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Editorial on the Research Topic 


Challenges in peripheral T-cell lymphomas: from biological advances to clinical applicability


Peripheral (mature) T-cell lymphomas (PTCL) are a heterogeneous group of rare lymphoid malignancies derived from monoclonal proliferation of CD4+ T-helper cell subsets, CD8+ cytotoxic T-cells or natural-killer cells (NK). Although less prevalent than B-cell non-Hodgkin’s lymphomas (NHLs), understanding of their molecular pathogenesis and classification has significantly improved over the last decade. However, these advances have not always translated into therapeutic improvement, and thus treatment of the NK/T-cell lymphomas remain an area of unmet medical need. Therefore, most PTCL patients still have poor clinical outcomes and substantially shortened survival when compared to individuals with aggressive B-cell lymphomas. This Special Edition includes 15 scientific articles that compile the main biological, pathological and therapeutic advances recently obtained in this field of knowledge, aiming to improve the clinical outcomes of PTCL patients.

The classification, risk-stratification and treatment of most PTCL subtypes remain, in the words of those who contributed to this Research Topic, “a challenge” [Murga-Zamalloa and Inamdar; Zain and Kallam]. In this sense, Murga-Zamalloa and Inamdar reviewed the most recent updates implemented by the latest version of the World Health Organization’s classification of hematolymphoid tumors (WHO-HAEM 5th.), focusing on the most relevant diagnostic findings of PTCL, centered on histopathological basis and the description of new molecular markers. The discovery of new molecular biomarkers has contributed significantly to the elucidation of pathogenic mechanisms, prognostic stratification and implementation of therapeutic measures adapted to biological risk and directed against classically deregulated signaling pathways in the setting of different subtypes of PTCL. Thus, Zain and Kallam and Drieux et al. prepared two comprehensive reviews in this Research Topic describing the main recurrent mutations, changes in the gene expression profile (GEP) and deregulated intracellular signaling pathways in PTCL. Additionally, the authors clarify how such molecular advances influence the therapeutic management of individuals with different subtypes of PTCL, highlighting the promising role of new drug classes directed against key molecular targets in these neoplasms, such as epigenetic modifying agents (histone deacetylase inhibitors [HDAi] and DNA methyl transferase antagonists [hypomethylants, such as 5-azacytidine and decitabine]), therapies that target kinases (PI3K, JAK, SYK, ALK and Aurora A kinase inhibitors), immunotherapeutic agents (anti-CD30, anti-CCR4, anti-CD25), and drugs that modulate the tumor microenvironment (TME), such as lenalidomide and immune checkpoint inhibitors.

Notwithstanding well-described geographic differences in PTCL prevalence, largely attributed to differences in the epidemiology of virally-associated, particularly EBV-related [Drieux et al., Barros et al.] NK/T-cell lymphoma subtypes [Costa et al.], the most common PTCL subtype remains “not otherwise specified” [Weiss et al.]. While Weiss et al. described recent advances in our understanding of transcriptionally, genetically, and clinically distinct PTCL, NOS subsets, these advances are discussed in broader histopathologic [Murga-Zamalloa and Inamdar] and clinical [Zain and Kallam] contexts by other notable contributions to this Research Topic. The reviews conducted by Weiss et al., Zain and Kallam and Drieux et al. focuses on the central contribution of GEP to mitigate the diagnostic and prognostic heterogeneity of PTCL, NOS. Therefore, these authors highlight the categorization of two genetic subgroups within this category of PTCL, the TBX21 subtype, associated with Th1/NF-kB deregulation, and the subgroup with overexpression of the Th2/GATA3 transcription factor, related to deregulation of the PI3K/mTOR axis. Such articles reinforce the prognostic differences between both groups of PTCL, NOS and, highlighting the highly ominous prognosis of the GATA3 subgroup, as well as the potential therapeutic application of immunomodulatory agents in the TBX21 group and PI3K/mTOR inhibitors in the GATA3 subtype.

While the molecular advances have not yet led to a formal update in the latest WHO classification [Murga-Zamalloa and Inamdar], improved understanding in the molecular pathogenesis of angioimmunoblastic T-cell lymphomas (AITL), including the role of highly recurrent loss-of-function mutations in TET2 [Carty et al.], have led to significant changes in the classification of these and other highly related T follicular helper (TFH)-derived PTCL [Lage et al.; Marques-Piubelli et al.], and improved therapeutic strategies, with the advent of novel agents targeting the epigenome [Zain and Kallam; Drieux et al.; Carty et al.; Lage et al.; Marques-Piubelli et al.] or the TME [Drieux et al.; Lage et al.]. In this sense, Lage et al. and Marques-Piubelli et al. conducted two extensive reviews summarizing the main clinical-laboratory, pathogenic and histopathological aspects of nodal peripheral T-cell lymphomas with TFH-phenotype (nPTCL-TFH), focusing on AITL. In their article, Lage et al. highlight the main findings that make up the so-called “immunodysplastic syndrome”, characteristic of AITL, marked by different inflammatory and autoimmune features, as well as summarize the contribution of molecular changes involving the epigenetic machinery (IDH2, TET2, and DNMT3A) in the genesis of AITL [8]. Similarly, Marques-Piubelli et al. characterizes in their article the pathological findings of the main 3 subtypes of nPTCL-TFH in light of recent updates proposed by the WHO-HAEM5th. classification, list the antigenic expression profile of TFH-cells, and describe the main genomic-molecular findings of these malignancies. At the same time, in their review, Carty et al. dissects the biological role of TET2, particularly in nPTCL-TFH biology, highlighting its lymphomagenesis-promoting mechanisms and the potential of epigenetic therapies to improve the clinical outcomes of these neoplasms. Still in the therapeutic field of nodal PTCL, in the relapsed/refractory (R/R) setting, traditional chemotherapeutic agents do not provide an apparent advantage over novel drugs, and hence clinical trial participation is encouraged. However, Fante et al. highlight in their retrospective and single-center experience, the role of the all-oral and palliative regimen TEPIP (trophosphamide, etoposide, procarbazine, idarubicin and prednisolone) in elderly and frail patients with PTCL. In this study, the TEPIP regimen demonstrated competitive efficacy with a tolerable safety profile in a population with difficult-to-treat PTCL, making it a relatively safe and effective alternative in the palliative context of individuals with nodal PTCL.

As noted by Wu and Lim, the genetic landscape is a significant determinant of disease natural history and the response to therapy among anaplastic large cell lymphomas (ALCL). For example, those harboring recurrent DUSP22 rearrangements are highly curable with the current standard of care based on BV-CHP (brentuximab-vedotin, cyclophosphamide, doxorubicin, and prednisone) regimen, whereas those harboring mutually exclusive TP63 rearrangements are associated with dismal outcomes. While the molecular and genetic landscape has predictive value in PTCL, NOS [Weiss et al.] and ALCL [Wu and Lim], the natural history associated with AITL and other TFH-derived PTCL is notoriously variable, yet poorly understood. Hu et al. provide data suggesting that metabolic activity (total lesion glycolysis - TLG) by PET-CT may have prognostic implications in these patients, while Chen et al. provide preliminary evidence suggesting that this variable natural history may be explained, at least in part, by differences in tumor immune surveillance within the TME. In their pioneering study, Hu et al. identified that TLG was a strong predictor associated with poor overall survival in a cohort of 40 Chinese patients diagnosed with AITL and followed for more than 30 months. Additionally, these authors developed a new prognostic scoring system including different clinical-laboratory (IPI) and imaging/metabolic variables (TMTV, TLG and SUV max) in patients with AITL. By this score, three different risk-categories were identified, with 3-year overall survival (OS) estimates of 100%, 43%, and 25%, respectively. Interestingly, Chen et al. also conducted an unprecedented translational study, comparing clinicopathological findings, lymphocyte composition of the immune TME (TIL – tumor infiltrating lymphocytes), and gene expression profile between different subsets of AITL. In this study, the authors demonstrated that CD8-predominant AITL presents a very peculiar immune pattern, characterized by compromised anti-tumor immunity, immunosuppressive microenvironment, more severe clinical manifestations and worse survival, thus clarifying the heterogeneity of this clinicopathological entity.

The TME plays a central role in both the suppression of host anti-tumor immunity, but its constituents also directly promote T-cell lymphomagenesis by providing ligands for corresponding antigen, costimulatory, and cytokine receptors that are variously expressed across the PTCL spectrum. Not surprisingly then, the TME´s role in T-cell lymphomas generally, including CTCL [Miyashiro and Sanches], is a recurring theme across many papers included in this Research Topic, and has significant therapeutic implications in the era of checkpoint blockade [Costa et al.; Weiss et al.] and novel cellular therapies [Couto et al.]. Concerning to this last Research Topic, in their review article, Couto et al. discusses the use of autologous hematopoietic stem cell transplantation (ASCT) and allogeneic transplantation (allo-SCT) as therapeutic strategies for PTCL, as well as approaches based on the advancement of cellular therapy techniques, in addition to their limitations in the PTCL scenario, proposing some approaches to overcome them.

While the papers included in this Research Topic are diverse, a unifying theme is abundantly clear - improved understanding of the transcriptional, genetic, and TME-dependent drivers across the spectrum of NK/T-cell neoplasms has led to improved disease classification and risk-stratification, but has also expanded the menu of novel agents available on the therapeutic smorgasbord, and thus provides hope for a brighter future for new patients afflicted with these aggressive neoplasms.
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Background

Angioimmunoblastic T-cell lymphoma (AITL) has a rich tumor microenvironment (TME) that typically harbors plenty of CD4+tumor infiltrating lymphocytes, (TIL)-T-cells (so called common AITL). Nonetheless, AITL with large numbers of CD8+TIL-Ts that outnumber CD4+cells have been observed (CD8-predominant AITL). However, detailed comparison of CD8-predominant AITL and common AITL are still lacking.



Methods

We compared clinicopathological features, TIL subsets, TME T cell receptor-β (TRB), and immunoglobulin heavy chain (IGH) repertoires, and gene expression profiles in six CD8-predominant and 12 common AITLs using case-control matching (2014 to 2019).



Results

Comparing with common AITLs, CD8-predominant AITLs showed more frequent edema (P = 0.011), effusion (P = 0.026), high elevated plasma EBV-DNA (P = 0.008), and shorter survival (P = 0.034). Moreover, they had more pronounced eosinophil increase (P = 0.004) and a higher Ki67 index (P = 0.041). Flow cytometry revealed an inverted CD4/CD8 ratio in TIL-Ts and lower TIL-B proportions (P = 0.041). TRB repertoire metrics deteriorated, including lower productive clones (P = 0.014) and higher clonality score (P = 0.019). The IGH repertoire was also narrowed, showing a higher proportion of the top 10 clones (P = 0.002) and lower entropy (P = 0.027). Gene expression analysis showed significant enrichment for upregulated negative regulation of immune system processes and downregulated T-cell activation and immune cell differentiation.



Conclusion

Our findings demonstrated that CD8-predominant AITL is a distinct immune pattern of AITL characterized by anti-tumor immunity impairment and an immunosuppressive microenvironment. These characteristics can interpret its severe clinical manifestations and poor outcomes.





Keywords: angioimmunoblastic T-cell lymphoma, tumor microenvironment, T cell receptor-β repertoire, immunoglobulin heavy chain repertoire, TME function



Introduction

Angioimmunoblastic T-cell lymphoma (AITL) is a subtype of peripheral T-cell lymphoma (PTCL) with a T follicular helper (TFH) phenotype (1). In our previous analysis, it was the fourth most common mature T-cell lymphoma, accounting for 11% of all patients with PTCL (2). Patients with AITL frequently exhibit clinical symptoms, including skin rash, arthritis, effusion, and positive autoimmune tests, indicating an aberrant immune response (3, 4). Finally, patients exhibit immunodeficiency secondary to neoplastic development. Even following an intensive treatment regimen, the prognosis is generally poor, with most studies reporting a median survival of < 3 years (5). As a result, immunological dysregulation characterizes the entire course of AITL and has been identified as a distinguishing feature of this malignancy.

AITL possesses a complex tumor microenvironment (TME) composed of irregularly proliferating follicular dendritic cells in the meshwork, arborizing high endothelial venules (HEVs) and a variety of reactive immune cells, the most obvious of which are B-immunoblasts, plasma cells, and tumor-infiltrating lymphocyte (TIL) -T cells (TIL-Ts) (6). Immunostaining has revealed that AITL TIL-Ts often have a significantly larger proportion of CD4+ cells than CD8+ cells (defined as common AITL in our study), which is due to CD4 expression in neoplastic T-cells and a normal CD4+/CD8+ ratio in TIL-Ts (CD4+TIL-Ts outnumber CD8+TIL-Ts) (7, 8). Nonetheless, we observed a few cases of AITL with an extremely inverted CD4/CD8 ratio (defined as CD8-predominant AITL in our study), indicating the significant increase of CD8+TIL-Ts. However, CD8-predominant AITL was rare, accounting for only 1.5% of AITL cases in daily practice (Time: 2014-2019).

The different CD8+ TIL-T proportions in the TMEs of CD8-predominant AITL and common AITL implied that TME immune function differed between the two AITL groups (7). Furthermore, the immune function of the TME not only correlated with the patient’s clinical manifestations related to inflammation and immune response but also reflects anti-tumor immunity, which has a direct impact on tumor development and progression. However, detailed comparison of CD8-predominant AITL and common AITL are still lacking. Therefore, we used a case-control matching approach to include cohorts of CD8-predominant AITL and common AITL cases for clinicopathological analysis, flow cytometry testing, T cell receptor-β (TRB), immunoglobulin heavy chain (IGH) repertoire sequencing, and RNA sequencing. Data were compared to gain a better understanding of the TME immune function of this uncommon CD8-predominant AITL and its connection with clinicopathological findings.



Methods


Case selection

The CD8-predominant AITL cohort was identified from the database of the Department of Pathology of West China Hospital, Sichuan University from January 2014 to October 2019 according to the following criteria: 1) Diagnosed with lymph node sample and fulfilled the WHO-classified diagnostic criteria of AITL (4th edition, 2008/Revised 4th edition, 2017); 2) identification of neoplastic T-cells with aberrant expression of T cell markers by flow cytometry (9); 3) identification of CD8+cells/CD4+cells > 1 by immunostaining; and 4) de novo cases. For comparison, we employed case-control matching to randomly choose de novo common AITL cases (diagnosed with lymph node sample) from a list of potential matched controls throughout the same period (2014–2019, Supplementary Method in detail). In order to eliminate the influence of confounding factors on the prognosis, we matched the CD8-predominant and common AITLs based on the neoplastic T-cell proportion (detected by flow cytometry) and treatment strategy. Two common AITL cases were matched to each CD8-predominant AITL case. Case-control matching was performed using SPSS (v24.0; SPSS Corp., Chicago, IL, USA). Pathological data were gathered via slide review by four expert hematopathologists (Z.C., S. Z., W. Z., and W. L.). The pathological analysis, flow cytometry, and the following molecular analysis were all performed on the same lymph node sample of each case. Detailed clinical data were collected from medical records. Follow-up data were obtained via telephone interviews and/or medical records. Overall survival (OS) was calculated from the date of diagnosis to the date of death or the last follow-up. The flowchart of case selection was provided in supplementary method (Supplementary Material Data Sheet 1). The study was approved by the Ethics Committee on Biomedical Research, West China Hospital of Sichuan University (No. 2021-628).



Histological, immunohistochemical, and Epstein–Barr virus (EBV) status assessment

Sections (4 µm) were cut from paraffin blocks and stained with hematoxylin and eosin for histological examination. Immunohistochemical staining was performed using the following antibodies: cytoplasmic CD3 (cCD3), CD20, CD5, CD4, CD8, CD10, CD21, Bcl-6, CXCL13, PD1, CD30, and Ki-67. The basic information of the antibodies is summarized in the Supplementary Method (Supplementary Material Data Sheet 1). In situ hybridization with a digoxin-labeled oligonucleotide probe complementary to EBER-1 and EBER-2 (EBER1/2; Dako, NO. Y520001) was used to assess EBV status.



Flow cytometry

The process for sample preparation, staining, acquisition, data analysis, and identification of neoplastic T-cells and TILs was performed in the same manner as previously described (9–11). The fluorescent-labeled antibodies used in this study are listed in Supplementary Method (Supplementary Material Data Sheet 1). Flow cytometry data were collected using the BD FACSCanto II equipped with two lasers (blue and red) and analyzed with FACSDiva software. The proportion of neoplastic T-cells and various TIL subsets, including TIL-Bs (CD20+), activated TIL-Bs (CD38 dim+CD20+), non-activated TIL-Bs (CD38-CD20+), TIL-Ts (CD3+), CD4+TIL-Ts, CD8+TIL-Ts, and plasma cells (CD38bight+CD20-) were defined as counts of each type of cell/total counts of lymphocytes.



TRB and IGH sequencing

DNA was isolated from formalin-fixed paraffin-embedded tissues using the QIAamp DNA FFPE Tissue Kit (Qiagen Inc., Valencia, CA, USA). For TRB and IGH repertoire sequencing, the LymphoTrack kits (TRB Assay and IGH Assay) were used following the manufacturer’s instructions with 50 ng of AITL specimen DNA as a template. Primers in the LymphoTrack assays were designed using Illumina adapters. Each amplicon was purified using AMPure XP beads (Beckman Coulter, Brea, CA, USA) and quantified using an Agilent 2100 Bioanalyzer (Santa Clara, CA, USA). Subsequently, the samples were sequenced on an Ion PGM (Thermo Fisher Scientific, Loughborough, UK). Sequencing reads were then aligned using MiXCR (v3.0.13), and only productive rearrangements were included in further analyses. Lymphoma-derived clone were identified based on TRB clonal rearrangement analysis following the manufacturer’s instructions and removed to obtain the TRB repertoire of the AITL TME (Supplementary Method in detail). The proportion of the top 10 clones [“% top 10 maximal frequency clones”; Frequency of each clone in AITL TME = reads of clone/(Total reads – Reads of lymphoma clone)], Shannon’s entropy (entropy), and the clonality score were calculated. The numbers of productive clones in the samples were identified by calculating the number of “productive rearrangements”. This is a measure of the number of functional T or B cells with a distinct TR or IGH rearrangement which represents the “richness.” Entropy measures both the sample richness and the degree of unevenness in clone frequencies. The clonality score describes the “evenness” of the distribution of TR or IGH clones in the repertoire, that is, how much of the TRB or IGH repertoire is composed of expanded clones independent of sample size. The top 10 clones is the frequency of the top 10 dominant clones identified in each sample. The distribution of V-gene segment usage by both TRB and IGH in CD8-predominant AITL and common AITL were compared. Both shared and differential clones with a specific complementarity determining region 3 (CDR3) sequence between the two AITL groups were identified. These analyses were performed on R using the “LymphoSeq” and “tcR” packages (12–15).



RNA sequencing

The procedures of RNA sequencing, quality control, and normalization of data were performed by Shanghai Rightongene Biotechnology Co. Ltd (Shanghai, China), and the differentially expressed genes were identified using the R package “limma” (v3.38.3).



Statistical analysis

Continuous variables were analyzed using the Mann–Whitney test, while categorical variables were compared using Fisher’s exact test. Survival data were calculated using the Kaplan–Meier estimator. The log-rank test was used to compare survival functions. Tests were considered significant at two-sided probability values less than 0.05 (P <0.05). All results were analyzed using GraphPad Prism (v8.0.2; GraphPad Software Inc., USA) or SPSS (v24.0; SPSS Corp., Chicago, IL, USA).




Results


Clinical findings

This study included six CD8-predominant AITL cases and 12 matched common AITL cases. The clinical comparison between CD8-predominant AITL and common AITL is summarized in Table 1. The detailed clinical features of all AITL cases included in this study are summarized in Supplementary Table S1. The CD8-predominant AITL cases included five men and one woman with a median age of 64.5 years (range: 48–83 years). Complete clinical data were not obtained for one patient, and the remaining five patients were classified as advanced stage (stage III/IV) with frequent splenomegaly (5/5, 100%), B symptoms (4/5, 80%), and hepatomegaly (3/5, 60%). In general, these baseline features were comparable to the matched common AITL cases. Edema (6/6,100%, P = 0.011) and serous effusion (5/5,100%, P = 0.026) were more prevalent in CD8-predominant AITL than in common AITL cases. In laboratory studies, CD8-predominant AITL exhibited findings identical to those of common AITL cases in routine blood tests and immunological assays. While lower fibrinogen (2.09 g/L, range: 1.60–2.56 g/L, P = 0.038) and more common decreased C4 (3/3, 100%, P = 0.033) were detected in CD8-predominant AITL than in common AITL cases. Highly elevated plasma EBV-DNA (> 104 copies/ml) was detected in all tested CD8-predominant AITL (3/3, 100%) but not in any common AITL cases (0/7, P = 0.008).


Table 1 | Clinical comparison between microenvironment CD8-predominant AITLs and matched normal AITLs.





Pathological findings

Histopathological comparisons between CD8-predominant AITLs and matched common AITLs are summarized in Table 2. In general, CD8-predominant AITL had characteristic AITL histological features, with effaced lymph node architecture (6/6, 100%, Figure 1A) in a diffuse growth pattern (6/6, 100%, Figure 1B) harboring arborizing proliferation of HEVs (6/6, 100%, Figure 1C). In two cases, the proliferating cells were medium-sized (Figure 1E), and in four cases, they were medium-large sized (Figure 1F). These morphological findings were consistent with those found in the matched common AITL cases. Nonetheless, CD8-predominant AITL exhibited more significant eosinophil increase [eosinophil cell count > 30/high power filed (HPF), 5/6, 83%, Figure 1D] than common AITL cases (1/12, 8%, P = 0.004), which is a distinguishing morphological feature. Immunohistochemically, CD8-predominant AITL was diffusely positive for CD3 (Figure 2A) and ≥3 TFH markers (Figures 2D-F). CD8+cells outnumbered CD4+cells (Figures 2B, C). CD8-predominant AITL exhibited a higher CD30 positive rate (median: 20%, range: 0–30%, P = 0.020) and Ki67 index (median: 60%, range: 50–70%, P = 0.041) than common AITL. All CD8-predominant AITL cases tested positive for EBER with a median positive cell count of 7.5/HPF (range: 1–150/HPF), which is higher than in common AITL (median: 3.5/HPF, range: 0–20/HFP), although not statistically significant (P = 0.263).


Table 2 | Pathological comparison between CD8-predominant AITLs and matched normal AITLs.






Figure 1 | Morphological features of CD8-predominant AITL. In the hematoxylin & eosin staining, the CD8-predominant AITL exhibited (A) effaced lymph node architecture (×10), (B) in a diffuse growth pattern (×40), (C) with arborizing HEV proliferation (×200) and (D) eosinophil increase (×200). (E) Medium-sized (×400) or (F) medium-large-sized (×400) neoplastic T-cells with clear to pale cytoplasm surrounding HEVs.






Figure 2 | Immunophenotype of CD8-predominant AITL. (A) CD3 (×200); (B) CD4 (×200); (C) CD8 (×200); (D) PD1 (×200); (E) CXCL13 (×200); (F) Bcl-6 (×200).





Flow cytometry evaluated neoplastic T-cell and TIL subset proportions in CD8-predominant AITLs and common AITLs

The neoplastic T-cells in CD8-predominant AITLs had a median proportion of 13% (neoplastic T-cells/total lymphocytes; range: 3.5–21.8%, Table S1). The CD4+TIL-Ts/CD8+TIL-Ts was ranged from 0.09 to 0.41 (Table S1). A typical case (C1) is shown in Figure 3A. The included common AITLs had matched tumor cell proportions with a median of 12.1% (range: 4.3–23.5%, Table S1).




Figure 3 | Flow cytometry analysis of CD8-predominant AITLs and matched common AITLs. Flow cytometry analysis of a typical case (C1) of CD8-predominant AITL (A) Comparisons of TIL subsets in flow cytometry analysis between CD8-predominant AITLs and matched common AITLs (B). “ns” indicates “no significance”.



TIL subset proportions in CD8-predominant AITLs differed from those in common AITLs. CD8-predominant AITLs had a significantly higher proportion of total TIL-Ts (CD8-predominant AITL: median: 60.8%, range: 45.4–70.3%, vs. common AITL: median: 37.8%, range: 17.4–65.8%, P = 0.025), CD8+TIL-Ts (CD8-predominant AITL: median: 47.5%, range: 33.6–64.0%, vs. common AITL: median: 16.9%, range: 7.4–35.5%, p < 0.001), and lower CD4+TIL-Ts (CD8-predominant AITL: median: 10.7%, range: 5.7–17.3%, vs. common AITL: median: 19.9%, range: 9.9–35.5%, P = 0.013). Furthermore, total TIL-Bs (median: 9.1%, range: 2.9–36.7%), activated TIL-Bs (median: 0.9%, range: 0–2.9%), and non-activated TIL-Bs (median: 3.9%, range: 0–19.0%) had lower proportions in CD8-predominant AITLs than in common AITLs (total TIL-Bs, median: 30.4%, range: 11.9–67.6%, p=0.041; activated TIL-Bs, median: 4.1%, range: 1.2–16.5%, P = 0.027; non-activated TIL-Bs, median: 17.1%, range: 3.3–64.0%, P = 0.038). However, there was no significant difference between CD8-predominant and common AITLs in the proportion of TIL-plasma cells. Figure 3B depicts the TIL subset comparisons in flow cytometry analysis.



TRB repertoires

TRB sequencing was performed on five of six patients with CD8-predominant AITL and all 12 patients with common AITL. For the TRB repertoire in the TME, CD8-predominant AITLs exhibited significantly lower productive clones (median: 998, range: 443–1378) than those of common AITLs (median: 1727, range: 997–3444, P = 0.014, Figure 4A). The CD8-predominant AITLs had a significantly higher proportion of the top 10 clones [CD8-predominant AITLs median top 10 clones’ proportion of 39.1% (range 26.1–73.2%) vs. common AITL median top 10 clones’ proportion of 20.6% (range 6.9–45.1%), P = 0.009], and higher clonality score [CD8-predominant AITLs median clonality score 0.312 (range 0.205–0.472) vs. common AITL median clonality score 0.191 (range 0.091 –0. 347), P = 0.019]. The entropy did not differ between the two groups (Figure 4A).




Figure 4 | Comparison of TRB and IGH repertoires between CD8-predominant AITLs and matched common AITLs. Comparison between two AITL groups TME in statistical metrics including production clones, V-gene family usage, top 10 clones’ proportion, clonality score, and entropy of TRB repertoire (A) and IGH repertoire (D), in global usage of V-gene of TRB repertoire (B) and IGH repertoire (E), and in the CDR3 sequence frequency of the TRB (C) and IGH repertoires (F). “ns” indicates “no significance”.



The global usage of TRBV segments in the TRB repertoire was not different between the two AITL groups (Figure 4B). However, we found significantly increased usage of the TRBV7 family segment (median: 8.8% vs. 5.5%, P = 0.045) and lower usage of the TRBV24 family (median: 0.3% vs. 0.7%%, P = 0.015) in CD8-predominant AITLs than in common AITLs (Figure 4A). A shared clone with the “CASSFSTCSANYGYTF” CDR3 sequence was identified in all 17 tested AITLs. Furthermore, we found that 18 CDR3 sequences were more frequently identified in CD8-predominant AITLs than in common AITLs (p<0.05, Figure 4C). All shared and differential TRB CDR3 data are provided in Supplementary Table S2.



IGH repertoires

IGH sequencing was performed on the same samples as the TRB sequencing. The productive clones were not different between CD8-predominant AITLs and common AITLs (Figure 4D). CD8-predominant AITLs had a higher proportion of the top 10 clones [CD8-predominant AITLs top 10 clones, 18.5% (range 12.7–56.5%) vs. common AITL top 10 clones, 11.1% (range 1.9–17.9%), P = 0.002], lower entropy [CD8-predominant AITLs median entropy 4.415 (range 4.229–4.526) vs. common AITL median entropy 4.589 (range 4.341–4.684), P = 0.027]. The clonality score did not differ between the two groups (Figure 4D).

The global usage of IGHV segments did not differ between CD8-predominant AITLs and common AITLs, with IGHV3-7 being the most frequently used segment in both AITL groups (Figure 4E). Then, CD8-predominant AITL utilized the IGHV4 family segment more frequently (median: 30.3% vs. 22.7%, P = 0.026) and utilized the IGHV6 family segment less frequently (median: 0.5% vs. 1.1%, P = 0.002, Figure 4D) than common AITLs. We also found a shared IGH CDR3 sequence of “CARPYSYGYGDYVYYYGMDVW” in all tested AITL cases, which was identified more frequently in CD8-predominant AITLs (median: 10.4%, range: 1.1% - 48.9%) than in common AITLs (median: 0.9%, range: 0.01% - 8.6%, P = 0.027). Moreover, we discovered 303 IGH CDR3 sequences that differed in frequency between the two AITL groups (Figure 4F displayed differential IGH CDR3 with p < 0.033, n = 201). Supplementary Table S3 contains all the shared and differential IGH CDR3 sequences.



Comparative gene expression profiling between CD8-predominant and common AITL for inflammation and immune response

RNA sequencing was performed on three CD8-predominant AITLs and four common AITLs. To compare these two groups for inflammation and immune response, we created a panel of 772 genes based on the gene ontology biological process annotation (Supplementary Method in detail, the gene expression profile data were provided in Supplementary Table S4). Comparative analysis identified 36 genes in this panel with significant differential expression between CD8-predominant AITL and common AITL through the linear model fit with p-value correction (Padj < 0.05 and log2fc > 1), of which 20 genes were upregulated and 16 genes were downregulated in CD8-predominant AITLs (Figure 5A). Functional annotation analysis revealed predominant enriched differentially expressed genes in T-cell activation, negative regulation of immune system process, regulation of leukocyte activation, and regulation of lymphocyte activation (Figure 5B). CD8-predominant AITL was considerably enriched for upregulated negative regulation of immune system processes (Figure 5C) and downregulated T-cell activation and immune cell differentiation (Figure 5D) compared with common AITL, which suggested suppressed immune function.




Figure 5 | Gene expression profiles and survival analysis in CD8-predominant AITLs and matched common AITLs. Heatmap analysis showed differences in inflammation and immune response-related gene expression between CD8-predominant AITLs and common AITLs (A). The top 20 enriched biological processes in gene oncology from all differential genes (B), upregulated differential genes (C), and downregulated differential genes (D). Kaplan–Meier estimates of overall survival rate for CD8-predominant AITL and matched patients with common AITL (E).





Survival analysis

Survival data were obtained from all six patients with CD8-predominant AITL and 11 of the 12 patients with common AITL. Four patients with CD8-predominant AITL (4/6, 67%) and three patients with common AITL (3/11, 27%) died of the disease. Besides tumor proportion and treatment strategy, the other recognized prognostic factors were also comparable between the two AITL groups (Table 1). The prognosis of patients with CD8-predominant AITL (median overall survival: 5.0 months, 95%CI: 0–14.4 months) was significantly worse than that for those with common AITL (median overall survival not reached, P = 0.034, Figure 5E).




Discussion

AITL is highly heterogeneous, and exhibits complex TMEs (16). Our previous research has discovered that the ratio of the components, particularly TILs, varies in AITL cases (9). When CD8+TIL-Ts proliferated abundantly, they outnumbered CD4+ cells, formatting the CD8-predominant AITL. Because TME is directly associated with immune response, investigating TME immune activity in CD8-predominant AITL may facilitate immune-subtyping and prognostic stratification of AITL cases. We conducted an integrated analysis of the TME of CD8-predominant AITLs and compared them to common AITLs. To reduce the impact of tumor cell proportion on the microenvironment and treatment effect on prognosis, we matched these features in two groups of AITL cases.

To compare TME functions between the two AITL groups, TIL subset proportion, TRB and IGH repertoires, and gene expression profiles were examined. TIL subsets and proportions directly reflected TME immune function and have been shown to be predictive of various malignancies (17–19). TR and IGH repertoires of TME dictate TIL-T and TIL-B variety and represent the ability to identify tumor antigens and combat tumor immunoevasion (13, 14). Furthermore, gene expression profiling may reveal immunological activity by examining the regulation of related pathways. Our findings revealed that CD8-predominant AITL differs significantly from common AITL, which appears to have an immunosuppressive TME.

Although CD8-predominant AITL shared histopathological characteristics with common AITL in diffuse growth patterns and arborizing HEVs, it showed an increase in eosinophil counts. High eosinophil counts have been reported in AITL and have been described to be associated with cytotoxic agents, which may partly imply the cause of our findings (20). Meanwhile, CD8-predominant AITL showed in CD8+ TIL-Ts and a decrease in both CD4+TIL-Ts and TIL-Bs, implying a dysimmune TME. Despite the increase of CD8+TIL-Ts in CD8-predominant AITL, single-cell transcriptome analysis of AITL TME revealed that CD8+TIL-Ts expressed CD45RO, CD27, PD1, and TIGIT, indicating an exhausted phenotype (21). Therefore, CD8-predominant AITL may have reduced cytotoxicity in the TME. Furthermore, CD4+TIL-Ts are required for CD8+ TIL-T activation, and their depletion may result in CD8+ TIL-T impotence (22, 23). Moreover, CD4+TIL-Ts exert anti-tumor effects by recognizing tumor antigens and releasing cytokines, which activate other tumoricidal immune cells (24). Therefore, the low level of CD4+TIL-Ts in CD8-predominant AITL also indicated that anti-tumor immunity was downregulated. Additionally, neoplastic T cells in AITL still preserve the function of TFH cells that secrete CXCL13 and other cytokines to promote B cell recruitment, expansion, and activation, generally resulting in a B-cell-rich TME (6, 7, 25, 26). Moreover, our previous study found that the expanded B-cells represent an efficient humoral response and enhance cellular immunity through T-cell and B-cell crosstalk in the TME, leading to good survival (9, 27). As a result, the lower TIL-Bs in CD8-predominant AITL implied suppressed humoral response and immune dysfunction in the TME.

CD8-predominant AITLs displayed narrowed TRB and IGH repertoires in TME, showing a significant drop in productive clones and increased clonality score in the TRB repertoire, a decrease in entropy, and an increase in the proportion of the top 10 clones in the IGH repertoire, which also indicated the immunosuppressive TME and anti-tumor immunity impairment. TR and IGH repertoires, the essential determinants of the TME in both solid tumors and hematological malignancies, reflect the immune activity of the TME (12, 15). Previous investigations have shown that deteriorated TR repertoire metrics could be caused by immunosuppression due to aging or inborn errors (28–31). Accordingly, our findings in the TRB repertoire of the CD8-predominant AITL TME may be interpreted by TME immunosuppression. Additionally, in keeping with knowledge from other tumors (13, 32), the narrowed TR and IGH repertoires in the TME of CD8-predominant AITL may indicate downregulated anti-tumor immunity via inadequate immunosurveillance of tumor T-cell neoantigens.

The gene expression profile further supported the findings of flow cytometry analysis and TRB and IGH repertoire sequencing. RNA sequencing data were analyzed focusing on genes related to inflammation and immune response, revealing the increased negative regulation of immune system processes and decreased T-cell activation and immune cell differentiation compared to common AITL. These results directly demonstrate the immunosuppressive TME in CD8-predominant AITL.

Neoplastic T-cells in AITL shape the TME in terms of histological structure and immune pattern by secreting cytokines and producing tumor antigens (7, 33). Therefore, TME similarity is closely related to tumor cell similarity. Neoplastic AITL cells retain TFH cell functions and harbor a recurrent RHOAG17V mutation (6). Furthermore, in our previous study, AITL tumor cells were found to have a biased usage of TRBV19-1 and a high level of identity in the CDR3 sequence (34). Thus, these commonalities of AITL tumor cells could explain our findings: CD8-predominant AITLs and common AITLs had similar histological structures and shared CDR3 sequences in the TME TRB and IGH repertoires. Neoplastic cell heterogeneity is associated with differences in the TME. We found that CD8-predominant AITLs and common AITLs had different V family segment usage and CDR3 sequence frequency in the TME of both TRB and IGH repertoires. Consistent with the literature on solid tumors and hematopoietic malignancies, these findings reflect the heterogeneity of the tumor antigen portfolio and further imply a heterogeneous mutational landscape of neoplastic cells between the two AITL groups (35–37). Thus, heterogeneity of neoplastic T-cells may be the cause of TME immune function differences between the two AITL groups, resulting in CD8-predominant AITL having an immunosuppressive TME.

