [265,266].



Histologically, in contrast with CHL, PMBCL is characterized by diffusely infiltrating large neoplastic mature B-cells, often separated into clusters by fine fibrosis or sclerosis, often termed “compartmentalizing” fibrosis. The medium- to large-sized lymphoma cells have clear to pale cytoplasm, express CD45, and show strong and uniform expression of B-cell antigens and transcription factors, including CD20, CD79a, PAX5, OCT2, and BOB1. This expression by immunohistochemistry in PMBCL contrasts with the HRS cells, which have downregulated the B-cell program, which, if expressed, show non-uniform and variable intensity and staining of the neoplastic cells in HRS cells. The neoplastic cells in PMBCL frequently express CD30 (weak and heterogeneous positivity) and MUM1 and variably express BCL6 and BCL2. Positivity for CD15 and EBV may be seen in rare cases [12]. The lymphoma cells in PMBCL are positive for CD23, MAL (myelin and lymphocyte protein), CD200, PD-L1, and PD-L2, which, in addition to CD30, can help distinguish from DLBCL NOS [12].



In low-resource settings, careful attention to the staining pattern with only three stains, CD20, CD3, and CD30, in conjunction with morphologic evaluation, has been reported to help distinguish most cases of CHL and PMBCL [265]. However, a minimum of six stains, CD45, CD20, PAX5, CD3, CD30, and CD15, are often helpful to diagnose CHL.



The essential diagnostic criteria for PMBCL by WHO-HAEM5 require a large B-cell lymphoma in the anterior mediastinum and mature B-cell phenotype, accompanied by at least partial expression of CD23 and CD30 in the neoplastic cells. The desirable criteria are distinctive stromal sclerosis, expression of at least one of the markers, MAL, CD200, PD-L1, and PD-L2, and copy number gain or rearrangement of the CD274/PDCD1LG2 locus, rearrangement involving CIITA (C2TA), or both genetic abnormalities, which are recurrently found in PMBCL [12].



Extra-mediastinal DLBCLs without mediastinal involvement have been shown to harbor gene expression profiles similar to those of PMBCL [267]. In addition, copy number gains at the 9p24.1 chromosome locus were shown in 10% of DLBCL cases, including amplification of 9p24.1 with high levels of PD-L1, PD-L2, and JAK2 expression in seven cases without a mediastinal mass, similar to 9p24.1 amplification that may occur in up to 75% of PMBCL [268]. These extra-mediastinal cases are classified as DLBCL NOS by WHO-HAEM5 [12]. PD-L1 inhibitors are emerging as new treatment approaches in relapsed/refractory PMBCL [269]. PMBCL can be familial and has been reported in one family with three siblings having PMBCL and one cousin having extranodal DLBCL [270].



Notably, the diagnosis of MZBL is recommended to be made only after excluding all other possible neoplasms, especially nodular sclerosis CHL. Still, an accurate diagnosis of MZBL is challenging. An expert review of 68 cases diagnosed as MGZL at 15 North American academic centers showed only 26 (38%) confirmed as MGZL. Of note, 64% of the reclassified cases were nodular sclerosis CHL (n = 27, including 10 cases of grade 2 nodular sclerosis), showing that the distinction between CHL and MGZL can be very challenging, and the reproducibility of MGZL diagnosis is low even among expert hematopathologists. The other reclassified cases included lymphocyte predominant Hodgkin lymphoma (n = 4), DLBCL (n = 4), EBV+ DLBCL (n = 3), PMBCL (n = 2), lymphocyte rich CHL (n = 1), and B-cell lymphoma, NOS (n = 1) [271]. The diagnosis of MGZL is restricted to mediastinal cases in WHO-HAEM5 and ICC [12,13], in contrast with WHO 2017, wherein extra-mediastinal cases were also included. Most extra-mediastinal DLBCL cases with features of MZBL are now recommended to be classified as DLBCL NOS [12,13].



The diagnosis of MGZL is based on a mismatch between the histologic features and the immunophenotypic profile of the neoplastic cells [249,250,251,252,253,272,273]. MGZL shows either of the following combinations of histology and immunophenotype: (1) histologic features of nodular sclerosis CHL, but the immunophenotype is that of PMBCL, termed CHL-like MGZL; or (2) the neoplasm shows histologic features of PMBCL, but the immunophenotypic profile resembles that of CHL, termed PMBCL-like MGZL. An intermediate form with features between the above two described combinations, CHL-like and PMBCL-like, has also been described.



In the largest study thus far of 139 MGZL, 17% of patients without mediastinal involvement at diagnosis were older than those with mediastinal tumors, with a median age of 56 vs. 39 years [272]. The 139 gray zone lymphoma cases included 62% (86/139) classified as CHL-like and 38% (53/139) as PMBCL-like. Of note, this study described four groups, zero to three, in the spectrum of gray zone lymphomas and reported transitional areas within the lymphoma biopsies [272]. In a 2020 study from the NCI, the proportions of these three combinations, CHL-like, PMBCL-like, and intermediate, were significantly different, i.e., 25% (5/20) CHL-like, 25% (5/20) PMBCL-like, 5% (1/20) composite CHL and PMBCL, and 45% (9/20) intermediate [273], further indicating the possible challenges in identifying this very rare lymphoma. The only prospective study thus far has shown dose-adjusted etoposide, doxorubicin, and cyclophosphamide with vincristine, prednisone, and rituximab (DA-EPOCH-R) alone to be effective in MGZL. Still, MGZL has an inferior outcome compared to PMBCL [274].



The ICC requires a high density of tumor cells by morphologic evaluation and at least two immunophenotypically strongly positive B-cell markers to diagnose CHL-like MZBL [13]. Notably, CD20 positivity, as the only aberrant marker in nodular sclerosis CHL, was one of the reasons for the misdiagnosis of CHL as MGZL [271]. The essential diagnostic criteria for CHL-like MGZL in WHO-HAEM5 require the following:




	(1)

	
A confluent growth of pleomorphic cells within a variably abundant microenvironment and dense fibrotic stroma;




	(2)

	
Uniform strong expression of CD20 and uniform strong PAX5 and uniform and strong expression of at least one additional B-cell marker, CD19, CD79a, BOB1, and OCT2;




	(3)

	
CD30 positive expression, with varying intensity.









The essential diagnostic criteria for PMBL-like MGZL require (1) monomorphic sheets of medium to large neoplastic cells within a variably dense fibrotic stroma and (2) CD30 strong and uniform positive expression and partial or complete loss of B-cell markers or strong CD15 expression [12]. The desirable WHO-HAEM5 criteria are (1) as the complex histological features are often not reliably identifiable in core needle biopsies, a larger biopsy is required for the diagnosis, and (2) the absence of EBV [12]. Composite or synchronous and sequential or metachronous lymphomas comprised of CHL and PMBCL or DLBCL should not be classified as MGZL [12,251,275]. Molecular genetic and cytogenetic findings in MGZL are not specific to MGZL and confirm the shared biology with CHL and PMBCL [276].



Gene expression profiling of MGZL also showed similarities with CHL and PMBCL, with the tumor microenvironment showing increased macrophages in MGZL compared to CHL and PMBCL [277]. Whole exome sequencing analysis with subsequent targeted sequencing of MGZL cases with a mediastinal mass showed a mutational profile similar to that of CHL and PMBCL, with the most frequent alterations in SOCS1 (45%), B2M (45%), TNFAIP3 (35%), GNA13 (35%), LRRN3 (32%), and NFKBIA (29%) [278]. In contrast, TP53, BCL2, and CREBBP mutations were found in grey zone lymphomas without a mediastinal mass [278]. Further, gene expression profiling and mutational analysis of EBV+ DLBCL with grey zone lymphoma-like morphology identified this EBV+ DLBCL entity to be distinct from MGZL, indicating that these cases should be classified as EBV+ DLBCL [13,277,278].





3.11. Immunohistochemical Features of Hodgkin Lymphomas, Peripheral T-Cell Lymphomas, and Other Lymphomas That May Be in the Differential Diagnosis


Immunohistochemistry is required to diagnose classic Hodgkin lymphoma, peripheral T-cell lymphomas, and other lymphomas in the differential diagnosis. Table 10 shows the results of a panel of antigens detected by immunohistochemistry on the neoplastic cells in these lymphomas. In CHL, the neoplastic cells are the Reed–Sternberg (RS) cells and variants. In nodular lymphocyte predominant Hodgkin lymphoma (NLPHL), the neoplastic cells are lymphohistiocytic (L&H) cells or lymphocyte predominant (LP) cells, also called “popcorn cells.” In interpreting the IHC stains, it is essential to correlate the results with the clinical history and the histologic features in hematoxylin and eosin (H&E)-stained tissue sections.



When interpreting stains, the intensity and the pattern of staining on the neoplastic cells must be noted in reaching a definitive diagnosis. For example, in CHL, CD20, if positive, variably stains the scattered RS cells in a heterogeneous manner; this staining is variable in the number of CD20+ RS cells and in the intensity of staining, and this variability in CD20 staining is characteristic of CHL. The nodular pattern in the lymphocyte-rich type of CHL can resemble NLPHL on histologic sections; immunohistochemistry is very helpful to diagnose this type of CHL, in conjunction with morphologic features [280].





4. Mature T-Cell and NK-Cell Neoplasms


Mature T- and Natural Killer (NK)-cell neoplasms are derived from mature, post-thymic T-cells and NK-cells and comprise a diverse group of rare neoplasms with a wide range of clinical behavior, including highly aggressive lymphomas. The specific types of these neoplasms in WHO 2001, 2008, and 2017 classifications were shown in Table 4 in Part 1 [2]. Mature T-cell and NK-cell neoplasms classified by WHO 2008 comprised 5–9% of all mature non-Hodgkin lymphomas, including ~4% peripheral T-cell lymphomas and ~1% mycosis fungoides [9]. Table 11 shows the new WHO-HAEM5 category named T-cell and NK-cell lymphoid proliferations and lymphomas, which includes benign tumor-like lesions with T-cell predominance, precursor T-cell neoplasms (not shown in this table), and the mature T-cell and NK-cell neoplasms, compared with mature T-cell and NK-cell neoplasms in the ICC [11,12,13]. The mature T- and NK-cell neoplasms are classified based on various variables, including the primary site of presentation in the peripheral blood and bone marrow (leukemic), skin (cutaneous), gastrointestinal tract (intestinal), and the liver and spleen (hepatosplenic)—all extranodal sites, as shown in Table 11. Of note, there is a marked geographic variation in these neoplasms, and the occurrence and frequency of specific neoplasms are dependent on the geographic regions [281].



4.1. Name Changes in WHO-HAEM5 and ICC Compared with the WHO 2017 Classification


Table 12 shows the name changes in WHO-HAEM5 and the ICC compared with the WHO 2017 classification. Mature T-cell lymphomas involving lymph nodes are clinically aggressive neoplasms and included angioimmunoblastic T-cell lymphoma (AITL) and anaplastic large-cell lymphoma (ALCL) as specific entities in WHO 2001, with peripheral T-cell lymphoma (PTCL), unspecified or not otherwise specified (PTCL NOS), as the remaining heterogeneous group of nodal mature T-cell lymphomas. In a large international study, PTCL NOS and AITL were the two most frequent mature T-cell neoplasms [281]. This section will briefly describe nodal T-follicular helper cell lymphomas, ALCL, EBV+ nodal T- and NK-cell lymphoma, and PTCL NOS, which remains a diagnosis of exclusion. ALCL consists of systemic (ALK+ and ALK-negative), breast-implant-associated, and cutaneous ALCL; cutaneous ALCL is not described as it is best described with cutaneous lymphoproliferative disorders.