Studies from both lymphoma and other solid tumors demonstrated that the TME changes as tumor progresses; in general, the immune response of the TME gradually decreases and eventually leads to immune silence (38, 39). Our results demonstrated that CD8-predominant AITL has an immunosuppressive TME, indicating that CD8-predominant AITL is at a later stage of tumor development and thus has significantly inferior survival compared to common AITLs. Combined with the patient’s clinical manifestations, we hypothesized that the immunosuppressed TME of CD8-predominant AITL leads to insufficient anti-tumor immunity, manifesting as an increase in tumor proliferation index, which in turn leads to tumor dissemination (40), causing aggravation of the patient’s clinical manifestations such as frequent effusion and edema. Furthermore, the patients’ immune system collapses secondary to tumor development, resulting in EBV reactivation and increased plasma EBV-DNA (41). This eventually leads to a reduction in the patient’s survival (Figure 6). Therefore, future research should concentrate on enhancing the immune function of the TME of CD8-predominant AITL, thereby improving patient prognosis.




Figure 6 | Hypothesized correlation between CD8-predominant AITL TME immune function and clinicopathological features. TIL, tumor infiltrating lymphocyte; HEV, high endothelial venule; EO, eosinophil; DC, dendritic cell; M∅, macrophage. This figure was drawn using ScienceSlides 2016, VisiScience, Inc.



This study has potential limitations. The main point is the small sample size, which is due to the rarity of CD8-predominant AITL. To reduce the confounding factors and sampling error, we introduced the case-control matching. Nevertheless, our findings must be validated through the accumulation of cases.



Conclusions

CD8-predominant AITL is an uncommon disease with more severe clinical manifestations and a shorter OS than that of common AITL. Although CD8-predominant AITL has histological features similar to those of common AITL, it has a lower TIL-B proportion, an inverted CD4+/CD8+ TIL-Ts ratio, deterioration of TR and IGH repertoire metrics, and altered gene expression profiles, indicating the anti-tumor immunity impairment in TME. According to the accumulated evidence, CD8-predominant AITL is a distinct immune pattern of AITL with an immunosuppressive TME that must be better identified and investigated to improve patient survival.
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Mature T-cell lymphomas represent neoplastic expansions of T-cell lymphocytes with a post-thymic derivation. Most of these tumors feature aggressive clinical behavior and challenging histopathological diagnosis and classification. Novel findings in the genomic landscape of T-cell lymphomas are helping to improve the understanding of the biology and the molecular mechanisms that underly its clinical behavior. The most recent WHO-HAEM5 classification of hematolymphoid tumors introduced novel molecular and histopathological findings that will aid in the diagnostic classification of this group of neoplasms. The current review article summarizes the most relevant diagnostic features of peripheral T-cell lymphomas with an emphasis on the updates that are incorporated at the WHO-HAEM5.
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1 Introduction

Mature T and NK cell lymphomas represent approximately 5-10% of all non-Hodgkin lymphomas globally. With few exceptions, these groups of neoplasms are usually diagnosed at an advanced stage in adult patients. They feature an aggressive clinical course, with overall survival of 3 to 5 years after initial diagnosis (1–6). Currently, more than 20 different types of mature T-cell lymphomas (excluding primary cutaneous T-cell lymphomas) exist (Figure 1). The diagnosis is usually challenging due to the lack of specific molecular markers and overlapping morphological features.




Figure 1 | Predominant anatomical presentation and relative frequency of mature T-cell lymphomas. Abbreviations: Extranodal T/NK-cell lymphoma, nasal type (ENKTL); Hepatosplenic T-cell lymphoma (HPTCL); Anaplastic large cell lymphoma (ALCL); Peripheral T-cell lymphoma, non-otherwise specified (PTCL, NOS); T-follicular helper type peripheral T-cell lymphoma (TFH-PTCL); Mycosis Fungoides (MF); Primary cutaneous anaplastic large cell lymphoma (pCALCL); Monomorphic epitheliotropic intestinal T-cell lymphoma (MEITL), Enteropathy-associated T-cell lymphoma (EATL); Indolent T-cell lymphoproliferative disease of the gastrointestinal tract (IT-LPD); Adult T-cell leukemia/lymphoma (ATLL); Aggressive NK-cell leukemia (ANKL); Sèzary Syndrome (SZ); T-cell prolymphocytic lymphoma (T-PLL); T-cell large granular lymphoma (T-LGL).



The continuous discovery of the genomic landscape and mutational signatures of T-cell lymphomas is helping to identify novel molecular biomarkers that will improve the classification, patient risk stratification and introduce novel tailored therapies. The current review focuses on the relevant pathological and molecular findings that were incorporated in the upcoming World Health Organization classification of Haematolymphoid Tumours (WHO-HAEM5) (7). The updated WHO-HAEM5 has introduced organizational changes that aid in the differential diagnosis of mature T-cell lymphomas with a leukemic presentation. Modifications in the terminology of entities such as indolent T-cell lymphoproliferative disease of the GI tract and peripheral T-cell lymphoma of T-follicular helper origin are also included. Finally, the WHO-HAEM5 included novel genomic findings to help recognize aggressive forms in entities such as T-cell large granular leukemia (T-LGL) and Adult T-cell leukemia/lymphoma (ATLL).



2 Mature T-cell and NK-cell leukemias

This section encompasses the mature T-cell neoplasms characterized by predominant leukemic presentation (Table 1). This section also included Sèzary Syndrome to emphasize the primary site of presentation.


Table 1 | List of disease entities with a predominant leukemic presentation.




2.1 T-cell prolymphocytic leukemia

Is characterized by the leukemic expansion of neoplastic post-thymic T-cell lymphocytes. More than 90% of the cases feature chromosomal abnormalities that involve the 14q32 or Xq28 loci associated with the increased cytoplasmic expression of TCL1A, TCL1B, or MTCP1. Immunophenotypically, the tumor cells are characterized by CD4 expression in 75% of the cases and positive expression of both CD4 and CD8 markers in 25% of the cases (8, 9). The WHO-HAEM5 incorporated diagnostic recommendations from the T-PLL international study group (TPLL-ISG) assembled in 2017 (10). The proposed guidelines indicate that at least 2 (out of 3) major criteria must be met to establish a diagnosis of T-PLL (Table 2). The major criteria include defining T-PLL characteristics, including peripheral blood/bone marrow involvement, specific genetic aberrancies (TCL1A/B and MTCP), and T-cell clonality (Table 2). Importantly, less than 10% of the cases will feature characteristic clinical features of T-PLL, yet genetic aberrancies of TCL1A, TCL1B, or MTCP are not identified. This group of patients is recognized as TCL1-family negative T-PLL. In these scenarios, the proposed diagnostic criteria indicate that at least one chromosomal abnormality specific to T-PLL or the involvement of T-PLL-specific sites (spleen, effusions, skin, and CNS) must be present to establish a definitive diagnosis of T-PLL (1 minor criteria, Table 2).


Table 2 | Proposed diagnostic criteria for T-PLL by the T-PLL international study group (TPLL-ISG). Adapted from Staber et al. (10).





2.2 T-cell large granular lymphocytic leukemia

Is defined by a persistent (at least 6 months) increase in the number of circulating large granular lymphocytes (2-20 x 109/L). About 40-50% of the patients will develop neutropenia, 30-40% anemias, and 10-25% splenomegaly. The updated WHO-HAEM5 incorporated novel molecular findings from two studies that established a correlation between the genomic landscape and clinical characteristics.

The first study (Sannikommu et al.) conducted a retrospective analysis of 224 patients with T-LGL (median follow-up of 36 months). It evaluated the clinical outcomes, therapy responses, and the mutational status of STAT3 (11). In this study, mutations in STAT3 were identified in 36% of the patients, and the most frequent change was Y640F-STAT3. The study demonstrated that patients with STAT3 mutations are more likely to feature neutropenia and anemias. However, no differences in overall survival were identified when patients were stratified according to the mutational status of STAT3.

The second (Barila et al.) is a retrospective study that evaluated 169 patients diagnosed with T-LGL between 1992 and 2018 (12). STAT3 mutations were identified in 60% of the patients with CD8+ T-LGL (n=65). However, mutations in STAT3 were not detected in patients with CD4+/CD8neg/dim T-LGL. STAT5b mutations were detected in 34% of CD4+/CD8neg/dim T-LGL patients and not in CD8+ T-LGL patients. Correlation with clinical characteristics showed that patients with STAT3 mutations were characterized by a higher frequency of neutropenia, anemia, and transfusion-dependent anemia. Multivariate analysis demonstrated that mutations in STAT3 were independently associated with reduced overall survival (267 months vs. not-reached).



2.3 Chronic lymphoproliferative disorder of natural killer cells 

The study by Barila et al. also included 36 patients with CLPD-NK (12). The clinical characteristics of CLPD-NK were like the T-LGL counterparts. Approximately 26% of the patients featured anemia, 48% neutropenia, and 13% splenomegaly. However, mutations in STAT3 were identified only in 6% of the patients, and STAT5b mutations were not detected. Expression of CD94 was identified in 94% of the CLPD-NK cases. In contrast, CD94 expression was detected in 14% of Tα/β T-LGL and 52% of Tγ/δ T-LGL cases. Due to the clinical similarities with T-LGL, the WHO-HAEM5 has renamed this entity NK-large granular lymphocytic leukemia (NK-LGL).



2.4 Adult T-cell leukemia/lymphoma

Is an aggressive T-cell neoplasm caused by infection of the human T-cell leukemia virus type 1 (HTLV-1). Therefore, it is predominantly diagnosed in HTLV-1 endemic areas including Japan, Central America, South America, and intertropical Africa (13). The neoplastic lymphocytes show variable morphology and range from small to large forms, with irregular nuclear contours, ‘flower-like cells,’ and occasionally vacuolated cytoplasm (14). CD3/CD4 positive, mature T-cells characterize the immunophenotype with co-expression of CD25, FoxP3, and lack of CD7 expression (14). The most common presentation (acute type, ~60%) and the chronic variant (~15% of cases) are characterized by leukemic involvement with hepatosplenomegaly. Predominantly nodal and cutaneous manifestations occur in the smoldering and lymphomatous variants (~25% of cases). Those two variants are more frequent in geographical areas where HTLV-1 is nonendemic, and the diagnosis is usually problematic because those subtypes can mimic cutaneous T-cell lymphomas or, more rarely, anaplastic large cell lymphoma (15). The prognosis is poor, regardless of the clinical presentation, and ranges from 1 year to 2 years after diagnosis. HTLV-1 serology testing is non-diagnostic of ATLL, and direct detection of viral transcripts in the neoplastic cells is critical for a definitive diagnosis in cases where the clinical and histopathological presentation is suggestive of different subtypes of T-cell lymphomas (15, 16).

The updated version of WHO-HAEM5 has incorporated novel genomic findings from two recent studies. The first study (Kogure et al.) identified recurrent loss-of-function mutations in the CIC-L/ATXN1 complex after performing whole-exome sequencing in 150 ATLL patients (17). The CIC-L gene encodes a transcriptional repressor that complexes with the ATXN1 protein. Mutations or structural variations in CIC-L and ATXN1 were mutually exclusive in ATLL patients, and in combination, alterations in the ATXN1 and CIC-L complex were identified in 53% of the cases (17). To support the oncogenic role of CIC-L/ATXN1 during the neoplastic expansion of ATLL, murine models demonstrated that conditional deletion of CIC-L in CD4+ T-cell lymphocytes was associated with the proliferation of CD4+CD25+CD127-FoxP3+ regulatory T-cells.

A second study evaluated the clinical outcomes and the genetic landscape of 463 ATLL patients (18). Patients with aggressive forms of ATLL displayed a higher number of mutations. The 3-year overall survival rate was 54% for patients with 0 to 1 mutation, 39% for those with 2-5 mutations, and 19% for those with more than 6 mutations (18). Multivariate analysis demonstrated that older age (more than 70 years), PRKCB mutations, and PD-L1 amplifications were independent prognostic factors for poor overall survival. Copy number amplifications of PD-L1 were more frequent in the aggressive group and were predictive of poor outcomes in patients with indolent and aggressive forms of the disease. Among the patients with indolent clinical behavior, IRF4 mutations, PD-L1 amplifications, and CDKN2A deletions predicted poor outcomes (18). Overall, these findings highlight the relevance of including genomic profiling for the classification and prognosis of ATLL.



2.5 Aggressive NK-cell leukemia

Is a rare NK-cell neoplasm characterized by a fulminant clinical course with a median overall survival of 2 months or less after diagnosis. A leukemic presentation and occasional skin and CNS involvement characterize this entity. The WHO-HAEM5 included under this category the cases of NK/T cell lymphoma with an intravascular presentation that were previously considered a variant of extranodal NK/T-cell type lymphoma. In addition, novel clinical findings and mutational analysis are included under this category in the updated WHO-HAEM5.

A recent large retrospective evaluated the molecular profile and clinical features of 161 individuals diagnosed with ANKL in China (19). The peak incidence was 21 and 30 years old, with a median overall survival of 55 days. A group of the patients (16%) demonstrated a prolonged prodromal disease (subacute ANKL) that was characterized by fever, lymphocytosis, generalized lymphadenopathy, and hepatosplenomegaly (infectious mononucleosis-like symptoms). The prodromal phase has a median duration of 115 days, precedes the fulminant onset of ANKL, and the overall mean survival in this group of patients is 213 days. In contrast, patients without a prodromal phase (‘classic’ ANKL) have a median overall survival of 44 days. A targeted sequencing panel identified similar frequencies of mutations in the JAK-STAT pathway between the two groups. Importantly, mutations in TP53 were detected in 38% of the ‘classic’ ANKL patients, and no mutations in TP53 were identified in the subacute group (19).

A second study evaluated the genomic landscape of 10 ANKL patients utilizing whole-exome sequencing. The mutational spectrum of ANKL clustered separately from other related mature T-cell lymphomas with leukemic presentation (T-LGLL, T-PLL, and CPLD-NK) (20). The most recurrently mutated genes were DDX3X (29%) and STAT3 (21%), and mutations in TP53 were detected in a single patient. The most frequent mutations in ANKL were also seen in NK-T-cell lymphoma, nasal type (NKTCL); therefore, no specific mutations were identified in the ANKL that can help distinguish those cases from NKTCL (20).




3 Intestinal T-cell lymphomas

Primary intestinal T-cell lymphomas constitute a diverse group of neoplasms predominantly derived from resident intestinal T-cell lymphocytes. Apart from NK-cell enteropathy, these neoplasms feature an aggressive clinical course and a poor prognosis. Within this group, the neoplastic proliferations that arise secondary to celiac disease are defined as enteropathy-associated T-cell lymphoma (EATL). EATL is an aggressive disease predominantly composed of CD8+ T-cells with the expression of TCR-α/β  (21, 22). Monomorphic epitheliotropic intestinal T-cell lymphoma (MEITL) is more frequent in Asia and is composed of medium-sized lymphocytes with a homogeneous appearance, epitheliotropism, and frequent expression of CD56 (23–27) (Figure 2). The category of intestinal T-cell lymphomas non-otherwise specified (ITCL-NOS) remains as an entity that fails classification with the current schemes (Table 3; Figure 3), with very few case reports available (28–30). The WHO-HAEM5 has modified the designation of indolent-type T-cell lymphoproliferative disease of the GI tract and has incorporated novel molecular findings in NK-cell enteropathy.




Figure 2 | Monomorphic epitheliotropic intestinal T-cell lymphoma (MEITL). Upper panel show representative H&E images that highlight extensive epitheliotropism by medium size lymphocytes with a homogeneous appearance. The lower panel demonstrates that the atypical lymphocytes are composed of CD3-positive and CD56-positive T-cell lymphocytes.




Table 3 | Histological and molecular features of intestinal T-cell lymphomas. Adapted from Osmani et al. (27).






Figure 3 | Intestinal T-cell lymphoma, non-otherwise specified (ITCL-NOS). H&E pictures demonstrate dense infiltrates of medium to large, atypical lymphocytes with epitheliotropism. The infiltrates were composed of CD3-positive T-cell lymphocytes with (not shown) aberrant CD7 and CD5 loss and negative expression of CD56.




3.1 Indolent T-cell lymphoproliferative disease of the gastrointestinal tract

Is morphologically characterized by superficial infiltrates composed of small lymphocytes with minimal cytological atypia that exhibit a Ki-67 proliferation index that is less than 10% (31). This entity is characterized by chronic and relapsing gastrointestinal symptoms, including diarrhea, dyspepsia, and vomiting (32, 33). In some cases, disease progression with an aggressive clinical course has been reported (34, 35). Therefore, the term ‘lymphoproliferative’ has been replaced by ‘lymphoma’ to highlight that this entity represents a clonal disease with a risk of transformation into more aggressive forms.



3.2 NK-cell enteropathy

Has been renamed indolent NK-cell lymphoproliferative disorder of the GI tract (iNKLPD). This entity is characterized by non-specific gastrointestinal symptoms, including abdominal pain, constipation, and reflux, with a chronic/relapsing course (36). The tumor cells feature mild cytological atypia, and the Ki-67 proliferation index is usually in the 25%-50% range; in contrast to ENKTCL, these tumors are negative for EBV expression. Additional case series reports have confirmed the indolent clinical course, with no reported cases of progression to more advanced stages (37). A recent study in 7 patients identified somatic mutations in JAK3 in 30% of the patients; additional mutations in other genes, including IFG1R and AURKB, were also detected at lower frequencies (38). The same study demonstrated increased expression of phosphorylated STAT5 in 100% of cases (n = 7) (38), supporting the idea that this process constitutes a neoplastic lymphoproliferative disease.




4 Nodal T-cell lymphomas

Nodal involvement is the most frequent mode of presentation of T-cell lymphomas, and the three entities discussed below account for more than 60% of all mature T-cell neoplasms. Secondary nodal involvement by other T-cell lymphomas, such as ENKTL (discussed in 5.1) or cutaneous T-cell lymphomas, is not uncommon. However, their primary presentation site is different from nodal, and the involvement of lymph nodes can occur during the evolution of the disease.


4.1 Anaplastic large cell lymphoma

ALCL is the third most common nodal T-cell lymphoma and accounts for approximately 11-13% of peripheral T-cell lymphomas (39, 40). Morphologically is characterized by large anaplastic cells, ‘hallmark cells,’ organized in a cohesive pattern, with uniform and strong expression of CD30 in more than 80% of the tumor cells (41) (Figure 4). Translocations involving the tyrosine kinase ALK are present in approximately 50% of ALCL cases. The uncontrolled activation of the ALK-kinase defines a phosphoproteomic and transcriptional signature that drives the oncogenic program of ALK+ ALCL cases (42–44), and ALK+ ALCL constitutes a specified entity. ALK-negative ALCL comprises a heterogenous group and is characterized by inferior clinical outcomes compared to ALK+ ALCL. Specific genomic rearrangements within this group, including DUSP22, and TP63 fusions, are associated with differential clinical outcomes (45–48). The WHO-HAEM5 has included novel genomic findings from two studies that will help understand the biology of ALCL.




Figure 4 | Anaplastic large cell lymphoma (ALCL). Representative (H&E) pictures of ALCL highlight the clustering of large, atypical lymphocytes with a variable amount of cytoplasm, open chromatin, and ‘kidney-shaped’ nuclei. ALK expression is detected in 50% of the cases (ALK+ ALCL). CD30 expression is homogeneously positive in at least 80% of the tumor cells.



Hapgood et al. (48) correlated the outcomes and molecular features of 62 ALK-negative ALCL patients. The findings demonstrated inferior clinical outcomes in patients with DUSP22 rearrangements (n = 12, 44% five-year OS) in comparison to ≥80% 5-year overall survival (OS) that was described in the previous case series (47). These findings indicate that additional molecular mechanisms can modify the outcomes of these patients. Consistent with this, a recent cohort study in 82 ALCL patients with systemic ALCL (ALK+ and ALK-) identified that mutations in TP53 and STAT3 are associated with a worse prognosis independent of ALK status (49).

The second study demonstrated the presence of specific super-enhancer (SE) regions enriched with BATF3 sites in ALCL cell lines and patient samples. The findings further revealed that the transcriptional activity of BATF3 can mediate the expression of IL2R. Importantly, increased expression of IL2R was predominantly detected in ALCL cases compared to different peripheral T-cell lymphomas, including AITL and PTCL-NOS. The findings indicate that chromatin remodeling may play a critical role during the growth of these groups of tumors and that IL2-dependent signaling plays a pivotal role in substituting T-cell receptor signaling in ALCL tumors (50).

Finally, the WHO-HAEM5 incorporated findings from a recent study by Fitzpatrick et al. that identified JAK2 fusions in 6% of systemic CD30+ ALK-negative T-cell lymphomas (n=97) (51). Among the cases with JAK2 translocations, three fulfilled the diagnostic criteria of ALK-negative ALCL, and the other three were diagnosed as CD30+ PTCL-NOS. All the cases with JAK2 translocations featured at least a proportion of ALCL-like large anaplastic tumor cells, in addition to Reed-Sternberg (RS)-like cells. Co-expression of CD30 and CD15 was present in the large anaplastic component in 80% of the cases. In all instances, the tumor cells were negative for PAX-5, and T-cell clonality was established. Due to the limited number of cases, a comparison of differential clinical outcomes was not possible (51). The presence of RS-like cells with co-expression of CD30 and CD15 can be a diagnostic pitfall, and recognition of this subset of cases is critical during diagnosis.


4.1.1 Breast implant-associated ALCL

Although morphologically and immunophenotypically indistinguishable from ALK-negative ALCL, is a distinct clinical entity primarily associated with textured breast implants, generally associated with an indolent clinical course. It is a rare disease with an estimated risk of 1 case in 4000-30,000 women undergoing breast implant surgeries. The median interval from surgery to the development of BIA-ALCL is 8-11 years (52). Diagnosis is often made in the peri-implant effusion fluid as the initial specimen. Cytospin preparations from the fluid show large, pleomorphic tumor cells with prominent nucleoli, abundant vacuolated cytoplasm, and irregular cytoplasmic membranes. Hallmark cells seen in other ALCL types are frequently present. Capsulectomy specimens show varying degrees of infiltration by the tumor cells. In the early stage, they often line the capsule, whereas, in the most advanced stage, they infiltrate through the fibrous capsule to form a mass. Axillary lymph nodes can be involved in approximately 20-30% of cases (53). Capsular invasion, mass formation, and lymph node involvement are adverse prognostic factors (53, 54).

In the updated WHO-HAEM5, BIA-ALCL was upgraded to a definite entity based on its unique clinical, genomic, and molecular features. A comprehensive study of the genetic subtype of BIA-ALCL cases by Feldman et al. (55) shows that there is oncogenic activation of the JAK-STAT3 signaling pathway caused by mutations of somatic mutations of STAT3, JAK1, and JAK2. Laurent et al. (56) also demonstrated that the genomic alterations in BIA-ALCL include loss-of-function modifications of the epigenetic modifiers KMT2C, KMT2D, CHD2, and CREBBP, in up to 74% of cases.

The WHO-HAEM5 highlighted the role of allergic inflammation mediated by the secretion of IL-13 in the pathogenesis of BIA-ALCL (57). The frequent presence of eosinophils and mast cells in the tumor microenvironment of BIA-ALCL further supports the role of allergic inflammation during the pathogenesis of the disease (58, 59).

Finally, WHO-HAEM5 incorporated the role of immune evasion during the disease progression of BIA-ALCL. Tabanelli et al. (60) evaluated PD-L1 and pSTAT expression and PD-L1 copy number alterations (CNAs) in a cohort of 9 BIA-ALCL cases. The findings indicated that 56% of BIA-ALCL overexpressed PD-L1, and 33% of cases harbored CNAs at 9p24.1. Consistent with this, the results also demonstrated variable proportions of PD1+ T-cells and PD-L1+ tumor-associated macrophages (TAMs) in both PD-L1+ and PD-L1-negative BIA-ALCLs, suggesting the presence of an active PD-1/PD-L1 axis (60).




4.2 Nodal T-follicular helper type PTCLs

Peripheral T-cell lymphomas derived from T-follicular helper (T-FH) lymphocytes encompass a spectrum of aggressive neoplasms with poor clinical outcomes (61). Two entities in this group are characterized by specific morphological features: angioimmunoblastic T-cell lymphoma (AITL) and Follicular T-cell lymphoma (F-TH). A third group comprises neoplastic expansions of T-follicular helper T-cell lymphocytes that do not fit the characteristic morphological patterns of AITL and T-FH lymphoma. This group was defined in the latest WHO-HAEMR4 as Nodal Peripheral T-cell lymphoma with TFH phenotype (PTCL-TFH).

AITL is the second most common type of nodal T-cell lymphoma and accounts for 15-20% of peripheral T-cell lymphomas. Morphologically is characterized by effacement of the nodal architecture, with an expansion of arborizing post-endothelial venules with clusters of neoplastic lymphocytes with clear cytoplasm (Figure 5). These areas characteristically feature an expansion of follicular dendritic cell meshworks. The diagnosis can be difficult because the tumor cells represent a minority of the infiltrates, and the tumor microenvironment features positive RS-like cells for EBV with eosinophilic infiltrates (62).




Figure 5 | Angioimmunoblastic T-cell lymphoma (AITL). (Left panel) H&E images show characteristic branching of post-endothelial venules and adjacent lymphocytes with clear cell cytoplasm. Expression of BCL-6 and PD1 is detected in the neoplastic T-cell lymphocytes in the majority of cases.




4.2.1 Follicular T-cell lymphoma

Is morphologically distinct from AITL as it doesn’t feature expanded post-endothelial venules surrounded by T-cell lymphocytes with clear cytoplasm. In contrast, two main architectural patterns are described; the most common pattern resembles progressive transformation of the germinal centers (PTGC-L), where the atypical lymphocytes are expanded in poorly defined nodules that are surrounded by numerous B-cell lymphocytes. The second pattern is characterized by well-demarcated nodular expansion of atypical lymphocytes, resembling B-cell follicular lymphoma. Consistent with a T-FH immunophenotype, the atypical cells are CD4 positive and feature co-expression of ICOS, PD1, CD10, BCL-6, and CXCL13; importantly, the expression of one or two of the T-FH markers may be absent. CD21 and CD23 highlight distorted follicular dendritic cell (FDC) meshwork’s overlapping the atypical cells; in contrast to AITL, the FDCs are not expanded or associated with proliferating post-endothelial cells (63–66).



4.2.2 Nodal Peripheral T-cell lymphoma with follicular helper phenotype

Was a new disease entity introduced in WHO-HAEM4R. This group of cases does not feature the characteristic morphological features of AITL or F-TH lymphoma (Figure 6). However, the expression of at least two (preferentially 3) T-FH markers in addition to CD4 is required for classification. ICOS and PD-1 are expressed in most cases. However, ICOS is expressed in 43-52% of the PTCL-NOS cases, and PD-1 is expressed in approximately 60% of PTCL-NOS cases (67, 68). CD10, BCL6, and CXCL13 are the most specific markers and rarely are expressed in PTCL-NOS cases (68).




Figure 6 | T-follicular helper type peripheral T-cell lymphoma (PTCL-TFH). Representative (H&E) images demonstrate effacement of the nodal architecture by medium to large, atypical lymphocytes that are organized in small clusters with numerous background histiocytes and eosinophils. The tumor cells are positive for CD3, CD4, CD10, ICOS, BCL6, and PD1.



The family of peripheral T-cell lymphomas with a T-follicular helper (T-FH) origin share similar clinical features and are characterized by disseminated disease at diagnosis with a 5-year overall survival of 30-35% (61). The morphological features can transition between T-FH subtypes over subsequent biopsies or transform into PTCL-NOS. The genetic profile includes similar frequencies of mutations in DNMT3A, RHOA, and TET2 (61, 69, 70), and IDH2 mutations are predominantly detected in AITL. The gene expression profiles are similar, and these groups of neoplasms cluster in proximity and apart from other peripheral T-cell lymphomas, including ALCL and PTCL-NOS (69). However, recent studies show that a subset of PTCL-TFH cases features gene expression profiles closer to the PTCL-NOS group (69). To emphasize that this group of neoplasms constitutes a spectrum with morphological plasticity, this family of neoplasms has been designated nodal T-follicular helper lymphomas (nTFH) in the updated WHO-HAEM5. Therefore, the previous designations of ‘angioimmunoblastic T-cell lymphoma,’ ‘follicular T-cell lymphoma,’ and ‘nodal peripheral T-cell lymphoma with TFH phenotype’ will be renamed nTFHL angioimmunoblastic type (nTFHL-AI), nTFHL follicular-type (nTFHL-F) and nTFHL non-otherwise specified (nTFHL-NOS).




4.3 Peripheral T-cell lymphoma, non-otherwise specified

This group remains the most prevalent in the United States and constitutes a ‘waste-basket’ category when other disease entities are excluded from the current classification schemes. Recent study series that correlated clinicopathological features with genomic/molecular data has helped to identify distinct groups that are no longer included within this classification, such as Nodal EBV+ T/NK-cell lymphomas and Nodal T-follicular helper lymphomas, NOS.

Previous studies demonstrated that the expression of the transcription factor GATA-3 is enriched in a subset of PTCL-NOS cases with characteristic transcriptional profiles, worse overall survival, and resistance to chemotherapy (71–74). A second, albeit more heterogeneous subtype, highly expresses the transcription factor TBX21 and is similarly enriched for its gene targets. An immunohistochemistry algorithm that includes CD183, CCR4, GATA-3, and TBX21 has been proposed to identify these cases (75) (Figure 7). The upregulated expression of GATA-3 is secondary to the engagement of T-cell receptors in the neoplastic cells, and this is likely secondary to specific interactions with the tumor microenvironment (76–78). Due to insufficient clinicopathological and prognostic findings, the current WHO-HAEM5 did not recognize this group of tumors as a specific subtype of PTCL.




Figure 7 | Peripheral T-cell lymphoma, non-otherwise specified (PTCL-NOS). Representative images from two PTCL-NOS cases. The upper panel shows a case classified in the GATA3 positive group, and (the lower panel) highlights a case within the TBX21 group.






5 Epstein-Barr virus positive T-cell lymphomas

The contribution of EBV during the development of lymphoproliferative diseases is well-recognized (79). Importantly, EBV-infected B-cell or T-cells can be identified in the tumor microenvironment of several T-cell lymphomas, including AITL, ATLL, or PTCL-NOS. However, those are likely the result of dysregulated immunosurveillance derived from the primary lymphoma rather than a primary EBV-driven mechanism.

In the setting of immunosuppression, EBV+ T-cell lymphomas are not as common as their B-cell counterparts. However, T-cell lymphoproliferative disorders that occur secondary to EBV infection in immunocompetent hosts are characterized by markedly aggressive behavior and many of those feature dismal outcomes. This category includes T and NK-cell-derived lymphoproliferative disorders in the setting of chronic active EBV infection (T/NK type CAEBV). T/NK type CAEBV will feature EBV+ T or NK-cell expansions that do not feature definitive morphological or immunophenotypic features compatible with a T or NK-cell type lymphoma diagnosis. However, the clinical course is very similar to T-cell lymphomas and is characterized by hepatitis, vasculitis, hemophagocytic syndrome, and end-organ damage (80–84). Aggressive NK-cell leukemia (ANKL) also features EBV+ lymphoma cells and is discussed in a different section (2.5). The WHO-HAEM5 has incorporated novel molecular findings in extranodal T/NK type lymphoma (ENKTL) and included nodal EBV+ T/NK-cell lymphoma as a new disease entity.


5.1 Extranodal NK/T-cell lymphoma, nasal type

ENKTL is an aggressive type of lymphoproliferative disorder predominantly derived from NK cells, with a minority of cases from cytotoxic T-cell origin. Approximately 80% of the cases are localized in the nasal cavity or nasopharynx (85). The remaining 20% of the cases will involve other sites that include skin, testicles, and salivary glands. Morphologically the neoplastic infiltrate can show a broad spectrum of appearances ranging from small cells with minimal atypia to medium to large pleomorphic cells with marked cellular atypia (86, 87) (Figure 8). Necrosis is observed in approximately 60%-80% of the cases, and angiocentricity is present in nearly 50% of the cases (85, 86, 88). Virtually all the cases are EBV+ in more than 80% of the tumor cells (85, 87, 88). An NK-cell immunophenotype is the most frequently observed and is characterized by negative expression of surface CD3, with positive expression of cytoplasmic CD3ε, CD56, and the cytotoxic markers TIA-1 and granzyme B. Approximately 20% of true NK-cell origin tumors (germline TCRγ) will feature negative expression of CD56, however, expression of cytotoxic markers is always present (87–89). Cases with a T-cell origin defined by monoclonal TCRγ rearrangement can account for 20%-40%, and approximately 40% of those will lack CD56 expression (85, 89). However, EBV negative cases with negative expression of CD56 should be designated as PTCL-NOS (87). In recognition that a subset of these cases involves extra-nodal sites other than the nasal cavity, the WHO-HAEM5 has removed the term ‘nasal-type’ from this designation. In addition, the WHO-HAEM5 mentioned novel genomic findings that highlight the relevance of STAT3 mutations in ENKTL and the therapeutic role of PD-L1.




Figure 8 | Extranodal T/NK-cell lymphoma, nasal type (ENKTL). Three representative pictures of ENTKL (H&E) highlight the pleomorphism of the atypical infiltrates. The atypical infiltrates can be predominantly composed of small lymphocytes or medium to large atypical forms. Angiocentricity is commonly identified.



A recent study by Song et al. conducted targeted gene capture sequencing in 171 PTCLs, and JAK/STAT mutations were identified in 78% of the ENKTL cases (n=109) (90). Mutations in STAT3 were predominantly detected in ENKTL cases (21%), in contrast to ALCL (3.7%) and PTCL-NOS cases (3.8%). The mutations identified in STAT3 were associated with increased transcriptional activity and higher expression of PD-L1 in-vitro. However, the evaluation of primary ENKTL samples showed that 93% of the cases (n=30) featured increased expression of PD-L1, suggesting that additional molecular mechanisms are involved in PD-L1 expression (90). Consistent with this, Bi et al. demonstrated that the expression of the EBV latent membrane protein 1 (LMP1) promotes PD-L1 expression in ENKTL cell lines in-vitro (91).

Finally, the therapeutic potential of PD-L1 in ENKTL has been evaluated in a recent phase 2 clinical trial that tested the efficacy of the IgG1-PD-L1 antibody avelumab as a single agent in refractory/relapsed (R/R) ENKTL (92). This study by Jin et al. demonstrated a 24% complete response rate in R/R patients that received avelumab (92). The patient responses to avelumab were associated with higher expression of PD-L1 in the tumor cells. However, response rates were not related to the levels of serum soluble PD-L1 (92).



5.2 Nodal EBV-positive T and NK-lymphomas

This novel designation encompasses EBV+ NK/T cell lymphomas with a predominant nodal presentation. These tumors are characteristically diagnosed at an advanced stage and feature dismal clinical outcomes with overall survival of 1.5-3.5 months after diagnosis (93–95). This new entity differs from ENKTCL with secondary nodal involvement, as the former will primarily be present at extranodal sites. Cases of chronic active EBV infection of T-cell or NK-cell type (T/NK- type CAEBV) are also excluded from this category, as those do not feature morphological features consistent with a lymphoproliferative neoplasm. Finally, the presence of leukemic involvement by neoplastic cells with an NK-cell immunophenotype will be best classified as ANKL.

Other nodal T-cell lymphomas can feature a subset of tumor cells positive for EBV. Therefore, the minimal threshold for the number of EBV+ neoplastic cells varies among the published case series and ranges between 40%-50% (93–95). Immunophenotypically, approximately 60% of the cases will show tumor cells with a T-cell immunophenotype that are positive for CD8 and TβF1. The tumor cells will be less frequently positive for CD4 (93–95). Tumor cells with a characteristic NK-cell immunophenotype have been described. However, those account for less than 10% of the cases described (93, 94, 96).

This group of neoplasms features gene-expression profiles distinct from ENKTL with frequent loss of 14q11.2 and upregulation of PD-L1 (CD174) (93). Functional analysis of the gene-expression profiles demonstrates enrichment for NF-κB signaling (97). Consistent with this and in contrast to PTCL-NOS cases, predominant expression of BIRC3 and p50 is detected (97). Frequent mutations in TET2 (64%, n=14), followed by PIK3CD (33%, n=14) and STAT3 (19%, n=14) (97) characterize the genomic landscape of EBV+ NTNKCL.




6 Hepatosplenic T-cell lymphoma

Hepatosplenic T-cell lymphoma (HSTCL) is a rare but aggressive type of extranodal T-cell lymphoma that accounts for 1-2% of all peripheral T-cell lymphomas. The tumor cells involve the liver, spleen, and bone marrow in an exclusive intrasinusoidal distribution, often engorging and distending the cords and sinuses in the involved organs (39, 98). The morphology of the atypical infiltrates is characterized by monotonous, medium-sized lymphocytes with irregular nuclear contours, a moderate amount of agranular pale cytoplasm, and inconspicuous nucleoli. In a subset of the cases, the neoplastic cells feature blastoid chromatin, especially at advanced stages (99–101). Immunophenotypically, the neoplastic cells express pan T-cell markers CD2, CD3, and CD7, with frequent co-expression of CD56 and aberrant loss of CD5. A subset of cases is CD8+. However, the majority are negative for both CD4 and CD8. Expression of the cytotoxic granule-associated proteins, TIA1, and granzyme M is commonly observed. Expression of TCR-γ/δ is frequently observed (~75%), while ~25% of cases are TCR-α/β, and in a small number of instances (~5%), TCR-silent (102).

Several cytogenetic abnormalities are reported in HSTCL. The most common are isochromosome 7q [i(7q)] and trisomy 8 and are found in approximately 63% and 50% of cases, respectively (103). A unique molecular signature is identified in HSTCL cases. This is characterized by overexpression of genes encoding NK-cell-associated molecules (FOS and VAV3), the sphingosine-1-phosphatase receptor 5 (S1PR5) involved in cell trafficking, the tyrosine kinase SYK, with down-regulation of tumor suppressor gene AIM1 (104).

While HSTCL predominantly occurs in immunocompetent individuals, 20-30% of cases occur in chronic immune suppression or immune dysregulation associated with autoimmune disorders (99, 100, 105). The WHO-HAEM4 reported that this disease is mainly diagnosed in adolescents and young adults. However, a recent report from the prospective T-cell lymphoma project identified that more than 50% of the patients in their cohort were older than 60 years old. Thus, the WHO-HAEM5 acknowledged that the disease is diagnosed in adolescents, young adults, and older individuals (98).

The WHO-HAEM5 also incorporated findings from a recent study by Mckinney et al. (106) that analyzed the genomic landscape of a large cohort of HSTCL cases with whole-exome sequencing. The results demonstrated frequent mutations in genes involving the JAK/STAT signaling pathway, with STAT3 and STAT5B being the most frequently mutated. In addition, mutations in PI3KCD and the epigenetic regulators SETD2, INO80, TET3, and SMARCA2 were observed in up to 62% of the cases (52, 106, 107).



7 Conclusions

The diagnosis and classification of T-cell lymphomas require a correlation between the histomorphology, molecular studies, and the site and manner of presentation. To date, few entities such as ALK+ ALCL or T-PLL display specific genetic aberrancies that are the predominant driving force of lymphoma progression and therefore constitute a distinctive feature for classification. In contrast, most T-cell lymphomas share morphological similarities and feature different frequencies of genetic alterations that either amplify the T-cell receptor signaling (e.g., NF-kB, RhoA, GATA3) or bypass it entirely (e.g., JAK/STAT, Pi3K). Therefore, a more significant proportion of mature T-cell lymphomas remain diagnosed in the unclassifiable (NOS) group. Currently, there is a limited understanding of the biology of T-cell neoplasms, which translates into limited successful therapeutic approaches, and these tumors remain an area of unmet need.
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T-follicular helper (TFH) cells are one of the T-cell subsets with a critical role in the regulation of germinal center (GC) reactions. TFH cells contribute to the positive selection of GC B-cells and promote plasma cell differentiation and antibody production. TFH cells express a unique phenotype characterized by PD-1hi, ICOShi, CD40Lhi, CD95hi, CTLAhi, CCR7lo, and CXCR5hi. Three main subtypes of nodal TFH lymphomas have been described: 1) angioimmunoblastic-type, 2) follicular-type, and 3) not otherwise specified (NOS). The diagnosis of these neoplasms can be challenging, and it is rendered based on a combination of clinical, laboratory, histopathologic, immunophenotypic, and molecular findings. The markers most frequently used to identify a TFH immunophenotype in paraffin-embedded tissue sections include PD-1, CXCL13, CXCR5, ICOS, BCL6, and CD10. These neoplasms feature a characteristic and similar, but not identical, mutational landscape with mutations in epigenetic modifiers (TET2, DNMT3A, IDH2), RHOA, and T-cell receptor signaling genes. Here, we briefly review the biology of TFH cells and present a summary of the current pathologic, molecular, and genetic features of nodal lymphomas. We want to highlight the importance of performing a consistent panel of TFH immunostains and mutational studies in TCLs to identify TFH lymphomas.
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Introduction

Nodal T-follicular helper (TFH) lymphomas represent a group of mature peripheral T-cell lymphomas (TCLs) with a gene expression profile and immunophenotype similar to that of nodal TFH cells (1, 2). This concept was initially described in angioimmunoblastic T-cell lymphoma (AITL) (3, 4) and more recently in a subset of peripheral T-cell lymphomas not otherwise specified (PTCL, NOS), which also has a gene expression profile, and immunophenotype suggestive of a TFH derivation (5, 6).

Here we present a brief summary of the biology of TFH cells and our current understanding of the clinicopathologic, molecular, and genetic features of nodal TFH lymphomas. Diagnostic considerations for this subgroup of lymphomas include distinguishing TFH lymphomas from other entities, particularly PTCL, NOS. For this, it is paramount to highlight the importance of performing a consistent set of at least 5 TFH immunomarkers and mutational studies in the work up of mature TCLs. Currently, we recommend using a five-marker panel that includes CD10, CXCL13, PD-1, ICOS and BCL6. This panel is used by other major academic centers in US and Europe. Per the WHO classification, the minimum criteria for assigning a TFH phenotype is 2 (but ideally 3 or more) markers in addition to CD4.



T-Follicular helper cells

The differentiation of naïve CD4+ T-cells through the stimulation of antigen-presenting cells (APC) is an essential step for the maintenance of adaptive immunity homeostasis. The CD4+ helper T (Th) subtype is essential for the effector functions of the T-cells, and it can be divided into four major subsets of effector cells that produce distinct cytokines to help in the recruitment and activation of different cell types. These subsets include Th1 and Th2 cells (for type 1 and type 2 helper T-cells, respectively), Th17 cells (due to their IL-17 signature), and follicular helper T (TFH) cells. The latter is a fundamental component of the germinal center (GC) reaction and B-cell specialization (7, 8). Other T-cell subsets include T regulatory cells (Treg), Th9, and Th22 (9).

Phenotypically, TFH cells are characterized by the expression of BCL6 and CXC chemokine receptors type 5 (CXCR5), which allow them to reach the GCs (10, 11). TFH cells also express the inducible T-cell costimulator (ICOS), the programmed cell death protein (PD-1), and the signaling lymphocytic activation molecule (SLAM)-associated protein (SAP) that contribute to the crosstalk between T- and B-cells. Inherited mutations in the ICOS gene cause some antibody deficiencies (12).

TFH cells also provide crucial signaling for the normal ontogeny of B-cells. Engagements of MHC class II, CD40, and ICOS-ligand on GC B-cells with the TCR, CD40L, and ICOS on TFH cells may generate the production of IL-21, CD40L, and IL-4 and support the formation and maintenance of GCs (13). These signals allow antigen-specific B-cells to survive, proliferate, undergo affinity maturation, and, ultimately, differentiate into memory B-cells or long-lived plasma cells.

BCL6 is the master transcriptional regulator in the differentiation of TFH cells. BLIMP1 is a transcription factor that antagonizes BCL6 function and prevents TFH differentiation (14). BCL-6 also inhibits transcription factors important to other T-cell subsets, such as T-bet, Gata 3, and RORyt needed for Th1, Th2, and Th17 differentiation, respectively (15–17). BCL-6 also prompts the upregulation of CXCR5, a required step for the relocation of these cells toward the GCs (18).

TET2-mediated demethylation of DNA at specific regulatory regions is required to balance the differentiation of CD4+ T-cells towards Th1 and TFH lineages. In the absence of TET2, CD4+ T-cell differentiation is skewed toward the generation of highly functional TFH cells (19). Note that TET2 loss-of-function mutations are frequently found in follicular helper T-cell lymphomas (see below).

Although TFH cells are needed for the GC reaction and therefore are located inside the GCs, they can also be found in other compartments outside the GCs. Circulating memory TFH cells appear to derive from GC TFH cells following downregulation of BCL6, ICOS, and PD-1 and upregulation of CCR7 (20–22). An activated subset of circulating TFH cells with expression of P-D1 and ICOS but with low expression of CCR7 has also been described (23). These circulating activated subsets of TFH cells are functional and associated with autoimmune processes (23, 24). T-follicular regulatory (Tfr) cells are another subset of TFH cells that share many characteristics of TFH cells, including the expression of BCL6, CXCR5, ICOS, and PD-1 but also express FOXP3, as conventional Tregs (25). Importantly, Tfr cells seem to have a suppressive function inside the GCs.



Nodal T-Follicular helper cell lymphomas

In the revised 4th edition of the Classification of Hematolymphoid Neoplasms of the World Health Organization (WHO), three lymphoma entities with a TFH gene expression signature were included and designated as AITL, nodal PTCL with a TFH phenotype and follicular T-cell lymphoma (FTCL) and grouped under the provisional umbrella category of nodal lymphomas of TFH origin (Table 1) (26). In the updated classification (5th Edition), these lymphomas are currently unified as nodal follicular helper T-cell lymphomas (TFH lymphoma) with three diseases, AITL-type, follicular-type, and not otherwise specified (NOS) (1). A similar approach and terminology have been adopted in the International Consensus Classification (ICC) (2). While the nomenclature is almost identical, there are minor differences, including the term nodal in the WHO, as implied in the ICC (Table 1) (1, 2). The immunomarkers most frequently used to establish a TFH immunophenotype in clinical practice include PD-1, CXCL13, CXCR5, ICOS, BCL6, and CD10.


Table 1 | Different designations for nodal T cell lymphomas with a TFH immunophenotype according to the different classifications schemas.




Nodal TFH cell lymphoma, angioimmunoblastic-type

For simplicity, we refer to this lymphoma as the historically used abbreviation AITL. AITL is the prototype of nodal TFH lymphomas, and it is one of the most common PTCL subtypes. There are some geographical variations in the frequency of AITL, with reported higher incidences in Europe than in the US; AITL in Europe represents about 35% of non-cutaneous T-cell lymphomas (TCLs) and ~16% in the US (27, 28). The diagnosis of AITL is based on a combination of clinical and laboratory findings, distinctive histopathologic features, and expression of TFH immunophenotype by the neoplastic cells. The neoplastic cells are characterized by the expression in variable rates of TFH markers such as CD10, Bcl-6, PD-1/CD279, ICOS, and CXCL13 (6, 26, 29). Other reported TFH markers that are not routinely used in clinical practice, include CXCR5, SAP, c-MAF, and CD200 (30–32).


Epidemiology and clinical features

AITL commonly affects middle-aged patients in the fifth to sixth decades, and there is a nearly equal incidence between genders and ethnicity. No racial predisposition is recognized. The most common clinical presentation is generalized lymphadenopathy (typically less than 3 cm), hepatosplenomegaly, constitutional symptoms, and skin rashes secondary to either neoplastic T-cell infiltration or as an autoimmune paraneoplastic manifestation (33). At diagnosis, most patients present with advanced stage and extranodal involvement. The most common sites of extranodal involvement are the spleen, bone marrow, skin, and lungs. Bone marrow involvement tends to occur early in the disease course, and its diagnosis can be extremely challenging (34). AITL is often associated with immune dysregulation, resulting in autoimmune complications and opportunistic infections (35, 36). The autoimmune and immunologic manifestations in TFH lymphomas are likely related to the functional and key role of TFH cells in B-cell activation, differentiation to plasma cells and B-cell recruitment. There are anecdotal reports of patients presenting with a smoldering course with waxing and waning lymphadenopathy (37, 38). While AITL is a systemic disease, rare cases of AITL and PTCL with TFH phenotype with localized disease and more indolent behavior have been reported, for example cases localized to the Waldeyer’s ring at presentation (39).



Morphologic features

Lymph nodes involved by AITL typically show partial or complete effacement with usually a diffuse or paracortical growth pattern and frequent perinodal extension but sparing of the subcortical sinuses (Figure 1). The neoplastic T-cells often constitute a minor part of a polymorphic inflammatory cellular infiltrate. The tumor cells are usually small- to medium-sized with mild nuclear atypia and clear cytoplasm. While they can be difficult to identify, they usually cluster around high endothelial venules (HEV) and are entrapped by the follicular dendritic cell (FDC) meshworks. Scattered or small groups of medium to large tumor cells with clear cytoplasm have been associated with IDH2R172 mutations (40). Additional distinctive pathologic features include the proliferation of arborizing high endothelial venules (HEV) surrounded by expanded networks of follicular dendritic cells (FDCs), and an inflammatory background with plasma cells, eosinophils, histiocytes, and scattered B-cell immunoblasts. Plasma cells may be abundant, in rare cases obscuring the neoplastic T-cells, and are usually polyclonal but may be monoclonal in a few cases (41).




Figure 1 | Histopathologic features of nodal T-follicular helper (TFH) cell lymphoma, angioimmunoblastic-type. (A, B) Hematoxylin & Eosin (H&E) shows that the neoplasm completely effaces the nodal architecture (A); the neoplasm is diffuse and composed of a heterogeneous cell infiltrate associated with numerous high endothelial venules (HEVs), inflammatory cells, and clusters of small lymphocytes with clear cytoplasm (B) (2x and 40x); (C) CD3 shows that most of the cells in the infiltrate are T-cells. Some of the T-cells are intermediate in size with irregular nuclear contours (40x); (D-H) The tumor cells are positive for CD10 (D), BCL6 (E), ICOS (F), CXCL13 (G) and PD-1 (H) supporting a TFH immunophenotype (all 40x). Note the clustering of the tumor cells around the HEVs. (I) CD21 highlights focally expanded follicular dendritic cell meshworks surrounding HEVs (20x).



Three overlapping architectural patterns (types I, II, and III) have been described by Attygale and colls (29). Pattern III is the most frequent (~80%) and is characterized by a total effacement of the nodal architecture without follicles. Pattern II shows multiple regressive “burnout”/atretic germinal centers, and pattern I (reactive hyperplasia-like) is characterized by reactive hyperplastic germinal centers with the lymphoma located in the interfollicular regions and associated with minimal expansion of FDC. A tumor cell-rich pattern has been recognized and likely represents a histological progression in patients with previous AITL (42). This pattern is enriched with tumor cells and is associated with minimal inflammatory background and limited or no HEV proliferation simulating PTCL-NOS. Other histologic variants of AITL include epithelioid-rich AITL, plasma cell-rich AITL, and AITL with Hodgkin Reed-Sternberg (HRS)-like cells. The epithelioid-rich AITL is characterized by a high content of epithelioid cells simulating lymphoepitheloid lymphoma/Lennert lymphoma or a granulomatous reaction (43, 44).

Frequently, AITL contains a variable number of B immunoblasts, which can be EBV-positive or negative. In some cases, B-immunoblasts can be monoclonal and form confluent sheets of large B-cells that morphologically meet the diagnostic criteria of large B cell lymphoma (27, 42, 45, 46). More rarely, the associated clonal B-cell proliferations are characterized by small lymphocytes and/or plasma cells, which may resemble nodal or extranodal marginal zone lymphoma (47).

HRS-like B-cells are not unusual in AITL, which are more frequently EBV-positive (48). These HRS-like cells can be rosetted by neoplastic T-cells, express B-cell markers such as CD20, or occasionally have overlapping immunophenotype with classical Hodgkin lymphoma (CHL), posing a diagnostic difficulty (42, 48).

Several reactive lymph node conditions with predominant paracortical and/or interfollicular patterns may morphologically resemble TCL. These include viral-induced lymphadenopathies, drug reactions in patients receiving anticonvulsant therapy (most commonly diphenylhydantoin), antibiotics or antivirals, and vaccination-induced reactions, as well as other non-specific etiologies. Drug-induced hypersensitivity syndrome/drug reaction with eosinophilia and systemic symptoms (DRESS) syndrome (also called Dilantin-associated lymphadenopathy) is a drug-induced severe adverse reaction that can be associated with lymphadenopathy, mimicking AITL (49).



Immunophenotypic features

The neoplastic T-cells are positive for alpha/beta TCR and CD4 and typically express pan-T cell markers, including CD2, CD3, and CD5. The aberrant loss or downregulation of one or more T-cell markers is frequently observed (50). The markers used to identify a TFH immunophenotype in paraffin-embedded tissue sections include PD-1, CXCL13, CXCR5, ICOS, BCL6, and CD10. PD-1 and ICOS are more sensitive than CXCL13 or CD10; conversely, CXCL13 and CD10 are more specific (51, 52). Partial expression of CD30 by the tumor cells is not unusual, and aberrant expression of CD20 by the lymphoma cells has also been reported (53). High expression of CD20 has been reported to be associated with a better overall survival (54–56). The use of follicular dendritic cell markers (e.g., CD21, CD23, or CD35) is helpful to assess for perivascular expansion of FDCs. CD23 has been recommended when staining for CD21 fails to show perivenular expansion of the FDCs (42). AITL with IDH2 mutations has stronger expression of CD10 and CXCL13. An antibody against IDH2R172K is available and can detect most cases with this mutation (57).

Flow cytometry frequently reveals decreased or absent expression of surface CD3 (58, 59). Also, the detection of a T-cell population by flow cytometry coexpressing CD4/CD10 or CD4/PD-1 (bright) on lymph nodes, bone marrow, or peripheral blood samples may help to support the diagnosis (60).

There have been occasional reports of AITL with cytotoxic phenotypes (61) and the possibility of a florid CD8+ cytotoxic cell proliferation obscuring a neoplastic TFH cell population has also been reported (62).



Molecular features


Mutational profile

AITL frequently shows a distinctive mutational profile with mutations involving RHOAG17V (50-70%), TET2 (40-80%), IDH2R172 (20-45%) and DNMT3A (20-30%) (Table 2) (5, 55, 56).


Table 2 | Mutations associated with nodal follicular helper T cell lymphomas.



RHOA is a small GTPase involved in T-cell migration, polarization, and antigen recognition by cycling between GDP-bound (inactive) and GTP-bound (active states). The c.50G>T (p.Gly17Val) is the most frequent missense mutation of RHOA in AITL (56, 63). Mutations in RHOAG17V act as dominant negatives interfering with the signaling initiated by wild-type RHOA (64) and seem to be a secondary event contributing to the differentiation toward TFH phenotype (65). These mutations frequently co-occur with mutations in epigenetic regulators, especially TET2 mutations. Mutated RHOA acquires a novel function, binding and phosphorylating VAV1 protein (66). RHOAG17V mutation seems to increase TCR signaling through enhanced VAV1 resulting in stronger TCR signaling and preferential commitment to TFH rather than non-TFH lineage through enhancing ICOS signaling (67).

IDH2 is a metabolic mitochondrial enzyme involved in the generation of 2-oxoglutarate (2-HG). Mutant IDH2 forms have a neomorphic enzymatic activity leading instead to the generation of 2-hydroxyglutarate (2-HG), an oncometabolite that antagonizes the activity of α-KG-dependent dioxygenases (histone demethylases and the TET family of 5mC hydroxylases) (68, 69). They are described as a secondary event and might refine the differentiation of the premalignant clones towards a TFH signature (70). IDH2R172 mutations are associated with cases with a more pronounced TFH signature, strong CD10 and CXCL13 expression, gains of chromosomes 5 and 21, and more aberrant genome than the cases without IDH2R172 (40, 71). The more aberrant genome seen in cases with IDH2R172 mutations is likely due to the inhibitory effect of 2-HG oncometabolite on DNA repair enzymes (72). AITL with wild-type IDH2 show significant enrichment of PI3K-AKT activation pathways and have focal losses of negative regulators (phosphatases) of the PI3K-AKT pathway (71).

TET2, also known as ten-eleven translocation 2 (TET2), encodes a 2-oxoglutarate/Fe2+-dependent oxygease that participates in the epigenetic control of gene expression by catalyzing the oxidation of DNA 5-methylcytosine to 5-hydroxymethylcytosine (73, 74). Its loss-of function is an initial event in the neoplastic transformation and is associated with a worse outcome (75). DNMT3A encodes a DNA methyltransferase that controls cytosine methylation. Loss-of-function mutations in DNMT3A are also considered an initial event in the transformation process and frequently co-occur with TET2 mutations (69).

Other recurrent mutations frequently seen in AITL include TCR signaling genes, such as VAV1, PLCG1, CD28, and FYN (76). Those mutations, except for specific mutation and fusions of CD28, are not specific to AITL or TFH lymphomas. Mutations in the CD28 gene appear to show implications in outcomes since CD28-mutated AITL patients have inferior survival compared to patients with wild-type CD28 (77). Alterations in RHOA and VAV1 are mutually exclusive.



Relationship with clonal hematopoiesis

TET2 and DNMT3A mutations are not specific to AITL. However, different from other neoplasms these two mutations frequently co-occur in AITL. TET2 and DNMT3a mutations are the most frequent mutations in clonal hematopoiesis (CH). Many studies have now established that up to 80% of patients with TFH lymphomas carry the same TET2 and/or DNMT3A mutations identified in the T-cells and the myeloid cells (78–80). Furthermore, TET2 and DNMT3A mutations are not restricted to T-cells and myeloid cells but can also be identified in the admixed mature B-cells in the lymph nodes. On the contrary, RHOA and IDH2 mutations appear to be confined to the neoplastic T-cells and represent the “second” hit that contribute to the T-cell lymphomagenesis (65, 79, 81).

The background of clonal hematopoiesis of indetermined potential (CHIP) appears to be the source of myeloid neoplasm seen in TCL with a TFH phenotype, particularly after cytotoxic therapy (78, 79, 82). The occurrence of AML and other myeloid neoplasms after the diagnosis of AITL is significantly high (79). From a practical perspective, it is important to remember that in a patient being followed for AITL the presence of CHIP mutations does not necessary imply the presence of residual lymphoma.



Gene expression profile

In AITL, the expression profiling signatures are enriched in genes typically expressed by TFH cells (55, 56, 71). This demonstration of molecular similarities between AITL cells and TFH cells at a genome-wide level established the cellular “derivation” of AITL from TFH cells, initially suspected based on the expression of single TFH markers in AITL cells (3, 4, 6).The molecular profile of AITL is also dominated by a strong microenvironment imprint, including overexpression of B-cell and FDC-related genes, chemokines/chemokine receptors, and genes related to the extracellular matrix and vascular biology (52, 83, 84). Gene expression studies identified oncogenic pathways, including the NF-κB pathway, IL-6 signaling, and the TGFβ pathway enriched in AITL compared to other PTCLs (3, 4, 6, 55), but the genetic etiology of these activated pathways has not been completely elucidated.

Recently, Amador and colls have developed a digital gene expression classifier using specific signatures in nodal T-cell lymphomas and included a specific signature for nodal AITL (54). This assay can be used in paraffin-embedded tissue sections and thus can easily be translated to routine clinical practice to complement our conventional pathology approaches to better classify nodal TCLs.





Nodal TFH cell lymphoma, follicular type

For simplicity, we refer to this lymphoma as the historically used abbreviation FTCL. These are nodal TCLs with a nodular growth pattern that show significant histologic, immunophenotypic, transcriptomic, and genetic overlap with AITL (5). Isolated FTCL is very rare and usually occurs in association with AITL. Some patients at disease presentation have typical histologic and clinical features of AITL but, at relapse, show features of FTCL or vice versa (42, 85). Therefore it has been proposed that these two entities may constitute different morphologic representations of the same biological process (1, 2).


Epidemiology and clinical features

The median age of onset is 60-65 years with a slight male predominance (2). The clinical syndrome resembles AITL and other TFH lymphomas and is characterized by advanced-stage disease, generalized lymphadenopathy, splenomegaly, B symptoms, skin rash, and occasionally immune manifestations (85). Cases with localized disease have also been reported (86).



Morphologic features

Two patterns have been described. In the classic pathology description, FTCL has a follicular growth pattern mimicking follicular lymphoma (FL), where the follicles are populated by aberrant T-cells that express TFH markers (Figure 2) (85). Residual B-cells can be seen and are usually pushed to the periphery of the follicles by the neoplastic T-cells. Hodgkin and Reed-Sternberg (HRS)-like cells are also frequently noted. Alternatively, it can also mimic progressive transformation of germinal centers (PTGC). In this pattern, the nodules display a ‘moth-eaten’ appearance with aggregates of the neoplastic T-cells surrounded by small B-cells (85). Mixed FL-like and PTGC-like patterns can be seen. Focal paracortical hyperplasia is present with a polymorphic infiltrate of eosinophils and plasma cells and hyperplastic high endothelial venules.




Figure 2 | Histopathologic features of nodal T-follicular helper (TFH) cell lymphoma, follicular-type. (A) This case shows a predominantly follicular growth pattern, simulating follicular lymphoma, with the neoplastic follicles composed of small to medium-sized atypical lymphocytes admixed with scattered large cells (20x); (B) PD-1 shows that the tumor cells form solid clusters inside the nodules with residual B-cells pushed to the periphery of the follicles (not shown) (20x); (C) This other case shows that the neoplastic nodules have features of progressive transformation of germinal centers (PTGC). The nodules display a ‘moth-eaten’ appearance with aggregates of neoplastic T-cells surrounded by small B-cells (20x); (D) The neoplastic cells are positive for PD-1 in addition to other TFH markers (not shown) (20x).





Immunophenotypic features

The neoplastic T-cells have a TFH phenotype and typically express pan-T cell markers, including CD2, CD3, and CD5, although aberrant loss or downregulation of CD7 can be seen. By flow cytometry, dim expression of surface CD3 is frequently observed. CD4 is positive in most cases, with few instances double negative for CD4 and CD8 (85). The HRS-like cells are of B-cell lineage, positive for CD30 and positive for CD15 and EBER in some cases. This phenomenon raises concern for classic Hodgkin lymphoma. Neoplastic rosetting by T-cells around the HRS-like cells is seen in virtually all cases of FTCL, and a retained network of FDCs is seen underlying the neoplastic follicles. FTCL usually lacks the other typical features of AITL, including the characteristic expanded FDC networks surrounding HEVs (85).



Molecular features

The few cases included in gene expression profiling studies have shown that FTCL clusters closer to AITL than PTCL-NOS (5). Similarly, the mutational profile of FTCL seems to be similar to other nodal TFH lymphomas with mutations in TET2, DNMT3A, and RHOAG17V, but not in IDH2 which are usually restricted to AITL (5). FTCL can harbor a characteristic t(5;9)(q33;q22) resulting in an ITK-SYK fusion in approximately 40% of cases (87). This fusion acts as a constitutively active SYK tyrosine kinase and drives lymphomagenesis by triggering antigen-independent activation of TCR signaling. Translocations involving FER and FES have been recently described, including ITK-FER and RLTPR-FES, that result in the activation of the STAT3 signaling (88).




Nodal TFH cell lymphoma, not otherwise specified

Nodal TFH lymphoma, NOS includes those TCLs with TFH phenotype, confirmed by the expression of CD4 and at least 2 TFH markers that lack the morphologic features of AITL and FTCL. This group includes cases previously categorized as PTCL-NOS that have shown significant molecular and genetic overlap with other TFH lymphomas (5, 56, 71). It is possible that TFH lymphoma, NOS, represents more than a single entity as currently defined.


Epidemiology and clinical features

The frequency of this neoplasm is unknown. However, it is our personal experience that up to 30% of the PTCL-NOS are reclassified as nodal TFH, NOS when a panel of TFH immunomarkers is analyzed. The patients usually present with disseminated lymphadenopathy associated, which can be associated with autoimmune manifestations (5).



Morphologic features

The overall morphologic spectrum of these tumors has not been completely elucidated. Most cases are characterized by a diffuse tumor-cell-rich infiltrate of variably-sized lymphoid cells without the typical HEC and FDC proliferations (Figure 3) (1, 2). Additionally, cases previously described as lymphoepithelioid lymphomas with TFH marker expression are currently included in this group (89). A systematic evaluation of these cases shows that they can frequently have one or two AITL-like features not commonly seen in PTCL-NOS cases (51). There are some overlapping features between nodal TFH lymphoma, NOS and the tumor cell-rich pattern of AITL. However, it has been mentioned that the tumor cell-rich pattern of AITL still maintains the focal perivenular FDC expansions (1).




Figure 3 | Histopathologic features of nodal TFH cell lymphoma, not otherwise specified (NOS). (A) In the case shown, the neoplasm is diffuse and composed predominantly of intermediate atypical lymphoid cells (40x); Features of AITL were not seen. (B) The tumor cells are positive for CD3 (40x); (C-E) BCL6 (C), ICOS (D), and PD-1 (E) are also variably positive in the neoplastic cells (40x); (F) Epstein-Barr virus-encoded small RNAs (EBER) shows positivity in scattered cells (20x).





Immunophenotypic features

By definition, the tumor cells are positive for CD4 and express at least 2 TFH makers. Some cases show focal positivity for TFH markers and positivity in a small subset of the tumor cells, being difficult to classify. Currently, there is no standard percentage of TFH positivity and the intensity of expression in tumor cells needed to establish a reproducible diagnosis of TFH lymphoma, NOS over PTCL, NOS.



Molecular features

Similarly to FTCL, gene expression studies show that TFH lymphoma, NOS clusters closer to AITL than PTCL-NOS (5, 76). The mutational profile of TFH lymphoma, NOS, seems similar to AITL mutations in TET2, DNMT3A, and RHOAG17V (5, 56, 76). IDH2R172 mutation is characteristic of AITL, although it can rarely be seen in TFH lymphoma, NOS (90). RHOAG17V mutations were identified in 60% of the cases (76). TET2 mutations seem slightly more frequent in TFH lymphoma, NOS (5). Mutations in genes of the TCR signaling pathway (including CD28) can be seen in a subset of cases (76, 90). It has been reported that the presence of TCR-signaling-related mutations correlated with early disease progression (76).





Conclusions

TFH lymphomas are a group of mature peripheral T-cell lymphomas with distinctive clinicopathologic and molecular features. Although AITL is well-characterized and has unique morphologic features that facilitate its diagnosis, the other subtypes, mainly the TFH lymphoma, NOS, is one of exclusion. Additional studies are required to better understand and delineate this category of nodal TFH lymphomas.

Since the diagnosis of nodal TFH lymphomas is very challenging, especially in small core needle biopsies, the diagnostic evaluation of TCLs requires the integration of clinicopathologic features together with a complete panel of TFH markers. We envision that incorporating mutational studies and gene expression profiling in the near future into the routine diagnostic armamentarium will facilitate the diagnosis of TFH lymphomas.



Author contributions

All the authors performed writing, reviewing, and revisions of the manuscript. All authors contributed to the article and approved the submitted version.



Conflict of interest

FV receives research funding from CRISPR Therapeutics, Allogene Therapeutics, and Geron Corporation.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Alaggio, R, Amador, C, Anagnostopoulos, I, Attygalle, AD, Araujo, IBO, Berti, E, et al. The 5th edition of the world health organization classification of haematolymphoid tumours: Lymphoid neoplasms. Leukemia (2022) 36(7):1720–48. doi: 10.1038/s41375-022-01620-2

2. Campo, E, Jaffe, ES, Cook, JR, Quintanilla-Martinez, L, Swerdlow, SH, Anderson, KC, et al. The international consensus classification of mature lymphoid neoplasms: A report from the clinical advisory committee. Blood (2022) 140(11):1229–53. doi: 10.1182/blood.2022015851

3. de Leval, L, Rickman, DS, Thielen, C, Reynies, A, Huang, YL, Delsol, G, et al. The gene expression profile of nodal peripheral T-cell lymphoma demonstrates a molecular link between angioimmunoblastic T-cell lymphoma (AITL) and follicular helper T (TFH) cells. Blood (2007) 109(11):4952–63. doi: 10.1182/blood-2006-10-055145

4. Piccaluga, PP, Agostinelli, C, Califano, A, Carbone, A, Fantoni, L, Ferrari, S, et al. Gene expression analysis of angioimmunoblastic lymphoma indicates derivation from T follicular helper cells and vascular endothelial growth factor deregulation. Cancer Res (2007) 67(22):10703–10. doi: 10.1158/0008-5472.CAN-07-1708

5. Dobay, MP, Lemonnier, F, Missiaglia, E, Bastard, C, Vallois, D, Jais, JP, et al. Integrative clinicopathological and molecular analyses of angioimmunoblastic T-cell lymphoma and other nodal lymphomas of follicular helper T-cell origin. Haematologica (2017) 102(4):e148–51. doi: 10.3324/haematol.2016.158428

6. Grogg, KL, Attygalle, AD, Macon, WR, Remstein, ED, Kurtin, PJ, and Dogan, A. Angioimmunoblastic T-cell lymphoma: A neoplasm of germinal-center T-helper cells? Blood (2005) 106(4):1501–2. doi: 10.1182/blood-2005-03-1083

7. Crotty, S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol (2011) 29:621–63. doi: 10.1146/annurev-immunol-031210-101400

8. Ribeiro, F, Perucha, E, and Graca, L. T Follicular cells: The regulators of germinal center homeostasis. Immunol Lett (2022) 244:1–11. doi: 10.1016/j.imlet.2022.02.008

9. Liu, Z, Fan, H, and Jiang, S. CD4(+) T-cell subsets in transplantation. Immunol Rev (2013) 252(1):183–91. doi: 10.1111/imr.12038

10. Crotty, S. T Follicular helper cell biology: A decade of discovery and diseases. Immunity (2019) 50(5):1132–48. doi: 10.1016/j.immuni.2019.04.011

11. Ioannidou, K, Ndiaye, DR, Noto, A, Fenwick, C, Fortis, SP, Pantaleo, G, et al. In situ characterization of follicular helper CD4 T cells using multiplexed imaging. Front Immunol (2020) 11:607626. doi: 10.3389/fimmu.2020.607626

12. Grimbacher, B, Hutloff, A, Schlesier, M, Glocker, E, Warnatz, K, Drager, R, et al. Homozygous loss of ICOS is associated with adult-onset common variable immunodeficiency. Nat Immunol (2003) 4(3):261–8. doi: 10.1038/ni902

13. Kerfoot, SM, Yaari, G, Patel, JR, Johnson, KL, Gonzalez, DG, Kleinstein, SH, et al. Germinal center b cell and T follicular helper cell development initiates in the interfollicular zone. Immunity (2011) 34(6):947–60. doi: 10.1016/j.immuni.2011.03.024

14. Johnston, RJ, Poholek, AC, DiToro, D, Yusuf, I, Eto, D, Barnett, B, et al. Bcl6 and blimp-1 are reciprocal and antagonistic regulators of T follicular helper cell differentiation. Science (2009) 325(5943):1006–10. doi: 10.1126/science.1175870

15. Nakayamada, S, Kanno, Y, Takahashi, H, Jankovic, D, Lu, KT, Johnson, TA, et al. Early Th1 cell differentiation is marked by a tfh cell-like transition. Immunity (2011) 35(6):919–31. doi: 10.1016/j.immuni.2011.11.012

16. Hercor, M, Anciaux, M, Denanglaire, S, Debuisson, D, Leo, O, and Andris, F. Antigen-presenting cell-derived IL-6 restricts the expression of GATA3 and IL-4 by follicular helper T cells. J Leukoc Biol (2017) 101(1):5–14. doi: 10.1189/jlb.1HI1115-511R

17. Nurieva, RI, Chung, Y, Martinez, GJ, Yang, XO, Tanaka, S, Matskevitch, TD, et al. Bcl6 mediates the development of T follicular helper cells. Science (2009) 325(5943):1001–5. doi: 10.1126/science.1176676

18. Chen, X, Ma, W, Zhang, T, Wu, L, and Qi, H. Phenotypic tfh development promoted by CXCR5-controlled re-localization and IL-6 from radiation-resistant cells. Protein Cell (2015) 6(11):825–32. doi: 10.1007/s13238-015-0210-0

19. Baessler, A, Novis, CL, Shen, Z, Perovanovic, J, Wadsworth, M, Thiede, KA, et al. Tet2 coordinates with Foxo1 and Runx1 to balance T follicular helper cell and T helper 1 cell differentiation. Sci Adv (2022) 8(24):eabm4982. doi: 10.1126/sciadv.abm4982

20. Sage, PT, Alvarez, D, Godec, J, von Andrian, UH, and Sharpe, AH. Circulating T follicular regulatory and helper cells have memory-like properties. J Clin Invest (2014) 124(12):5191–204. doi: 10.1172/JCI76861

21. Weber, JP, Fuhrmann, F, and Hutloff, A. T-Follicular helper cells survive as long-term memory cells. Eur J Immunol (2012) 42(8):1981–8. doi: 10.1002/eji.201242540

22. Herati, RS, Muselman, A, Vella, L, Bengsch, B, Parkhouse, K, Del Alcazar, D, et al. Successive annual influenza vaccination induces a recurrent oligoclonotypic memory response in circulating T follicular helper cells. Sci Immunol (2017) 2(8). doi: 10.1126/sciimmunol.aag2152

23. Locci, M, Havenar-Daughton, C, Landais, E, Wu, J, Kroenke, MA, Arlehamn, CL, et al. Human circulating PD-1+CXCR3-CXCR5+ memory tfh cells are highly functional and correlate with broadly neutralizing HIV antibody responses. Immunity (2013) 39(4):758–69. doi: 10.1016/j.immuni.2013.08.031

24. Wang, J, Shan, Y, Jiang, Z, Feng, J, Li, C, Ma, L, et al. High frequencies of activated b cells and T follicular helper cells are correlated with disease activity in patients with new-onset rheumatoid arthritis. Clin Exp Immunol (2013) 174(2):212–20. doi: 10.1111/cei.12162

25. Linterman, MA, Pierson, W, Lee, SK, Kallies, A, Kawamoto, S, Rayner, TF, et al. Foxp3+ follicular regulatory T cells control the germinal center response. Nat Med (2011) 17(8):975–82. doi: 10.1038/nm.2425

26. Swerdlow, SH, Campo, E, Harris, NL, Jaffe, ES, Pileri, SA, Stein, H, et al. WHO classification of tuours of haematopoietic and lymphoid tissues. 4th edition. Lyon: IARC (2017).