4.2. Nodal T-Follicular Helper (TFH) Cell Lymphoma


Nodal follicular T-cell lymphoma is the new WHO-HAEM5 name unifying three entities of nodal T-cell lymphoma with the phenotype and gene expression signatures of T-follicular helper (TFH) cells [11,12,282]. AITL was included as a specific entity in the REAL classification in 1994 and comprised the most frequent (18.5%) specific type in a cohort of 1153 T- and NK-cell neoplasms [281]. The other two entities in this group, follicular type and not otherwise specified, were included provisionally in WHO 2017 after a subset of PTCL NOS cases showed TFH-associated markers similar to AITL [283,284]. While the features of AITL are well-defined, including variable occurrence in different geographic locations [285,286], the other two entities have not yet been studied as much as AITL, and there are overlapping morphologic, clinical, and genetic features between these lymphomas [287,288].



Notably, there are treatment implications for the nodal T-follicular helper cell lymphomas group. These lymphomas frequently harbor mutations in ten-eleven translocation-2 (TET2), DNA methyl transferase-3A (DNMT3A), and isocitrate dehydrogenase-2 (IDH2), which affect DNA methylation and silence tumor suppressor genes; therefore, effective treatment options include epigenetic modifying and hypomethylating agents [289,290,291].



Nodal follicular T-cell lymphoma, angioimmunoblastic type, abbreviated AITL for simplicity, is diagnosed by integrating clinical, laboratory, characteristic histopathologic, and immunophenotypic findings. Histologically, three patterns have been described with partial or complete obliteration of nodal architecture, expanded CD21+ (or CD23+) follicular dendritic cell (FDC) meshworks, prominent high endothelial venules (HEVs), and small to medium-sized TFH marker-positive lymphoma cells with clear cytoplasm admixed with polymorphous inflammatory cells; a tumor-cell rich pattern may lack HEVs [12,292,293]. The lymphoma cells express PD1 (CD279), ICOS, BCL6, CXCL13, and CD10 at varying levels of sensitivity and sensitivity. PD1 and ICOS are more sensitive than CD10 and CXCL13, while CD10 and CXCL13 are more specific than PD1 and ICOS. Strong PD1 staining is more specific [12]. AITL frequently harbors mutations in Ras Homolog Family Member A, RHOA (p.G17V), TET2, IDH2 (p.R172), DNMT3A, VAV1, and PLCG1 [12,288,294,295,296]. Mutations in RHOA and IDH2 appear to be specific to the TFH lymphomas and are absent in PTCL NOS [288,296]. RHOA p.G17V mutation analysis may be valuable in the early detection of AITL and PTCL with TFH features [297]. IDH2 p.R172-mutated AITL shows specific features, including medium- to large-sized neoplastic cells with clear cytoplasm and a TFH phenotype with CD10 and CXCL3 immunohistochemical positivity [298,299].



The essential WHO-HAEM5 diagnostic criteria for the diagnosis of typical patterns 2, 3, and tumor-rich AITL require the following:




	(1)

	
Nodal disease,




	(2)

	
CD4+, occasionally CD4-negative, CD8-negative atypical lymphoid cells,




	(3)

	
Extrafollicular FDC expansion, and




	(4)

	
HEV hyperplasia, which is mild in tumor-cell-rich cases.









The desirable criteria are expression of >2 TFH markers, including strong PD1, clonal T-cell receptor (TCR) gene rearrangement, mutation involving RHOA p.G17V (NP_001655.1) or IDH2 p.R172, or both clonally rearranged TCR and the mutations, and EBV+ B-cells [12].



The essential WHO-HAEM5 diagnostic criteria to diagnose partial nodal involvement (patterns 1–2) require (1) nodal disease, (2) perifollicular CD4+, occasionally CD4-negative, and CD8-negative atypical T-cells that express >2 TFH markers, including strong PD1, and (3) clonal TCR gene rearrangement, mutation involving RHOA p.G17V or IDH2 p.R172, or both clonally rearranged TCR and the mutations. If the diagnostic criteria are not fulfilled due to insufficient sampling, re-biopsy is recommended [12].



Nodal TFH cell lymphoma, follicular-type, may represent a morphologic pattern of the broader group of TFH lymphomas instead of a distinct entity [12,288]. The essential WHO-HAEM5 diagnostic criteria require a follicular growth pattern (follicular lymphoma-like or progressive transformation of germinal center (PTGC)-like), no (absent) extrafollicular FDC expansion, and CD4+, occasionally CD4-negative, and CD8-negative atypical T-cells that express >2 TFH markers, including strong PD1. The desirable WHO-HAEM5 criteria are lack of a polymorphous infiltrate, HEV hyperplasia, and clonal TCR gene rearrangement [12].



Nodal TFH lymphoma, NOS, shows overlap with the tumor-rich pattern of AITL but lacks a prominent polymorphous inflammatory background, HEV hyperplasia, and extrafollicular FDC expansion. The less TFH-specific markers, PD1 and ICOS, are more often positive in these cases. The essential WHO-HAEM5 diagnostic criteria for nodal TFH lymphoma NOS require (1) nodal disease with effaced architecture/T-zone pattern by a morphologically atypical, immunophenotypically aberrant atypical T-cell infiltrate that is CD4+ and CD8-negative and expresses at least two TFH markers, including strong PD1, or both morphologically atypical and immunophenotypically aberrant T-cell infiltrate; and (2) lack of extrafollicular FDC hyperplasia, perifollicular distribution of neoplastic T-cells, and follicular growth pattern. The desirable criteria are clonal TCR gene rearrangement, mutation involving RHOA p.G17V, or both [12].



The T-follicular helper (TFH) phenotype was defined by WHO 2017 by the expression of at least two or preferably three TFH markers. The ICC recommends a five-marker immunohistochemistry panel to identify the TFH phenotype since establishing a TFH phenotype is critical to diagnose the follicular and NOS types of TFH lymphomas [13]. An immunohistochemistry panel of five TFH markers, CD10, BCL6, PD1, CXCL13, and ICOS, reclassified 41% of PTCL NOS cases to PTCL with TFH phenotype [300].




4.3. Anaplastic Large-Cell Lymphoma


The monoclonal antibody, Ki-1, was found to be specific for HRS cells in all examined cases of Hodgkin lymphoma in 1982 [301]. Subsequently, ALCL was first described in 1985 after applying Ki-1 (CD30) to a series of non-neoplastic and lymphoma tissues. Ki-1 was strongly expressed in 45 cases of diffuse large-cell lymphoma previously diagnosed as malignant histiocytosis or carcinoma due to marked pleomorphism in tumor cells; 35 of those cases expressed T-cell antigens, including 9 with co-expressed B-cell antigens, 7 expressing only B-cell-related antigens, and three lacking T- and B-cell markers [301]. Ki-1 was also expressed in variable numbers of cells in all cases of lymphomatoid papulosis and angioimmunoblastic lymphadenopathy, later termed AILT, and in 28% of cases of PTCL. The neoplastic cells in these lymphoid neoplasms resembled HRS cells in CHL and consistently expressed lymphoid markers in the absence of markers of other lineages [302]. The nature of the neoplastic cells as lymphoid was further confirmed by clonal rearrangements of antigen receptor genes [302,303,304]. These lymphomas were then termed Ki-1-positive ALCL.



In the late 1980s, the t(2;5)(p23;q35) translocation was described in a subset of ALCLs. Subsequently, in 1994, the nucleolar phosphoprotein NPM gene located at 5q35 was shown to fuse with the previously unidentified gene at 2p23 that encodes for the receptor tyrosine kinase anaplastic lymphoma kinase (ALK) [305]. The resulting chimeric NPM::ALK gene, formed in the t(2;5) translocation due to the ALK gene now under the control of the NPM promoter, is transcribed to produce an 80-kd chimeric protein causing constitutive activation of ALK [305], first detected by the ALK monoclonal antibody in 1997 [306]. Variant ALK translocations were recognized in ~15% of ALCL with only cytoplasmic ALK staining, occasionally with granular positivity, compared to nuclear and cytoplasmic staining in NPM::ALK translocations [305,306,307,308,309].



ALCL was introduced in the REAL classification as anaplastic large-cell lymphoma, CD30+, T-, and null-cell types. The WHO 2008 classification recognized ALK+ ALCL as a distinct entity and provisionally included ALK-negative ALCL, which was subsequently included as a separate entity by WHO 2017. In 2022, DUSP22-rearranged ALCL was recognized as a specific genetic type of ALK-negative ALCL by WHO-HAEM5 and ICC.



The chimeric ALK protein is present only in neoplastic cells. Of note, the presence of the chimeric ALK protein does not indicate that the neoplastic cell is lymphoid since ALK gene abnormalities also occur in many other non-lymphoid neoplasms. WHO-HAEM5 defines ALK-positive ALCL as a CD30+ mature T-cell lymphoma with aberrant expression of the ALK protein secondary to ALK gene rearrangements. The essential WHO-HAEM5 diagnostic criteria require ALK expression in lymphoma cells and a strong uniform expression of CD30 in lymphoma cells [12]. A characteristic sinusoidal pattern of nodal involvement by lymphoma cells is often present, as illustrated in reference [279].



The essential WHO-HAEM5 diagnostic criteria require the following:




	(1)

	
Complete or partial infiltration of lymph node or extranodal tissue by large pleomorphic cells with lobated nuclei, distinct nucleoli, including “hallmark cells,”




	(2)

	
Uniform strong expression of CD30,




	(3)

	
Absence of ALK protein expression or ALK rearrangement, and




	(4)

	
Negativity for EBV. The desirable criteria include expression of T-cell markers and cytotoxic markers, albeit with frequent losses, and clonal rearrangement of the TCR gene [12].









ALK-negative ALCL has a worse prognosis than ALK+ ALCL when treated by conventional chemotherapy, but it is better than that of PTCL NOS [310]. In 2014, ALK-negative ALCL was shown to be a genetically heterogeneous disease with varying outcomes after standard therapy. In that study, DUSP22-rearranged and TP53-rearranged types of ALK-negative ALCL comprised 30% and 8% of all ALK-negative ALCL, respectively [311]. Of note, the 5-year overall survival rates in that study were 90% for DUSP22-rearranged ALCL, 85% for ALK+ ALCL, 17% for TP63-rearranged ALCL, and 42% for ALCL cases lacking all three genetic markers (p < 0.0001) [311]. Although all ALCL share similar histologic growth patterns, DUSP22-rearranged ALCL is more likely to show doughnut-shaped cells, less likely to show pleomorphic cells, and very likely to show a sheet-like growth pattern [312].



Significantly, the genome of ALK+ ALCL is less complex than that of ALK-negative ALCL, which indicates the strong potential of the ALK chimeric fusion to cause lymphoma [279,313]. Indeed, in January 2021, the ALK inhibitor, crizotinib, was FDA-approved for pediatric patients aged ≥1 year and young adults with relapsed or refractory systemic ALK+ ALCL, which could potentially improve clinical outcomes [314].



Notably, gene expression profiling showed a similar signature of 14 genes expressed by ALK+ ALCL and ALK- ALCL, indicating a shared ALCL profile that also distinguished ALK-negative ALCL from PTCL NOS [315]. Subsequently, gene expression profiling was able to separate ALK+ ALCL from ALK-negative ALCL [316,317]. Interestingly, ALK+ ALCL were enriched for the expression of hypoxia-inducible factor 1 alpha (HIF1α) target genes, IL10-induced genes, and H-ras/K-ras-induced genes compared with ALK-negative ALCL [317]. ALK-negative ALCL expressed TNSFR8 (CD30), BATF3, and TMOD1 [316,317], and compared to PTCL NOS, ALK-negative ALCL were enriched for the expression of MYC, IRF4, and proliferation and mTOR pathway genes [317]. Clinically, the anti-CD30 antibody-drug conjugate, brentuximab vedotin, is effective as a single agent in treating relapsed or refractory systemic ALCL [318] and is being studied to treat patients with PTCL NOS [319].