27. de Leval, L, Parrens, M, Le Bras, F, Jais, JP, Fataccioli, V, Martin, A, et al. Angioimmunoblastic T-cell lymphoma is the most common T-cell lymphoma in two distinct French information data sets. Haematologica (2015) 100(9):e361–4. doi: 10.3324/haematol.2015.126300

28. Vose, J, Armitage, J, Weisenburger, D, and International, TCLP. International peripheral T-cell and natural killer/T-cell lymphoma study: Pathology findings and clinical outcomes. J Clin Oncol (2008) 26(25):4124–30. doi: 10.1200/JCO.2008.16.4558

29. Attygalle, A, Al-Jehani, R, Diss, TC, Munson, P, Liu, H, Du, MQ, et al. Neoplastic T cells in angioimmunoblastic T-cell lymphoma express CD10. Blood (2002) 99(2):627–33. doi: 10.1182/blood.V99.2.627

30. Murakami, YI, Yatabe, Y, Sakaguchi, T, Sasaki, E, Yamashita, Y, Morito, N, et al. C-maf expression in angioimmunoblastic T-cell lymphoma. Am J Surg Pathol (2007) 31(11):1695–702. doi: 10.1097/PAS.0b013e318054dbcf

31. Dorfman, DM, and Shahsafaei, A. CD200 (OX-2 membrane glycoprotein) is expressed by follicular T helper cells and in angioimmunoblastic T-cell lymphoma. Am J Surg Pathol (2011) 35(1):76–83. doi: 10.1097/PAS.0b013e31820065c9

32. Roncador, G, Garcia Verdes-Montenegro, JF, Tedoldi, S, Paterson, JC, Klapper, W, Ballabio, E, et al. Expression of two markers of germinal center T cells (SAP and PD-1) in angioimmunoblastic T-cell lymphoma. Haematologica (2007) 92(8):1059–66. doi: 10.3324/haematol.10864

33. Lachenal, F, Berger, F, Ghesquieres, H, Biron, P, Hot, A, Callet-Bauchu, E, et al. Angioimmunoblastic T-cell lymphoma: Clinical and laboratory features at diagnosis in 77 patients. Med (Baltimore) (2007) 86(5):282–92. doi: 10.1097/MD.0b013e3181573059

34. Khokhar, FA, Payne, WD, Talwalkar, SS, Jorgensen, JL, Bueso-Ramos, CE, Medeiros, LJ, et al. Angioimmunoblastic T-cell lymphoma in bone marrow: A morphologic and immunophenotypic study. Hum Pathol (2010) 41(1):79–87. doi: 10.1016/j.humpath.2009.06.016

35. Dunleavy, K, Wilson, WH, and Jaffe, ES. Angioimmunoblastic T cell lymphoma: Pathobiological insights and clinical implications. Curr Opin Hematol (2007) 14(4):348–53. doi: 10.1097/MOH.0b013e328186ffbf

36. Mourad, N, Mounier, N, Briere, J, Raffoux, E, Delmer, A, Feller, A, et al. Clinical, biologic, and pathologic features in 157 patients with angioimmunoblastic T-cell lymphoma treated within the groupe d'Etude des lymphomes de l'Adulte (GELA) trials. Blood (2008) 111(9):4463–70. doi: 10.1182/blood-2007-08-105759

37. Federico, M, Rudiger, T, Bellei, M, Nathwani, BN, Luminari, S, Coiffier, B, et al. Clinicopathologic characteristics of angioimmunoblastic T-cell lymphoma: Analysis of the international peripheral T-cell lymphoma project. J Clin Oncol (2013) 31(2):240–6. doi: 10.1200/JCO.2011.37.3647

38. Tan, LH, Tan, SY, Tang, T, Lim, ST, Tan, D, Lim, LC, et al. Angioimmunoblastic T-cell lymphoma with hyperplastic germinal centres (pattern 1) shows superior survival to patterns 2 and 3: A meta-analysis of 56 cases. Histopathology (2012) 60(4):570–85. doi: 10.1111/j.1365-2559.2011.04097.x

39. Wang, J, Tang, W, Zhang, W, Wang, J, Chen, F, Zhong, L, et al. Clinicopathological characterization of follicular helper T-cell-derived peripheral T-cell lymphoma involving waldeyer's ring. Virchows Arch (2021) 479(2):355–63. doi: 10.1007/s00428-021-03071-z

40. Steinhilber, J, Mederake, M, Bonzheim, I, Serinsoz-Linke, E, Muller, I, Fallier-Becker, P, et al. The pathological features of angioimmunoblastic T-cell lymphomas with IDH2(R172) mutations. Mod Pathol (2019) 32(8):1123–34. doi: 10.1038/s41379-019-0254-4

41. Huppmann, AR, Roullet, MR, Raffeld, M, and Jaffe, ES. Angioimmunoblastic T-cell lymphoma partially obscured by an Epstein-Barr virus-negative clonal plasma cell proliferation. J Clin Oncol (2013) 31(2):e28–30. doi: 10.1200/JCO.2012.43.3797

42. Attygalle, AD, Cabecadas, J, Gaulard, P, Jaffe, ES, de Jong, D, Ko, YH, et al. Peripheral T-cell and NK-cell lymphomas and their mimics; taking a step forward - report on the lymphoma workshop of the XVIth meeting of the European association for haematopathology and the society for hematopathology. Histopathology (2014) 64(2):171–99. doi: 10.1111/his.12251

43. Hartmann, S, Agostinelli, C, Klapper, W, Korkolopoulou, P, Koch, K, Marafioti, T, et al. Revising the historical collection of epithelioid cell-rich lymphomas of the Kiel lymph node registry: What is lennert's lymphoma nowadays? Histopathology (2011) 59(6):1173–82. doi: 10.1111/j.1365-2559.2011.04069.x

44. Agostinelli, C, Hartmann, S, Klapper, W, Korkolopoulou, P, Righi, S, Marafioti, T, et al. Peripheral T cell lymphomas with follicular T helper phenotype: A new basket or a distinct entity? revising Karl lennert's personal archive. Histopathology (2011) 59(4):679–91. doi: 10.1111/j.1365-2559.2011.03981.x

45. Tokunaga, T, Shimada, K, Yamamoto, K, Chihara, D, Ichihashi, T, Oshima, R, et al. Retrospective analysis of prognostic factors for angioimmunoblastic T-cell lymphoma: A multicenter cooperative study in Japan. Blood (2012) 119(12):2837–43. doi: 10.1182/blood-2011-08-374371

46. Zettl, A, Lee, SS, Rudiger, T, Starostik, P, Marino, M, Kirchner, T, et al. Epstein-Barr Virus-associated b-cell lymphoproliferative disorders in angloimmunoblastic T-cell lymphoma and peripheral T-cell lymphoma, unspecified. Am J Clin Pathol (2002) 117(3):368–79. doi: 10.1309/6UTX-GVC0-12ND-JJEU

47. Kaffenberger, B, Haverkos, B, Tyler, K, Wong, HK, Porcu, P, and Gru, AA. Extranodal marginal zone lymphoma-like presentations of angioimmunoblastic T-cell lymphoma: A T-cell lymphoma masquerading as a b-cell lymphoproliferative disorder. Am J Dermatopathol (2015) 37(8):604–13. doi: 10.1097/DAD.0000000000000266

48. Nicolae, A, Pittaluga, S, Venkataraman, G, Vijnovich-Baron, A, Xi, L, Raffeld, M, et al. Peripheral T-cell lymphomas of follicular T-helper cell derivation with Hodgkin/Reed-sternberg cells of b-cell lineage: Both EBV-positive and EBV-negative variants exist. Am J Surg Pathol (2013) 37(6):816–26. doi: 10.1097/PAS.0b013e3182785610

49. Chen, HC, Wang, RC, Tsai, HP, Medeiros, LJ, and Chang, KC. Morphologic spectrum of lymphadenopathy in drug reaction with eosinophilia and systemic symptoms syndrome. Arch Pathol Lab Med (2022) 146(9):1084–93. doi: 10.5858/arpa.2021-0087-OA

50. Lee, SS, Rudiger, T, Odenwald, T, Roth, S, Starostik, P, and Muller-Hermelink, HK. Angioimmunoblastic T cell lymphoma is derived from mature T-helper cells with varying expression and loss of detectable CD4. Int J Cancer (2003) 103(1):12–20. doi: 10.1002/ijc.10758

51. Basha, BM, Bryant, SC, Rech, KL, Feldman, AL, Vrana, JA, Shi, M, et al. Application of a 5 marker panel to the routine diagnosis of peripheral T-cell lymphoma with T-follicular helper phenotype. Am J Surg Pathol (2019) 43(9):1282–90. doi: 10.1097/PAS.0000000000001315

52. Gaulard, P, and de Leval, L. Follicular helper T cells: Implications in neoplastic hematopathology. Semin Diagn Pathol (2011) 28(3):202–13. doi: 10.1053/j.semdp.2011.03.003

53. Onaindia, A, Martinez, N, Montes-Moreno, S, Almaraz, C, Rodriguez-Pinilla, SM, Cereceda, L, et al. CD30 expression by b and T cells: A frequent finding in angioimmunoblastic T-cell lymphoma and peripheral T-cell lymphoma-not otherwise specified. Am J Surg Pathol (2016) 40(3):378–85. doi: 10.1097/PAS.0000000000000571

54. Amador, C, Bouska, A, Wright, G, Weisenburger, DD, Feldman, AL, Greiner, TC, et al. Gene expression signatures for the accurate diagnosis of peripheral T-cell lymphoma entities in the routine clinical practice. J Clin Oncol (2022) 40(36):JCO2102707. doi: 10.1200/JCO.21.02707

55. Iqbal, J, Weisenburger, DD, Greiner, TC, Vose, JM, McKeithan, T, Kucuk, C, et al. Molecular signatures to improve diagnosis in peripheral T-cell lymphoma and prognostication in angioimmunoblastic T-cell lymphoma. Blood (2010) 115(5):1026–36. doi: 10.1182/blood-2009-06-227579

56. Rodríguez, M, Alonso-Alonso, R, Tomás-Roca, L, Rodríguez-Pinilla, SM, Manso-Alonso, R, Cereceda, L, et al. Peripheral T-cell lymphoma: Molecular profiling recognizes subclasses and identifies prognostic markers. Blood Adv (2021) 5(24):5588–98. doi: 10.1182/bloodadvances.2021005171

57. Dupuy, A, Lemonnier, F, Fataccioli, V, Martin-Garcia, N, Robe, C, Pelletier, R, et al. Multiple ways to detect IDH2 mutations in angioimmunoblastic T-cell lymphoma from immunohistochemistry to next-generation sequencing. J Mol Diagn (2018) 20(5):677–85. doi: 10.1016/j.jmoldx.2018.05.012

58. Singh, A, Schabath, R, Ratei, R, Stroux, A, Klemke, CD, Nebe, T, et al. Peripheral blood sCD3(-) CD4(+) T cells: A useful diagnostic tool in angioimmunoblastic T cell lymphoma. Hematol Oncol (2014) 32(1):16–21. doi: 10.1002/hon.2080

59. Yabe, M, Gao, Q, Ozkaya, N, Huet, S, Lewis, N, Pichardo, JD, et al. Bright PD-1 expression by flow cytometry is a powerful tool for diagnosis and monitoring of angioimmunoblastic T-cell lymphoma. Blood Cancer J (2020) 10(3):32. doi: 10.1038/s41408-020-0301-x

60. Loghavi, S, Wang, SA, Medeiros, LJ, Jorgensen, JL, Li, X, Xu-Monette, ZY, et al. Immunophenotypic and diagnostic characterization of angioimmunoblastic T-cell lymphoma by advanced flow cytometric technology. Leuk Lymphoma (2016) 57(12):2804–12. doi: 10.3109/10428194.2016.1170827

61. Liao, YL, Chang, ST, Kuo, SY, Lin, SH, Chen, CK, Chang, KM, et al. Angioimmunoblastic T-cell lymphoma of cytotoxic T-cell phenotype containing a large b-cell proliferation with an undersized b-cell clonal product. Appl Immunohistochem Mol Morphol (2010) 18(2):185–9. doi: 10.1097/PAI.0b013e3181c0692b

62. Attygalle, AD, Dobson, R, Chak, PK, Vroobel, KM, Wren, D, Mugalaasi, H, et al. Parallel evolution of two distinct lymphoid proliferations in clonal haematopoiesis. Histopathology (2022) 80(5):847–58. doi: 10.1111/his.14619

63. Sakata-Yanagimoto, M, Enami, T, Yoshida, K, Shiraishi, Y, Ishii, R, Miyake, Y, et al. Somatic RHOA mutation in angioimmunoblastic T cell lymphoma. Nat Genet (2014) 46(2):171–5. doi: 10.1038/ng.2872

64. Palomero, T, Couronne, L, Khiabanian, H, Kim, MY, Ambesi-Impiombato, A, Perez-Garcia, A, et al. Recurrent mutations in epigenetic regulators, RHOA and FYN kinase in peripheral T cell lymphomas. Nat Genet (2014) 46(2):166–70. doi: 10.1038/ng.2873

65. Nguyen, TB, Sakata-Yanagimoto, M, Asabe, Y, Matsubara, D, Kano, J, Yoshida, K, et al. Identification of cell-type-specific mutations in nodal T-cell lymphomas. Blood Cancer J (2017) 7(1):e516. doi: 10.1038/bcj.2016.122

66. Fujisawa, M, Sakata-Yanagimoto, M, Nishizawa, S, Komori, D, Gershon, P, Kiryu, M, et al. Activation of RHOA-VAV1 signaling in angioimmunoblastic T-cell lymphoma. Leukemia (2018) 32(3):694–702. doi: 10.1038/leu.2017.273

67. Cortes, JR, Ambesi-Impiombato, A, Couronne, L, Quinn, SA, Kim, CS, da Silva Almeida, AC, et al. RHOA G17V induces T follicular helper cell specification and promotes lymphomagenesis. Cancer Cell (2018) 33(2):259–273.e7. doi: 10.1016/j.ccell.2018.01.001

68. Li, Z, Cai, X, Cai, CL, Wang, J, Zhang, W, Petersen, BE, et al. Deletion of Tet2 in mice leads to dysregulated hematopoietic stem cells and subsequent development of myeloid malignancies. Blood (2011) 118(17):4509–18. doi: 10.1182/blood-2010-12-325241

69. Cortes, JR, and Palomero, T. The curious origins of angioimmunoblastic T-cell lymphoma. Curr Opin Hematol (2016) 23(4):434–43. doi: 10.1097/MOH.0000000000000261

70. Wang, C, McKeithan, TW, Gong, Q, Zhang, W, Bouska, A, Rosenwald, A, et al. IDH2R172 mutations define a unique subgroup of patients with angioimmunoblastic T-cell lymphoma. Blood (2015) 126(15):1741–52. doi: 10.1182/blood-2015-05-644591

71. Heavican, TB, Bouska, A, Yu, J, Lone, W, Amador, C, Gong, Q, et al. Genetic drivers of oncogenic pathways in molecular subgroups of peripheral T-cell lymphoma. Blood (2019) 133(15):1664–76. doi: 10.1182/blood-2018-09-872549

72. Wang, P, Wu, J, Ma, S, Zhang, L, Yao, J, Hoadley, KA, et al. Oncometabolite d-2-Hydroxyglutarate inhibits ALKBH DNA repair enzymes and sensitizes IDH mutant cells to alkylating agents. Cell Rep (2015) 13(11):2353–61. doi: 10.1016/j.celrep.2015.11.029

73. Tahiliani, M, Koh, KP, Shen, Y, Pastor, WA, Bandukwala, H, Brudno, Y, et al. Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1. Science (2009) 324(5929):930–5. doi: 10.1126/science.1170116

74. Ito, S, D'Alessio, AC, Taranova, OV, Hong, K, Sowers, LC, and Zhang, Y. Role of tet proteins in 5mC to 5hmC conversion, ES-cell self-renewal and inner cell mass specification. Nature (2010) 466(7310):1129–33. doi: 10.1038/nature09303

75. Lemonnier, F, Couronne, L, Parrens, M, Jais, JP, Travert, M, Lamant, L, et al. Recurrent TET2 mutations in peripheral T-cell lymphomas correlate with TFH-like features and adverse clinical parameters. Blood (2012) 120(7):1466–9. doi: 10.1182/blood-2012-02-408542

76. Vallois, D, Dobay, MP, Morin, RD, Lemonnier, F, Missiaglia, E, Juilland, M, et al. Activating mutations in genes related to TCR signaling in angioimmunoblastic and other follicular helper T-cell-derived lymphomas. Blood (2016) 128(11):1490–502. doi: 10.1182/blood-2016-02-698977

77. Rohr, J, Guo, S, Huo, J, Bouska, A, Lachel, C, Li, Y, et al. Recurrent activating mutations of CD28 in peripheral T-cell lymphomas. Leukemia (2016) 30(5):1062–70. doi: 10.1038/leu.2015.357

78. Tiacci, E, Venanzi, A, Ascani, S, Marra, A, Cardinali, V, Martino, G, et al. High-risk clonal hematopoiesis as the origin of AITL and NPM1-mutated AML. N Engl J Med (2018) 379(10):981–4. doi: 10.1056/NEJMc1806413

79. Lewis, NE, Petrova-Drus, K, Huet, S, Epstein-Peterson, ZD, Gao, Q, Sigler, AE, et al. Clonal hematopoiesis in angioimmunoblastic T-cell lymphoma with divergent evolution to myeloid neoplasms. Blood Adv (2020) 4(10):2261–71. doi: 10.1182/bloodadvances.2020001636

80. Cheng, S, Zhang, W, Inghirami, G, and Tam, W. Mutation analysis links angioimmunoblastic T-cell lymphoma to clonal hematopoiesis and smoking. Elife (2021) 10. doi: 10.7554/eLife.66395

81. Quivoron, C, Couronne, L, Della Valle, V, Lopez, CK, Plo, I, Wagner-Ballon, O, et al. TET2 inactivation results in pleiotropic hematopoietic abnormalities in mouse and is a recurrent event during human lymphomagenesis. Cancer Cell (2011) 20(1):25–38. doi: 10.1016/j.ccr.2011.06.003

82. Yao, WQ, Wu, F, Zhang, W, Chuang, SS, Thompson, JS, Chen, Z, et al. Angioimmunoblastic T-cell lymphoma contains multiple clonal T-cell populations derived from a common TET2 mutant progenitor cell. J Pathol (2020) 250(3):346–57. doi: 10.1002/path.5376

83. Iqbal, J, Wright, G, Wang, C, Rosenwald, A, Gascoyne, RD, Weisenburger, DD, et al. Gene expression signatures delineate biological and prognostic subgroups in peripheral T-cell lymphoma. Blood (2014) 123(19):2915–23. doi: 10.1182/blood-2013-11-536359

84. Iqbal, J, Wilcox, R, Naushad, H, Rohr, J, Heavican, TB, Wang, C, et al. Genomic signatures in T-cell lymphoma: How can these improve precision in diagnosis and inform prognosis? Blood Rev (2016) 30(2):89–100. doi: 10.1016/j.blre.2015.08.003

85. Huang, Y, Moreau, A, Dupuis, J, Streubel, B, Petit, B, Le Gouill, S, et al. Peripheral T-cell lymphomas with a follicular growth pattern are derived from follicular helper T cells (TFH) and may show overlapping features with angioimmunoblastic T-cell lymphomas. Am J Surg Pathol (2009) 33(5):682–90. doi: 10.1097/PAS.0b013e3181971591

86. Miyoshi, H, Sato, K, Niino, D, Arakawa, F, Kimura, Y, Kiyasu, J, et al. Clinicopathologic analysis of peripheral T-cell lymphoma, follicular variant, and comparison with angioimmunoblastic T-cell lymphoma: Bcl-6 expression might affect progression between these disorders. Am J Clin Pathol (2012) 137(6):879–89. doi: 10.1309/AJCPBPNV86VZENGV

87. Streubel, B, Vinatzer, U, Willheim, M, Raderer, M, and Chott, A. Novel t(5;9)(q33;q22) fuses ITK to SYK in unspecified peripheral T-cell lymphoma. Leukemia (2006) 20(2):313–8. doi: 10.1038/sj.leu.2404045

88. Debackere, K, van der Krogt, JA, Tousseyn, T, Ferreiro, JAF, Van Roosbroeck, K, Marcelis, L, et al. FER and FES tyrosine kinase fusions in follicular T-cell lymphoma. Blood (2020) 135(8):584–8. doi: 10.1182/blood.2019002401

89. Kurita, D, Miyoshi, H, Yoshida, N, Sasaki, Y, Kato, S, Niino, D, et al. A clinicopathologic study of lennert lymphoma and possible prognostic factors: The importance of follicular helper T-cell markers and the association with angioimmunoblastic T-cell lymphoma. Am J Surg Pathol (2016) 40(9):1249–60. doi: 10.1097/PAS.0000000000000694

90. Watatani, Y, Sato, Y, Miyoshi, H, Sakamoto, K, Nishida, K, Gion, Y, et al. Molecular heterogeneity in peripheral T-cell lymphoma, not otherwise specified revealed by comprehensive genetic profiling. Leukemia (2019) 33(12):2867–83. doi: 10.1038/s41375-019-0473-1



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Marques-Piubelli, Amador and Vega. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 09 February 2023

doi: 10.3389/fonc.2023.1101441

[image: image2]


PTCL, NOS: An update on classification, risk-stratification, and treatment


Jonathan Weiss 1, John Reneau 2 and Ryan A. Wilcox 1*


1 Department of Internal Medicine, Division of Hematology and Oncology, University of Michigan, Ann Arbor, MI, United States, 2 Department of Medicine, Division of Hematology, The Ohio State University Comprehensive Cancer Center, Columbus, OH, United States




Edited by: 

Jean El Cheikh, American University of Beirut Medical Center, Lebanon

Reviewed by: 

Reuben Matthew Tooze, University of Leeds, United Kingdom

Anjali Mishra, Sidney Kimmel Cancer Center, United States

Brad Haverkos, University of Colorado Hospital, United States

*Correspondence: 

Ryan A. Wilcox
 rywilcox@med.umich.edu

Specialty section: 
 This article was submitted to Hematologic Malignancies, a section of the journal Frontiers in Oncology


Received: 17 November 2022

Accepted: 27 January 2023

Published: 09 February 2023

Citation:
Weiss J, Reneau J and Wilcox RA (2023) PTCL, NOS: An update on classification, risk-stratification, and treatment. Front. Oncol. 13:1101441. doi: 10.3389/fonc.2023.1101441



The peripheral T-cell lymphomas (PTCL) are relatively rare, heterogeneous, and therapeutically challenging. While significant therapeutic gains and improved understanding of disease pathogenesis have been realized for selected PTCL subtypes, the most common PTCL in North America remains “not otherwise specified (NOS)” and is an unmet need. However, improved understanding of the genetic landscape and ontogeny for the PTCL subtypes currently classified as PTCL, NOS have been realized, and have significant therapeutic implications, which will be reviewed here.
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Introduction

Historically, treatment paradigms utilized successfully in the management of many aggressive B-cell lymphomas – namely, multiagent, anthracycline-based regimens, including CHOP – have been empirically applied, perhaps unjustifiably (1), to the T-cell lymphomas. With one notable exception (2), attempts to improve outcomes by “adding to” or “replacing” anthracycline-based regimens have failed, and most T-cell lymphoma patients will succumb to their lymphoma, or complications related to its treatment, within a few years of diagnosis. Indeed, most of the T-cell lymphomas have been, and remain, a challenging and unmet medical need (3).

The sheer geographic, clinical, histopathologic, molecular, and genetic heterogeneity of the more than 25 peripheral T-cell lymphoma (PTCL) subtypes recognized by the WHO have frustrated efforts to improve outcomes for patients afflicted with these mature T-cell derived non-Hodgkin lymphomas (NHL) (4). Not surprisingly then, PTCL diagnosis and classification are challenging, as demonstrated by the relatively high-rate (≈33%) of reclassification following “expert” hematopathology review (5), after which ≈25-40% will remain “unspecified” (6, 7). At the dawn of the 21st century, the PTCL were viewed as the “next, and largely unexplored, frontier in lymphoma management” (8). Twenty years later, significant gains, driven by collaborative and multidisciplinary efforts, have improved our understanding of the PTCL generally, and PTCL, not otherwise specified (PTCL, NOS) specifically. The new frontier in lymphoma management spawned by these efforts is dominated by novel therapeutic approaches, as evidenced by the more than 100 ongoing clinical trials investigating novel agents. Despite these significant advances, and evidence to support a cautiously optimistic outlook (9), the PTCL, NOS remain a diagnostic and therapeutic challenge, and are the subject of this review.



Epidemiology

In North America and Europe, with the exception of American Indians, PTCL, NOS is the most common PTCL subtype, accounting for ≈30% of PTCL, and is twice as prevalent as either angioimmunoblastic T-cell lymphomas (AITL) or anaplastic large cell lymphomas (ALCL) (6, 7, 10). The median age at diagnosis is 60 years, and males are more commonly affected, with a male-to-female ratio of 1.9:1 (6). A history of celiac disease, psoriasis, and a family history of any hematologic malignancy in a first-degree relative are risk factors for PTCL, NOS, with adjusted odds ratios ranging from ≈2-9, whereas a history of allergies and moderate alcohol consumption are associated with a decreased risk (11). While long-term (>40 years) cigarette smoking is a significant risk factor in PTCL overall, this association did not reach statistical significance for PTCL, NOS (11). Immune suppression may also confer an increased risk of PTCL, NOS, possibly including those derived from cytotoxic T cells (12, 13), and a history of prior immunosuppressive therapies has been reported in 3.8% of PTCL, NOS patients (14). Consistent with the importance of immune surveillance, PTCL, NOS is observed following solid organ transplant, and accounts for approximately one-third of T-cell derived post-transplant lymphoproliferative disorders (15). Deleterious mutations or copy number alterations/structural variants are recurrently observed in genes required for immune surveillance (or evasion), including MHC class I, β2M, and PD-L1 (16, 17). When observed, PTLD (PTCL, NOS) often occur “late” (>5 years post-transplant), frequently involve extranodal sites, and are often, but not always, EBV-associated, regardless of the time of onset following transplant (15), and are seemingly associated with a genetic landscape reminiscent of that observed in PTCL, NOS generally (18). Not surprisingly, T-cell derivation is an adverse prognostic factor on multivariate analysis in the setting of PTLD (19). With the possible exception of PTLD, EBV more commonly affects B-cells within the tumor microenvironment, and rarely infects malignant T cells, at least in the West (14). However, EBV associated PTCL, NOS is more common in Asia, where EBV infection is associated with inferior outcomes (20). While previously classified as a subtype of PTCL, NOS, in the current WHO classification these lymphomas are now classified as nodal EBV-positive T and NK-cell lymphomas (4).



Natural history and risk-stratification

The majority of patients diagnosed with PTCL, NOS present with advanced-stage (III/IV) disease, usually with nodal or nodal/extranodal involvement (14). Involvement of multiple extranodal sites or exclusively extranodal involvement are less common, being observed in 29% and 13% of patients, respectively (14). Common extranodal sites of involvement, observed in at least 10% of patients, include the spleen, bone marrow, liver, and skin (14). Associated complications, including hypercalcemia, hypogammaglobulinemia, and hemophagocytic lymphohistiocytosis (HLH) are observed in fewer than 10% of patients (14).

Approximately 30% of patients remain alive and disease free 24 months following initial diagnosis and treatment (14, 21), and achieving this landmark is a surrogate for overall survival (22, 23). Among PTCL, NOS patients who experienced disease progression or recurrence within 24 months of diagnosis, the 3-year overall survival from the time of progression was 19.4%. In stark contrast, event-free survival at 24 months (EFS24) was associated with a 3-year overall survival, from the time EFS24 was achieved, of 84.6% (22). As with most aggressive NHL, advanced age and poor performance status are adverse prognostic factors (6, 24–26), as are an elevated LDH (14, 24, 25), bone marrow involvement (14, 24), bulky (≥10 cm) disease (14), thrombocytopenia (14), lymphopenia (27), neutrophilia (26), hypoalbuminemia (26), and a high proliferative index (Ki67 ≥80%) (25). These prognostic variables have been variously combined to form prognostic indices, stratifying patients into low- and high-risk groups, with EFS24 ranging from ≈20% to ≈50%, respectively. While still utilized, one suspects that these indices may be supplanted by, or at least incorporate, ontologically and/or genetically based approaches for risk-stratification in the near future.



Disease ontology and classification

PTCL, NOS are morphologically heterogeneous, ranging from sheets of intermediate- to large-sized cells that are relatively devoid of an inflammatory environment (i.e. immunologically “cold”) to those that are polymorphous and enriched for a range of inflammatory cells (i.e. immunologically “hot”) (28, 29), including epithelioid histiocytes [in “Lennert’s lymphomas” (30)]. T-cell specific antigens (e.g. CD2, CD3, CD4) are commonly expressed, while CD4 and/or CD8 expression is variable, and not always associated with the presumed cell of origin (31). The majority (>90%) of PTCL, NOS are derived from mature αβ T-cells. T-cell lymphomas derived from γδ T cells classically involve specific extranodal sites, but when classified as PTCL, NOS, transcriptionally resemble extranodal NK/T cell lymphomas (32).

Early transcriptional profiling efforts highlighted PTCL, NOS heterogeneity, with subsets transcriptionally resembling either ALK- ALCL or AITL, while others were transcriptionally disparate (33, 34). Subsequent transcriptional profiling efforts demonstrated that ≈15% of PTCL, NOS cases transcriptionally resemble follicular helper T-cell (TFH)-derived PTCL (35). Consequently, the current WHO classification separates TFH-derived PTCL, previously classified as PTCL, NOS, based on the expression of at least two TFH-associated antigens (i.e. CD10, CD279/PD-1, Bcl-6, CXCL13, ICOS, SAP, or CXCR5) (4, 28).

Consistent with an ontologically informed classification schema, two contemporaneous studies demonstrated that PTCL, NOS may be further sub-classified into those that highly express one of two transcription factors that regulate normal T-cell differentiation. One subset expresses the zinc-finger transcription GATA-3, classically associated with T-helper type 2 (Th2) differentiation, and are enriched for a number of its canonical transcripts (i.e. target genes). A second, more heterogeneous subtype(s) is characterized by the expression of the transcription factor T-bet (gene name: TBX21), which is classically associated with T-helper type 1 (Th1) and cytotoxic T-cell (CTL) differentiation and function. Iqbal et al. adopted an unbiased approach, profiling 121 PTCL, NOS cases, and observed two dominant subtypes upon unsupervised hierarchical clustering, one enriched for GATA-3, and the other enriched for T-bet transcripts (35). Expression of GATA-3 and T-bet transcripts and protein were inversely correlated (35). A gene expression classifier was able to confidently assign 33% of cases to the GATA-3 group and 49% to the T-bet group, and 18% of cases remained unclassifiable. More recently, PTCL,NOS cases included in this study were utilized as a training cohort to identify an abbreviated molecular classifier (36). This abbreviated molecular classifier, which included 153 transcripts (including 21 viral or housekeeping genes), accurately and reproducibly discriminated “unspecified” from “specified” PTCL subtypes, but also discriminated GATA-3 and T-bet PTCL and was generally concordant (concordance 80%) with an immunohistochemistry-based algorithm previously developed by the same group (29). Consistent with prior observations, T-bet PTCL was enriched in cytotoxic T-cell (CTL) related transcripts (35, 37). As the transcripts utilized in the molecular classifiers were not disclosed, interpreting this work within a broader context is challenging. In contrast, Wang et al. adopted a biased approach after observing evidence for cytokine-driven alternative macrophage polarization in PTCL. Transcriptional profiling of cytokines, including those regulated by T-bet (e.g. IFN-γ) and GATA-3 (e.g. IL-4/IL-13), identified two distinct clusters (37). GATA-3 expression, demonstrated by immunohistochemistry, identified a distinct subset in a multicenter cohort of PTCL, NOS patients, and was associated with inferior progression-free and overall survival. In fact, not a single long-term, disease-free survivor was observed in the GATA-3 group (37), as primary refractory disease is frequently observed in these patients (38). Strikingly, a multicenter study failed to observe a significant difference in survival when comparing patients within the GATA-3 group that had been treated with an anthracycline-based regimen (most commonly CHOP or CHOEP) with those that had received supportive care alone (most commonly hospice) [Figure 1 (39)].




Figure 1 | GATA-3 expression is associated with dismal outcomes in PTCL, NOS. GATA-3 expression was determined by immunohistochemistry and patients were stratified by treatment. Among GATA-3 positive patients (n=28) that received first-line anthracycline-based chemotherapy, 86% received CHOP or CHOEP. Among GATA-3 negative patients (n=61), 87% were treated with CHOP/CHOEP. Consistent with prior studies, GATA-3 expression was associated with inferior event-free survival (EFS). Importantly, no significant improvement in EFS was observed for GATA-3+ patients treated with CHOP/CHOEP in comparison to PTCL, NOS patients (n=33) who received palliative or best supportive care alone (72% hospice care with or without corticosteroids), highlighting the futility of current therapies in this subset. [Data reprinted with permission from (39)].



The contrasting genetic landscape observed in “GATA-3 PTCL” and “T-bet PTCL” provides further evidence that these are truly distinct PTCL subtypes, and should be classified as such, although the current WHO and ICC classifications view the current evidence as insufficient for such a subclassification (4, 40, 41). For example, copy number gains or amplifications involving c-Myc, STAT3, EZH2, and Rel, among others, were recurrent in (and specific for) the GATA-3 subgroup, whereas losses involving the tumor suppressors p53, PTEN, and CDKN2A/B were observed (42). T-cell receptor signaling plays an important role in upregulating GATA-3 protein expression in both conventional and malignant T cells in a PI3K/AKT dependent manner (38, 43), suggesting that PTEN loss may promote translation of GATA-3 transcripts in these lymphomas. Signaling pathways influenced by the aberrant loci observed included PI3K/mTOR and T-cell receptor dependent signaling, consistent with prior studies (35, 38). The distinct, and “high-risk”, genetic landscape associated with GATA-3 PTCL has led some to suggest that GATA-3 does not have an independent oncogenic role, but is simply a surrogate biomarker for a genetically high-risk PTCL subset. However, a comprehensive and systematic analysis of GATA-3 target genes in malignant T cells demonstrated that GATA-3 targets (e.g. including c-myc) are oncogenic, and further demonstrated via loss-of-function and gain-of-function studies that GATA-3 is a bona fide proto-oncogene in these lymphomas (39). While less aberrant, distinct and recurrent copy number alterations were observed in T-bet PTCL, including gains involving BCL11B (42), which impairs GATA-3 (Th2) dependent cytokine gene expression upon binding GATA-3 (44). Compared to GATA-3 PTCL, recurrent copy number losses were infrequently observed in T-bet PTCL, although relevant focal losses affecting relevant genes, including TNFAIP3, for example, were occasionally observed. Collectively, the transcriptional and genomic differences observed between GATA-3 and T-bet PTCL demonstrate that these are genetically distinct PTCL subtypes. Furthermore, the high-risk genetic landscape observed in GATA-3 PTCL, including 17p/TP53 deletions and mutations, collectively observed in ≈50% of GATA-3 PTCL, may explain, at least in part, the chemotherapy resistance and dismal outcomes observed in this subgroup.

In contrast to GATA-3 PTCL, the T-bet subgroup is more heterogeneous, and includes minor subsets resembling, and likely derived from, γδ T cells and conventional cytotoxic T cells (CTL) (31–33), including a subset with mutations preferentially affecting epigenetic modifiers, including the DNMT3A methyltransferase domain, leading to hypomethylation of the EOMES locus and increased eomesodermin expression, culminating in the induction of a cytotoxic T-cell transcriptional program (31). DNMT3A mutated cases were associated with dismal outcomes, but the inferior survival observed was restricted to T-bet PTCL. While DNMT3A mutations were also observed in GATA-3 PTCL, those mutations did not involve the methyltransferase domain, and were of no prognostic significance. TET2 mutations are also recurrent in T-bet PTCL, and rarely (prevalence <10%) observed in GATA-3 PTCL (36, 45). A rare subset of CTL-derived PTCL, NOS harboring a recurrent IRF4 translocation have also been described (46). In addition, EBV-associated, nodal PTCL, are rarely observed, and usually express CD8 and cytotoxicity-related proteins (45, 47). These findings further highlight the genetic disparities between GATA-3 and T-bet PTCL, but also highlight the heterogeneity within the T-bet subgroup, which is likely comprised of, at the very least, both Th1- and CTL-related lymphomas. Efforts to discriminate these PTCL, NOS subtypes using immunohistochemistry-based algorithms, analogous to those utilized in the classification of diffuse large B-cell lymphoma subtypes, are ongoing (29). The Amador algorithm, for example, includes stains for GATA-3, CCR4, T-bet, and CXCR3, and accurately classified 85% of PTCL, NOS cases when compared with a transcriptionally defined classifier (29). Of course, this ongoing work has significant therapeutic implications, as PTCL, NOS subsets likely have different dependencies, and thus varying degrees of vulnerability to both conventional and novel agents. In fact, the dismal outcomes observed in GATA-3 PTCL, as defined by immunohistochemical staining for GATA-3 alone, following multiagent, anthracycline-based chemotherapy may suggest that this approach is futile in these patients (37, 39, 48, 49). While acknowledging the limitations of making cross-cohort comparisons, it is notable that the outcomes observed in these studies is comparable to those observed in a genetically high-risk subset of PTCL, NOS, defined by TP53 and/or CDKN2A deletions/mutations (>50% of which were biallelic/homozygous) (16). While not reported, the constellation of copy number alterations observed and the prevalent GATA-3 expression reported in this TP53/CDKN2A-altered group (or “group 2”, as defined by Watatani et. al.) would suggest that this group, if transcriptionally profiled, would likely be classified as falling within the GATA-3 subtype (16). Given the anticipated prevalence of TP53/CDKN2A alterations in GATA-3 PTCL (≈50%), these findings may further suggest that GATA-3 expression itself is an adverse prognostic factor, irrespective of the underlying genetic landscape (or at least TP53/CDKN2A status). This contention is supported by the recent observation that GATA-3 itself functions as a proto-oncogene (39), and is consistent with its role in the differentiation, homeostatic survival, and proliferation of conventional (non-malignant) T-cell subsets (50–58). These recent findings also have therapeutic implications, as GATA-3 target genes, including ITK, are targetable (39).



PTCL, NOS pathogenesis

The antigen-, costimulatory-, and cytokine-dependent signals that regulate the differentiation, proliferation, survival, and function of conventional (non-malignant) T cells are co-opted by malignant T cells during T-cell lymphomagenesis (Figure 2). Ligands and cytokines, provided by constituents of the tumor microenvironment (TME), instigate signaling cascades that metabolically and transcriptionally regulate malignant T cells. The antigen-, costimulatory-, and cytokine-receptor dependent signaling inputs provided by the TME regulate and activate transcription factors that regulate target genes with either a cell-autonomous and/or non-cell-autonomous role in T-cell lymphomagenesis. Of course, the repertoire of target genes regulated in this manner is not easily extrapolated from our understanding of conventional (non-malignant) T cells, as transcriptional reprogramming is highly context dependent, being determined by the enhancer and epigenetic landscapes, both of which, in comparison to their conventional counterparts, are altered in malignant T cells (16, 42, 59, 60). Target genes with a cell-autonomous role may cooperate with recurrently altered oncogenes (e.g. c-myc, STAT3) and tumor suppressors (e.g. p53, CDKN2A), promoting the growth and survival of malignant T cells. Conversely, target genes with a non-cell-autonomous role (e.g. cytokines/chemokines) regulate the recruitment, homeostatic survival, expansion, and functional polarization of constituents of the TME. These distinctions can be arbitrary, and are by no means mutually exclusive. For example, CSF-1, a critically important homeostatic cytokine for tissue-resident macrophages, may also activate malignant T cells in an autocrine manner upon binding its receptor (i.e. CSF-1R), which is aberrantly expressed by a subset of PTCL, NOS, culminating in PI3K/AKT activation (61). This model of T-cell lymphomagenesis, described as a “three signal” model [Figure 2 (62)], has been recently reviewed (63, 64), and is consistent with the genetic landscape associated with PTCL, NOS, as many of the recurrent copy number variants and mutations observed in these lymphomas regulate signaling cascades normally associated with antigen-, costimulation-, or cytokine-receptor dependent signaling. While many gain-of-function mutations may render cells independent from exogenous, ligand-dependent signaling, this is not universally true, and thus a three-signal model also highlights the TME’s supportive role in disease pathogenesis. Conversely, receptors (e.g. Notch) that are rarely subject to mutations or copy number alterations in mature T-cell lymphomas (in contrast to T-ALL) (42, 65), remain dependent upon ligand- and TME-dependent signaling (66). Finally, the signaling cascades triggered by exogenous and TME-dependent factors, and those activated by gain-of-function genetic alterations, confer sensitivity (or resistance) to novel, targeted agents. Consequently, our current, three-signal understanding of PTCL, NOS pathogenesis has significant therapeutic implications.




Figure 2 | A three-signal model of T-cell lymphomagenesis. Ligands and cytokines/chemokines provided by constituents of the tumor microenvironment engage three broad classes of cell-surface receptors expressed by malignant T cells, including the T-cell receptor (“signal 1”), costimulatory/coinhibitory receptors (“signal 2”), and cytokine/chemokine receptors (“signal 3”). Receptor engagement instigates a signaling barrage culminating in significant transcriptional changes that regulate the proliferation, survival, cytoskeletal remodeling, and metabolism of malignant T cells. Relevant primary/secondary messengers and transcription factors are shown, and those that are preferentially expressed (or activated) in GATA-3 or non-GATA-3 PTCL are indicated.



Analogous to the pathogenic role of “chronic active” and “tonic” B-cell receptor (BCR) signaling in many B-cell lymphomas (67), malignant T cells seemingly exploit T-cell receptor (TCR) dependent signals (38). Just as the genetic landscape observed in B-cell lymphomas supports the BCR’s pathogenic role, activating translocations and mutations involving signaling intermediates downstream of the TCR are recurrently observed in PTCL, NOS. For example, gain-of-function mutations in Src family kinases (SFK), including Fyn, are observed in PTCL, NOS (prevalence <5%). These mutations predominantly disrupt inhibitory interactions between the Fyn SH2 domain and its c-terminal domain by rendering Fyn resistant to Csk-dependent phosphorylation (68). More recently, rare translocations involving the SFK genes for Fyn and Lck have been described (69). Among these, a FYN-TRAF3IP2 fusion, which juxtaposes the Fyn membrane localization (and SH3) domains (but not the kinase domain) with almost the complete open reading frame of TRAF3IP2 (including its TRAF6 binding domain), was most prevalent. TRAF3IP2, which normally activates NF-kB and MAPK pathways downstream from IL-17 receptor signaling, activates these pathways in an IL-17 independent manner. When ectopically expressed in a T-ALL cell line, this fusion led to constitutive NF-kB (but not MAPK) activation. Activation of proximal kinases required for TCR signaling (e.g. Zap-70) was not observed, and NF-kB activation occurred independently from formation of the CARD11/BCL10/MALT1 (CBM) complex, yet TCR activation further increased NF-kB activation in these cells. Therefore, while this novel fusion “hijacks” TCR-dependent NF-kB signaling, further amplification of signaling following TCR activation was observed in these cells. In contrast, a novel (and rare) KHDRBS1-LCK fusion, which includes the Lck kinase domain, increased proximal (and SFK-dependent) TCR signaling, resembling “chronic active” antigen-receptor signaling.

Vav1, mutated in ≈10% of PTCL, NOS (16, 70, 71), is a multidomain and multifunctional protein, with both guanine nucleotide exchange factor (GEF)-dependent and GEF-independent functions, that amplifies and diversifies TCR signaling. In addition to preferentially activating the Rho family GTPase Rac1 and remodeling the actin cytoskeleton, Vav1 also activates NFAT and promotes the ubiquitin-dependent degradation of the Notch intracellular domain independently from its GEF activity. In addition, optimal NFAT activation, even in cells that express constitutively active Vav1, requires TCR activation (72). Systematic interrogation of the broad spectrum of Vav1 mutations (and translocations) observed in many cancer types suggest that approximately 50% of Vav1 mutations are non-functional passenger mutations (73). Among the remaining mutations (and translocations) that are functional, a subset (or so-called “trivalent” mutations) activates both Rac1 and NFAT, but also eliminates Notch inhibitory functions associated with wildtype Vav1. As a class, these trivalent mutations are translocations or truncating mutants that involve the c-terminal SH3 domain, and are commonly observed in PTCL, NOS, but are quite distinct from a class of monovalent mutations that, despite eliminating Notch inhibitor capacity, preserve Rac1 and NFAT activating capacity, and are more commonly observed in alternative T-cell lymphomas (including CTCL, AITL, and ATLL). A less common bivalent class of gain-of-function (GOF) missense mutations observed in multiple Vav1 domains culminate in Rac1 and NFAT activation, but do not affect Notch inhibition, and are also observed in PTCL, NOS (and other T-cell lymphomas). Selected Vav1 mutants and fusions lacking the c-terminal SH3 domain, when transgenically expressed in mouse T cells, lead to the development of PTCL resembling nodal TFH-derived lymphomas (73). However, the expression of similarly mutated Vav1 in a p53-deficient context did not lead to the development of PTCL resembling nodal TFH-derived lymphomas (74). Instead, the PTCL that emerged in transgenic mice highly expressed GATA-3 and transcriptionally resembled GATA-3 associated PTCL, NOS, and resembling their human counterparts (42), marked c-Myc pathway activation was also observed in these lymphomas. Collectively, these observations highlight the cooperativity between specific mutations (and presumably the pathways they activate) and the broader genetic landscape across the spectrum of PTCL. To date, very few PTCL, NOS cases, stratified into GATA-3 and non-GATA-3 subtypes, have been sequenced. Therefore, the mutational spectrum, at least within the context of a “three signal” model, and its potential relationship to both the putative cell-of-origin and the broader genetic landscape within these ontologically defined PTCL, NOS subsets, remain a significant gap in knowledge.

Consistent with the three-signal model previously proposed, copy number alterations and GOF mutations are recurrently observed in other TCR (signal 1)-related enzymes and adaptors (e.g. PLCγ, CARD11), and either costimulation (signal 2)-related (e.g. ICOS-CD28 fusions, CD28 mutations) or cytokine (signal 3)-related (e.g. JAK2, JAK3, STAT3, SOCS1) genes (16, 42, 75, 76). As noted, the relationship between this mutational spectrum, PTCL, NOS ontology and classification, and the broader genetic landscape, are not yet fully defined. Furthermore, improved understanding of poorly understood or previously uncharacterized drivers may lead to further additions to, or refinements of, our current understanding of T-cell lymphomagenesis and unveil novel therapeutic targets. For example, ligand-dependent Notch signaling was recently discovered as an important driver of proliferation in PTCL, NOS (66).

Constituents of the TME play a direct role in PTCL pathogenesis, by providing ligands/cytokines that engage antigen, costimulatory, and cytokine receptors expressed by malignant T cells, but also play an indirect role, by suppressing host anti-tumor immunity (62). Macrophages, for example, are constituents of the TME in PTCL, NOS (37, 77), and when abundant are associated with poor outcomes (48). In contrast, abundant B-cells and/or dendritic cells within the TME may be associated with more favorable outcomes (77). PTCL-derived and subtype-specific cytokines promote the recruitment, expansion and functional polarization of TME constituents. Macrophages, for example, are characterized by considerable plasticity, and under the influence of GATA-3 dependent cytokines highly express PD-L1 (17, 37), and other immune checkpoints (77), and foster immune evasion and disease progression (78). Given the importance of the TME in PTCL pathogenesis, novel therapeutic strategies to functionally attenuate, exploit, or even deplete constituents of the TME are being actively investigated. The extent to which the microenvironmental ecosystem diverges across, or is defined by, PTCL, NOS subtypes, and its relative contribution to disease pathogenesis, or utility as a therapeutic target, are poorly understood, but important questions.



Frontline Treatment

As previously noted, the use of anthracycline-based regimens (usually CHOP) in the frontline setting is not only an extrapolation from the treatment paradigm utilized in the management of aggressive B-cell lymphomas, but is not curative for most PTCL, NOS patients. In fact, a recently reported retrospective study demonstrated that survival was dismal for patients with GATA-3 PTCL (as defined by immunohistochemistry) whether they received CHOP/CHOEP or supportive care alone (39). And, more to the point, there was no significant difference between the two groups. Attempts to improve a suboptimal backbone by adding additional agents (79), even a relatively effective one [e.g. brentuximab vedotin (2)], have failed to improve outcomes in PTCL, NOS. For example, the ECHELON-2 trial randomized patients to receive either brentuximab vedotin (BV)-CHP or CHOP. Notably, ≈75% of those enrolled were ALCL patients (2), for whom the overall response rate with single-agent brentuximab vedotin exceeds 80% (80). While a significant survival benefit was observed in the overall study population treated with BV-CHP, this benefit was likely restricted to patients with ALCL. While underpowered to address the potential benefit of BV-CHP in PTCL, NOS, no significant difference in progression-free [hazard ratio: 0.79, 95% CI 0.43-1.43] or overall survival [hazard ratio 0.75, 95% CI 0.37-1.48] was observed among the 72 PTCL, NOS patients randomized (81). Consistent with prior studies (82), CD30 expression among these patients was highly variable (ranging from 10-100%, with a median of 25%) and no correlation with response was observed when using a median cut-point for CD30 expression (81), consistent with prior observations (83).

Consolidation with high-dose therapy followed by autologous stem cell transplantation (HDT-ASCT) in first remission following frontline therapy is associated with ≈40-50% event-free survival at 24 months in single-arm and registry studies (10, 84–86). In contrast, a retrospective study (LYSA) failed to demonstrate a significant benefit associated with HDT-ASCT in an intention-to-treat analysis, but it is notable that 16% within the transplantation arm never proceeded to transplant, often due to primary refractory disease (87). Consequently, anthracycline-based regimens (commonly CHOP or CHOEP), despite uncertainty and a paucity of high-level evidence, and consolidation with high-dose therapy and autologous stem cell transplantation in first remission, remain the cornerstone of treatment for many patients, and is an approach consistent with current treatment guidelines. While this approach may be a “standard of care”, it is not curative for most patients, and primary refractory disease remains a significant challenge (38, 39). Therefore, studies investigating combinatorial and rationally designed strategies using novel and immunomodulatory agents with significant single-agent and/or synergistic activity are most certainly needed (1). The transcriptional and genetic heterogeneity increasingly appreciated across the PTCL, NOS spectrum suggests that the identification of relevant biomarkers in future studies ought to facilitate a more personalized approach, and one that will hopefully improve our ability to pair the “right” – and rationally designed – treatment with the “right” patient.



Treatment of relapsed and refractory PTCL, NOS

Outcomes for patients with relapsed/refractory PTCL, NOS are dismal, as a median event-free and overall survival <6 months is reasonably anticipated (88, 89), and salvage therapies, short of HDT-ASCT or allogeneic stem-cell transplantation, are largely palliative. Analogous to the approach adopted in the frontline setting, traditional salvage regimens used in the setting of relapsed aggressive B-cell lymphomas (e.g. ICE, DHAP) were often utilized in the setting of relapsed/refractory PTCL, NOS prior to the advent of the novel agents (belinostat, brentuximab vedotin, pralatrexate) currently approved in the United States. The British Columbia Cancer Agency reported their experience in relapsed/refractory PTCL, 52% of which were PTCL, NOS, who did not undergo transplant at relapse (82). Among these patients, 58% (n=89) received either combination regimens or single-agent chemotherapy, including GDP (n=19), non-gemcitabine containing multiagent regimens (e.g. ICE, n=22), and various single agents (e.g. etoposide, gemcitabine, n=48). The median overall survival in the entire cohort was 3.7 months, and was only marginally improved for those receiving chemotherapy, at 6.5 months. As this retrospective study included patients treated prior to the widespread availability of novel agents, including pralatrexate and romidepsin, the median progression-free survival (PFS) following salvage chemotherapy was compared to that observed in phase II studies with pralatrexate or romidepsin (90, 91), and median PFS of 3.7, 3.5, and 4 months were observed, respectively (88). Furthermore, exceptional, durable responses may be achieved with novel agents, particularly HDAC inhibitors. Among 130 PTCL patients treated with romidepsin, 10 patients (5 with PTCL, NOS) achieved a durable (>12 months) and complete response, 6 of whom (3 with PTCL, NOS) remained on treatment >2 years (92). Given the favorable toxicity profile associated with novel agents, many patients are exposed to these agents in a sequential manner. The exceptional responses observed in selected patients, and the ability to provide treatment in a sequential manner for many others, may explain the improved overall survival observed with single, novel agents when compared with more toxic, multiagent regimens in retrospective studies (9, 89, 93). For transplant eligible patients who did not undergo consolidation with HDT-ASCT in first remission, HDT-ASCT among those responding to salvage therapies is potentially curative, with 3-year OS ≈50% (94, 95). Allogeneic stem cell transplantation, while associated with significant transplant related-mortality, is also a potentially curative approach for eligible patients (94, 95). Autologous and “off-the-shelf” allogeneic cellular therapies, including CAR-T products specific for T-cell specific antigens, are an active area of ongoing investigation [reviewed in (96)].

Given the advances achieved over the past decade, the PTCL are anything but an “unexplored frontier”. In fact, the dramatic expansion in the development of targeted agents, and the sheer number of possible doublet (and triplet) combinations incorporating them, has seemingly outstripped the capacity for their methodical interrogation in a rare disease. This significant challenge is only exacerbated by recognition of the divergent genetic landscape and disease ontogeny between GATA-3 and the more heterogeneous non-GATA-3 subsets, and should be accounted for in future clinical trials using novel agents. While a systematic review of those agents currently under investigation is beyond the scope of the present review, a summary is provided in Table 1. However, it is notable that approximately one-third of the trials reviewed failed to discriminate between PTCL, NOS and other PTCL subtypes. Similarly, among the almost 500 PTCL, NOS patients reported in the remaining clinical trials, the distinction between GATA-3 and non-GATA-3 (T-bet) PTCL is unknown. Given the stark – and therapeutically significant – differences between these PTCL subtypes, this obvious gap in knowledge must be addressed in future studies. In contrast to the road previously travelled, the path forward will increasingly rely on an improved understanding of PTCL, NOS pathogenesis, and clinical trial participation – perhaps like never before – will remain a critically important consideration in the management of these patients, as we believe targeted agents and novel combinations targeting both malignant T cells and constituents of their TME are particularly promising.


Table 1 | Novel agents utilized in PTCL, NOS.
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Mycosis fungoides (MF) and Sézary syndrome (SS) are cutaneous T-cell lymphomas. MF is the most common cutaneous lymphoma, and it is classified into classic Alibert-Bazin MF, folliculotropic MF, pagetoid reticulosis, and granulomatous slack skin, each with characteristic clinical presentation, histopathological findings, and distinct clinical behaviors. SS is an aggressive leukemic variant of cutaneous lymphoma, and it is characterized by erythroderma, lymphadenopathy, and peripheral blood involvement by malignant cells. There is a wide range of dermatological manifestations of MF/SS, and prompt recognition is essential for early diagnosis. Skin biopsy for histopathology and immunohistochemical analysis is imperative to confirm the diagnosis of MF/SS. Histopathology may also provide information that may influence prognosis and treatment. Staging follows the TNMB system. Besides advanced stage, other factors associated with poorer prognosis are advanced age, male gender, folliculotropism in histopathology of patients with infiltrated plaques and tumors in the head and neck region, large cell transformation, and elevated lactate dehydrogenase. Treatment is divided into skin-directed therapies (topical treatments, phototherapy, radiotherapy), and systemic therapies (biological response modifiers, targeted therapies, chemotherapy). Allogeneic bone marrow transplantation and extracorporeal photopheresis are other treatment modalities used in selected cases. This review discusses the main clinical characteristics, the histopathological/immunohistochemical findings, the staging system, and the therapeutic management of MF/SS.
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1 Introduction

Extranodal lymphomas account for approximately 30% of non-Hodgkin lymphomas (1). The skin is the second most involved organ, after the gastrointestinal tract (2). Primary cutaneous lymphomas are classified into cutaneous NK/T-cell lymphomas (CTCL) and cutaneous B-cell lymphomas (CBCL), by the World Health Organization (WHO) and the European Organization for Research and Treatment of Cancer (EORTC). The CTCLs represent approximately 70% to 82% of all primary cutaneous lymphomas. Mycosis fungoides (MF) is the most common CTCL, representing almost 50% of all primary cutaneous lymphomas, and Sézary syndrome (SS) is a rare and aggressive leukemic disease (2–7).

MF was described in 1806 by Jean-Louis-Marc Alibert and, later, Pierre-Antoine-Ernest Bazin described the progression from patches (non-infiltrated lesions with erythema, scaling, and atrophy), to infiltrated plaques and tumors. Histologically, it is characterized by the proliferation of small and medium-sized epidermotropic CD4+ T-lymphocytes with convoluted nuclei (4).

SS was described by Albert Sézary and Yves Bouvrain in 1938 (8, 9). It is a leukemic variant of CTCL and occurs almost exclusively in adults. It is classically characterized by erythroderma, lymphadenopathy, and neoplastic cells in peripheral blood (3, 10).

In this review, we aim to describe the clinical presentation, diagnosis, staging system, and treatment currently available for MF and SS.




2 Epidemiology

It is estimated that primary cutaneous lymphomas have an annual incidence between 0.3 and 10.7 new cases per 1,000,000 individuals (1, 2, 5, 6). Approximately 70 to 82% of primary cutaneous lymphomas are CTCL, with annual incidences ranging between 3.4 and 7.7 per 1,000,000 individuals (2, 5, 6) and absolute predominance of MF and its variants and subtypes, which accounts for approximately 50% of the cases of cutaneous lymphomas (3, 4). Annual incidences of MF and SS range from 2.0 to 4.1 cases per 1,000,000 and 0.1 to 0.3 cases per 1,000,000, respectively (2, 5, 6). The incidence of cutaneous lymphomas is increasing, currently with an incidence three times higher than in the early 1980s (2).

MF typically affects adults with 50 to 60 years at diagnosis, and the disease is rarely described in childhood and young adults, except in the hypopigmented subtype of MF, with median age at diagnosis of 32 years (2, 11–15). Sézary syndrome (SS) is a rare and aggressive variant of CTCL that typically affect the elderly with a median age at diagnosis between 60 and 65 years (3, 4, 10, 13).

A systematic review and meta-analysis study (16) that analyzed North American (11, 17–22), European (23–26), Asian (12), and Australian (27) studies, included 6,279 patients with MF and SS and showed a predominance of males, accounting for 53% to 73% of the patients.

The analysis of the distribution of cutaneous lymphomas among different ethnicities is difficult due to the heterogeneity of this characteristic in different countries. An international and prospective multicenter study (Prospective Cutaneous Lymphoma International Prognostic Index - PROCLIPI study), which encompasses 19 countries from 6 continents, reported an absolute predominance of white patients (82.8%), reflecting a large number of North American and European centers (28). Data on the impact of ethnicity on disease behavior are conflicting due to the difficulty in the analysis of this parameter, however, there is evidence that black MF/SS patients are younger, have a female predominance, and are at higher risk of disease progression (28–30).




3 Pathogenesis

The pathogenesis of cutaneous lymphomas is not completely understood. It is believed that the chronic activation of T-cells by antigen-presenting cells leads to the gradual accumulation of mutations that culminate in the development of neoplastic cells. However, the triggering antigen for this chronic stimulation is unknown, and it could vary between patients (31). There is also the hypothesis that large plaque parapsoriasis and pityriasis lichenoides chronica would represent lymphocytic dyscrasias that could correspond to the link between polyclonal processes and MF (32, 33).

Bacterial, viral, fungal, and mycobacterial infections (34, 35), medications, and low vitamin D levels (36–39) have already been studied as the triggering factors in the origin of cutaneous lymphoproliferative processes. Analysis of regional grouping of patients with cutaneous lymphomas suggests exposure to unknown environmental factors and even occupational exposure (benzene and trichloroethylene) (40–43). However, none of these factors was consistently associated with the genesis of cutaneous lymphomas, and most of these studies are restricted to small series and case reports.

Studies analyzing the data of exome sequences of MF patients detected ultraviolet (UV) signatures in 10.8 to 57.6% of the mutational burden, suggesting that UV has a significant impact on the pathogenesis of MF (44). On the other hand, phototherapy with UVA or UVB is frequently used as a skin-directed therapy for MF/SS. The assessment of the interaction between UV and neoplastic cells and tumor microenvironment will add to the understanding of the real role of UV in MF/SS genesis and treatment.

MF and SS were considered the same disease for many years. However, the neoplastic cells of MF and SS have distinct immunophenotypic profiles. In MF, cells strongly express CCR4 and CLA, skin-homing receptors, and lack CCR7 and L-selectin, lymph nodes-homing receptors. This immunophenotype is typically observed in skin-resident memory T-cells. On the other hand, SS cells express CCR7 and L-selectin molecules, as well as CD27, a central memory T-cell marker, and they also strongly express CCR4 and other skin-homing receptors (CCR6, CCR10, CLA) (45). These findings suggest that MF and SS are distinct diseases, originating in different subtypes of T lymphocytes. However, the description of patches and plaques in MF patients that progress to a typical clinical picture of SS favors the hypothesis that there is a spectrum of manifestations encompassing the two entities. In addition to these observations, genetic and epigenetic studies demonstrate a great diversity in mutations and activated/inactivated signaling pathways in MF and SS (46, 47), and the same patient may have individually heterogeneous neoplastic cells (48). The genomic heterogeneity hinders the definition of whether MF and SS are part of the same disease, or if they are different diseases.




4 Clinical presentations



4.1 Mycosis fungoides

The WHO and EORTC classification of cutaneous lymphomas recognize the classic Alibert-Bazin type of MF and three variants: folliculotropic MF, pagetoid reticulosis, and granulomatous slack skin (GSS) (4). Besides the classic MF and the three variants, other clinicopathological subtypes of MF have been described: hypopigmented, poikilodermatous, erythrodermic, granulomatous, hyperpigmented, ichthyosiform, syringotropic, papular, purpuric, interstitial, pustular, bullous, verrucous, and psoriasiform MF. These other subtypes have clinical and pathological peculiarities but are included in the classic Alibert-Bazin MF group due to their similar prognostic features (14, 49–51).

Classic MF is the most frequent type, corresponding to 88.6%, followed by folliculotropic MF which corresponds to 11.4% of MF cases. Pagetoid reticulosis and granulomatous slack skin are extremely rare and represent less than 1% (4). Among the other MF subtypes included in the classic MF group, poikilodermatous MF is the most frequent (10% to 11%) followed by hypopigmented MF (3% to 10%) (13, 24).

Pruritus is the most frequent symptom, present in 80% of MF patients, and all patients with SS (13). Pruritus may be intense, especially in SS (10), and it is associated with significant worsening in quality of life (52).

Systemic symptoms are rarely seen in MF/SS. In a literature review study, Morris et al. evaluated 63 articles, including 505 patients with unusual findings in SS. Of these patients, just 8 patients (1.6%) had B symptoms, including fever, night sweats, and weight loss (53).

The time between symptom onset and diagnosis of MF varies between 2 years and 4.2 years (11, 54, 55). The PROCLIPI study observed that there is a diagnostic delay in early-stage MF, with median time between the first symptoms and diagnosis of 36 months (54). Cutaneous lymphomas are rare and are often misdiagnosed as eczematous processes, especially in the early stages of the disease. In addition, there is no single gold standard test that makes the diagnosis of MF or SS, but a set of clinical, histopathological, and molecular findings are needed, which contributes to the delay in the diagnosis.



4.1.1 Classic Alibert-Bazin MF

The classic type of MF, called the Alibert-Bazin type, is a progressive disease, with an indolent course. It is characterized by the development of patches, plaques, and tumors (Figures 1A–C) (3). Initially, there are non-infiltrated patches with erythema, scaling, and atrophy. These lesions may progress to erythematous infiltrated plaques, with well-defined borders and often with bizarre contours, with a foveolar, semi-annular, and serpiginous appearance, and eventually, tumors appear over the preexisting plaques or areas of healthy skin. It is common to observe a combination of lesions with patches, plaques, and tumors concomitantly. Not all MF patients progress from patches to plaques and tumors, but patches are always present (if a patient presents tumors without patches, other cutaneous lymphomas must be considered in the differential diagnoses). Thick infiltrated plaques and tumors may ulcerate, and erythroderma (involvement of more than 80% of the body surface area) may develop as the disease progresses (Figure 1D) (3, 56). A study with 1,502 patients with MF/SS showed that 71.4% had patches, 36.3% had plaques and 13.5% had tumors. Erythroderma was observed in 16.6% of cases (24).




Figure 1 | Clinical presentation of classic MF. Patches on the buttocks (A); plaques on the abdomen (B); patches, plaques, and tumors on the buttocks (C); erythroderma (D).



The lesions initially appear on sun-protected areas, especially on the buttocks and breasts. The lower trunk, inguinal regions, axillae, and proximal areas of the upper and lower limbs are frequently involved. Lesions appear in variable numbers, and they spread gradually (3, 14).

Extracutaneous dissemination to lymph nodes, blood, or viscera is rare but has a significant negative impact on disease prognosis (57).




4.1.2 Folliculotropic MF

Folliculotropic MF is the most common variant, and it was considered a variant with a poorer prognosis, due to the presence of neoplastic infiltrate deeper in the dermis. However, recent studies divide the cases into advanced folliculotropic MF, with infiltrated plaques and tumors in the head and neck region with intense pruritus, cicatricial alopecia, and poorer prognosis (Figure 2A); and early folliculotropic MF, with patches and thin plaques with follicular accentuation, comedones, and milia in the trunk, milder pruritus, and a favorable prognosis (Figure 2B) (58, 59).




Figure 2 | Folliculotropic MF. Advanced folliculotropic MF with infiltrated plaques on the scalp causing alopecia and milia (A); early folliculotropic MF with patches and plaques with comedones and milia on the breasts, thorax, and neck (B).



Not all patients with clinical features of folliculotropic MF have the description of folliculotropism on histopathology. This discrepancy occurs because sometimes the follicles are not represented in skin biopsy samples. On the other hand, there is the description of follicular involvement even in lesions that clinically do not suggest follicular involvement. The diagnosis of folliculotropic MF is based on the clinical picture in association with histopathology (60). Even in cases of childhood MF, including hypopigmented MF, folliculotropism can be observed, with no impact on the course of the disease (61). It is known that the hair follicle is a region of immune privilege, and the disruption of this barrier is observed in folliculotropic MF (62). It is still uncertain whether this breach of the immune privilege barrier also occurs in other MF variants in which folliculotropism can be observed on histopathology, and whether there is any impact on the prognosis. Furthermore, follicular accentuation may not always demonstrate infiltration of the follicular epithelium by neoplastic cells, but only follicular mucinosis, which can make confirmation of folliculotropic MF diagnosis difficult (63).




4.1.3 Pagetoid reticulosis

Pagetoid reticulosis is a rare and indolent MF variant. It is characterized by psoriasiform or hyperkeratotic lesions affecting the extremities (Figure 3). On histopathology, there is epidermal hyperplasia with a pagetoid proliferation of atypical T-lymphocytes with CD4+, CD8+, or CD4-CD8- phenotype (3, 64).




Figure 3 | Pagetoid reticulosis. Psoriasiform plaques on the dorsum of the hand.






4.1.4 Granulomatous slack skin

Granulomatous slack skin is a rare and indolent MF variant, with peculiar clinical and histopathological characteristics. Initially, infiltrated papules and plaques appear on the skin folds, which may evolve with skin laxity (Figure 4). Histopathology shows granulomas, elastophagocytosis, and atypical lymphocytes infiltrating the skin. Patients with granulomatous slack skin have an increased risk of a second hematologic malignancy, especially anaplastic large T-cell lymphoma and Hodgkin’s lymphoma (65).