Breast-implant-associated ALCL is a mature CD30+ T-cell lymphoma that arises in relation to a breast implant and is usually confined by a fibrous capsule [12]. It usually presents as an effusion-associated fibrous capsule surrounding the implant and, less frequently, as a mass [320]. Treatment with capsulectomy and implant removal results in remission in most patients with a fibrous capsule-limited disease. In contrast, the disease may be highly aggressive and even fatal in patients presenting with a mass [320]. Tumor spread beyond the capsule is associated with a higher risk of lymph node involvement, which is associated with decreased overall survival [321]. The essential WHO-HAEM5 diagnostic criteria include (1) the presence of breast implant, (2) CD30+ lymphoma cells with anaplastic features, and (3) proven T-cell lineage supported by expression of one or more T-lineage markers, clonal TCR gene rearrangement, or both. The desirable WHO-HAEM5 criterion is the identification of lymphoma cells on the luminal side of the capsule in correctly oriented sections [12]. Clonal TCR rearrangement is present in >80% of cases, and breast-implant-associated ALCL is consistently negative for gene rearrangements involving ALK (2p23), DUSP22 (6p25.3), and TP63 (3q28), all of which can be detected by FISH [12]. The differential diagnosis of breast-implant-associated ALCL includes systemic lymphomas involving the breast, with DLBCL and extranodal marginal zone lymphoma of mucosa-associated lymphoid tissue being the most common [322]. Rare cases of EBV+ fibrin-associated large B-cell lymphomas described around breast implants must also be excluded [12,323,324].




4.4. EBV+ Nodal T- and NK-Cell Lymphoma


EBV+ nodal T- and NK-cell lymphoma was included as a variant of PTCL in WHO 2017 and is now included as a definite entity in WHO-HAEM5 and provisionally in ICC [11,12,13]. It is a rare lymphoma of EBV+ cytotoxic T- or NK-cells that occurs mainly in East Asia and typically presents with lymphadenopathy at an advanced stage in adults. Bone marrow and the liver may be involved. The lymphoma is composed of EBV+ monomorphous large centroblastoid cells with a cytotoxic phenotype, with T-cell more common than NK-cell lineage. This lymphoma is a systemic disease with an aggressive clinical course and a CD8+, CD56-negative immunophenotype distinct from extranodal NK/T-cell lymphoma and PTCL NOS [325]. In contrast with extranodal NK/T-cell lymphoma, there is a lack of nasopharyngeal involvement, lack of prominent angiocentric growth and necrosis, and less frequent extranodal involvement. The outcome is worse than NK/T-cell lymphoma and PTCL, with a median overall survival of 2.8 to 8 months compared with 26–76 months for extranodal NK-/T-cell lymphoma and 16–20 months for PTCL NOS [12,325].



The essential WHO-HAEM5 criteria require (1) a cytotoxic T-cell or NK-cell lymphoma, (2) EBV-encoded RNA (EBER) present in the majority of neoplastic cells, (3) tumor primarily localized within lymph nodes but may involve a limited number of extranodal sites; no nasal involvement, and (4) exclusion of immune-deficiency-associated T- and NK-cell lymphoproliferative diseases, extranodal NK/T-cell lymphoma, systemic EBV+ lymphoproliferative diseases of childhood, and aggressive NK-cell leukemia with progression or secondary involvement of lymph nodes [12].




4.5. Peripheral T-Cell Lymphoma, Not Otherwise Specified (PTCL NOS)


PTCL NOS is a mature T-cell lymphoma that cannot be assigned to any specific mature T-cell lymphoma entity. Therefore, it is a diagnosis of exclusion and shows heterogeneity in pathologic and genomic features. Clinically, it affects primarily adults and has an aggressive clinical course [281].



Two molecular groups were identified by gene expression profiling in 2014 before the non-AITL nodal TFH lymphomas were included in the WHO 2017 classification. These two groups were characterized by high expression of either GATA3 (33%; 40/121) or TBX21 (49%; 59/121); the remaining 22 PTCL NOS cases were unclassified [317]. GATA3 and TBX21 are master transcriptional regulators of T-helper 2 and T-helper 1/cytotoxic T-cell differentiation. The GATA3 subgroup showed marginal enrichment for mTOR- and MYC-related gene signatures, also seen in ALK-negative ALCL in this same study [317], and significant enrichment of phosphatidylinositol 3 kinase (PI3K)-induced gene signatures [317]. The TBX21 subgroup showed significant enrichment of IFN α/β/γ-regulated gene signatures, a CD8+ T-cell profile, and NFκB pathway signatures. In the TBX21 subgroup, a subset with cytotoxic profiles showed a poor prognosis [317]. The GATA3 subgroup was significantly associated with poor overall survival. In addition, high expression of cytotoxic gene signature within the TBX21 group showed poor clinical outcomes [317].



The study in 2019 [326] also showed the two molecular subgroups, with the GATA3 subgroup characterized by greater genomic complexity and frequent loss or mutation of tumor suppressor genes targeting the CDKN2A/B-TP53 axis and PTEN-PI3K pathways. As would be expected, loss of CDKN2A correlated with poor prognosis, which was seen in PTCL NOS and the GATA3 subgroup [326]. The GATA3 subgroup showed co-occurring gains or amplifications of STAT3 and MYC. Both subgroups showed copy number aberrations affecting metabolic processes regulating RNA/protein degradation and T-cell receptor signaling [326].



TP53 mutations co-occurred with the loss of CDNK2A and were present in the DNA binding and tetramerization domains, including the hotspot TP53 p.R175H. The presence of TP53 mutations and copy number loss leading to aberrant TP53 signaling was significantly associated with the GATA3 subgroup of PTCL [326]. Both subgroups harbored mutations in other DNA repair or TP53 signaling genes, ATM and TRRAP [326]. As mentioned earlier, PTCL NOS are usually negative for RHOA p.G17V and IDH2 p.R172 mutations, which are often present in nodal TFH cell lymphomas. An immunohistochemical algorithm using antibodies against the transcriptional factors, GATA3, TBX21, and their target proteins, CCR4 and CXCR3, respectively, has been shown to correlate with the two molecular subgroups [12,327].



The histologic and cytologic features of PTCL NOS are highly variable. There is partial or complete effacement of the nodal architecture by a paracortical or diffuse infiltrate of medium- to large-sized lymphoma cells, often with an inflammatory background. HRS-like cells may be present. The inflammatory background is much more frequent in the TBX21 subtype than in the GATA3 subtype [12,327]. The lymphoma cells express pan T-cell antigens and are more often CD4+ than CD8+ and frequently show decreased expression of CD5 and CD7. The expression of a single TFH marker is acceptable for the diagnosis of PTCL NOS. However, cases with diffuse positivity for two or more TFH markers should be diagnosed as nodal TFH cell lymphoma. Scattered Epstein–Barr virus-encoded RNA (EBER)-positive B-cells may be present. CD30 is expressed in 25% of cases, but the positivity is non-uniform and variable, not strong like in ALCL. CD15 may be positive in ~5% of cases and may be co-expressed with CD30 [12]. The differential diagnosis of PTCL NOS may include non-neoplastic conditions such as Kikuchi’s lymphadenitis and other lymphomas, including CHL, T-cell rich large B-cell lymphoma, and nodal marginal zone lymphoma. Careful integration of the clinical, histopathologic, and immunophenotypic features usually resolves the diagnosis of lymphoma versus non-neoplastic states. In difficult cases or specific diagnostic situations, the molecular genetic analysis would be helpful for precise diagnosis.



The essential WHO-HAEM5 criteria for a diagnosis of PTCL NOS require the following:




	(1)

	
The presence of an abnormal T-cell infiltrate, which is morphologically or immunophenotypically aberrant, monoclonal by ancillary studies, or both;




	(2)

	
The tumor cells are negative or express only one TFH marker (to differentiate from nodal TFH cell lymphomas), and the neoplasm only shows EBER positivity in scattered B-cells (to differentiate from EBV+ nodal T- and NK-cell lymphoma);




	(3)

	
The exclusion of other nodal or extranodal mature T- and NK-cell lymphomas, i.e., ALK+ ALCL, ALK-negative ALCL, adult T-cell leukemia/lymphoma, extranodal NK/T-cell lymphoma.









The desirable WHO-HAEM5 criteria are the presence of clonal TCR gene rearrangements and establishing the biological designation of PTCL-TBX21 and PTCL-GATA3 [12].





5. Genetic Predisposition and Constitutional Inherited Syndromes


Genetic predisposition to lymphoid neoplasms, including ALL and lymphomas, occurs in several constitutional inherited cancer predisposition syndromes and as non-syndromic germline predisposition. These constitutional syndromes include Li–Fraumeni syndrome, constitutional mismatch repair deficiency syndrome, Bloom syndrome, Werner syndrome, ataxia telangiectasia syndrome, Nijmegen breakage syndrome, the RASopathies (including juvenile myelomonocytic leukemia), and Down syndrome (trisomy 21). The interested reader is referred to a recent review, including these inherited syndromes in the context of hematologic and lymphoid neoplasm; the brief content in this section (#5) is adapted from that review [17].



An exome sequencing study of 91 patients with lymphoma in the USA showed germline variants in 8% (7/91), including in DLBCL (n = 2), follicular lymphoma (n = 2), Hodgkin lymphoma (n = 1), cutaneous T-cell lymphoma (n = 1), and cutaneous T-cell lymphoma and cutaneous B-cell lymphoma (n = 1) [328]. Of note, more than one-third of somatically mutated genes in DLBCL have been shown to harbor germline mutations in DLBCL [329]. These authors reported 49 genes with germline variants in patients with DLBCL, 35 of which were involved in DNA repair [329]. Germline mutations were also reported in 12 genes related to immunodeficiency, including LIG4 (DNA ligase IV), NHEJ1 (XLF), DCLRE1C (Artemis), NBN (Nibrin), WAS, PIK3CD, PIK3R1, SH2D1A (SAP), IFNGR1, STAT3, perforin-encoding PRF1, and FAS [329].



A significant risk association of non-Hodgkin lymphomas was reported with single nucleotide polymorphisms at the ATM locus [330]. In 2022, in a Japanese study of 2066 lymphoma patients and 38,153 cancer-free controls, samples from 1982 lymphoma patients and 37,592 controls were further analyzed for 27 cancer-predisposing genes. Pathogenic variants were identified in ATM, BRCA1, BRCA2, and TP53 in 1.6% of lymphoma patients, and these variants were associated with a higher risk of MCL [331]. For a systematic review of the genetic predisposition to developing lymphomas in primary immunodeficiencies and immune dysregulation disorders, refer to cited reference [332].




6. Conclusions


Accurate diagnosis and precise classification critically impact the treatment of patients with lymphoid neoplasms. This goal has always been achieved by the careful, collaborative work of countless pathologists, clinicians, geneticists, and researchers, all of whom have entirely changed the landscape of lymphoid neoplasms in the last thirty years. Morphologic evaluation has been crucial in identifying new and specific lymphoma entities. In the last decade, advances in genomics and technology applied to lymphoblastic leukemias and lymphomas have transformed our understanding of the underlying biology of these neoplasms in children and adults, which is now reflected in the current diagnostic classifications. The fifth edition WHO classification of hematolymphoid neoplasms, which follows the work of countless individuals for all of the previous classifications briefly described in this review, is a truly remarkable effort by numerous individuals worldwide and will most likely serve as a treasure trove of information for any practicing pathologist serving patients with hematolymphoid neoplasms globally.



Precise diagnostic classification established by including molecular genetic tests in the diagnostic workup is now critical for ALL. The role of morphologic evaluation in ALL is mainly limited to visually identifying leukemic cells or blasts. In contrast, morphologic evaluation of a tissue biopsy in conjunction with immunophenotypic and molecular genetic analysis currently remains the cornerstone of lymphoma diagnosis. Several aspects deserving further research are discussed in Part 1 [2] and the sections devoted to the specific types of lymphoid neoplasms in this review. With a continued and increasingly more robust understanding of lymphoid neoplasms, liquid biopsies, which can identify molecular abnormalities that might be impossible to detect in a focal tissue biopsy of a heterogeneous neoplasm, are expected to have more significant clinical utility in patients with lymphoid neoplasms. Germline mutations need to be studied further in lymphoid neoplasms. The rapid shift to precisely dissect the biology of lymphoid neoplasms needs to be translated to clinical patient care in the community, resource-poor regions and institutions in developed countries, and low- and middle-income countries for better patient outcomes worldwide.
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Abbreviations




	ABC
	activated B-cell



	AESOP
	adenopathy and extensive skin patch overlying a plasmacytoma



	AID
	activation-induced cytidine deaminase



	AIDS
	acquired immune deficiency syndrome



	AITL
	angioimmunoblastic T-cell lymphoma



	ALCL
	anaplastic large-cell lymphoma



	ALK
	anaplastic lymphoma kinase



	ALL
	acute lymphoblastic leukemia



	ASR
	age-standardized rate



	AYA
	adolescents and young adults



	BL
	Burkitt lymphoma



	B-PLL
	B-cell prolymphocytic leukemia



	BTK
	Bruton’s tyrosine kinase



	CDR3
	complementarity-determining region 3



	CHL
	classic Hodgkin lymphoma



	CHOP
	cyclophosphamide, doxorubicin, vincristine, and prednisolone



	CLL
	chronic lymphoid leukemia



	CNS
	central nervous system



	DLBCL
	diffuse large B cell lymphoma



	DLBCL NOS
	diffuse large B-cell lymphoma, not otherwise specified



	EBV
	Epstein–Barr virus



	FCI
	flow cytometric immunophenotyping



	FDA
	Food and Drug Administration



	FDC
	Follicular dendritic cells



	FISH
	Fluorescence in situ hybridization



	FL
	follicular lymphoma



	FOXO1
	forkhead box O1



	GC
	germinal center



	GCB
	germinal center B-cell



	GI
	gastrointestinal



	GLOBOCAN
	Global Cancer Observatory



	GNA13
	G protein subunit alpha 13



	H&E
	Hematoxylin and eosin



	HCL
	hairy cell leukemia



	HEVs
	high endothelial venules



	HGBCL
	high grade B-cell lymphoma



	HGBCL-11q
	high-grade B-cell lymphoma with chromosome 11q aberration



	HL
	Hodgkin lymphoma



	HMRN
	Hematologic Malignancy Research Network



	HRS
	Hodgkin or Reed–Sternberg



	ICC
	International Consensus Classification



	IDD
	immune deficiency or dysregulation



	IHC
	immunohistochemical



	ILL
	intermediate lymphocytic lymphoma



	IRAK
	IL-1R-associated kinase



	ISMCN
	in situ mantle cell neoplasia (or in situ mantle cell neoplasm)



	IVBCL
	intravascular large B-cell lymphoma



	L&H
	lymphohistiocytic



	LBCL-IRF4
	large B-cell lymphoma with an IRF4 rearrangement



	LMO2
	LIM-domain only 2



	LMP1
	latent membrane protein 1



	LOH
	loss of heterozygosity



	LPD
	lymphoproliferative disorder



	LPL
	lymphoplasmacytic lymphoma



	MALT
	mucosa-associated lymphoid tissue



	MBL
	monoclonal B-cell lymphocytosis



	MCL
	mantle cell lymphoma



	MGUS
	monoclonal gammopathy of undetermined significance



	MGZL
	mediastinal gray (or grey) zone lymphoma



	MZ
	mantle zone



	MZL
	marginal zone lymphoma



	NGS
	next-generation sequencing



	NFκB
	nuclear factor kappa B



	NHL
	non-Hodgkin lymphoma



	NK
	Natural Killer



	NLPHL
	nodular lymphocyte predominant Hodgkin lymphoma



	NOS
	not otherwise specified



	PCNS-LBCL
	Primary large B-cell lymphoma of the CNS



	PMBCL
	primary mediastinal large B-cell lymphoma



	POEMS
	polyneuropathy, organomegaly, endocrinopathy, monoclonal protein, skin changes



	PTCL
	peripheral T-cell lymphoma



	PTCL NOS
	peripheral T-cell lymphoma, not otherwise specified



	PTFL
	pediatric-type follicular lymphoma



	PTLD
	post-transplant lymphoproliferative disorder



	PVR-LBCL
	primary vitreoretinal large B-cell lymphoma



	REAL
	Revised European American Lymphoma Classification



	SEER
	Surveillance, Epidemiology, and End Results



	SLL
	small lymphocytic lymphoma



	SMZL
	splenic marginal zone lymphoma



	SOX11
	sex-determining region Y-box transcription factor 11



	TEMPI
	telangiectasias, erythrocytosis with elevated erythropoietin, monoclonal gammopathy, perinephric fluid collections, intrapulmonary shunting



	TFH
	T-follicular helper



	WHO
	World Health Organization



	WHO-HAEM5
	Fifth edition of WHO classification for hematolymphoid tumors



	WM
	Waldenström macroglobulinemia
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Figure 1. Schematic showing the two main routes for the development of overt mantle cell lymphoma (MCL) from an in situ mantle cell neoplasm. Mature B-cells harboring the t(11;14) translocation (depicted by small blue round shapes) colonize in the inner part of the non-expanded mantle zone (MZ) in secondary lymphoid follicles to form an in situ mantle cell neoplasm. The classic nodal form of MCL usually arises from mantle zone B-cells that have not traversed the germinal center (GC). Rarely, in situ, neoplastic mantle cells may be present in the follicle center (depicted by small red round shapes in the GC). The non-nodal leukemic form of MCL may arise from in situ mantle cell neoplastic B-cells that have traversed the germinal center (figure modified from a previous publication [106]). 
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Figure 2. Evolution of the current classification of large B-cell lymphomas in relation to Burkitt lymphoma and classical Hodgkin lymphoma. From left to right, the ovals in the first four columns represent lymphoma entities in the WHO 2001, 2008, 2017, and WHO 2022 classifications. The specific types of large B-cell lymphomas exclude DLBCL and are shown in Table 3 in Part 1 [2]. WHO 2001 recognized four specific types of large B-cell lymphomas; WHO 2008 recognized eight additional specific types: T-cell/histiocyte-rich large B-cell lymphoma, primary DLBCL of the central nervous system, primary cutaneous DLBCL, leg type, EBV+ DLBCL of the elderly (provisional), DLBCL associated with chronic inflammation, ALK+ large B-cell lymphoma, plasmablastic lymphoma, large B-cell lymphoma arising in HHV8-associated multicentric Castleman disease, and two unclassifiable types: B-cell lymphoma, unclassifiable, with features intermediate between DLBCL and BL, and B-cell lymphoma, unclassifiable, with features intermediate between DLBCL and CHL. Further, DLBCL was now termed DLBCL, NOS. WHO 2017 mandated specifying DLBCL, NOS, as a germinal center (GC) B-cell subtype or activated B-cell (ABC) subtype. The following additional specific subtypes were introduced in 2017: fibrin-associated DLBCL, HHV8+ DLBCL, NOS (provisional), HHV8+ germinotrophic lymphoproliferative disorder, and Burkitt-like lymphoma with chromosome 11q aberration (provisional). Further, the WHO 2008 B-cell lymphoma, unclassifiable, with features intermediate between DLBCL and BL, was changed to high-grade B-cell lymphoma (HGBCL), with two subtypes: HGBCL with MYC and BCL2 and/or BCL6 rearrangements, and HGBCL, NOS. WHO 2022 recognized large/HGBCL with MYC and BCL2 rearrangements and retained HGBCL, NOS. The ICC recognizes HGBCL with MYC and BCL2 rearrangements and also continues recognizing HGBCL with MYC and BCL6 rearrangements as a provisional entity (not shown in the figure). The previous B-cell lymphoma, unclassifiable, with features intermediate between DLBCL and CHL, is recognized by WHO 2022 and the ICC as mediastinal grey zone lymphoma. The fifth column (far right) highlights the morphology of the lymphoma cells in the six depicted types of lymphomas in WHO 2022 and the ICC. Note that LBCL-IRF4 is not an aggressive lymphoma but has large-cell morphology and can show a diffuse growth pattern. WHO, World Health Organization; DLBCL, diffuse large B-cell lymphoma; NOS, not otherwise specified; BL, Burkitt lymphoma; HGBCL, high-grade B-cell lymphoma, RA, rearrangement; GC, germinal center subtype; ABC, activated B-cell subtype; LBCL, large B-cell lymphoma; LBCL-IRF4, large B-cell lymphoma with IRF4 rearrangement; PMBCL, primary mediastinal large B-cell lymphoma; BCL, B-cell lymphoma; CHL, classical Hodgkin lymphoma; MGZL, mediastinal grey zone lymphoma; ICC, International Consensus Classification. 
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Table 1. Global incidence and mortality of hematolymphoid neoplasms according to the Global Cancer Observatory estimates in 2020 [4].
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Cancer Type

	
Worldwide Incidence

	
Worldwide Mortality




	
New Cases, N

	
% of

Total N

	
ASR in Males

	
ASR in Females

	
New Deaths, N

	
% of

Total N

	
ASR in Males

	
ASR in Females






	
Non-Hodgkin lymphoma

	
544,352

	
2.8%

	
6.9

	
4.8

	
259,793

	
2.6%

	
3.3

	
2.1




	
Multiple myeloma

	
176,404

	
0.9%

	
2.2

	
1.5

	
117,077

	
1.2%

	
1.4

	
0.9




	
Hodgkin lymphoma

	
83,087

	
0.4%

	
1.2

	
0.8

	
23,376

	
0.2%

	
0.3

	
0.2




	
Leukemia

	
474,519

	
2.5%

	
6.3

	
4.5

	
311,594

	
3.1%

	
4.0

	
2.7




	
All cancer cases

	
19,292,789

	
100%

	
222.0

	
186.0

	
9,958,133

	
100%

	
120.8

	
84.2








ASR, age-standardized rate per 100,000 individuals worldwide.