Figure 4 | Granulomatous slack skin. Skin laxity on the abdomen (A) and the arm (B).






4.1.5 Other clinicopathological subtypes



4.1.5.1 Hypopigmented MF

The hypopigmented subtype of MF affects most frequently young patients with a median age at diagnosis of 32.2 years and with skin types IV-V (14, 15). An American study with 1,502 patients reported a diagnosis of hypopigmented MF in 3.4% of patients with MF (24). On the other hand, a Brazilian study reported a frequency of 19.6%, and studies with the pediatric population report hypopigmented MF in up to 50% of the total number of patients analyzed. Thus, geographical variations in the frequency of hypopigmented MF occur according to the ethnic characteristics of the populations (13, 15, 61, 66, 67). Hypopigmented MF is characterized by hypopigmented patches on the trunk, thighs, buttocks, and extremities (Figure 5) (15).




Figure 5 | Hypopigmented MF. Multiple hypochromic patches on the trunk and arms (A), and on the buttocks (B).






4.1.5.2 Poikilodermatous MF

Poikilodermatous MF is characterized by hypopigmented, hyperpigmented, atrophic, and telangiectatic lesions, typically affecting flexural areas and the trunk. This type of MF accounts for 10% of cases and is more frequent in young patients (median age at diagnosis of 40 to 50 years) (51, 68). It can be subdivided into poikilodermatous MF with localized lesions and with generalized lesions (Figure 6). Patients with generalized poikilodermatous MF present erythroderma (more than 80% of the body surface area affected) and, despite the extensive skin area affected, the prognosis is excellent (51).




Figure 6 | Poikilodermatous MF with localized (A) and generalized lesions (B).






4.1.5.3 Erythrodermic MF

The diagnosis and clinical management of erythrodermic MF are difficult. The patient presents with erythema and scaling on more than 80% of the body surface area (Figure 7), and the differential diagnoses include all causes of erythroderma, such as psoriasis, eczema, pityriasis rubra pilaris, drug eruption, and Sézary syndrome (69, 70). It is considered an aggressive MF variant, and peripheral blood assessment is critical to differentiate erythrodermic MF from SS (14, 71). It is discussed whether idiopathic cases of erythroderma may correspond to pre-malignant phases or even a type of MF in which it was not possible to identify neoplastic cells infiltrating the skin, due to the fewer epidermotropism of atypical lymphocytes observed in these erythrodermic cases (72).




Figure 7 | Erythrodermic MF. Difuse erythema and scaling affecting on the back and arms (A), and on the lower limbs (B).






4.1.5.4 Other

Other rare clinicopathological subtypes of MF include granulomatous, hyperpigmented, ichthyosiform, syringotropic, papular, purpuric, interstitial, pustular, bullous, verrucous, and psoriasiform MF. These other subtypes are classified within the group of classic MF, and patients frequently present a mixed clinical presentation, together with the presence of patches, plaques, and tumors described by Alibert and Bazin (14, 49–51).






4.2 Sézary syndrome

SS is a leukemic variant of CTCL and occurs almost exclusively in adults. It presents with erythroderma with a diffusely infiltrated aspect of the skin, often associated with non-scarring alopecia, palmoplantar keratoderma, nail dystrophies, generalized lymph nodes enlargement, and intense itching (Figures 8, 9). Circulating neoplastic T-cells are detected by searching for Sézary cells (large lymphocytes with a cerebriform nucleus) in the blood smear and by immunophenotyping of lymphocytes by flow cytometry. Search for T-cell receptor (TCR) gene rearrangement detects monoclonal populations in peripheral blood, skin, and lymph nodes. For the diagnosis of SS, the International Society for Cutaneous Lymphomas (ISCL) propose that the presence of a monoclonal population in the skin and blood (same clone) and one of the phenotypic alterations (CD4/CD8 ≥ 10 and/or CD4+CD7- ≥ 40% and/or CD4+CD26- ≥ 30%) or detection of more than 1,000 Sézary cells/µL are mandatory (Table 1) (3, 10, 73). According to the most recent World Health Organization (WHO) classification, SS diagnosis also requires erythroderma, generalized lymphadenopathy, and clonally related malignant T-cells in the skin, peripheral blood, and lymph nodes (74).




Figure 8 | Sézary syndrome. Diffuse erythema and scaling (A) and non-scarring alopecia (B).






Figure 9 | Sézary syndrome. Plantar (A) and palmar (B) keratoderma, onychodystrophy (C).




Table 1 | Sézary syndrome diagnostic criteria.







5 Skin biopsy

The confirmation of MF/SS diagnosis is difficult. There are no “gold standard” tests, and diagnosis is based on clinical, histopathological, and molecular findings. On histopathology, the diagnosis of the neoplasm is usually suggested by experienced pathologists by the cytomorphological characteristics and the disposition of the architectural arrangement of the infiltrate. Currently, for the classification of lymphomas, it is essential to carry out an immunohistochemical study, whose panel of antibodies is rationalized according to the histological findings (75). It is recommended to biopsy different lesions simultaneously to increase the accuracy of histopathology (14). In MF, the cytological aspects and the architectural pattern of the cellular infiltrate are correlated with the clinical stage of the disease. Epidermotropism of atypical lymphocytes is the most striking feature. Atypical lymphocytes have a large and hyperchromatic nucleus, sometimes with cerebriform contours (76). In the early patch stages and in the erythrodermic phase, the number of atypical lymphocytes infiltrating the epidermis is scarce, and it increases in plaques and tumors (77). However, sometimes epidermotropism may be absent even in plaques and tumors, making the diagnosis if MF more difficult. Other typical pathological findings are Pautrier’s microabscesses (grouping of at least 4 lymphocytes around a Langerhans cell in the epidermis) (Figure 10) (78, 79). The alignment of lymphocytes in the basal layer may also be observed in MF (80). The absence of spongiosis favors the diagnosis of MF (78); however, it has low specificity (60%) (81).




Figure 10 | Histopathology of MF. Epidermotropism of atypical lymphocytes with Pautrier microabscess and scant dermal lymphocytic infiltrate (A). Epidermotropism, Pautrier microabscesses, and a more prominent dermal lymphocytic infiltrate (B).



Syringotropic, granulomatous, and interstitial MF are histological MF variants rarely described in the literature. Syringotropic MF is more commonly seen in palmoplantar lesions (82). Granulomatous MF should be distinguished from granulomatous slack skin based on the clinical picture (in granulomatous MF there are no areas of lax skin) and histopathology (elastolysis and elastophagocytosis are seen in granulomatous slack skin) (65).

Large cell transformation (LCT) is a histopathological finding characterized by the presence of large cells (cells four times larger than normal lymphocytes) in 25% or more of the dermal infiltrate, or when these large cells are grouped in nodules (the definition of nodules of large cells is vague, most pathologists do not use it, and these nodules can be focal and hard to identify in skin or lymph node biopsies) (83). It can occur in tumor lesions and, less frequently, in plaque and erythrodermic MF lesions. These cells may or may not express CD30, and it is essential to differentiate MF with LCT from CD30-positive anaplastic large T-cell lymphoma (73). A higher frequency of CD56 expression is reported in MF with LCT compared to non-transformed MF, however, the clinical significance of this finding is not clear (84). The detection of LCT confers a poorer prognosis (57).



5.1 Immunohistochemistry

Malignant cells are CD4-positive T-cells with a memory phenotype (CD3+CD4+CD45RO+CD8–) and negativity for CD7 antigen expression in 70% of cases (Figure 11). Rarely, neoplastic cells express a CD3+CD4-CD8+ phenotype, especially in hypopigmented MF, with the same clinical behavior and prognosis as cases with CD4+CD8- cells. Losses of CD2 and CD5 are observed less frequently (56, 85, 86).




Figure 11 | Histopathology and immunohistochemistry of the skin. Epidermotropism of atypical lymphocytes, hematoxylin-eosin staining at 400x magnification (A). Exuberant atypical infiltrate affecting the epidermis and dermis, hematoxylin-eosin at 200x magnification (B). CD3 positivity, demonstrating that epidermal and dermal cells correspond to T-lymphocytes, 200x magnification (C). CD4 positivity, 200x magnification (D). Expression of CD8 on small reactive cells, 200x magnification (E). Loss of CD7 expression in CD4-positive neoplastic T cells, 200x magnification (F).



CD30 is a molecule of the tumor necrosis factor family and is expressed on the cell surface of activated B and T-lymphocytes. Search for CD30 expression in MF is important, especially in advanced-stage cases. The brentuximab-vedotin, a drug-antibody conjugate in which the monomethyl auristatin E (MMAE) molecule, an antimicrotubule agent, is linked to an anti-CD30 monoclonal antibody, was approved for the treatment of CD30+ MF refractory to prior systemic treatment. This drug has shown good responses in cases of MF/SS that express CD30 in at least 10% of neoplastic cells in a phase 3 clinical trial (87). Studies show CD30 expression in most patients (88), but its expression is low, with an average expression in 4% of neoplastic cells (89).

Despite its relationship with cell proliferation, the Ki-67 expression was not consistently associated with poorer prognosis (57), but a higher expression is observed in cases of large cell transformation (89).

There are reports of phenotypic variability of neoplastic cells in the same patient. These variations have uncertain clinical significance, but it is important to emphasize the need to perform biopsies in different topographies and repeatedly in cases where the clinical suspicion of MF/SS is not supported by the histopathological examination (90).

In SS, histopathology is similar to MF. However, in erythrodermic forms of cutaneous lymphomas (erythrodermic MF and SS) epidermotropism is less evident, and in up to a third of SS cases the histopathology may be nonspecific (10).




5.2 T-cell clonality in the skin

The search for TCR gene rearrangement, demonstrating monoclonal T lymphocyte proliferation in the skin, lymph nodes, and/or peripheral blood, may contribute to the diagnosis of T-cell lymphomas. It is done by polymerase chain reaction (PCR), Southern blot, or more recently by next-generation sequencing (NGS) (91–93).

T-cell monoclonality is observed in 50% of patch lesions, 73% of plaque lesions, 83 to 100% of tumors, and 77.5% of patients with SS, and the detection of the same clone in different skin lesions favors the diagnosis of CTCL. On the other hand, 25 to 65% of inflammatory dermatoses may exhibit oligoclones in the skin. Therefore, the presence of a monoclonal population should be analyzed with caution, especially in cases where histopathology does not confirm the diagnosis of MF/SS (10, 78, 94).





6 Staging

Early-stage diseases (stages IA to IIA) account for 78% to 93% of MF/SS cases; advanced-stage (≥IIB) corresponds to 7% to 22% (21, 95, 96).



6.1 Skin (T)

For MF and SS, the modified TNM system (tumor, lymph nodes, and metastasis) of Bunn and Lamberg (1979) was adopted, considering T as cutaneous lesions, N as lymph nodes, M as visceral lesions, and adding B as peripheral blood (Tables 2, 3) (73, 97, 98).


Table 2 | Revised TMNB classification for MF and SS.




Table 3 | Clinical staging system for MF and SS.



The prognosis of patients with MF is directly associated with the clinical stage. Progressively poorer survival curves are observed depending on the extent of cutaneous involvement, presence of tumors and erythroderma, lymph node, visceral, and peripheral blood involvement (73). A study with 489 MF patients showed that T1 patients had survival similar to the general population. However, T2, T3, and T4 patients had significantly lower survival rates. T2 patients with plaque stage (T2b) had poorer survival than T2 patients with patches only (T2a) (99). The presence of a tumor greater than or equal to 1 cm in diameter is sufficient to define the T3 stage. In the presence of more than one T category, the highest one must be included, and in cases of erythroderma (T4) associated with tumor lesions (T3), both forms must be recorded [T4 (3)] (73).




6.2 Lymph nodes (N)

Around 80% of patients have no clinical suspicion of lymph node involvement at the diagnosis (N0) (24, 95).

A biopsy of lymph nodes greater than or equal to 1.5 cm in diameter or of any palpable lymph node, regardless of size, that is hardened, irregular, fixed, or forming a conglomerate of lymph nodes is recommended. Lymph node enlargement can be confirmed by ultrasound, computed tomography (CT), positron emission tomography (PET), or magnetic resonance imaging, before the biopsy is performed. Excisional biopsy is preferred, except in cases with a high risk of infection, especially erythrodermic patients, when core needle biopsy may be indicated. In the presence of multiple altered lymph nodes, the order of preference of biopsy is cervical, axillary, and inguinal lymph nodes, as cervical lymph nodes are more likely to demonstrate lymphomatous involvement (73, 100, 101).

Erythrodermic patients, such as patients with SS, regardless of the erythroderma etiology, frequently have enlarged lymph nodes (69, 70). This occurs due to intense skin inflammation in erythrodermic patients. Even in SS cases, almost 20% have no lymph node involvement by the disease confirmed by histopathology, and dermatopathic lymphadenitis is detected (10).



6.2.1 Histopathological examination of the lymph node

Dermatopathic lymphadenopathy (N1) is characterized by paracortical layer hyperplasia, usually secondary to chronic cutaneous inflammation (102). The N2 stage corresponds to partial lymph node involvement; and N3, to complete involvement with an architectural alteration (Figure 12). In the literature, nodal involvement (N2 or N3) is observed in 30 to 50% of biopsied cases (24, 103).




Figure 12 | Lymph node evaluation. Inguinal lymph node enlargement (A). Dermatopathic lymphadenopathy with the presence of germinal centers, hematoxylin-eosin at 20x magnification (B). Lymph node involvement by lymphoma, with architectural alteration, hematoxylin-eosin at 20x magnification (C). Pleomorphic lymphoid cells, hematoxylin-eosin at 200x magnification (D).






6.2.2 Search for T clonality in the lymph node

Studies show lymph node T-cell monoclonality in 77.8% to 81.5% of patients with SS (10, 104). Even in patients with MF and biopsy with dermatopathic lymphadenopathy (N1), the presence of a monoclonal population can be detected (stage N1b), and studies suggest that the presence of this clone confers a poorer prognosis (104). However, more studies are needed to assess whether systemic treatments change the course of these patients with early MF and N1b stage, who would usually be treated with skin-directed therapies.





6.3 Viscera (M)

Regarding the M stage, splenomegaly detected on physical examination or imaging studies is considered a visceral disease regardless of histological confirmation. The suspicion of involvement of other organs, through clinical, laboratory, or imaging evaluation, must be confirmed by a biopsy (73).

Less than 1% of MF/SS cases have visceral involvement at the diagnosis, and its presence is associated with a poorer prognosis, with a median overall survival of 33.3 months (57, 95).

It is recommended that imaging tests be performed for the staging of all patients with MF/SS. For early-stage disease, chest radiography and abdominal and lymph nodes ultrasonography may be performed. In advanced cases, CT of the chest, abdomen, and pelvis, PET scan, or MRI are indicated depending on the organ to be evaluated (73). Studies show that the PET scan is more accurate in diagnosing nodal involvement in patients with MF/SS, but this test is not available in all medical centers, and its high cost makes it difficult to perform routinely (103).



6.3.1 Visceral biopsies

An autopsy study with 45 MF patients observed lymph node and visceral involvement in 24 cases (53.3%), particularly in patients with advanced disease (stage IIB-IVB) (105, 106). Another study with autopsies of MF/SS patients observed that the most affected extracutaneous sites are: lymph nodes (60%), spleen (50%), lungs (43%), liver (41%), bones (27%), kidneys (27%), tongue and mucous membranes (19%), heart (17%), pancreas (17%), thyroid (14%) (107). Currently, autopsy studies are scarce, but these older studies show that visceral involvement may be more frequent than what is detected. However, the impact of visceral infiltration not detected clinically or by imaging methods (only at autopsy) on outcome and prognosis is unknown.




6.3.2 Myelogram and bone marrow biopsy

Bone marrow biopsy is indicated in patients with significant peripheral blood involvement (stage B2) or when there are hematological abnormalities that cannot be explained by other causes. Bone marrow involvement in MF/SS is rare and is considered visceral involvement (M1) (24, 73). A myelogram is rarely indicated (24). The role of bone marrow biopsy in MF/SS is not well established, and studies on the impact of bone marrow involvement on disease prognosis are conflicting (108, 109). A study with SS patients showed that 31.6% of cases had bone marrow involvement, but there was no negative impact on survival in cases with bone marrow infiltration (10). A study on autopsies of patients with MF/SS showed bone marrow involvement in 25% of patients. On the other hand, a study with 50 patients with different stages of cutaneous T-cell lymphoma did not observe bone marrow involvement in any case (105). Benign lymphoid nodules can be seen in the bone marrow of healthy people, and the definition of tumor infiltration depends on the criteria used (10, 105). Thus, it is necessary to standardize the histopathological analysis to assess the presence of malignant T-cells in the bone marrow. Studies evaluating clonality in the bone marrow are scarce, but one study demonstrated T-lymphocyte clones in 53.6% (15/28) of patients with SS (10).





6.4 Blood (B)

Hematologic involvement is assessed by peripheral blood smear (search for Sézary cells), immunophenotyping of lymphocytes by flow cytometry, and search for T-cell clonality. Hematologic involvement is stratified into B0 (no blood involvement, ≤ 5% Sézary cells or < 250/µL of CD4+CD26- or CD4+CD7- cells), B1 (low blood tumor burden, with > 5% Sézary cells or ≥ 250/µL of CD4+CD26- or CD4+CD7- cells, but not meeting the criteria for B2), and B2 (high tumor burden in the blood, with ≥ 1,000 Sézary cells/μL, an increase in CD4+ cells with a CD4/CD8 ratio ≥ 10, CD4+/CD7- ≥ 40%, CD4+/CD26- ≥ 30%, ≥ 1000/µL of CD4+CD26- or CD4+CD7- cells, or other aberrant population of lymphocytes identified by flow cytometry). The B stages may be further subdivided into B0a, B1a, B2a (negative blood clonality) or B0b, B1b, B2b (positive blood clonality) (73, 98, 100, 110).



6.4.1 Search for Sézary cells in peripheral blood smear

The morphological evaluation of lymphocytes on a peripheral blood smear by experienced hematopathologists is an easy and convenient tool to differentiate patients with erythrodermic cutaneous lymphomas and erythroderma caused by inflammatory skin conditions. However, with the advancement of flow cytometry techniques, the evaluation of lymphocyte morphology by peripheral blood smear is less frequently performed. This stems from technical difficulties, such as high time consumption and imprecision of manual search for Sézary cells, especially when these cells are small. In addition, phenotypic alterations occur earlier than morphological alterations (111).




6.4.2 Immunophenotyping of lymphocytes by flow cytometry

Although flow cytometry has become the standard tool for the evaluation of peripheral blood, there is no consensus and standardization regarding the markers used and the way to report this test. Ideally, it would be necessary to include CD3 and CD19 in the studied panel, to differentiate T and B-lymphocytes, respectively. Subsequently, T-lymphocytes should be better characterized, with the evaluation of CD4 and CD8, as well as CD7 and CD26, which are lost in neoplastic cells in MF/SS. Other T-lymphocyte markers, such as CD3, CD2, and CD5, are rarely lost, however, a diminished intensity or partial loss may be observed in some cases (112). CD52, CD25, CD30, and CCR4 are other markers that can aid in the therapeutic decision, as these molecules are targets of specific monoclonal antibodies (alemtuzumab, denileukin diftitox, brentuximab-vedotin, mogamulizumab, respectively) (111, 113).

Preliminary data from the PROCLIPI study show changes in the peripheral blood of patients with early MF with patches and plaques, fulfilling criteria for B1, in up to 5.9% of patients (114). The clinical significance of these changes in early MF is uncertain, and it is unknown whether they would be cases of true hematological involvement of MF. In erythrodermic patients with peripheral blood involvement compatible with stage B1, there is a greater risk of disease progression (115).

In SS, in addition to the increased CD4-positive T-cells, CD8 cytotoxic T-cells are reduced. Also, functional alterations of CD8 and NK cells are described, leading to a state of immunosuppression by compromising the innate immune response (116, 117).




6.4.3 T-cell clonality in blood

Preliminary data from the PROCLIPI study show that the frequency ofmonoclonal T-cell population in the blood matching the skin clone of patients with MF increases with higher stages (114). In patients with SS, clonality in the blood is positive in 86.7% to 100% of patients (10, 118). However, the presence of T-cell clones in the blood is not always a sign of malignancy, since clones may be observed in healthy elderly individuals and patients with benign dermatoses, and the significance of these circulating clones is unknown (119, 120).





6.5 Other laboratory tests

Lactate dehydrogenase (LDH) is an enzyme that catalyzes the conversion of lactate to pyruvate and vice versa in the process of glycolysis. Its activity is high in tumor cells of several malignancies (121). When increased at the diagnosis, a poorer prognosis is observed in MF/SS (57). An increase in LDH is observed in 25% of MF patients (10, 13, 122, 123).

Beta-2 microglobulin is part of the major histocompatibility complex class 1 and is present in all nucleated cells. Increased levels are associated with poorer prognosis in several hematologic malignancies, but the mechanism of association between beta-2 microglobulin and prognosis is unknown. Studies suggest that this molecule is involved in the survival and proliferation of malignant cells, as well as their ability to metastasize (124). In MF, studies demonstrate the association between its levels and disease progression, and higher levels of beta-2 microglobulin are detected in patients with late-stage MF compared to early MF, and in SS compared to MF.

Low albumin levels are associated with poorer prognosis in nodal lymphomas, and it is used as a predictor of response to first-line chemotherapy for peripheral T-cell lymphomas (125). In erythrodermic patients, the intense protein loss due to the universal skin alteration may cause hypoalbuminemia (126, 127). Hypoalbuminemia is more frequent in patients with advanced MF (20.9%) compared to early MF (5.4%), and in patients with SS (30.8%) compared to patients with MF (11.7%) (13). However, in multivariate analyses hypoalbuminemia was not associated with poorer prognosis in cutaneous lymphomas (13, 24, 57).





7 Prognosis

Lymphomas that present primarily in the skin, without evidence of extracutaneous disease at the diagnosis, often have a more indolent clinical behavior and a better prognosis compared with systemic lymphomas of a similar histological subtype (3).

In MF, patients with skin-limited disease have a good response to topical treatments and the overall survival is similar to the healthy population. Only 2% of the patients with localized lesions (involvement of less than 10% of the body surface area) die after 32 years of follow-up and only 9% show progression to plaques and tumors with lymph node, blood, and visceral dissemination (11). The 5-year overall survival is 91 to 97% for patients with non-infiltrating patch lesions or localized plaques (<10% of the skin surface), 81 to 85% for patients with generalized lesions (≥10% of the skin surface), 44% for patients with tumors, and 20 to 30% for those with lymph node disease. Sepsis, especially caused by Staphylococcus aureus, represents one of the most frequent causes of death in advanced cases (24). Transformed MF has a poorer prognosis, with a 5-year overall survival of 38.5% (57). SS is an aggressive lymphoma, with five-year survival rates ranging from 40 to 50% (3, 10, 57, 128, 129).

The CLIC study proposed a prognostic stratification index based on age (≥ 60 years), increase in LDH, large cell transformation, and stage IV at diagnosis (57). However, even this prognostic index proposed by this international multicentricstudy was not applicable in all series (130). Other factors reported to be associated with poorer prognosis are advanced age (20, 24, 131), male gender (24), folliculotropism in histopathology in patients with infiltrated plaques and tumors in the head and neck region (24, 58, 132–134). However, the results of studies on prognostic factors in MF/SS are conflicting. Such prognostic studies are mostly retrospective observational studies. The PROCLIPI study is an international multicenter prospective study that was derived from the CLIC study, which was retrospective. It aims to develop a prognostic index to achieve better stratification and management of patients (135).




8 Treatment

Watch and wait may be indicated in cases of stage IA MF that are at low risk of progression and with survival similar to the general population for their gender and age (136).

For early-stage patients with no extracutaneous involvement, skin-directed therapies are used with good response rates. For advanced-stage disease with multiple tumors, erythroderma, or extracutaneous disease, or early-stage with multiple infiltrated plaques refractory to topical therapy, systemic treatments are indicated (137).

Skin-directed therapies include topical steroids, nitrogen mustard, bexarotene, phototherapy with narrow-band UVB and PUVA, and radiation therapy (localized and total skin electron beam irradiation) (113, 138, 139). Topical tacrolimus has been used in a few young patients with hypopigmented MF. It is effective in early-stage MF, but its effectiveness is based on a few case series (140). Radiotherapy is an effective treatment, especially for tumoral lesions, but relapses frequently occur after a few months, and maintenance therapy is mandatory (141).

Systemic treatments are used mainly in advanced-stage disease, and the most used therapeutic modalities are steroids and biological response modifiers, which include interferon-alpha, retinoids (bexarotene, acitretin, isotretinoin), histone deacetylase inhibitors (romidepsin, vorinostat), brentuximab vedotin (anti-CD30), mogamulizumab (anti-CCR4), alemtuzumab (anti-CD52). Few patients receive monochemotherapy or polychemotherapy. Chemotherapy drugs have high response rates, however, the duration of response is short, with rapid recurrence. There are no standardized chemotherapy protocols, but most studies have evaluated the efficacy of gemcitabine, chlorambucil, methotrexate, pralatrexate, liposomal doxorubicin, CHOP, and CHOP-like regimens (137, 140, 142).

Allogeneic bone marrow transplantation is an effective and potentially curative treatment in advanced and refractory cases (143). Extracorporeal photopheresis is primarily indicated for erythrodermic forms (erythrodermic MF and SS) (144). Surgical excision is rarely used and is reserved for the treatment of localized nodular or tumor lesions (140).

A study comparing the therapeutic modalities used around the world has shown important differences, especially when comparing North American practices with those of other countries (European, Latin American, Asian, and Australian). Such differences occur due to the availability of different treatments and institutional experiences. Despite this variability, there are no significant differences in survival (113, 137, 141).




9 Conclusion

Cutaneous lymphomas are rare extranodal non-Hodgkin lymphomas. Mycosis fungoides is the most frequent cutaneous T-cell lymphoma. It is an indolent disease, with different clinical manifestations. Sézary syndrome is a rare aggressive leukemic T-cell lymphoma that presents with erythroderma, lymphadenopathy, and peripheral blood involvement. Despite the relatively good prognosis, with high survival rates in most cases, MF patients suffer from skin lesions that significantly decrease the quality of life due to concerns that the disease may progress, due to the pruritus that may be intense, and due to the social stigma caused by skin diseases. Thus, clinical recognition and correct management are essential for early diagnosis and appropriate care of these patients.
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Angioimmunoblastic T-cell lymphoma (AITL) is the second most frequent subtype of mature T-cell lymphoma (MTCL) in the Western world. It derives from the monoclonal proliferation of T-follicular helper (TFH) cells and is characterized by an exacerbated inflammatory response and immune dysregulation, with predisposition to autoimmunity phenomena and recurrent infections. Its genesis is based on a multistep integrative model, where age-related and initiator mutations involve epigenetic regulatory genes, such as TET-2 and DNMT3A. Subsequently, driver-mutations, such as RhoA G17V and IDH-2 R172K/S promote the expansion of clonal TFH-cells (“second-hit”), that finally begin to secrete cytokines and chemokines, such as IL-6, IL-21, CXCL-13 and VEGF, modulating a network of complex relationships between TFH-cells and a defective tumor microenvironment (TME), characterized by expansion of follicular dendritic cells (FDC), vessels and EBV-positive immunoblasts. This unique pathogenesis leads to peculiar clinical manifestations, generating the so-called “immunodysplastic syndrome”, typical of AITL. Its differential diagnosis is broad, involving viral infections, collagenosis and adverse drug reactions, which led many authors to use the term “many-faced lymphoma” when referring to AITL. Although great advances in its biological knowledge have been obtained in the last two decades, its treatment is still an unmet medical need, with highly reserved clinical outcomes. Outside the setting of clinical trials, AITL patients are still treated with multidrug therapy based on anthracyclines (CHOP-like), followed by up-front consolidation with autologous stem cell transplantation (ASCT). In this setting, the estimated 5-year overall survival (OS) is around 30-40%. New drugs, such as hypomethylating agents (HMAs) and histone deacetylase inhibitors (HDAi), have been used for relapsed/refractory (R/R) disease with promising results. Such agents have their use based on a biological rationale, have significant potential to improve the outcomes of patients with AITL and may represent a paradigm shift in the therapeutic approach to this lymphoma in the near future.
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1 Introduction

Angioimmunoblastic T-cell lymphoma (AITL) is a rare mature T-cell lymphoid malignancy characterized by an intense inflammatory reaction and immune dysregulation, with a broad spectrum of clinical manifestations and distinct molecular findings (1–4). Its normal counterpart is the T-follicular helper cell (TFH), a subtype of effector T-lymphocyte that plays a crucial role in the activation of B-cells and in their differentiation within the germinal center (2–4). Under physiological conditions, TFH-lymphocytes actively regulate the maturation of centroblasts into centrocytes, and subsequently, their differentiation into memory B-cells and plasma cells, in addition to ensuring homeostasis of immune tolerance mechanisms. Therefore, the clonal proliferation of TFH-cells generates an imbalance in the germinal center, characterized by pro-inflammatory phenomena, autoimmunity and hypersecretion of immunoglobulins, biological hallmarks of AITL (4–6).

Classically, mature T-cell lymphomas (MTCL), previously known as peripheral T-cell lymphomas (PTCL), derive from activated, post-thymic T-lymphocytes and are classified according to their dominant clinical presentation into predominantly nodal (nMTCL), extranodal (enMTCL), primary cutaneous (pcMTCL), and disseminated or leukemic (lMTCL) (7–9). AITL is the second most frequent subtype of nMTCL, accounting for 10-15% of all MTCL (2, 10). The 5th. edition of the Classification of Hematopoietic and Lymphoid Tissue Neoplasms proposed by the World Health Organization in 2022 (WHO-HAEM5) recognizes AITL as a clinical-pathological entity that belongs to the group of nodal lymphomas with T-cell follicular helper phenotype (nTFHL) (11). This family comprises three main entities that share the gene signature and antigenic expression of TFH-cells, including the angioimmunoblastic-type nTFHL (nTFHL-AI); the follicular-type nTFHL (nTFHL-F), associated with recurrent chromosomal rearrangement t(5;9)(q33;q22) - ITK/SYK; and nTFHL not otherwise specified (nTFHL-NOS). Although nTFHL-AI is the prototype of these tumors, great overlap in clinical, immunophenotypic and molecular-genetic features exists among these entities (11–13).

Described by Frizzera et al. in 1974 as a new lymphoma-like disease affecting the elderly, with a clinical-pathological pattern similar to the graft-versus-host reaction, with immunological abnormalities and a frequently fatal course, AITL was initially called “angioimmunoblastic lymphadenopathy with dysproteinemia” (14). Subsequently, other authors reported series of similar cases under the designations “immunoblastic lymphadenopathy” and “lymphogranulomatosis X” (15, 16). Although most cases had a recurrent and fatal course, it was initially considered as a non-neoplastic hyperimmune reaction triggered by an unknown stimulus. However, the clonal nature of AITL was definitively demonstrated in the 1980s by studies that revealed recurrent chromosomal abnormalities and monoclonal pattern rearrangement of the T-cell receptor (TCR) gene in tissue samples from its patients (17, 18). This led to its recognition as a subtype of PTCL by the Revised European American Lymphoma Classification (REAL) in 1994 (19).

In the 2000s, studies involving gene expression profiling (GEP) determined that the normal counterpart of AITL was the TFH-cell (4, 6, 20). After 2010, different groups have described recurrent and inactivating mutations of epigenetic regulatory genes, involved in DNA-methylation and histone-deacetylation, in tumor samples from AITL patients. These findings have contributed significantly to understanding the biology of AITL and suggest a central role for recurrent somatic mutations involving epigenetic modulation in nTFHL oncogenesis (21–23). Finally, in 2014, the G17V somatic mutation of the RhoA gene (Ras-homolog family member A) was described as a molecular biomarker of AITL, being found in up to 60-70% of MTCL cases with TFH-phenotype (24, 25).




2 Epidemiology

AITL is a rare lymphoproliferative disorder, accounting for 1-2% of all non-Hodgkin’s lymphomas (NHL) and 15-20% of MTCL (3). According to the International Peripheral T-cell and natural-killer/T-cell Lymphoma Project (ITCLP), a pioneering study that described the pathological characteristics and clinical outcomes of more than 1,300 patients with MTCL from different regions of the world, AITL was the second most prevalent subtype of MTCL in the Western world, just behind peripheral T-cell lymphoma, not otherwise specified (PTCL, NOS) (10). Characteristically, AITL presents an inverse geographical tropism to other subtypes of T-cell lymphomas, being more common in Europe, particularly in the British Islands and Nordic countries, comprising 28.7% of MTCL, and less prevalent in Asia and North America, where it accounts for 17.9% and 16.0% of T-cell lymphomas, respectively (10). In the United States, its incidence is low, with 0.05 new cases per 100,000 inhabitants per year (26). On the other hand, epidemiological data from the French National Cancer Agency pointed to AITL as the most prevalent subtype of MTCL, accounting for 36.1% of cases diagnosed between 2010-2013 (27).

Epidemiological data from a subgroup analysis of the prospective T-Cell Project study, involving 282 AITL patients recorded between 2006 and 2018, revealed lower prevalence of this lymphoma in South America compared to other geographic regions (7% of MTCL, p=0.002) (28). This prevalence was similar to that reported by our group, which demonstrated 10.4% of AITL cases among 124-Brazilian patients with nMTCL diagnosed and treated at the Hematology Service of the University of São Paulo between 2000 and 2019 (29). This observation supports that regional differences in the incidence of AITL may indeed exist, which can be explained in part by the high incidence of other MTCL subtypes in Central and South America, such as extranodal NK/T-cell lymphoma (ENKTL) and adult T-cell leukemia/lymphoma (ATLL), both subtypes associated with oncovirus endemic in these areas of the globe.

AITL preferentially affects elderly patients, with a median age of 60 to 65 years. Although there is no clear predilection for gender and ethnicity, some studies indicate a slight predominance in Caucasian males (10, 28–30).




3 Etiopathogenesis

The oncogenesis of AITL occurs in an integrative model characterized by close interaction among neoplastic cells, the tissue immune microenvironment (TIME) and Epstein-Barr virus (EBV) (4, 31, 32). AITL originates from the neoplastic transformation of TFH cell, a subtype of T-CD4+ effector lymphocytes that reside in the germinal center and are characterized by high expression of the chemokine receptor CXCR5 (C-X-C motif receptor 5), chemokine CXCL-13 (C-X-C motif ligand 13), ICOS (CD28-related inducible T-cell co-stimulator), CD154, CD40L and NFATC1 (6, 33–36). TFH-cells participate in the formation of the germinal center, leading to the expansion of lymphoid B-cells and promoting their differentiation into plasma cells and memory B-cells, as well as promoting the proliferation of follicular dendritic cells (FDC). These phenomena are regulated by the secretion of CXCL-13 and IL-21 by the TFH-cells (31, 32, 37).

Under normal conditions, naïve T-CD4+ lymphocytes interact with dendritic cells in the germinal center, promoting the activation of ICOS protein on T-cells and consequently activation of the PI3K pathway, leading to up-regulation of BCL-6, a critical transcriptional factor for TFH-cell differentiation (38, 39). Subsequently, activated T-cells will overexpress PD-1 and CXCR5, transforming into precursor TFH-cells, which will migrate to the periphery of the follicle to interact with antigen-specific B-cells. This interaction promotes a reaction in the germinal center that leads to the terminal maturation of TFH-cells, with activation of the JAK-STAT pathway through the secretion of IL-6 and IL-21 (32, 40).