[image: Table] 





Table 2. The incidence rates of various types of lymphomas in the USA based on Morton et al. 2006 [5], Blum et al. 2018 [6], and SEER data [7].
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Type of Lymphoma

	
Age-Adjusted Incidence Rate per 100,000 Persons




	
1992–2001 [5] a

	
2000–2018, Blum et al. 2018 [6] b

	
2016–2020 SEER [7]




	
15–39 y Age

	
>39 y Age






	
Lymphoid neoplasms, total

	
33.65

	

	

	




	
   Hodgkin lymphoma

	
2.67

	

	

	
2.5




	
     Classical Hodgkin lymphoma

	
2.59

	
3.44

	
2.82

	




	
        Nodular sclerosis

	
1.63

	

	

	




	
        Mixed cellularity/lymphocyte deleted

	
0.53

	

	

	




	
        Classical Hodgkin lymphoma, NOS

	
0.43

	

	

	




	
     Nodular lymphocyte predominant HL

	
0.08

	
0.14

	
0.17

	




	
 Non-Hodgkin lymphomas

	

	

	

	
18.7




	
   B-cell lymphomas, total

	
26.13

	

	

	




	
       Precursor B-cell lymphoma

	
0.76

	

	

	




	
        Precursor B-cell lymphoma, NOS

	

	
0.71

	
0.79

	




	
        Precursor B-cell lymphoma, genetic types

	

	
0.025

	
0.038

	




	
       Mature B-cell lymphoma

	

	

	

	




	
          Chronic lymphocytic leukemia (CLL)/SLL

	
5.17

	
0.15

	
13.19

	
4.4




	
          B-cell prolymphocytic leukemia

	
0.07

	
0.002

	
0.056

	




	
          Mantle cell lymphoma

	
0.51

	
0.021

	
1.752

	




	
          Lymphoplasmacytic lymphoma/WM

	

	
0.018

	
1.47

	




	
          Lymphoplasmacytic lymphoma

	
0.27

	

	

	




	
          Waldenström macroglobulinemia

	
0.35

	

	

	




	
          Follicular lymphoma

	
3.18

	
0.5

	
7.78

	
2.5




	
          Marginal zone lymphoma (MZL)

	
0.97

	
0.24

	
4.10

	




	
          Hairy cell leukemia

	
0.33

	
0.075

	
0.62

	




	
             Hairy cell variant

	

	
0.004

	
0.31

	




	
          Diffuse large B-cell lymphoma (DLBCL)

	
7.14

	

	

	
5.5




	
            Mediastinal large B-cell lymphoma

	

	
0.079

	
0.041

	




	
            Intravascular large B-cell lymphoma

	

	
NA

	
0.008

	




	
            Primary effusion lymphoma

	

	
0.006

	
0.02

	




	
            Diffuse large B-cell lymphoma, NOS

	

	
1.45

	
13.7

	




	
            Primary DLBCL of the CNS

	

	
0.058

	
0.578

	




	
            ALK+ Large B-cell lymphoma

	

	
0.002

	
0.002

	




	
            Plasmablastic lymphoma

	

	
0.013

	
0.048

	




	
         Burkitt lymphoma/leukemia

	
0.30

	
0.26

	
0.49

	




	
    T-cell lymphomas, total

	
1.79

	

	

	




	
      Precursor T-cell lymphoma

	
0.22

	
0.28

	
0.15

	




	
      Mature T-cell lymphoma

	

	

	

	




	
        Peripheral T-cell lymphoma

	
0.60

	
0.37

	
2.04

	




	
        Peripheral T-cell lymphoma, NOS

	
0.30

	

	

	




	
        Mycosis fungoides/Sezary syndrome

	
0.52

	
0.17

	
0.86

	




	
        Angioimmunoblastic T-cell lymphoma

	
0.05

	

	

	




	
        Anaplastic large-cell lymphoma, T/null cell

	
0.25

	

	

	




	
        Primary cutaneous CD30+ LPDs

	

	
0.036

	
0.17

	




	
        NK/T-cell lymphoma, nasal type

	

	
0.047

	
0.107

	








a All incidence rates were age adjusted to the 2000 United States population and expressed per 100,000 person-years [5]; b Diagnoses based on the fourth edition of the World Health Organization classification in 2008 [6]. Abbreviations: HL, Hodgkin lymphoma; SLL, small lymphocytic lymphoma; NOS, not otherwise specified; WM, Waldenström macroglobulinemia; DLBCL, diffuse large B-cell lymphoma; NA, not applicable; CNS, central nervous system; LPDs, lymphoproliferative disorders
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Table 3. Five-year relative survival of various types of lymphomas in all races, both sexes, based on 2004–2010 SEER data [10] and Blum et al. 2018 [6] and compared with the current 2013–2019 SEER data [7] in the USA.
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Type of Lymphoma

	
5-y Relative Survival % Based on Patient Ages, 2004–2010 SEER Data [10]

	
5-y Relative Survival %Blum et al. 2018 [6] a

	
2013–2019 SEER [7]




	
All Ages

	
0–19 y

	
20–64 y

	
65+ y

	
15–39 y

	
>39 y

	






	
Overall

	
-

	
-

	
-

	
-

	
83.10%

	
65.40%

	




	
Lymphoid neoplasm

	
68.1

	
89.0

	
75.8

	
57.4

	
-

	
-

	




	
   Hodgkin lymphoma

	
85.3

	
96.4

	
89.4

	
52.8

	
93.6%

	
73.9%

	
88.9%




	
    Classical Hodgkin lymphoma

	
-

	
-

	
-

	
-

	
94%

	
72.70%

	




	
     Lymphocyte predominant Hodgkin lymphoma

	
-

	
-

	
-

	
-

	
97%

	
93%

	




	
   Non-Hodgkin lymphoma

	
66.9

	
87.0

	
74.0

	
58.1

	

	

	
74.3%




	
     B-cell lymphoma

	
67.4

	
88.0

	
74.9

	
58.8

	
76.40%

	
65.40%

	




	
      Precursor B-cell lymphoma

	
67.6

	
88.0

	
35.4

	
14.0

	

	

	




	
        Precursor B-cell lymphoma, NOS

	
-

	
-

	
-

	
-

	
54%

	
25%

	




	
        Precursor B-cell lymphoma, genetic types

	
-

	
-

	
-

	
-

	
-

	
-

	




	
      Mature B-cell lymphoma

	
67.3

	
88.2

	
76.3

	
59.0

	

	

	




	
        Chronic lymphocytic leukemia (CLL)/SLL

	
79.2

	
-

	
88.1

	
73.4

	
87%

	
80%

	
87.7%




	
        B-cell prolymphocytic leukemia

	
41.6

	
-

	
51.2

	
36.1

	
66%

	
46%

	




	
        Mantle cell lymphoma

	
55.6

	
-

	
67.5

	
46.0

	
84%

	
55%

	




	
        Lymphoplasmacytic lymphoma/WM

	
78.2

	
-

	
85.1

	
74.1

	
83%

	
79%

	




	
        Lymphoplasmacytic lymphoma

	
74.0

	
-

	
80.7

	
70.1

	
-

	
-

	




	
        Waldenström macroglobulinemia

	
81.5

	
-

	
88.3

	
77.3

	
-

	
-

	




	
        Follicular lymphoma

	
86.1

	
91.8

	
90.6

	
79.9

	
93%

	
85%

	
90.6%




	
        Marginal zone lymphoma (MZL)

	
90.0

	
98.2

	
92.9

	
87.4

	
97%

	
88%

	




	
           Splenic marginal zone lymphoma

	
84.8

	
-

	
87.7

	
81.8

	
-

	
-

	




	
           Extranodal marginal zone lymphoma

	
94.0

	
97.4

	
95.7

	
92.2

	
-

	
-

	




	
           Nodal marginal zone lymphoma

	
83.5

	
-

	
87.8

	
79.9

	
-

	
-

	




	
        Hairy cell leukemia

	
93.6

	
-

	
97.6

	
82.5

	
99%

	
93%

	




	
           Hairy cell leukemia variant

	

	

	

	

	
76%

	
77%

	




	
        Diffuse large B-cell lymphoma (DLBCL)

	
60.5

	
86.4

	
69.9

	
50.7

	

	

	
64.7%




	
          Primary mediastinal large B-cell lymphoma

	
81.8

	
-

	
86.4

	
-

	
89%

	
80%

	




	
          Intravascular large B-cell lymphoma

	
54.8

	
-

	
-

	
-

	
-

	
2-y: 42%

	




	
          Primary effusion lymphoma

	
22.5

	
-

	
24.8

	
-

	
17%

	
29%

	




	
          Diffuse large B-cell lymphoma, NOS

	
60.3

	
87.3

	
69.8

	
50.7

	
79%

	
59%

	




	
          Primary DLBCL of the CNS

	
-

	
-

	
-

	
-

	
45%

	
26%

	




	
          ALK+ Large B-cell lymphoma

	
-

	
-

	
-

	
-

	
2-y 66.9%

	
2-y 100%

	




	
          Plasmablastic lymphoma

	

	

	

	

	
2-y 50.90%

	
2-y 45%

	




	
        Burkitt lymphoma/leukemia

	
58.3

	
88.6

	
55.8

	
31.0

	
68%

	
45%

	




	
    Non-Hodgkin lymphoma, T and NK

	
-

	
-

	
-

	
-

	
69.20%

	
57.5%

	




	
    T-cell lymphoma

	
63.1

	
83.3

	
66.3

	
49.6

	

	

	




	
      Precursor T-cell lymphoma

	
62.4

	
84.5

	
44.8

	
8.0

	
59%

	
32%

	




	
      Mature T-cell lymphoma

	
63.4

	
82.7

	
68.1

	
50.7

	

	

	




	
        Peripheral T-cell lymphoma

	
56.0

	
81.6

	
62.4

	
43.2

	
68%

	
48.3%

	




	
        Peripheral T-cell lymphoma, NOS

	
37.0

	
60.4

	
42.5

	
29.1

	

	

	




	
        Mycosis fungoides/Sezary syndrome

	
89.4

	
94.9

	
93.0

	
80.7

	
96.20%

	
88.2%

	




	
        Mycosis fungoides

	
90.6

	
94.9

	
93.6

	
83.0

	
-

	
-

	




	
        Sezary syndrome

	
44.1

	
-

	
57.1

	
33.3

	
-

	
-

	




	
        Angioimmunoblastic T-cell lymphoma

	
43.4

	
-

	
52.6

	
35.2

	
-

	
-

	




	
        Anaplastic large-cell lymphoma, T/null cell

	
58.1

	
85.2

	
62.0

	
32.0

	
-

	
-

	




	
        ALCL, primary cutaneous

	
90.9

	
-

	
94.5

	
81.3

	
-

	
-

	




	
        Primary cutaneous CD30+ LPDs

	
-

	
-

	
-

	
-

	
94%

	
87.3%

	




	
        NK/T-cell lymphoma, nasal type

	
41.6

	
-

	
39.8

	
43.5

	
43.30%

	
37.7%

	








a These columns show 5-year relative survival rates except where noted to be 2-year relative survival rates. Abbreviations: SLL, small lymphocytic lymphoma; NOS, not otherwise specified; WM, Waldenström macroglobulinemia; DLBCL, diffuse large B-cell lymphoma; CNS, central nervous system; ALCL, anaplastic large-cell lymphoma; LPDs, lymphoproliferative disorders.
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Table 4. Neoplasms arising from mature B-cells in the fifth edition WHO 2022 and International Consensus Classifications [11,12,13].
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	Fifth Edition WHO classification 2022 [11,12]
	International Consensus Classification 2022 [13]





	B-cell lymphoid proliferations and lymphomas *

1. Tumor-like lesions with B-cell predominance

  Reactive B-cell rich lymphoid proliferations that can

  mimic lymphoma

  IgG4-related disease

  Unicentric Castleman disease

  Idiopathic multicentric Castleman disease

  KSHV/HHV8-associated multicentric Castleman disease

2. Mature B-cell neoplasms

 Pre-neoplastic and neoplastic small lymphocytic proliferations

  Monoclonal B-cell lymphocytosis

  Chronic lymphocytic leukemia/small lymphocytic

  lymphoma

 Splenic B-cell lymphomas and leukemias

  Hairy cell leukemia

  Splenic marginal zone lymphoma

  Splenic diffuse red pulp small B-cell lymphoma

  Splenic B-cell lymphoma/leukemia with prominent

  nucleoli

 Lymphoplasmacytic lymphoma

  Lymphoplasmacytic lymphoma

Marginal zone lymphoma

  Extranodal marginal zone lymphoma of MALT

  Primary cutaneous marginal zone lymphomaa

  Nodal marginal zone lymphoma

  Pediatric nodal marginal zone lymphoma

Follicular lymphoma

  In situ follicular B-cell neoplasm

  Follicular lymphoma

    Classic follicular lymphoma

    Follicular lymphoma with uncommon features

      Blastoid or large centrocyte variant by cytology

      Prediminantly diffuse pattern

  Pediatric-type follicular lymphoma

  Duodenal-type follicular lymphoma

  Primary cutaneous follicle center lymphoma

 Mantle cell lymphoma

  In situ mantle cell neoplasm

  Mantle cell lymphoma

  Leukemic non-nodal mantle cell lymphoma

 Transformations of indolent B-cell lymphomasa

  Transformations of indolent B-cell lymphomas

 Large B-cell lymphomas

  Diffuse large B-cell lymphoma (DLBCL), NOS

  T-cell/histiocyte-rich large B-cell lymphoma

  DLBCL/high-grade B-cell lymphoma with MYC and BCL2 rearrangements

  ALK-positive large B-cell lymphoma

  Large B-cell lymphoma with IRF4 rearrangement

  High-grade B-cell lymphoma with 11q chromosomal aberrations

  Lymphomatoid granulomatosis

  Epstein–Barr virus (EBV)+ DLBCL

  DLBCL associated with chronic inflammation

  Fibrin-associated large B-cell lymphoma a

  Fluid overload-associated large B-cell lymphomaa

  Plasmablastic lymphoma

  Primary large B-cell lymphoma of immune-privileged

  sites a

    Primary diffuse large B-cell lymphoma of the CNS

    Primary large B-cell lymphoma of the vitreoretinal

    areas a

    Primary large B-cell lymphoma of the testis a

  Primary cutaneous diffuse large B-cell lymphoma,

  leg type

  Intravascular large B-cell lymphoma

  Primary mediastinal large B-cell lymphoma

  Mediastinal grey zone lymphoma

  High-grade B-cell lymphoma, NOS

 Burkitt lymphoma

  Burkitt lymphoma

 KSHV/HHV8-associated B-cell lymphoid proliferations and

 lymphomas

  Primary effusion lymphoma

  KSHV/HHV8+ DLBCL

  KSHV/HHV8+ germinotropic lymphoproliferative disorder

 Lymphoid proliferations and lymphomas associated with

 immune deficiency and dysregulation a

  Hyperplasias arising in immune deficiency/dysregulationa

  Polymorphic LPDs arising in immune

  deficiency/dysregulation a

  Epstein–Barr virus (EBV)+ mucocutaneous ulcer

  Lymphomas arising in immune deficiency/dysregulationa

  Inborn error of immunity-associated lymphoid proliferations and lymphomas

3. Hodgkin lymphoma

 Classic Hodgkin lymphoma

 Nodular lymphocyte predominant Hodgkin lymphoma

4. Plasma cell neoplasms and other diseases with paraproteins

 Monoclonal gammopathies

  Cold agglutinin disease a

  IgM MGUS

  Non-IgM MGUS

  Monoclonal gammopathy of renal significance a

 Diseases with monoclonal immunoglobulin deposition

  Immunoglobulin-related (AL) amyloidosis

  Monoclonal immunoglobulin deposition disease

 Heavy chain diseases

  Mu heavy chain disease

  Gamma heavy chain disease

  Alpha heavy chain disease

Plasma cell neoplasms

  Plasmacytoma

  Plasma cell myeloma/multiple myeloma

  Plasma cell neoplasms with associated paraneoplastic

  syndrome

    POEMS syndrome

    TEMPI syndrome

AESOP syndrome a
	Mature B-cell neoplasms

 Chronic lymphocytic leukemia/small lymphocytic

 lymphoma

 Monoclonal B-cell lymphocytosis

  CLL type

  Non-CLL type

 B-cell prolymphocytic leukemia

 Splenic marginal zone lymphoma

 Hairy cell leukemia

 Splenic B-cell lymphoma/leukemia, unclassifiable

 (provisional)

 Splenic diffuse red pulp small B-cell lymphoma

 (provisional)

 Hairy cell leukemia-variant (provisional)

 Lymphoplasmacytic lymphoma

 Waldenström macroglobulinemia

 IgM monoclonal gammopathy of undetermined

 significance

 IgM MGUS, plasma cell type a

 IgM MGUS, NOS a

 Primary cold agglutinin disease a

 Heavy chain diseases

  Mu heavy chain disease

  Gamma heavy chain disease

  Alpha heavy chain disease

 Plasma cell neoplasms

  Non-IgM MGUS

  Multiple myeloma (Plasma cell myeloma) a

    Multiple myeloma NOS

    Multiple myeloma with recurrent genetic

    abnormality

    Multiple myeloma with CCND family

    translocation

    Multiple myeloma with MAF family

    translocation

    Multiple myeloma with NSD2 translocation

    Multiple myeloma with hyperdiploidy

 Solitary plasmacytoma of bone

 Extraosseous plasmacytoma

 Monoclonal immunoglobulin deposition diseases

  Immunoglobulin light chain amyloidosis (AL) a

  Localized AL amyloidosisa

  Light chain and heavy chain deposition disease

 Extranodal marginal zone lymphoma of MALT

 Primary cutaneous marginal zone

 lymphoproliferative disorder a

 Nodal marginal zone lymphoma

  Pediatric nodal marginal zone lymphoma

  (provisional)

 Follicular lymphoma

  In situ follicular neoplasia

  Duodenal-type follicular lymphoma

 BCL2-R negative, CD23+ follicle center lymphoma

 (provisional)

 Primary cutaneous follicle center lymphoma

 Pediatric-type follicular lymphoma

 Testicular follicular lymphoma a

 Large B-cell lymphoma with IRF4 rearrangement a

 Mantle cell lymphoma

  In situ mantle cell neoplasia

  Leukemic non-nodal mantle cell lymphoma

 Diffuse large B-cell lymphoma (DLBCL), NOS

  Germinal center B-cell subtype

  Activated B-cell subtype

 Large B-cell lymphoma with 11q aberration

 (provisional) a

 Nodular lymphocyte predominant B-cell lymphoma a

 T-cell/histiocyte-rich large B-cell lymphoma

 Primary DLBCL of the central nervous system

 Primary DLBCL of the testisa

 Primary cutaneous DLBCL, leg type

 Intravascular large B-cell lymphoma

 HHV8 and EBV-negative primary effusion-based

 lymphoma * (provisional)

 EBV+ mucocutaneous ulcer a

 EBV+ DLBCL, NOS

 DLBCL associated with chronic inflammation

  Fibrin-associated DLBCL

 Lymphomatoid granulomatosis

 EBV+ polymorphic B-cell lymphoproliferative

 disorder, NOS a

 ALK+ large B-cell lymphoma

 Plasmablastic lymphoma

 HHV8-associated lymphoproliferative disorders

  Multicentric Castleman disease

  HHV8+ germinotropic lymphoproliferative disorder

  HHV8+ DLBCL, NOS

  Primary effusion lymphoma

 Burkitt lymphoma

 High-grade B-cell lymphoma with MYC and BCL2

 rearrangements a

 High-grade B-cell lymphoma with MYC and BCL6

 rearrangements (provisional) a

 High-grade B-cell lymphoma, NOS

 Primary mediastinal large B-cell lymphoma

 Mediastinal gray-zone lymphoma a

Classic Hodgkin lymphoma

 Nodular sclerosis classic Hodgkin lymphoma

 Lymphocyte-rich classic Hodgkin lymphoma

 Mixed cellularity classic Hodgkin lymphoma

 Lymphocyte-depleted classic Hodgkin lymphoma

Immunodeficiency-associated lymphoproliferative disorders

 Post-transplant lymphoproliferative disorders

 (PTLDs)

  Non-destructive PTLDs

    Plasmacytic hyperplasia PTLD

    Infectious mononucleosis PTLD

    Florid follicular hyperplasia PTLD

  Polymorphic PTLD

  Monomorphic PTLD (B-cell and T-cell/NK-cell

  types) b

  Classic Hodgkin lymphoma PTLD b

 Other iatrogenic immunodeficiency-associated LPDs







* This group includes “precursor B-cell neoplasms” in the WHO-HAEM5 classification but is not included in this table meant to only show neoplasms arising from mature B-cells. a New groups and entities included in WHO-HAEM5 and ICC from WHO 2017; b These lesions are classified according to the lymphoma to which they correspond. CLL, Chronic lymphocytic leukemia, NOS, not otherwise specified; MALT, mucosa-associated lymphoid tissue; MGUS, monoclonal gammopathy of undetermined significance; DLBCL, diffuse large B-cell lymphoma; BCL2-R, BCL2-rearrangement; CNS, central nervous system; POEMS, polyneuropathy, organomegaly, endocrinopathy, monoclonal protein, skin changes; TEMPI, telangiectasias, erythrocytosis with elevated erythropoietin, monoclonal gammopathy, perinephric fluid collections, intrapulmonary shunting; AESOP, adenopathy and extensive skin patch overlying a plasmacytoma; PTLD, post-transplant lymphoproliferative disorder; LPD, lymphoproliferative disorder.
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Table 5. Incidence of Hodgkin and non-Hodgkin lymphomas distributed by patient age in the USA [14].
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Patient Age

	
Female

	
Male




	
Incidence Rate per 100,000 Individuals during 2000–2020, Year(s) at Diagnosis

	
Trend 2000–2019

	
Incidence Rate per 100,000 Individuals during 2000–2020, Year(s) at Diagnosis

	
Trend 2000–2019




	
2000 to 2020

	
Maximum

	
Lowest

	
2000 to 2020

	
Maximum

	
Lowest






	

	
Hodgkin Lymphomas




	
All ages

	
2.4 (2000) to

2.2 (2020)

	
2.6 (2008, 2006)

	
2.1 (2018)

	
Falling

	
3.2 (2000) to

2.8 (2020)

	
3.4 (2005)

	
2.8 (2020, 2017)

	
Falling




	
<15 years

	
0.5 (2000) to

0.4 (2020)

	
0.6 (2008)

	
0.4 (2020,

and other)

	
NS

	
0.7 (2000) to

0.7 (2020)

	
0.8 (2005, 2006)

	
0.6 (2010)

	
NS




	
15–39 years

	
3.7 (2000) to

3.5 (2020)

	
3.9 (2005, 2006)

	
3.2 (2018)

	
Falling

	
3.9 (2000) to

3.3 (2020)

	
4.0 (2006, 2007)

	
3.3 (2020, 2017)

	
Falling




	
40–64 years

	
2.0 (2000) to

1.8 (2020)

	
2.1 (2019, and other)

	
1.8 (2020, 2018)

	
Falling

	
3.5 (2000) to

2.7 (2020)

	
3.6 (2001, 2006)

	
2.7 (2020)

	
Falling




	
65–74 years

	
2.9 (2000) to

2.2 (2020)

	
3.5 (2004)

	
2.2 (2020)

	
Falling

	
4,7 (2000) to

3.8 (2020)

	
5.5 (2005)

	
3.8 (2020)

	
Falling




	
75+ years

	
3.2 (2000) to

2.1 (2020)