The TIME elements represent the majority of the cellular component in a lymph node involved by AITL. Similar to classic Hodgkin’s lymphoma (cHL), reactive T-lymphocytes, B-lymphocytes, plasma cells, macrophages, dendritic cells, and endothelial cells make up the AITL’s tumor microenvironment. Such cells promote an exacerbated inflammatory response and immune dysregulation, considered as biological hallmarks of AITL and responsible for the recurrent infectious and autoimmune complications observed in this tumor. The exacerbated secretion of CXCL-13 and VEGF-1 (vascular endothelial growth factor-1) by mutated TFH-cells promote the expansion and proliferation of FDC and high endothelial venules (HEV) commonly found in AITL (31). Studies in animal models demonstrated that in AITL, B-cells are retained for a longer time in the germinal center and have a greater opportunity to interact with TFH-cells. IL-21 secretion by TFH-cells induce expansion of B-lymphocytes, which terminally differentiate into immunoglobulin-secreting plasma cells. Polyclonal plasmacytosis recurrently occurs in tissues affected by AITL, and polyclonal gammopathy is a characteristic laboratory finding of this neoplasm (31, 41). Dendritic cells and macrophages of the tumor microenvironment are hyperactivated and secrete high levels of IL-6, an agent with pro-inflammatory and pro-proliferative activity on the TFH malignant clone (4).

The Epstein-Barr virus (EBV) is an oncogenic infectious agent implicated in the development of several subtypes of lymphomas. In up to 80% of AITL cases, EBV is detected by EBER-ISH (Epstein-Barr encoded RNAs–in situ hybridization) inside large B-immunoblasts morphologically similar to Reed-Sternberg cells (RS-cells) (42, 43). Additionally, monoclonal rearrangement of the immunoglobulin gene (IgVH) is seen in up to one third of AITL (44). Therefore, some authors were able to establish an association between high-tissue EBV viral load, the occurrence of B-monoclonality, and the development of diffuse large B-cell lymphoma (DLBCL), which can develop concomitantly or in a late evolutionary phase of AITL (4, 31, 45). It is speculated that EBV B-cell infection results from the characteristic immune dysregulation observed in AITL, however EBV may be able to modulate disease progression as well as the development of truly B-cell malignancies, such as DLBCL or plasmablastic lymphoma (PL).

Concerning to molecular aspects, AITL is characterized by the presence of recurrent mutations involving the RhoA gene and epigenetic regulatory genes, implicated in the processes of DNA-methylation, histone-deacetylation, and regulation of nuclear chromatin remodeling, such as IDH-2, DNMT3A and TET-2 (3). The RhoA gene, located on chromosome 3, encodes a small GTPase that regulates cell migration, intracellular signaling, proliferation and survival. It also participates in the conformation of the cytoskeleton, signaling of the T-cell receptor (TCR) pathway, and plays a central role in the ontogenesis of T-lymphocytes (46–49). In its active state, the RhoA protein binds to guanine-triphosphate (GTP) and in its inactive state it binds to guanine- diphosphate (GDP). Mutant RhoA protein (RhoA-mut) has compromised GTP binding, which leads to alterations in the RhoA signaling pathway and impairment of its biological functions (24, 50). The RhoA G17V mutation, associated with loss of GTPase function, is recurrently found in up to 60-70% of AITL cases, and is currently considered a diagnostic biomarker for nMTCL-TFH-phenotype (24, 25, 50–52). Recent studies using animal models point to a clear relationship between the RhoA G17V mutation and TFH-cell differentiation, establishing a pathogenic link between this molecular alteration and AITL development (49, 53, 54). Based on these findings, it is postulated that the RhoA G17V mutation is a driver event for the development of nMTCL-TFH-phenotype, although it can still be found in neoplasms of different histogenesis, such as Burkitt’s lymphoma (BL), adult T-cell leukemia/lymphoma (ATLL) and gastric adenocarcinomas (24, 50, 55–57).

TET-2 mutations (Ten-eleven translocation 2) were originally described in myeloid malignancies, such as myelodysplastic syndromes (MDS), chronic myelomonocytic leukemias (CMML), and acute myeloid leukemias (AML). However, later, these mutations have been identified recurrently in MTCL, particularly in those with TFH-phenotype (22, 58–60). Loss-of-function mutations on TET-2 gene occur in up to 80% of AITL. This gene encodes an oxyglutarate-oxygenase that catalyzes the oxidation of DNA 5-methylcytosine (5-mC) to 5-hydroxy-methylcytosine (5-hmC) (61, 62). Experimental studies demonstrated that TET-2-mutant mices were prone to developing CMML and nMTCL-TFH-phenotype. These same studies associate suppression of the TET-2 gene function with upregulation of the BCL-6 transcription factor and selection for differentiation of näive CD4+ T-cells for mature TFH-cells (21, 63, 64). Although TET-2 mutations are considered secondary events in nMTCL-TFH-phenotype, different studies demonstrate an association of TET-2 and RhoA G17V mutations in these neoplasms, suggesting a biological cooperation between both mutations to promote AITL development (49, 65). Recently, our research group demonstrated a high-rate of co-occurrence between TET-2 and RhoA mutations in Brazilian patients with non-anaplastic nMTCL, confirming the data found in previous experimental studies (51, 52). In our population, composed of 59 patients with nMTCL, the RhoA-mut/TET-2-mut association was demonstrated in 42.8% of cases with nMTCL-TFH-phenotype, also being associated with a high-tumor volume represented by bulky disease ≥ 7 cm and decreased overall response rates (ORR) to primary treatment based on anthracyclines (51).

Up to 30-40% of AITL have a mutation in the IDH-2 gene (isocitrate dehydrogenase 2) (23, 66). Physiologically, IDH enzymes catalyze the conversion of isocitric acid to 2-alpha-ketoglutarate (2-KG). Mutant IDH-2 enzymes will contribute to the malignant phenotype through the production of the aberrant metabolite 2-hydroxy-glutarate (2-HG) (23, 67). 2-HG inhibits the activity of TET family proteins and histone deacetylases, resulting in the production of 5-hmC and subsequent repression of tumor suppressor genes, resulting in the promotion of the malignant phenotype (68). Although it occurs recurrently in other neoplasms, such as AML and high-grade gliomas, IDH-2 mutations, when present in MTCL, are practically exclusive to AITL and are usually restricted to the arginine residue 172 (R172K and R172S) (66, 69). Unlike cases of AML, where IDH-2 and TET-2 mutations are mutually exclusive and associated with adverse prognosis, in AITL they are usually seen concurrently, which suggests a cooperative effect between both mutations for expansion and differentiation of malignant TFH-cells (66).

Many other loss-of-function mutations, such as those involving the DNMT3A (DNA methyl-transferase 3A) gene, found in 10-40% of AITL, and mutations in genes associated with the TCR signaling pathway, such as PLCG1, CD28, VAV1 and FYN, found in up to 50% of AITL also contribute to the development of the malignant phenotype in nMTCL-TFH-phenotype, although the latter are also frequently observed in PTCL, NOS and ATLL cases (25, 66, 70, 71).

Therefore, we conclude that the tumorigenesis of AITL and other nMTCL-THF-phenotype is a complex process, involving multiple steps of mutational phenomena associated with epigenetic regulation, leading to differentiation and expansion of malignant TFH-cells. These clonal TFH-cells, in turn, interact with a defective immune microenvironment that is permissive to the development of the neoplasm. In the meantime, self-reactivity phenomena and the EBV oncogenic activity, which proliferates in an immunodeficient microenvironment, favor tumor propagation and generate the classic immunodysplastic findings, typical of this group of lymphomas. Currently, it is speculated that age-related loss-of-function mutations in the TET-2 and DNMT3A genes, which occur at an early-stage of hematopoietic development, constitute the initial events that promote the tumor (first hit), since they are found in clonal TFH-cells, in B-cells and in CD34+ myeloid precursors. Subsequently, the occurrence of specific-mutations, such as RhoA G17V and IDH-2 R172K/S, observed exclusively in TFH-cells, lead to a second hit that modulates the differentiation and proliferation of clonal TFH-cells, orchestrating the development of AITL (32). It is now known that AITL, CMML and AITL-derived DLBCL are neoplasms that share common age-related ancestral mutations (TET-2 and DNMT3A). Following this multi-step process, specific mutations such as RhoA G17V/IDH-2, NPM-1 and NOTCH-1 will predispose to the emergence and expansion of malignant clones of AITL, CMML and DLBCL, respectively, all of them considered as correlated hematopoietic neoplasms (46, 72–74). Figure 1 demonstrates the previously summarized integrative pathogenic model of AITL.




Figure 1 | Integrative biologic model for AITL pathogenesis. AITL development follows a “multi-step” process. The initiating event of neoplasia (“first-hit”) involves age-related mutations in epigenetic regulatory genes (TET-2 and/or DNMT3A) that compromise the pluripotent hematopoietic stem cells-CD34+ with propagation to myeloid precursor cells, B- and T-lymphoid cells. Subsequently, the naïve T-CD4+ cell matures to TFH-cell in the germinal center and experiences specific-disease (“driver”) mutations, such as the RhoA G17V and/or IDH-2 R172 K/S (“second-hit”). Finally, mature and mutated TFH-cells expand in the germinal center from the interaction with several elements of the tumor immune microenvironment (FDC, macrophages, B-cells, endothelial-cells and EBV), which provide an environment marked by immune-dysregulation and pro-inflammatory activity, highly permissive for the propagation and dissemination of the neoplasm (“third -hit”).






4 Histopathological diagnosis

As for other MTCL, excisional lymph node biopsy is the preferred procedure for establishing the diagnosis of AITL and other nMTCL-TFH-phenotype. Although incisional or core needle biopsies can establish this diagnosis, a complete architectural evaluation of the affected lymphoid tissue in the AITL is usually required, with a detailed analysis of the tumor compartment and the exuberant immune microenvironment, which many times can only be achieved with histopathological analysis of the entire lymph node. Additionally, large amounts of tumor tissue are needed to carry out a broad immunohistochemical panel, in situ hybridization (ISH) for EBV and complementary molecular tests, such as T-cell clonality assays by PCR and mutational profiling involving the RhoA gene and other epigenetic regulators by Sanger sequencing or next-generation sequencing (NGS) techniques.

Classically, AITL can be characterized by partial lymph node involvement, or more commonly by diffuse nodal infiltration with complete rupture of the normal tissue architecture, as well as capsular and perinodal infiltration frequently sparing the peripheral sinus, and absence of residual B-cell lymphoid follicles (2, 75). According to Attygalle et al., three distinct architectural patterns can be observed in the AITL. Pattern I, or AITL with hyperplastic follicles, found in 15% of cases, exhibits partially preserved nodal architecture and hyperplastic lymphoid follicles with poorly developed mantle zones. In pattern II, or AITL with depleted follicles, observed in 25% of cases, occasionally depleted follicles are present and the FDC meshwork is unchanged or minimally expanded (20). In pattern III, the so-called classic AITL without follicles, which occurs in 60% of cases, there is complete loss of the architecture of the affected lymph node, capsular and perinodal infiltration sparing the peripheral sinus, and absence of residual B-cell lymphoid follicles (20). Different histopathological patterns have been documented in consecutive biopsies and seem to represent progressive stages of the neoplasia. This purely reflects a morphological evolution and is not associated with clinical progression, since patients with pattern I usually present with symptomatic and advanced-stage disease (20, 76).

The histopathological findings of classic AITL (pattern III) include: (I) diffuse and polymorphic infiltrate, composed of a variable proportion of tumor cells with TFH-phenotype, interspersed with small reactive lymphocytes, histiocytes or epithelioid cells, large B-immunoblasts, eosinophils and plasma cells; (II) prominent proliferation of high endothelium venules (HEV) in an arborescent pattern; (III) expansion of the FDC meshwork, often accompanying the proliferated vessels; and (IV) expansion of large immunoblasts of B-lymphoid phenotype in the paracortical area, with frequent Reed-Sternberg-like (RS) morphology and expressing small-RNAs encoded by the EBV (EBERs) (2, 11, 20, 77).

In AITL, the neoplastic cells with TFH-phenotype are usually small to medium-sized and have mild atypia. Its cytoplasm is abundantly clear (“clear cells”), with a tendency to form small aggregates surrounding HEV (78). Expansion of B-immunoblasts is usually present in the paracortex and may mimic reactive immunoblastic hyperplasia or cHL by its RS-like morphology (79). Tissue plasmacytosis can represent an exuberant finding in several cases, obscuring the tumor cells (2, 77). The amount and distribution of neoplastic cells and the different components of the tumor microenvironment differ widely between cases; however, usually clear tumor cells comprise the minority (about 30%) of the nucleated elements in AITL (2).

In the immunohistochemical study, the lymph nodes involved by AITL show expansion of the paracortex by a diffuse infiltrate of CD4+ T-cells. B-cell lymphoid areas are usually reduced, although large speckled B-immunoblasts, often CD30+ and EBV+ are found among tumor cells (2, 77). Usually, neoplastic cells show expression of pan-T markers, such as CD2+, CD3+ and CD5+, although loss of expression of these antigens, particularly surface CD3 (sCD3) and CD7 can occur in up to 50% of cases (27, 80). By flow cytometry, loss of sCD3 is commonly observed and can be an important diagnostic clue (81, 82). Tumor cells are CD4+, although the CD4/CD8 ratio is usually preserved in lymph nodes involved by AITL (83). A portion of AITL cases (20-30%) may exhibit partial expression of the Ki-1 marker (CD30) (2, 77).

Being a neoplasm of TFH-origin, AITL displays multiple TFH-related antigens, including PD-1/CD279 (programmed death-1), CD10 (a metalloendopeptidase called common acute lymphoblastic leukemia antigen/CALLA), BCL-6 (B-cell lymphoma 6 protein), CXCL-13 (C-X-C motif chemokine ligand 13), ICOS (inducible T-cell costimulator), SAP (signaling lymphocyte activation molecule [SLAM]-associated protein) and CXCR-5 (C-X-C motif chemokine receptor 5) (11, 35, 36, 77, 84, 85). It should be noted that these markers are not specific, so it is recommended that at least two of them, or preferably three, be expressed by the neoplastic cell to define that a nMTCL has a TFH-phenotype (2, 77). Among the TFH-markers, PD-1/CD279 and ICOS are reported to be more sensitive, while CXCL-13 and CD10 are less sensitive but more specific (86).

In the immunohistochemical study, the exuberant vascular proliferation characteristically observed in AITL may be better evidenced by the endothelial markers CD31 and CD34, as well as the expanded FDC meshwork, evidenced by staining for CD21, CD23 and CD35 antigens. CD138 staining will help to show exuberant plasmacytosis, often seen in AITL. Although plasma cells are usually polyclonal, truly clonal plasma cell proliferations have rarely been described (87, 88).

Polyclonal or truly monoclonal EBV+ lymphoid B-cell proliferation will often be seen in AITL and appear to result from immunoderegulation mediated by tumor TFH-cells. Different studies demonstrate that up to 80% of AITL cases may contain a variable number of EBV+ B-cells, ranging from isolated foci of paracortical immunoblasts to true EBV-associated mature B-cell lymphoproliferation, such as EBV+DLBCL, which can be observed both in the initial diagnosis of AITL (synchronous neoplasms) or during disease progression (89–91).

Skin and bone marrow are also commonly affected in AITL. In the skin, histological findings are usually subtle, including perivascular and periadnexal lymphoid infiltrates with mild atypia, conditions that are difficult to distinguish from inflammatory dermatoses. Immunohistochemistry for TFH-markers and T-cell clonality assays (PCR) can be very useful to distinguish reactive paraneoplastic skin rash from a cutaneous tumor infiltration by AITL (77). In the bone marrow, neoplastic infiltration by AITL can be characterized by nodular lymphoid infiltrates of paratrabecular or interstitial distribution, commonly accompanied by trilineage dysplasia, fibrosis, and plasmacytosis. TFH-associated markers usually have a lower yield in the bone  marrow than in the lymph nodes, possibly due to impaired antigenic recovery influenced by sample decalcification (2, 77). Figures 2, 3 summarize the main histological and immunohistochemical findings observed in classic cases of AITL in lymph node and bone marrow.




Figure 2 | Angioimmunoblastic T-cell lymphoma (AITL). (A–C) – Hematoxylin-eosin (HE), optical microscopy, magnifications of 10 x (A), 20 x (B) and 40 x (C). Proliferation of small/medium sized atypical lymphoid cells diffusely infiltrating the lymph node with marked vascular proliferation. (D) high-rate of cell proliferation index - positive Ki-67 in more than 80% of the nuclei of atypical lymphoid cells. (E) Strong and diffuse labeling for the pan-T CD3 antigen. (F) Rare large CD20-positive cells in the paracortical region (“immunoblasts”). (G) CD4-positive in most neoplastic cells. (H) CD8-negative in neoplastic cells and positive in rare small reactive lymphocytes. (I) CD30-positive in large, expanded cells in the paracortical region with RS-like morphology. (J) Exuberant vascular proliferation with high endothelial venules (VEA) enhanced by CD34. (K) Expanded follicular dendritic cell (FDC) meshwork, labeling for CD21. (L) BCL6 positive and (M) CD10 positive, both markers of TFH origin. (N, O) In situ hybridization (ISH) for EBV, positivity for EBERs (Epstein-Barr small encoded-RNAs), staining in black, “speckled” pattern, revealing EBV staining in RS-like immunoblasts in the paracortex. (D–F, H, L–N) – Optical microscopy, 10 x magnification. (I, J, O) – Optical microscopy, 20 x magnification; (K) – Optical microscopy, 40 x magnification.






Figure 3 | (A–C) – Bone marrow aspirate, Leishman staining, optic microscopy, 70 x magnification: subtle bone marrow infiltration by atypical lymphoid cells (black arrows) in an AITL case. Atypical lymphoid cells are small/medium-sizes, have loose chromatin, cytoplasm with pronounced basophilia, and some forms have microvacuolation, making up about 10% of the nucleated elements in the bone marrow specimen. (D) – Bone marrow biopsy, Hematoxylin-Eosin (HE), optical microscopy, 10 x magnification. Usually, lymphomatous infiltration of the bone marrow in AITL is subtle and difficult to characterize in HE, requiring immunohistochemical staining for TFH-associated antigens for better revelation of neoplastic cells.



AITL shares many histopathological findings with other nMTCL-TFH-phenotype, so-called AITL-related disorders, due to the overlap of phenotypic and molecular aspects. In follicular-type nTFHL (nTFHL-F), the affected lymph nodes present a predominantly nodular growth pattern, similar to that observed in follicular lymphoma. However, the exuberant inflammatory background observed in AITL, as well as vascular proliferation with HEV and expansion of the FDC meshwork are not observed (2, 11, 12, 77).




5 Clinical and laboratory features

Although up to 20-25% of AITL cases may have an indolent and fluctuating course, the disease usually has a clinical spectrum marked by high aggressiveness (1, 10, 28, 80). Clinically, the disease affects elderly men, with a median age around the sixth decade of life, as generalized lymphadenopathy associated with manifestations of autoimmunity and immunodeficiency (31, 80). The clinical manifestations resulting from hyper-inflammatory reaction, autoimmunity, and immunodeficiency, causing greater susceptibility to infections, constitute the so-called “angioimmunoblastic lymphoma syndrome” or “immunodysplastic syndrome” (3, 31). Prototypically, AITL manifests as an acute or subacute systemic disease after administration of drugs or viral infections, establishing a wide differential diagnosis with pharmacodermias, collagenosis and exanthematic viral diseases, which has led some authors to recognize this disorder as “the many-faced lymphoma” (3).

The majority of AITL patients have advanced-stage disease (Ann Arbor III or IV), although rare cases of early-disease (I or II) have been reported and constitute less than 10% of clinical presentations (3, 10, 31). Although considered within the scope of predominantly nodal MTCL, extranodal involvement is not infrequent in AITL. Bone marrow infiltration has been reported in up to 70% of cases, as well as involvement of other extranodal sites, such as the lungs and the gastrointestinal tract (3, 31). Peripheral blood involvement by small circulating clones, particularly identified by flow cytometry, usually with sCD3-/CD4+/CD10+ phenotype can be identified (81).

Characteristically, AITL patients present with constitutional symptoms (B-symptoms), such as fever, weight loss, and night sweats. Lymphadenopathy is usually generalized and small (< 1-3 cm), although our group observed a high occurrence of bulky disease ≥ 7 cm in South American patients (29, 31). Hepato-splenomegaly is frequently observed, as well as skin rash and pruritus, the latter occurring in up to 50% of cases, and may be reactive or correspond to frank cutaneous tumor infiltration by the TFH-clone (3, 31, 77). The typical immunoderegulation of AITL predisposes to immunodeficiency and greater susceptibility to bacterial, fungal, and opportunistic infections (3, 31, 89). Manifestations associated with increased vascular permeability, resulting from the hypersecretion of VEGF-1 (92, 93), such as peripheral edema, pleural effusion and ascites are observed in up to 30% of cases (3, 30). Autoimmune phenomena such as leukocytoclastic vasculitis, thyroiditis, arthralgia and/or arthritis are recurrently observed (3, 31). Laboratory findings include autoimmune hemolytic anemia (Coombs positive), polyclonal hypergammaglobulinemia, elevated erythrocyte sedimentation rate (ESR), eosinophilia, lymphopenia, and thrombocytopenia, although some patients may present with atypical lymphocytosis with circulating hyper basophilic lymphoid cells (3, 31, 94, 95). Serum markers of autoimmunity, such as antinuclear antibodies (ANA), rheumatoid factor, anti-smooth muscle antibodies, circulating immune complexes, cryoglobulins and cryoagglutinins are described in up to 20-30% of cases (3, 30, 31). Figure 4 summarizes the spectrum of clinical and laboratory manifestations recurrently observed in AITL and related disorders.




Figure 4 | Main clinical and laboratory findings presented in typical cases of angioimmunoblastic T-cell lymphoma (AITL). All these manifestations compose the so-called “angioimmunoblastic lymphoma syndrome” or “immunodysplastic syndrome”, establishing differential diagnosis with drug-reactions, collagenoses and exanthematic viral infections.



In opposition to other MTCL, such as ALK1-positive anaplastic large-cell lymphoma (ALK1+ ALCL), associated with the t(2;5)(p23;q35), and T-cell prolymphocytic leukemia (T-PLL), associated with inv (14)(q11;q32)/t(14;14)(q11;q32), AITL does not present a characteristic or recurrent chromosomal abnormality. However, cases of nTFHL-F are recurrently associated with t(5;9)(q33;q22) and consequent splenic tyrosine kinase (SYK) upregulation (96). In AITL, more than 90% of cases demonstrate clonal aberrations, the most common being trisomy of chromosomes +3, +5, +21, +X and deletion of chromosome 6q-. Inactivation of the TP53, associated with the abnormalities del(17p-)/-17 and complex karyotype are rare clonogenic alterations in AITL associated with poor outcomes (94, 97). T-cell and B-cell clonality assays using PCR techniques to assess clonal rearrangements in the TCR and immunoglobulin heavy-chain (IgVH) gene occur in 80-100% and up to 50% of AITL, respectively (31, 98).

Recent studies involving NGS techniques have demonstrated variable proportions of recurrent mutations involving the RhoA GTPase, epigenetic regulatory genes (IDH-2, TET-2 and DNMT3A) and genes involved in the TCR signaling pathway (PLCγ, CD28, FYN and VAV-1) in patients with AITL (99, 100). RhoA mutations, particularly G17V have been reported in 60-70% of cases, TET-2 in 47-83%, DNMT3A in 20-30% and IDH-2 R172K/S in 20-45% of cases. Mutations in genes associated with the TCR signaling pathway are rarer, occurring in 14% of cases, 9-11%, 3-4% and 5%, respectively, for PLCγ, CD28, FYN and VAV-1 genes (13, 23–25, 50, 60, 71, 101).




6 Outcomes and prognostic factors:

Although it is a tumor with a highly fatal course, 32-41% and 18-38% of AITL patients will survive after 5 years of diagnosis and will remain event-free during this period, respectively, according to data from the International T-cell Lymphoma Project (ITCLP), as well as to other large collaborative studies (10, 27, 30, 80, 102). In the last two decades, since the initial report by the ITCLP in 2008, the outcomes of patients with AITL have not presented significant increments, despite the great advances in its biological knowledge. Newly published data involving a subgroup of 282 AITL cases recorded in the ITCLP from 2006 to 2018 demonstrate OS and progression-free survival (PFS) at 5 years of 44% and 32%, respectively (28). In parallel, this same study pointed to progression of disease within 24 months from diagnosis (POD-24) as a powerful predictor of prognosis in patients with AITL, with an estimated 5-year OS of 63% versus only 6% for patients without POD-24 and with POD-24, respectively, p<0.001 (28). Data from our research group, involving 124- Brazilian cases with nMTCL diagnosed and treated at the University of São Paulo, from 2000 to 2019, with 10.4% (13/124) of AITL among all cases, revealed similar outcomes. In our cohort, the estimated 2-year OS and PFS for South American patients with AITL was 53.8% and 45.5%, respectively, corroborating the poor clinical outcomes associated with this tumor, as previously reported in other studies conducted in Europe and North America (29).

Prognostic scores, such as the International Prognostic Index (IPI) and the Prognostic Index for Peripheral T-cell Lymphoma Unspecified (PTCL-U score), the latter including the variables age ≥ 60 years, LDH ≥ normal value, performance status according to the scale Eastern Cooperative Oncology Group (ECOG) ≥ 2 and histopathological bone marrow involvement by NHL, in addition to reduced platelet count, have been able to predict prognosis in AITL patients (10, 30, 80). Recently, Advani et al. reported a new risk-score, denominated AITL score, contemplating the independent variables age ≥ 60 years, ECOG performance status ≥ 2, high C-reactive protein levels, and β2-microglobulin ≥ normal value, as having a high ability to discriminate clinical outcomes in cases of AITL (28). According to this risk-score, patients categorized as low-, intermediate-, and high-risk had 5-year OS estimates of 63%, 54%, and 21%, respectively (28). Similarly, Hong et al., retrospectively analyzing 115 patients with AITL, identified as independent predictors associated with poor survival the histological involvement of bone marrow, involvement of > 1 extranodal site by NHL and performance status > 1. In this prognostic score, patients were categorized into three groups, with 5-year OS estimates of 86.9%, 46.3% and 16.2%, respectively, p<0.0001. According to the authors, this score showed better predictive discrimination to determine survival for AITL patients when compared to the IPI and PTCL-U scores (103).

Laboratory and molecular-genetic biomarkers have emerged in recent decades as methods for predicting prognosis in several hematological malignancies, including AITL. Therefore, high peripheral monocyte count at diagnosis, thrombocytopenia, high-levels of immunoglobulin A (IgA), serum albumin < 35 g/L, high-levels of β2-microglobulin, reduced lymphocyte/monocyte ratio, presence of TET-2 mutations in diagnostic biopsies, the RhoA G17V mutation, high tumor mutational burden (TMB) involving a gene panel composed by the RhoA GTPase and epigenetic regulators genes (IDH-2, TET-2 and DNMT3A), gene signature pattern related to monocytes and TP53, as well as tumor status for EBV assessed by EBER-ISH in lymph nodes (EBER-negative status) adversely impacted the survival of AITL patients according to data published by different research groups in the last ten years (51, 52, 104–109).




7 Treatment

Up-front therapy for AITL and other nMTCL-TFH-phenotype may be focused on different objectives, from curative proposals to strategies with a merely palliative aim. Young patients aged less than 60-65 years, with good performance status (ECOG ≤ 2) and without significant comorbidities will experience multidrug therapy based on anthracyclic agents with curative intent, preferably followed by consolidation in first complete remission/partial response (CR/PR) with high-dose therapy (HDT) and autologous hematopoietic stem cell transplantation (ASCT). Although it is considered the gold-standard therapy outside the clinical trial scenario, this approach is still not able to promote high-rates of long-term sustained remission, being associated with an estimated 5-year OS around 30-40% (3, 10, 28, 110). On the other hand, elderly patients (≥ 60-65 years old) with poor clinical conditions and/or severe comorbidities (“frail patients”) will be treated with palliative intent, due to the high morbidity and mortality rates presented by this population when submitted to intensified therapeutic strategies. Therefore, this subgroup of patients may be approached with a combination of corticosteroids and low-dose chemotherapy, as well as the isolated use of steroids, calcineurin inhibitors (cyclosporine A), immunomodulators (lenalidomide), use of the immunoconjugate drug-monoclonal antibody anti-CD30 (brentuximab-vedotin/BV), gemcitabine-based monochemotherapy, or strategies focused on epigenetic regulation, such as the association of hypomethylating agents (HMAs) and histone deacetylase inhibitors (HDAi) (110, 111). At the same time, AITL elderly patients (≥ 60 years) without serious comorbidities and presenting good performance status, categorized as an “intermediate-age” population (between 60 – 75 to 80 years), may benefit from a full course of cytotoxic chemotherapy (e.g. CHOP or BV-CHP regimens), even if ineligible for consolidation with ASCT.

As observed in other nMTCL, patients with AITL exhibit high-rates of resistance to anthracyclic-based chemotherapy, primarily centered on the CHOP regimen (cyclophosphamide, doxorubicin, vincristine, and prednisone) (3, 10, 29, 110, 111). Currently, it is known that this is due to the high-concentration of P-glycoprotein (Pgp) present in nMTCL tumor cells, which confers a multidrug resistance (MDR) phenotype. By generating an efflux pump mechanism for chemotherapeutic agents, notably against anthracyclines and vinca alkaloids, nMTCL tumor cells block the cytoplasmic internalization of these drugs, thus preventing their antineoplastic effect (112–114). Although CHOP-like regimens are still considered the “standard of care” for AITL patients treated with curative intent, the responses obtained with this strategy are considered poor, with overall response rates (ORR) around 70-79% and complete response (CR) around 35-39% (10, 115, 116). Similarly, long-term outcomes have been highly unsatisfactory for AITL patients treated with anthracycline-based regimens as reported by different groups, with 5-year PFS estimates of 18%, 13%, and 20% according to the ITCLP, British Columbia Cancer Agency (BCCA) group, and Swedish National Lymphoma Registry, respectively (10, 115, 116). This has led to several guidelines, including that of the National Comprehensive Cancer Network (NCCN), to recommend enlisting patients with AITL in clinical trials as preferred primary therapeutic strategy (117).

Due to the rarity of AITL, which represents only 2% of all NHL, the majority of studies that aim to analyze the effectiveness of different therapeutic strategies include AITL patients together with others subtypes of nMTCL, such as PTCL, NOS and ALCL, which makes it difficult to interpret the results. Therefore, most of the studies presented in the next paragraphs do not exclusively involve patients with AITL, although those with greater scientific robustness present results for patients with AITL in the form of subgroup analysis.

Aiming to improve the outcomes provided by the CHOP regimen in patients with nMTCL, several strategies have been conducted over the last two decades. Among the main ones, we highlight the addition of other drugs to the CHOP protocol, such as etoposide (CHOEP regimen), the anti-CD52 monoclonal antibody alemtuzumab (CHOP plus alemtuzumab), the proteasome inhibitor bortezomib (V-CAP regimen), association with epigenetic modulators (CHOP plus 5-azacitidin or romidepsin), in addition to more intensified multi-drug regimens such as ICE/ABVD (ifosfamide, carboplatin, etoposide/adriamycin, bleomycin, vinblastine and dacarbazine), PEGS (cisplatin, etoposide, gemcitabine and solumedrol), ACVBP (doxorubicin, cyclophosphamide, vindesine, bleomycin and prednisone), among many others. Overall, although some of these combinations promoted higher overall response rates, toxicity was notably increased and there was no unequivocal benefit in overall survival (29, 116, 118–124).

The first strategy used to intensify the CHOP regimen in the scenario of nMTCL was based on the addition of etoposide at a dose of 100 mg/sqm I.V. on the first three days of the regimen with dosing intervals every 14 or 21 days (CHOEP-14/21). Although a study conducted by the German High-Grade NHL Study Group involving 289 patients with nMTCL demonstrated a 3-year event-free survival (EFS) benefit for patients with ALK1+ ALCL, specifically for those younger than 60 years and with normal levels of LDH (p=0.003), this benefit was only marginal (p=0.057) for non-ALK1+ subtypes, including AITL patients. In this same cohort, elderly patients (aged > 60 years) experienced prohibitive toxicity with the addition of etoposide to the CHOP regimen. Furthermore, even in the group of younger patients, CHOP plus etoposide did not demonstrate an unequivocal benefit in terms of overall survival for any of the nMTCL histological subtypes (118). Similar data from the Swedish National Lymphoma Registry, with 252 cases of nMTCL treated over a period of more than 10 years showed that the addition of etoposide to CHOP caused higher ORR and increased PFS in patients younger than 60 years (HR 0.49, p=0.008), without, however, leading to greater overall survival (116).

In opposition to previous studies, a recent publication involving 1427 patients enrolled in the Netherlands Cancer Registry between 1989 and 2018 demonstrated for the first time a 5-year OS advantage for the CHOEP versus CHOP regimen (64% and 44%, respectively, p<0.01). However, after adjustment for histological subtype, this benefit was maintained only for patients with ALK1+ ALCL, with a 6.3-fold increased risk of mortality among those treated with CHOP. In this analysis, patients < 65 years with ALK1-negative ALCL, AITL, and PTCL, NOS subtypes did not have increased OS with addition of etoposide to CHOP (125). In 2021, Kim J et al., conducted a meta-analysis involving 34 cohorts from 28 studies and a pool of 1424 patients with nMTCL. This meta-analysis demonstrated OS benefit for the CHOEP regimen versus the CHOP regimen (126). However, in contrast, another recent meta-analysis involving 1560 patients with nMTCL from five retrospective and prospective studies was unable to demonstrate differences in CR, PR, and survival between CHOP and CHOEP regimens. As expected, in this meta-analysis patients with nMTCL treated with CHOEP-21 had higher hematologic toxicity, including higher rates of anemia and thrombocytopenia (127).

In a recent retrospective analysis published by our group, involving 124-Brazilian patients with nMTCL, treated under real-life conditions between 2000 and 2019, we demonstrated similar ORR between cases treated with CHOP-21 and CHOEP-21 (76.6% and 65.9%, respectively, p=0.259). Although CHOEP-21 was associated with a lower rate of primary refractoriness (4.5% vs 21.2%, p=0.018), the combination of CHOP plus etoposide was correlated with higher rates of delay between chemotherapy cycles (p=0.0004), definitive interruption of treatment (p=0.003) and toxicities, including severe neutropenia (p=0.001), febrile neutropenia (p=0.003) and severe thrombocytopenia (p=0.0007). Therefore, we assume that the high toxicities of the CHOEP-21 regimen, when applied to a population of particularly frail patients with nMCTL, may explain the absence of OS and PFS benefit, as demonstrated in our study (29). In summary, even today, the addition of etoposide to the CHOP regimen presents conflicting results regarding its potential benefit in the scenario of nMTCL, particularly in non-ALK1+ ALCL cases, such as AITL and correlated neoplasms with TFH-phenotype. Specifically for the population with AITL, no study was able to demonstrate an OS advantage for the CHOEP regimen compared to CHOP.

Based on the biological rationale associated to VEGF-1 overexpression, with consequent increase in tumor vascular density, as well as the immune dysfunction commonly observed in AITL, the use of agents with anti-angiogenic and immunomodulatory properties have been tested as potential new therapeutic weapons in this lymphoma. In this regard, the effects of adding the humanized anti-VEGF1 monoclonal antibody bevacizumab to the CHOP regimen followed by maintenance with monodrug bevacizumab was tested in a phase II study involving 46 patients with nMTCL. Despite promoting high ORR, the CHOP plus bevacizumab regimen failed to provide durable remissions and was associated with high-rates of toxicity, particularly myelotoxicity, and an increased risk of serious cardiovascular events (128). Following the same rationale, addition of the immunomodulatory and anti-angiogenic agent lenalidomide to the CHOP-21 regimen was recently tested in a phase II multicenter study including 80 treatment-naïve elderly AITL patients. In this study, the primary endpoint (complete metabolic response [CMR] at the end of treatment) was reached in only 41% of cases, being below the CMR rate of 55%, pre-specified as the adopted success rate. The 2-year PFS and OS were 42.1% and 59.2%, respectively, with non-negligible hematological toxicity, which resulted in discontinuation of therapy in 15% of cases. Interestingly, in this prospective study, with broad molecular characterization of the included cases, mutations in the DNMT3A gene were associated with shortened PFS and IDH-2 mutations were associated with specific pathological findings, including FDC expansion, presence of clear neoplastic cells and bone marrow infiltration (129).