	
4.6 (2006)

	
2.7 (2015)

	
Falling

	
4.4 (2000) to

5.7 (2020)

	
6.5 (2010)

	
4.3 (2001)

	
See

note a




	

	
Non-Hodgkin Lymphomas




	
All ages

	
16.4 (2000) to

14.8 (2020)

	
17.0 (2003, 2004)

	
14.8 (2020)

	
See

note b

	
23.0 (2000) to 21.5 (2020)

	
24.7 (2008, 2005)

	
21.5 (2020)

	
See

note b




	
<15 years

	
0.6 (2000) to

0.6 (2020)

	
0.8 (2016, and other)

	
0.5 (2009)

	
Rising

	
1.1 (2000) to 1.4 (2020)

	
1.6 (2014)

	
1.1 (2003, 2000)

	
See

note c




	
15–39 years

	
3.4 (2000) to

3.4 (2020)

	
3.6 (2009)

	
3.1 (2011)

	
NS

	
5.3 (2000) to 4.4 (2020)

	
5.3 (2000, 2001)

	
4.4. (2020)

	
Falling




	
40–64 years

	
18.4 (2000) to

16.3 (2020)

	
19.0 (2003)

	
16.3 (2020)

	
Falling

	
26.6 (2000) to 22.1 (2020)

	
27.2 (2004)

	
22.1 (2020)

	
See

note d




	
65–74 years

	
62.7 (2000) to

54.3 (2020)

	
64.4 (2010)

	
54.3 (2020)

	
Falling

	
81.3 (2000) to

78.6 (2020)

	
90.9 (2007)

	
78.6 (2020)

	
See

note e




	
75+ years

	
88.0 (2000) to

81.4 (2020)

	
96.4 (2009)

	
81.4 (2020)

	
Falling

	
122.8 (2000) to

128.4 (2020)

	
145.3 (2009)

	
122.8 (2000)

	
NS








“Rising” (↑) when the entire 95% confidence interval (C.I., not shown in the table) is above 0; “Falling” (↓) when the entire 95% C.I. is lower than 0; otherwise, the trend is considered “Not Significant (NS)”; a Rising 2000–2005; falling 2005–2019; b rising 2000–2004 in females, 2000–2005 in males; falling 2004–2019 in females, 2005–2019 in males; c Rising 2000–2005; NS 2005–2019; d NS 2000–2004, falling 2004–2019; e Rising 2000–2007; falling 2007–2019; NS, not significant [14].













[image: Table] 





Table 6. The outcomes of 31 reported cases of in situ mantle cell neoplasia from 17 publications (references given in the table), adapted from reference [106].
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	The Outcomes of 31 Reported Cases of In Situ Mantle Cell Neoplasia
	References





	A proportion of 29% (9/31) of ISMCN cases occurred in a background of a composite lymphoma

	
Follicular lymphoma was the most frequent component in the composite lymphoma, followed by CLL, and marginal zone lymphoma, nodal and extranodal.





	[109,110,111,112,113,114,115]



	In 22 ISMCN patients without a composite lymphoma

	
31.8% (7/22) of patients, six males, and one female, developed an overt MCL after 1–20 years. This development to an overt MCL occurred at 2 y, 4 y, 4 y, 4 y, 10 y, and 20 y after a histologically diagnosable ISMCN for the initial overt MCL and after one year for relapsed MCL.





	[109,111,116,119]



	
	
An additional 22.7% (5/22) patients received chemotherapy or radiotherapy for lymphoma.





	[109,113,116]



	
	
An additional 9% (2/22) patients, both women, had leukemic involvement by MCL and were alive with disease at long-term follow-ups of 12 years and 19.5 years.





	[109,120]



	
	
One additional patient (1/22, 4.5%) died at 1.3 years.





	[107]



	
	
27% (6/22) patients did not develop overt lymphoma at 0.08 y, 0.66 y, 1 y, 3 y, 5 y, and 16 y follow-up.





	[107,109,121,122]



	
	
Follow-up was unavailable for one (1/22) patient.





	[123]
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Table 7. Immunophenotypic features of the neoplastic cells in mature B-cell leukemias/lymphomas composed of small to medium-sized cells.
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	CD19
	CD20
	CD5
	CD43
	CD23
	CD10
	BCL2
	BCL1
	Ig Κ/λ
	Other





	CLL/SLL
	+
	+ Dim a
	+ weak b
	+/-
	+/−
	−
	+
	− c
	+ Dim a
	FMC7−CD81− CD200+ LEF1+



	MCL
	+
	+ Bright
	+
	+
	−/+
	−
	+
	+
	+ bright
	FMC7+SOX11+



	FL
	+
	+
	−/rare +
	−/rare +
	+
	+/-
	+ d
	-
	+
	BCL6+/−



	MZL e
	+
	+
	−/+weak
	−/+
	−/+
	−/rare +
	+ f
	−
	+
	IgD+ g FMC7+ CD11c +/− CD27+ CD103-



	HCL
	+
	+
	−
	−
	−/+
	−/rare +
	+
	+ weak
	+ bright
	Bright CD11c+ CD22+ h,i, CD103+



	LPL
	+
	+
	−/+ rare
	−/+ j
	−/+ rare
	−/+ rare
	+
	−
	+ k
	IgM+







CLL/SLL, chronic lymphocytic leukemia/small lymphocytic lymphoma; MCL, mantle cell lymphoma; FL, follicular lymphoma; MZL, marginal zone lymphoma; NCL, hairy cell leukemia; LPL, lymphoplasmacytic lymphoma; Ig Κ/λ, immunoglobulin light chain-restricted neoplastic B-cells. a The expression of CD20 and light chain immunoglobulins on the surface of neoplastic cells in CLL/SLL is characteristically dim and is best seen by flow cytometric immunophenotyping (FCI); immunohistochemical (IHC) stains on paraffin-embedded tissue sections may show dim CD20 positivity on neoplastic cells, which may be negative for light chain immunoglobulins; b IHC stains show weak intensity CD5+ neoplastic B-cells, with the intensity compared to the CD3-stained admixed CD3+ T-cells in the same tissue section; c IHC staining for BCL1 (or cyclin D1) may show weak positivity in proliferation centers in CLL/SLL [160]; d Rare cases of FL may show BCL2-negative neoplastic cells by IHC staining; e No specific immunophenotype defines MZL; f The neoplastic cells are BCL2+, but the residual germinal centers are benign, consisting of BCL2-negative B-cells. g IgD may be positive in splenic MZL and adult nodal MZL but is negative in extranodal lymphoma of mucosa-associated lymphoid tissues; IgD+ neoplastic cells are weaker-stained than the residual normal mantle cells [161]. h Bright co-expression of CD11c and CD22 is characteristic of hairy cell leukemia; i The neoplastic cells in hairy cell leukemia are also positive for CD25, CD123, TBX21/T-Bet, Annexin-A1, FMC7, and CD200 [12]; j CD43 expression in non-Hodgkin lymphomas was surveyed in the cited reference [162]; k Immunoglobulin light chain restriction is identified in neoplastic B-cells and plasma cells in LPL.
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Table 8. Antigen expression by FCI or IHC stains in the neoplastic cells in mature B-cell lymphomas composed of medium-sized to large cells.
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	TdT
	CD20
	CD10
	BCL2
	BCL6
	MUM1
	Ki-67
	MYC
	CD5
	LMO2
	Other





	BL [217,243]
	−
	+
	+
	−
	+
	−
	>95%
	+
	−
	−
	CD45dim+ CD16/56−

CD38bright+ CD44−

CD43+



	HGBCL-11q [217]
	−
	+
	+
	−
	+
	−
	High

>90%
	+
	−
	+/−
	CD45bright+

CD38 (not bright)+

CD16/56+ CD8+/−

CD43+/− CD44−/+



	LBCL-IRF4 [212,244]
	−
	+
	+/−
	−/+
	+
	+
	high
	−/+
	−/+ [245]
	NA
	EBV−

BLIMP1−



	DLBCL GC [243]
	−
	+
	+
	−/+
	+
	−
	low
	−/+ [243]
	−/+
	+/− [243]
	FOXP1− cyclin D1−



	DLBCL ABC
	−
	+
	−
	+
	−/+
	+
	low
	−/+
	−/+
	−
	FOXP1+ cyclin D1−



	PCNS-LBCL or PVR-LBCL
	−
	+
	−
	+
	+
	+
	High

80–90%
	−
	−
	NA
	EBV−; If +,

consider IDD



	PCNS-LBCL or PVR-LBCL in IDD
	−
	+
	−
	+
	+
	+
	High

80–90%
	−
	−
	NA
	EBV+



	IVBCL [239]
	−
	+
	−/+
	+
	+
	+
	high
	+
	+/−
	NA
	PD-L1+







BL, Burkitt lymphoma/leukemia; HGBCL-11q, high-grade B-cell lymphoma with 11q chromosomal aberration; LBCL-IRF4, large B-cell lymphoma with IRF4 translocation; DLBCL-GC, Diffuse large B-cell lymphoma, germinal center subtype; DLBCL-ABC, Diffuse large B-cell lymphoma, activated B-cell subtype; PCNS-LBCL; Primary central nervous system large B-cell lymphoma in immune-privileged sites; PVR-LBCL, primary vitreoretinal large B-cell lymphoma in immune-privileged sites; IDD, immune deficiency or dysregulation; EBV, Epstein–Barr virus; minus sign (−), negative; plus (+) sign, positive.
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Table 9. Primary mediastinal lymphomas classified according to the primary anatomical site presentation (modified from [249]).
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	Primary Mediastinal Lymphomas According to Anatomic Site
	





	Anterior mediastinum
	



	  T lymphoblastic lymphoma
	2–5% of all non-Hodgkin lymphomas



	  Primary mediastinal (thymic) large B-cell lymphoma (PMBCL)
	2–3% of all non-Hodgkin lymphomas



	  Primary thymic marginal zone lymphoma of MALT type
	Very rare



	  Mediastinal grey zone lymphoma (MGZL)
	Very rare



	Anterior, middle, or posterior mediastinum
	



	  Primary mediastinal (nonthymic) DLBCL
	5–9% of all non-Hodgkin lymphomas



	  T-cell lymphomas
	Very rare



	   Peripheral T-cell lymphoma, NOS
	



	   Anaplastic large-cell lymphoma (ALCL)
	



	    Breast implant-associated anaplastic large-cell lymphoma
	



	  Primary mediastinal small B-cell lymphomas
	Exceedingly rare



	  Primary mediastinal plasmacytoma
	Exceedingly rare



	Pleura with a mass
	



	  Primary pleural DLBCL, NOS, usually non-GCB type
	



	  DLBCL associated with chronic inflammation/pyothorax-associated

   lymphoma
	Very rare



	Pleura and/or pericardium without a mass
	



	  Primary effusion lymphoma
	Very rare



	Heart or pericardium with a mass
	



	  Primary cardiac DLBCL, NOS, usually non-GCB type
	Very rare



	Heart or pericardium without a mass (incidental microscopic finding)
	



	  Fibrin-associated DLBCL, the mass is a myxoma or a thrombus
	Exceedingly rare







All combined, DLBCL, NOS comprise 5–10% of primary mediastinal non-Hodgkin lymphomas; MALT, mucosa-associated lymphoid tissue; DBCL, diffuse large B-cell lymphoma; NOS, not otherwise specified; GCB, germinal center B-cell.
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Table 10. Immunohistochemical features of Hodgkin lymphomas, peripheral T-cell lymphomas, and other lymphomas in the differential diagnosis.
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	Lymphoma Type
	CD45/LCA
	CD20
	CD3
	PAX5
	CD30
	CD15
	EBV
	EMA
	ALK
	Other





	NLPHL
	+
	+
	−
	+
	−
	−
	−
	+/−
	−
	CD79a+ OCT2+ BOB1+



	CHL
	−
	−/+, het
	−/rare +
	+ (weak) a
	+
	+/−
	+/−
	−
	−
	OCT2−/+ BOB1−/+



	PTCL NOS
	+
	−/+ rare
	+
	−
	−/+
	−
	−/+
	−
	−
	One TFH marker may be positive in PTCL NOS



	TFH

lymphomas b
	+
	−
	+
	−
	−/+
	−/+
	+ c/−
	−
	−
	CD2+ CD4+ CD5+ CD8- BCL6+ ICOS+ CD10+/- PD1+ CXCL13+; CD21+ FDC proliferation in the paracortex



	ALCL
	+/−
	−
	often
	−
	+
	−
	−
	+
	+/−
	CD2+ CD5+ CD4+/− TIA+

perforin+ granzyme B+



	ALK+ LBCL
	+
	− often
	−
	−
	−/+ rare
	−/+
	− d
	+
	+ e
	CD138+ MUM1+



	PMBCL
	+
	+
	−
	+
	+ het, weak
	+/−
	−
	−
	−
	CD23+ MAL+ CD200+ or PD-L1, PD-L2+ f







LCA, leucocyte common antigen or CD45; EBV, Epstein–Barr virus; EMA, epithelial membrane antigen; ALK, anaplastic lymphoma kinase; NLPHL, nodular lymphocyte predominant Hodgkin lymphoma; CHL, classic Hodgkin lymphoma; het, heterogeneous staining; PTCL, peripheral T-cell lymphoma; ALCL, anaplastic large T-cell lymphoma; ALK+ LBCL, anaplastic lymphoma kinase (ALK)+ large B-cell lymphoma; PMBCL, primary mediastinal large B-cell lymphoma; MGZL, mediastinal gray zone lymphoma. a The intensity of PAX5 staining in classical Hodgkin lymphoma is typically weaker than in the reactive B-cells. b The IHC staining profile for the neoplastic T-cells is similar in all three types of TFH lymphomas, which are described subsequently in this review. c In the TFH lymphomas, EBV positivity is often present in EBV+ B-immunoblasts. d EBV negativity in ALK+ LBCL contrasts with plasmablastic lymphoma, which is EBV+. e ALK staining is often cytoplasmic and granular in ALK+ LBCL, illustrated in [279]. f The expression of CD30, CD23, MAL, CD200, or PDL1/L2 helps to distinguish PMBCL from DLBCL NOS involving the mediastinum; the neoplastic cells are frequently MUM1+ and show variable expression of BCL6 and BCL2; CD10 is negative [12].
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Table 11. T- and NK-cell neoplasms in the fifth edition WHO 2022 and ICC [11,12,13].
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	Fifth edition WHO Classification 2022 [11,12]
	International Consensus Classification 2022 [13]





	T-cell and NK-cell lymphoid proliferations and lymphomas

Tumor-like lesions with T-cell predominance a

   Kikuchi-Fujimoto disease a

   Autoimmune lymphoproliferative syndrome a

   Indolent T lymphoblastic proliferation a

Mature T-cell and NK-cell leukemias

   T-prolymphocytic leukaemia

   T-large granular lymphocytic leukaemia

   NK-large granular lymphocytic leukaemia

   Adult T-cell leukaemia/lymphoma

   Sezary syndrome

   Aggressive NK-cell leukaemia

Primary cutaneous T-cell lymphoid proliferations and lymphomas

   Primary cutaneous CD4-positive small or medium

   T-cell LPD

   Primary cutaneous acral CD8-positive T-cell LPD

   Mycosis fungoides

   Primary cutaneous CD30+ T-cell LPD: Lymphomatoid papulosis

   Primary cutaneous CD30+ T-cell LPD Primary cutaneous ALCL

   Subcutaneous panniculitis-like T-cell lymphoma

   Primary cutaneous gamma/delta T-cell lymphoma

   Primary cutaneous CD8+ aggressive epidermotropic

   cytotoxic T-cell lymphoma

   Primary cutaneous peripheral T-cell lymphoma,

   NOS a

Intestinal T-cell and NK-cell lymphoid proliferations and lymphomas

   Indolent T-cell lymphoma of the gastrointestinal

   tract a

   Indolent NK-cell LPD of the gastrointestinal tract

   Enteropathy-associated T-cell lymphoma

   Monomorphic epitheliotropic intestinal T-cell

   lymphoma

   Intestinal T-cell lymphoma, NOS

Hepatosplenic T-cell lymphoma

   Hepatosplenic T-cell lymphoma

Anaplastic large-cell lymphoma

   ALK-positive anaplastic large-cell lymphoma

   ALK-negative anaplastic large-cell lymphoma

   Breast implant-associated anaplastic large-cell

   lymphoma

Nodal T-follicular helper (TFH) cell lymphoma a

   Nodal TFH cell lymphoma, angioimmunoblastic-type

   Nodal TFH cell lymphoma, follicular-type

   Nodal TFH cell lymphoma, NOS

Other peripheral T-cell lymphomas

   Peripheral T-cell lymphoma, NOS

EBV+ NK-cell and T-cell lymphomas

   EBV+ nodal T- and NK-cell lymphoma a

   Extranodal NK/T-cell lymphoma

EBV+ T-cell and NK-cell lymphoid proliferations and lymphomas of childhood

   Severe mosquito bite allergy

   Hydroa vacciniforme lymphoproliferative disorder

   Systemic chronic active EBV disease

   Systemic EBV-positive T-cell lymphoma of childhood
	Mature T-cell and NK-cell neoplasms

T-cell prolymphocytic leukemia

T-cell large granular lymphocytic leukemia

Chronic lymphoproliferative disorder of NK-cells (provisional)

Adult T-cell leukemia/lymphoma

EBV+ T-cell/NK-cell lymphoproliferative disorders of childhood b

  Hydroa vacciniforme lymphoproliferative disorder

     Classic

     Systemic

  Severe mosquito bite allergy

  Chronic active EBV disease, systemic (T-cell and NK-cell

  phenotype)

  Systemic EBV+ T-cell lymphoma of childhood

Extranodal NK/T-cell lymphoma, nasal type

Aggressive NK-cell leukemia

Primary nodal EBV+ T-cell/NK-cell lymphoma b (provisional)

Enteropathy-associated T-cell lymphoma

  Type II refractory celiac disease b

Monomorphic epitheliotropic intestinal T-cell lymphoma

Intestinal T-cell lymphoma, NOS

Indolent clonal T-cell LPD of the gastrointestinal tract b

Indolent NK-cell LPD of the gastrointestinal tract b

Hepatosplenic T-cell lymphoma

Mycosis fungoides

Sézary syndrome

Primary cutaneous CD30+ T-cell lymphoproliferative disorders

  Lymphomatoid papulosis

  Primary cutaneous anaplastic large-cell lymphoma

Primary cutaneous small/medium CD4+ T-cell LPD

Subcutaneous panniculitis-like T-cell lymphoma

Primary cutaneous gamma-delta T-cell lymphoma

Primary cutaneous acral CD8+ T-cell LPD b

Primary cutaneous CD8+ aggressive epidermotropic cytotoxic T-cell lymphoma

Peripheral T-cell lymphoma, NOS

Follicular helper T-cell lymphoma b

  Follicular helper T-cell lymphoma, angioimmunoblastic

  type (angioimmunoblastic T-cell lymphoma)

  Follicular helper T-cell lymphoma, follicular type

  Follicular helper T-cell lymphoma, NOS

Anaplastic large-cell lymphoma, ALK positive

Anaplastic large-cell lymphoma, ALK negative

Breast implant-associated anaplastic large-cell lymphoma







a New entities or names introduced in WHO-HAEM5; b changes in ICC from WHO 2016 classification; EBV, Epstein–Barr virus; LPD, lymphoproliferative disorder, ALCL, anaplastic large-cell lymphoma; NOS, not otherwise specified; TFH, T-follicular helper.
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Table 12. Name changes in WHO-HAEM5 and ICC compared with the revised fourth edition for mature T-cell and NK-cell lymphomas and Hodgkin lymphomas.
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WHO Classification, Fifth Edition, 2022 [11,12]

	
WHO Classification, Revised Fourth Edition, 2017 [100]

	
International Consensus Classification, 2022 [13]






	
T-cell and NK-cell neoplasms




	
NK-large granular lymphocytic leukemia (LGLL)

Cutaneous T-cell lymphomas

  Primary cutaneous CD8+ aggressive epidermotropic cytotoxic T-cell lymphoma;

  Primary cutaneous acral CD8+ T-cell lymphoproliferative disorder (LPD);

  Primary cutaneous CD4+ small or medium T-cell LPD

Indolent T-cell lymphoma of the GI tract

Indolent NK-cell LPD of the GI tract

Breast implant-associated ALCL

Nodal T follicular helper (TFH) cell lymphomas

  Nodal T-follicular helper (TFH) cell lymphoma, angioimmunoblastic-type

  Nodal T-follicular helper (TFH) cell lymphoma, follicular-type

  Nodal T-follicular helper (TFH) cell lymphoma, NOS

Hydroa vacciniforme LPD

Systemic chronic active EBV disease

(not recommended: chronic active EBV disease or infection)

EBV+ inflammatory FDC/fibroblastic reticular cell sarcoma

	
Chronic LPD of NK-cells

Cutaneous T-cell lymphomas

  Primary cutaneous CD8+ aggressive epidermotropic cytotoxic T-cell lymphoma (provisional);

  Primary cutaneous acral CD8+ T-cell lymphoma (provisional);

  Primary cutaneous CD4+ small/medium T-cell LPD (provisional)

Indolent T-cell LPD of the GI tract (provisional)

(Not previously included)

Breast implant-associated ALCL (provisional)

Nodal lymphomas of TFH origin

  Angioimmunoblastic T-cell lymphoma

  Follicular T-cell lymphoma (provisional)

  Nodal peripheral T-cell lymphoma with TFH phenotype (provisional)

Hydroa vacciniforme-like LPD

Chronic active EBV infection

EBV+ inflammatory FDC/fibroblastic reticular cell sarcoma

	
Chronic LPD of NK-cells (provisional)

Cutaneous T-cell lymphomas

  Primary cutaneous CD8+ aggressive epidermotropic cytotoxic T-cell lymphoma;

  Primary cutaneous acral CD8+ T-cell lymphoproliferative disorder (LPD);

  Primary cutaneous CD4+ small/medium T-cell LPD

Indolent clonal T-cell LPD of the GI tract

Indolent NK-cell LPD of the GI tract

Breast implant-associated ALCL

Follicular helper T-cell (TFH) lymphoma

  Follicular helper T-cell lymphoma, angioimmunoblastic type

  Follicular helper T-cell lymphoma, follicular type

  Follicular helper T-cell lymphoma, NOS

Hydroa vacciniforme LPD

Chronic active EBV disease

EBV+ inflammatory FDC/fibroblastic reticular cell tumor




	
Hodgkin lymphoma




	
Nodular lymphocyte predominant Hodgkin lymphoma

	
Nodular lymphocyte predominant Hodgkin lymphoma

	
Nodular lymphocyte predominant B-cell lymphoma








LPD, lymphoproliferative disorder; GI, gastrointestinal; ALCL, anaplastic large-cell lymphoma; TFH, T-follicular helper; NOS, not otherwise specified; FDC, follicular dendritic cell.
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