Due to the frequent interactions between TFH-tumor cells and CD20+ B-cells that make up the AITL tumor microenvironment, together with the fact that large CD20+ B-immunoblasts containing EBV are expanding in the paracortex of AITL lymph nodes, there is a rationale for the use of therapies that deplete B-lymphocytes, such as the anti-CD20 monoclonal antibody rituximab in this tumor. Based on this premise, Delfau-Larue et al. conducted a phase II study using 8 cycles of R-CHOP-21 in 25 patients newly diagnosed with AITL. With a CR rate of only 44% and an estimated 2-year PFS of 42%, this study did not demonstrate a clear benefit of adding rituximab to conventional anthracycline-based chemotherapy in patients with AITL (106). A recent publication, involving 335 AITL patients registered in the Netherlands Cancer Registry between 2014 and 2020, confirmed the findings previously cited by the French group. In the Dutch study, although addition of rituximab to CHOP-like regimens (CHOP-21 or CHOEP-21) improved ORR, there was no increase in OS or PFS with adoption of this strategy (130).

Expression of the CD30 antigen has been described in 43-90% of AITL cases, which opened a precedent for the use of the anti-CD30 drug-antibody immunoconjugate brentuximab vedotin (BV) in its primary treatment. In the phase III, multicenter, prospective Echelon-2 study, 452 patients with CD30+ nMTCL were up-front treated with BV-CHP regimen (Brentuximab-vedotin, cyclophosphamide, doxorubicin, and prednisone) versus CHOP for 6 to 8 cycles with a 21-day interval between administrations. We highlight the fact that more than 70% of the patients included in the study had ALCL, a universally CD30+ neoplasm associated with a high density of antigen expression. On the other hand, only 13% of this cohort involved patients with AITL. The BV-CHP group had substantially higher rates of complete response (p<0.01), as well as unequivocal benefit of OS and PFS, with a median PFS of 48 months versus 20 months for BV-CHP and CHOP, respectively, p=0.01. Furthermore, the rate of serious adverse events, including myelotoxicity and peripheral neuropathy, did not differ statistically significantly between both treatment arms. The data presented by Echelon-2 represented a paradigm shift in the primary therapy of CD30+ nMTCL, particularly for ALCL, where the BV-CHP regimen is currently considered the gold standard of care. However, we highlight the fact that in subgroup analysis, in opposition to what was evidenced for CD30+ PTCL, NOS and ALCL (ALK1+/ALK1-), patients with CD30+ AITL treated with the BV-CHP regimen had decreased PFS than those treated with CHOP (HR: 1.40, 95% CI 0.64-3.07) (131).

The discovery of recurrent mutations involving epigenetic regulatory genes in patients with AITL and in other nMTCL-TFH-phenotype opened the opportunity for the incorporation of epigenetic modifying drugs in the therapeutic arsenal of these lymphomas (132). Therefore, HMAs, particularly 5-azacytidine, and several HDAi, such as romidepsin, belinostat and vorinostat have been used in monotherapy or in combination for AITL therapy. Recent studies have shown promising results and relative safety for these drugs, both when used in the first-line setting or in R/R disease (120, 133–136).

In 2018, Lemmonier et al., published a report demonstrating the effectiveness of 5-azacytidine in inducing sustained responses in AITL. In this study, the authors used 5-azacytidine in monotherapy, applied subcutaneously in a retrospective series of 12 AITL patients treated with HMAs for concomitant myeloid neoplasia or in the setting of R/R disease. The ORR was 75%, with 50% CR and 25% PR. With a median follow-up of 27 months, the median OS and PFS were 21 months and 15 months, respectively. Due to sample limitations, the authors could not establish the impact of the mutational status of the RhoA, TET-2, DNMT3A and IDH-2 genes in therapeutic response and survival (133). Subsequently, O’Connor et al. conducted a phase I study to assess the efficacy and safety of combining oral azacytidine with intravenous romidepsin in patients with advanced R/R lymphoid malignancies, with an emphasis on MTCL. This study determined the maximum tolerated dose of this association (300 mg of azacytidine P.O. on days 1 to 14 and romidepsin 14 mg/sqm I.V. on days 1, 8, 15 and 22, with an interval of 35 days between cycles) and revealed the efficacy and safety of the combination. The overall response and complete response rate were 73% and 55% in patients with MTCL, however the authors did not find association between response and level of demethylation or tumor mutational profile (135). In 2021, the same group published data from a phase II multicenter study testing the same association in 25 cases of R/R MTCL. In that study, ORR and CR were 61% and 48%, respectively. Interestingly, cases with TFH-phenotype were particularly susceptible to the combination of epigenetic modifiers, with ORR and CR of 80% and 67%, respectively. This regimen was shown to be safe and capable of inducing long-lasting responses in patients with R/R disease, with a median response duration of 20.3 months and median OS not reached. In a pioneering way, the authors were able to establish an association between response and greater mutational burden involving epigenetic regulatory genes (134).

Although the use of epigenetic modifiers has shown promising results in R/R disease, their use in the first-line setting, particularly for fit patients, is premature and has led to controversial results. In this sense, studies using the up-front CHOP regimen in association with epigenetic modifiers have had their results recently published. In 2020, Jia Ruan et al. reported results from a phase II study involving 21 previously untreated MTCL patients receiving 6 cycles of CHOP plus oral azacytidine. More than 80% of the sample had the TFH-phenotype. At the end of therapy, ORR was 76.5% for all patients and 86.7% for cases with TFH-phenotype. Estimates of PFS and OS at 1 year were 61.1% and 88.9%, respectively, for nMTCL-TFH. TET-2 mutations were associated with higher rates of CR (p=0.014), PFS (p=0.012) and OS (p=0.042). In contrast, DNMT3A mutations were associated with decreased OS (p=0.028) (120). On the other hand, in 2015, French researchers published results of a phase Ib/II study testing the combination CHOP plus romidepsin (Ro-CHOP) in 37 previously untreated patients with nMTCL. The regimen was initially shown to be effective and safe, allowing for escalation to a phase III trial (136). However, the results of the phase III study, involving 421 patients with newly diagnosed MTCL (Ro-CHOP = 211, CHOP = 210) have just been released. In addition to being associated with higher rates of grade 3/4 hematologic toxicity, the addition of romidepsin to CHOP did not increase response rates, PFS, and OS. Therefore, the authors concluded that, although based on a biological rationale, the Ro-CHOP association did not represent a significant advance in the standard of care for primary therapy of MTCL (121). Table 1 summarizes the results of different studies comparing CHOP regimen and other approaches for treatment of AITL in different clinical settings.


Table 1 | Main studies evaluating alternative therapeutic strategies to the CHOP regimen for MCTL in different clinical settings.



The role of consolidation therapy with autologous hematopoietic stem cell transplantation (ASCT) in first remission has been evaluated in different retrospective and prospective studies. The two largest retrospective studies were conducted by the Swedish (Swedish Lymphoma Registry) and French (LYSA study) groups (116, 137). Both studies excluded patients with ALK1+ ALCL, and evaluated 252 and 269 patients with nodal MTCL, respectively. While the French study did not demonstrate a significant difference in OS and PFS between transplanted and non-transplanted cases, the Swedish study demonstrated that patients undergoing upfront ASCT had superior PFS (HR: 0.56, p=0.002) and increased OS (HR: 0.58, p=0.004) (116, 137). Another large retrospective study was conducted by Abramson JS et al. (2014), aiming to evaluate the optimal frontline therapy for PTCL, as well as assess the impact of upfront ASCT in these malignancies. This trial included 341 newly diagnosed PTCL patients from 2000 to 2011, and 23% of them had a diagnosis of AITL. Most patients (70%) received CHOP-like therapy and only 10% experienced upfront ASCT. Although ORR was 73%, 24% of cases were chemo-refractory and the 3-year PFS estimate was only 32%, significantly lower than DLBCL-matched patients. In this study, early-stage disease and response to initial therapy were the main predictors of favorable outcomes. However, no difference in OS was observed based on choice of primary chemotherapy regimen or consolidation with ASCT in first remission (138).Among prospective studies, the first to assess the role of upfront consolidation with ASCT in PTCL was conducted by Reimer et al. (2008) (139). Eighty-three patients with PTCL were included in this trial, with 32.5% (n=27) having AITL diagnosis, but only 55 (66%) received upfront ASCT consolidation. The main reason for not receiving the transplant was disease progression. ORR was 66% (56% CR and 8% PR). With a median follow-up of 33 months, the estimated 3-year OS, DFS and PFS were 48%, 53%, and 36%, respectively. The results obtained by the German group in this prospective and multicenter trial suggested, for the first time, a substantial impact on outcomes for upfront ASCT in PTCL (139).

The largest prospective study addressing the role of upfront ASCT in PTCL was the NLG-T-01 trial, conducted by the Nordic group (140). In this phase 2, prospective and multicenter study, 160 patients with non-ALK1+ nodal MTCL were treated with 6 cycles of CHOEP-14. Patients on first CR/PR were consolidated with BEAM (carmustine, etoposide, cytarabine, and melphalan) followed by ASCT. A total of 71% of cases (115/160) underwent ASCT, with estimated 5-year PFS and OS of 44% and 51%, respectively. A significant benefit was particularly seen in the ALK1-negative ALCL group, with 5-year OS and PFS estimates of 70% and 61%, respectively. AITL patients had 5-year OS and PFS estimates of 51% and 49%, respectively (140).

Two other recent large prospective studies evaluated the impact of upfront ASCT in patients with PTCL including AITL cases. In the study conducted by investigators from the COMPLETE group (Comprehensive Oncology Measures for Peripheral T-Cell Lymphoma Treatment) 119 patients with non-ALK1-positive nodal PTCL were included (36 experienced ASCT at first CR and 83 did not receive ASCT). With a median follow-up of 2.8 years, the median OS was not reached in patients who underwent ASCT and was 57.6 months in those who did not receive the transplant (p=0.06). ASCT has been associated with increased survival in patients with advanced-stage disease and in those with high-risk IPI, with particular benefit of OS and PFS for AITL cases (141). In the study of the Korean group, 191 patients with PTCL were prospectively enrolled, with 31.4% (n=60) diagnosed with AITL. Among transplant-eligible patients (n=59), 54.2% (n=32) had experienced this therapeutic modality, but there were no significant differences in OS and PFS between the transplanted and non-transplanted arms. However, in patients with AITL, the ASCT promoted PFS benefit, without offering significant differences in OS. Although up-front consolidation with ASCT still offers contradictory results in the therapeutic management of PTCL in the modern era, data from both studies suggest that ASCT may provide a real survival benefit in AITL, particularly when applied in selected cases (142).

Few studies have evaluated the role of upfront allogeneic stem cell transplantation (alloSCT) in nodal MTCL. In this sense, the AATT study was the only phase 3 trial to assess the role of upfront stem cell transplantation in patients with nodal MTCL, excluding cases of ALK1+ ALCL. This study compared outcomes of patients undergoing first-line ASCT and alloSCT. The study was prematurely discontinued because the interim analysis revealed a high-rate of transplant-related mortality (TRM) in the alloSCT arm. After a follow-up of 42 months, the 3-year EFS was 43% and 38% for alloSCT and ASCT, respectively. The 3-year OS was 57% and 70% for alloSCT and ASCT, respectively. Although no patient who underwent alloSCT relapsed versus 36% (13/36) in the ASCT group, the TRM was 31% (8/26) in the alloSCT group versus 0% in the ASCT group (0/41) (143).

In the context of R/R disease, the therapeutic strategy for AITL patients should be determined in view of the objective of the treatment, whether with curative or palliative intent. Patients with R/R disease treated with curative intuit are usually rescued with polychemotherapeutic regimens based on platinum derivatives, such as DHAP (dexamethasone, cytarabine, cisplatin), DHAOX (dexamethasone, cytarabine, oxaliplatin), ICE (ifosfamide, carboplatin, etoposide), ESHAP (etoposide, methylprednisolone, cytarabine and cisplatin), GDP (gemcitabine, dexamethasone and cisplatin) or GEMOX (gemcitabine, oxaliplatin) as bridges to ASCT (if not previously submitted to this therapeutic strategy) or alloSCT (if previously experienced ASCT). In this context, in general, the 5-year OS estimate with ASCT is around 45-53%, with TRM oscillating between 0-10% (144–147). For the alloSCT, the 5-year OS ranges from 50-81%, with 5-year PFS ranging from 40-64%, and TRM between 12-33%, according to different studies (146, 148–150). Patients with R/R disease who will be treated with non-curative intent should preferably experience regimens with agents that do not cause cumulative toxicity, in low-doses and “non-finite”. For this purpose, several options may be considered, including monotherapy with romidepsin, belinostat, 5-azacytidine, pralatrexate, bendamustine, brentuximab-vedotin, lenalidomide and cyclosporine A, with ORR ranging from 8-75%, and a short median duration of response (3.5-17 months) (110). However, we must highlight that some of these compounds are not approved by many regulatory agencies for AITL management; therefore, the availability of these products might vary in different countries. Among combination regimens tested in phase 1/2 studies, the most promising appear to be romidepsin/pralatrexate (ORR 71%; CR 29%), oral 5-azacitidinb/romidepsin (ORR 71%; CR 71%) and gemcitabine/copanlisib (ORR 72%; CR 32%) (135, 151, 152).

Although chimeric antigen T-cell receptor (CAR-T) therapy has proved to be an interesting form of immunotherapy in several B-cell lymphoid malignancies, such as R/R diffuse large B-cell lymphoma, follicular lymphoma, B-cell acute lymphoblastic leukemia and multiple myeloma, its use has been extremely limited in the setting of PTCL. While encouraging results were seen with some novel agents, there is still very few data about CAR-T therapy in PTCL; limited experience and lack of controls preclude critical analyses. One of the main challenges in the use of CAR-T therapy in T-cell malignancies is due to the fact that neoplastic cells share a series of common antigens with normal T-lymphocytes, which can lead to fratricide and serious T-cell lymphoid aplasia in the receptor. To mitigate this effect, a selection of appropriate antigenic targets is essential. Currently, specific antigens have been selected for the construction of chimeric products, among which CD30, CD37, TRBC1, CCR4 and CCR9 stand out. Use of nanobody-derived or naturally selected CAR-T are attractive strategies to overcome fratricide. Another problem intrinsic to the use of this therapeutic modality in T-cell malignancies refers to the potential contamination of the product collected for the construction of CAR-T with clonal T-cells, however, the use of allogeneic CAR-T products or CAR-NK-cells are possible strategies with ability to mitigate this contamination. Currently, data about the use of CAR-T therapy in PTCL, particularly for AITL are very scarce, although it may constitute an interesting therapeutic option for R/R disease in the next future (153). Figure 5 summarizes the proposal for a therapeutic algorithm to approach patients with AITL in first line and in the context of R/R disease.




Figure 5 | Therapeutic algorithm for the management of AITL patients. Up-front therapy and treatment of relapsed/refractory cases. *AITL, angioimmunoblastic T-cell lymphoma; BV-CHP, brentuximab-vedotin plus cyclophosphamide, doxorubicin and prednisone; CHO(E)P, cyclophosphamide, doxorubicin, vincristine, etoposide and prednisone; CR, complete response; PR, partial response; SD, stable disease; R/R, relapsed/refractory disease; ASCT, autologous stem cell transplantation; DHAP, dexamethasone, high-doses of cytarabine, cisplatin; ESHAP, etoposide, methylprednisolone, high-doses of cytarabine, cisplatin; ICE, ifosfamide, carboplatin, etoposide; GDP, gemcitabine, dexamethasone and cisplatin.






8 Conclusion

AITL is a peculiar subtype of nodal MTCL derived from monoclonal proliferation of TFH-cells and is associated with a poor overall prognosis. Recent studies, involving modern technologies, such as GEP and NGS, have contributed to determine its cell of origin, define its unique gene-signature, and revealed a specific-pattern of recurrent mutations, which have contributed in a decisive way for its biological understanding. Studies conducted in xenograft models have elucidated the multi-step neoplastic transformation process of AITL, from acquisition of premalignant epigenetic mutations to the development of disease-specific mutations (“driver-mutations”), such as RhoA G17V. However, such biological progress has not yet been translated objectively into the therapeutic field. Currently, the treatment of patients with AITL is still based on the wide use of anthracyclic agents, with dismal outcomes, being an unmet medical need. Hopefully, new agents, with employment based on biological rationale, such as HMAs and HDAi may represent a paradigm shift in the approach to this lymphoma in the near future. For this, collaborative multicenter studies involving large cohorts from different parts of the globe are necessary.
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T cell lymphomas are a heterogenous group with varying biological and clinical features that tend to have poor outcomes with a few exceptions. They account for 10-15% of all non-Hodgkin lymphomas (NHL), and 20% of aggressive NHL. There has been little change in the overall prognosis of T cell lymphomas over the last 2 decades. Most subtypes carry an inferior prognosis when compared to the B cell lymphomas, with a 5-year OS of 30%. Gene expression profiling and other molecular techniques has enabled a deeper understanding of these differences in the various subtypes as reflected in the latest 5th WHO and ICC classification of T cell lymphomas. It is becoming increasingly clear that therapeutic approaches that target specific cellular pathways are needed to improve the clinical outcomes of T cell lymphomas. This review will focus on nodal T cell lymphomas and describe novel treatments and their applicability to the various subtypes.
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1 Introduction

A diagnosis of Peripheral T cell lymphomas (PTCL) remains challenging and confusing for physicians as well as patients. This has to do with the rarity of this group of diseases with clinical features that overlap other illnesses and an overall poor prognosis. PTCL are a heterogenous group of lymphomas, arising from the post thymic T lymphocytes. They account for 10-15% of all non-Hodgkin lymphomas (NHL), and 20% of aggressive NHL. The incidence of PTCL in all age groups is 2.1 per 100,000 (1). The recent world health organization (WHO) classification describes over 30 distinct subtypes of T cell lymphomas (2). In 2004, a letter to the editor identified the “large and unexplored problem of T cell lymphomas” (3) and outlined the poor outcome of T cell lymphomas compared to aggressive diffuse B cell lymphomas by publishing a survival curve that showed a 5-year survival of 30% in PTCL vs over 50% for B cell lymphomas with CHOP like therapies only with the exception of anaplastic large cell lymphoma. They pointed out that this was very likely the result of the very aggressive nature of T cell lymphomas and lack of specific therapies for T cell lymphomas. There was no reason to believe that regimens used to treat aggressive B cell lymphomas should work in T cell lymphomas. Since then, there has been a vast increase in our understanding of T cell lymphomas and there have been treatments studied and approved that are specific to T cell lymphomas. These include pralatrexate, romidepsin, belinostat and Brentuximab Vedotin (4–7). Despite this, there has been little change in the overall prognosis of T cell lymphomas over the last 2 decades (8). Most subtypes carry an inferior prognosis when compared to the B cell lymphomas, with a 5-year OS of 30% (9, 10). This is in part due to lack of understanding of subtype specific pathogenesis as well as the challenges of performing prospective clinical trials evaluating therapies in this field of rare diseases.

In recent years, techniques of molecular biology have allowed the exploration of the genomic landscape of various subtypes of PTCL leading to a better understanding of the pathobiology of the diseases, as well as risk stratification and have paved a way for development of targeted molecules. Gene expression profiling (GEP) has been instrumental towards better identifying the subsets of PTCL and identifying prognostic markers. GEP and whole genome sequencing have also recognized distinct epigenetic regulators contributing to the lymphomagenesis (11). This is now leading to development of targeted therapies that are expected to change the treatment paradigms of PTCL. This article with review the current developments in the understanding of nodal PTCL from lymphomagenesis to therapeutic developments.




2 Updates in classification of PTCL

The most recent fifth edition of the world health organization (WHO) classification (2) and the international consensus classification of mature lymphoid neoplasms (ICC 2022) (12) now incorporates the recent advances in the understanding of T cell lymphomas. The mature T cell and NK-cell neoplasms are broadly grouped into 9 types, based on the cell of origin, cytomorphology, disease localization and clinical features (2). Broadly classified into nodal T cell lymphomas and extra-nodal leukemic T cell lymphomas, the major subtypes are summarized in Table 1 alongwith the comparison to the older 2017 classification. A more detailed description of the individual nodal subtypes are described below:


Table 1 | Outlines the changes made to the nomenclature/diagnostic criteria for nodal PTCL’s.



The various subtypes of peripheral T cells that form the complex immune system leave the thymus as mature T cells after undergoing T cell receptor (TCR) rearrangement, a process that is mediated by a complex array of cytokines and their receptors. The differentiation of these cells is mediated by transcription factors such as FOXP3 for Tregs, Bcl 6 for TFH Tbet for Th1 and GATA3 for Th2 transcription factors. Each of these cells secrete distinct cytokines, which play a role in the signaling pathways of the immune system and dysregulation of these pathways is thought to play a role in the tumorigenesis. The variability among several types of T cells and their differentiation forms the basis for the heterogeneity noted in PTCL. Gene expression profile (GEP) studies have identified subsets of PTCL’s with molecular signatures similar to the non-neoplastic cells (11, 13–15).



2.1 PTCL-Nos

PTCL – NOS is a heterogenous category that does not correspond to any defined subgroup of PTCL and is typically a diagnosis of exclusion. PTCL- NOS is the most common subtype in the Western countries. It affects older patients, with a mean age of diagnosis of 60 years. There is a slight male predilection, with a majority of patients presenting with advanced stage disease. Patients typically present with nodal disease. They may also be extra-nodal involvement, with skin and gastrointestinal tract being the most common extra nodal sites of disease (16). Morphologically, PTCL- NOS demonstrates paracortical infiltrates, with effacement of the normal lymph node architecture. It is associated with expression of CD3, CD4, loss of CD7, CD5. CD30 is expressed in about 32% to 64% of cases with PTCL-NOS (17). Epstein barr virus has been reported to be present in 30% of all PTCL-NOS (16). However, in the recent 5th WHO classification, the EBV+ ve lymphomas are recognized as a distinct entity and are grouped under EBV+ve NK/T cell lymphomas. GEP studies identified two sub-groups within PTCL- NOS (11). One sub-group, designated as PTCL- TBX21 is characterized by expression of TBX21 and target genes such as CXCR3, CCL3 and IL2RB. TBX21 is the master regulator of Th1 cells. PTCL- TBX21 subtype is associated with dysregulated nuclear factor kappa B(NF-kB) pathway (18). The other group, PTCL- GATA3 is characterized by overexpression of GATA3 and its target genes such as CCR4, CXCR7, IL18RA an IK (19). and regulates Th2 differentiation, pointing towards a different cell of origin for these two subtypes. On the other hand, PTCL -GATA3 seen in 33% of the cases and is associated with poor prognosis, irrespective of the TpP53 status. Next generation sequencing shows PTCL- GATA3 to have high genomic complexity, with frequent loss of Tp53, PTEN and CDKNA (18). It is characterized by MYC over-expression and has more cytotoxic features. PTCL- GATA3 subtype is associated with altered PI3 Kinase – mTOR signaling as well (18). Although these are not recognized as distinct subtypes in the WHO classification, they are noted to have different morphological features. PTCL-TBX21 has a more polymorphic background, with reactive inflammatory cells when compared to PTCL -GATA3. PTCL -GATA3 has sheets of medium sized tumor cells with clear cytoplasm and is characterized by a lack of inflammatory background (19).

Epigenetic mutations (described in detail below) are less frequent than in AITL or PTCL with TFH phenotype. TET2 mutations are seen on 38%-49%, DNMT3A (5%-36%) of PTCL-NOS. Mutations in epigenetic regulator genes such as KMT2C, KMT2D, KMT2A could have a possible association with a poor progression free survival and predict responsiveness to HDAC inhibitors, but more studies are warranted. Mutations in the TCT signaling/NF-kB genes have been reported in VAV1, RHOA, CARD11, CD23 and PTPRX (20). In-frame fusion transcripts involving TCR signaling genes have been identified [FYN: TRAF3IP2, KHDRBS1:LCK], which activate signaling pathways downstream of TCR complex and could be a potential target for tyrosine kinase inhibitors. Recurrent mutations in a tumor suppressor gene, FAT1 have been found in 39% of the cases and is associated with a poor prognosis (21).




2.2 Nodal T follicular helper cell lymphoma

This new nomenclature was introduced in the 2022 5th WHO classification to group together PTCLS that have a TFH phenotype, overlapping molecular and clinical features. Specific diagnostic criteria have been described that include a primary nodal/systemic process expressing CD4 and have three of the five TFH markers, i.e CD10, BCL6, CD279, CXCL13, and ICOS. The cells also tend to express T cell surface antigens -CD2, CD3 and CD5, which can be detected on flow cytometry or on immunohistochemical staining. The expression of at least two TFH markers (CD10, BCL-6, CD279, CXCL13 and ICOS) are required only for nodal T-follicular helper lymphomas (nTFH), non-otherwise specified (nTFH-NOS); previously designated as Peripheral T-cell lymphoma with follicular helper phenotype (PTCL-TFH). The AITL group and follicular type do not require a threshold cut-off expression of those markers as the morphological architecture is characteristic.

There are three nodal lymphomas which have TFH cell origin that are sub grouped under this category - angioimmunoblastic subtype (previously known as AITL), Nodal TFH cell lymphoma, follicular-type (previously known as follicular T cell lymphoma) and Nodal TFH cell lymphoma, NOS (previously known as Nodal peripheral T cell lymphoma with a T follicular helper phenotype). GEP has been instrumental in differentiating among these subtypes (22).



2.2.1 TFH lymphoma, angioimmunoblastic subtype [TFH lymphoma - AITL subtype]

TFH lymphoma - AITL subtype is commonly seen in older individuals and is characterized by diffuse lymphadenopathy, along with diverse constitutional signs and symptoms. It is often associated with skin rashes, and autoimmune features, including cold agglutinin hemolytic anemia and immune mediated cytopenia’s. Epstein-Barr virus (EBV) positive B immunoblasts are present, but the neoplastic cells do not have EBV (22). AITL exhibits various histological patterns and is often associated with a prominent microenvironment that can obscure the neoplastic cells, atypical B cell proliferations and clonal B cell expansion can be seen. This lymphoma is characterized by effacement of the normal architecture of the lymph node, with diffuse infiltrates of medium sized, atypical lymphocytes with clear cytoplasm Proliferation of arborizing post capillary vessels, is considered one of the hallmarks of this disease. TFH -AITL subtype is most frequently found to have mutations resulting in epigenetic dysregulation and can explain the higher response rates that are seen with epigenetic therapies. TET2 is present in 50-90% of cases, DNMT3A and IDH2 are seen on 20% to 55% of cases (23) An inactivating RHOA mutation can be seen in 70% of TFH lymphoma -AITL subtype and usually co-occurs with TET2 mutations. RHOAGI7V mutated AITL has a higher incidence of B symptoms, splenomegaly, and increased expression of TFH markers. IDH2 R172 mutation is associated with a histologically distinct subgroup, with medium to large clear cells and CXCL13 expression (24). Other mutations that are present are CD28, VAV1, PLCG1, STAT3, JAK2 (25).




2.2.2 Nodal TFH cell lymphoma, follicular helper type

FTCL predominantly has a follicular growth pattern and lacks the classical morphologic features of AITL. Morphologically, two distinct growth patterns are recognized: a follicular growth pattern that mimics B-cell follicular lymphoma (FL-like) and a progressive transformation of a germinal centers-like pattern (PTGC-like) In cases with the FL-like pattern, the neoplastic T-cells are arranged in well-defined nodules that lack the morphological features of normal follicles. In PTGC-like cases, the neoplastic T-cells are seen in small aggregates surrounded by small mantle zone B-cells arranged in large, irregular nodules. FTCL shares similar clinical features and mutational profiles with AITL and nodal TFH lymphoma, NOS. phenotype. A t(5;9) (q33;q22) ITK : SYK translocation has been reported in 15% of FTCL, which results in constitutive SYK kinase activation.




2.2.3 Nodal TFH lymphoma, NOS

Nodal TFH NOS phenotype show an infiltrative growth pattern and lack vascular proliferation, without sufficient pathological features to be diagnosed as AITL. Their mutational profile is similar to that of AITL. TET2, DNMT3A, IDH2R172, and RHOAG17V are frequently identified. Mutations in TCR signaling genes, such as PLCG1, PIK3R1, CARD11, CTNNB1, and KRAS have also been reported (23).





2.3 Anaplastic large cell lymphoma

The 5th edition of the WHO classification defines ALCL as mature T cell lymphomas characterized by sheets of pleomorphic, large horse-shoe shaped lymphoma cells, with a uniform strong expression of CD30 and often a lack of expression of T lineage markers. There are three distinct subtypes recognized in this classification – ALK negative ALCL, ALK positive ALCL and breast implant associated ALCL (26, 27).



2.3.1 Systemic ALCL

They have a nodal presentation and is classified into ALK+ and ALK-ve ALCL based on the presence of ALK protein detected by IHC (26). The high expression of CD30 has led the path to CD30 directed therapies like Brentuximab Vedotin with high response rates in this subtype (27).

ALK+ve ALCL is seen in younger patients and is associated with good prognosis if the IPI is low at presentation (28, 29). Presence of ALK by IHC is associated with an improved 5-year OS of 79% when compared to 46% for ALK negative patients (29, 30). ALK has several fusion partners, with NPM 1 on chromosome 5 being the most common one (31). ALK gene fusions lead to activation of multiple intracellular transduction pathways, notably the JAK-STAT3, NOTCH and PI3Kinase pathways (32). TP53 mutation is seen in 11% of ALK +ve cases and more frequently seen in younger patients (33). LRP1B gene mutation is reported but does not play a role in the prognosis. NOTCH1 is seen in 20% of patients and has been associated with increased cellular proliferation (34).

ALK negative ALCL nodal lymphomas have all the other morphological and phenotypical features of a CD30 positive cytotoxic ALCL, except ALK expression. They occur in an older age group and in general have a prognosis that is intermediate between ALK+ ALCL and other PTCL histology’s. Emerging molecular data shows substantial heterogeneity, with several subgroups emerging (35). About 70% of Alk-ve ALCLs also express activated STAT3 through tyrosine kinase activity mediated by TYK or ROS1 and mutations of JAK1 and STAT 3 itself. Two recurrent and mutually exclusive rearrangements – DUSP22 and TP63 are seen in ALK-ve ALCL (18). DUSP22-R can be seen in 30% of the cases, is thought to have tumor suppressor function, has several distinct clinicopathological and molecular features (36). Morphologically, ALK negative DUSP22- R is characterized by monomorphic medium sized cell population with increased doughnut shaped cells, lack of JAK-STAT3 pathway activation, absence of PD-L1 expression, characteristic GEP signature (37). Although in the 2022 ICC classification, ALK-negative ALCL with DUSP22-R is considered as a subtype of ALK-negative ALCL, the WHO classification does not recognize DUSP22 -R ALK negative ALCL. (12) DUSP-22 R in general is considered to have favorable prognosis, with outcomes comparable to ALK+ve ALCL, however recent studies have also reported poor outcomes in patients with DUSP22-R (38). Fluorescence in situ hybridization (FISH) for DUSP22-R is recommend in ALK negative ALCL to identify the subtype for prognostic purposes. Testing for JAK2- rearrangements may help not only in identification but may also have therapeutic implications (39). However, further studies are needed before FISH can be used in routine clinical practice.

TP63 mutations are associated with a poor prognosis, with a 5 year survival of 17%. GEP studies have shown enrichment of IRF4 and MYC signature as well as proliferation of mTOR gene signatures in ALK-ve ALCL (35, 35). There is low expression of genes involved in TCR signaling and a high expression of CD30 and its associated genes (TNFRSF8, BATF3, and TMOD1). There are altered responses to proapoptotic signals as well as Treg and TAM mediated immune dysregulation. PD-1 overexpression is also present in some DUSP22-R negative ALCL. This may provide further therapeutic opportunities.




2.3.2 Breast implant associated ALCL

Breast implant associated ALCL is typically a non-invasive neoplasm occurring in association with textured surface breast implants (40). It is an entity considered distinct from ALK-ve ALCL and is associated with an excellent prognosis. GEP show consistent absence of ALK, DUSP22 and TP63 rearrangements (41). Invasion of adjuvant structures is less common and associated with a poor prognosis. Studies have shown the pathogenesis to be mediated by the TH2 inflammatory cells, subsequent immune evasion. Certain bacterial pathogens such as Ralstonia have also been implicated (42). PD-L 1 overexpression is seen in over 50% of the cases. Somatic mutations of STAT3, STAT5B, JAK1 and JAK 2 resulting in constitutive activation of the JAK-STAT pathways, loss of function mutations of SOCS1 and SOCS have also been reported (43). Treatment consists of removal of the implant. Systemic therapy is reserved only for extracapsular spread (40).





2.4 EBV positive T and NK cell lymphoma

EBV positive T and NK cell lymphoma was previously classified under the PTCL-NOS. It is now recognized as a distinct entity in both the WHO classification and the 2022 ICC classification (12). It is seen more commonly among East Asians, with patients presenting with advanced lymphadenopathy with or without extra nodal involvement, B symptoms. EBV positive T/NK cell lymphoma is an aggressive disease, with a median survival of 1.5 months (44). Morphologically, diffuse infiltrate of uniform appearing medium to large, EBV+ve cells are noted. Absence of angioinvasion and necrosis are the characteristic features and are used for identification of this lymphoma. The lymphoma shows increased expression of PD-L1, demonstrates frequent mutations of TET2 and PI3 Kinase (45).





3 Therapeutic advances

Improved understanding of the tumor biology has not only led to more accurate diagnosis, risk stratification and prognosis, but has also identified critical pathways, which can potentially be altered to improve treatment outcomes. Novel agents targeting epigenomic mutations, cell cycle signaling pathways, tumor microenvironment and cell surface receptors are being used with promising results. Table 2 summarizes some of the potential novel agents and their targets that are being used and are under investigation. These will be discussed in detail below


Table 2 | Novel agents for treatment of PTCL and their targeted pathways.





3.1 Epigenetic mutations and targeted therapies

Changes in epigenetic signaling and DNA methylation have been described in T cell lymphoma (46). Epigenetic modifiers such as TET2, DNMT1, DNMT3A, 3B and TDH2 are implicated in T cell lymphoma pathogenesis. TET2 mutations result in cytosine demethylation and repress gene transcription (47). IDH2 is a specific isoform of the krebs cycle isocitrate dehydrogenase and the mutated enzyme catalyzes the conversion of alpha ketoglutarate (TET2 co-factor) to 2- hydroxyglutarate. Although IDH2 is not an epigenetic modifier, its alterations affect epigenetic modifications downstream on the TET2 pathway. TET2 mutations are loss of function mutations and have been implicated in the pathogenesis of AITL and TFH derived PTCL (70-80% of cases), ALK- negative ALCL (33% of cases). DNTM3A mutations are seen in about 11-33% of patients with PTCL, the mutations frequently co-exist with TET2 mutations, resulting in suppression of transcription (47). These mutations are more commonly seen in AITL. Both TET2 and DNMT3A mutations occur during early hematopoietic stem cell maturation. IDH2 mutations are more commonly seen in AITL and their occurrence correlates with TFH GEP signatures (24). EZH2 (enhancer of zeste homolog 2) has found to be mutated and overexpressed in several subtypes of PTCL (48). In ATLL, NF-kB plays a critical role in expression of EZH2.

Mutations in EZH2 result in transcriptional silencing, and inhibition of EZH2 in PTCL results in cell growth arrest via gene upregulation (48). KMT2D (mixed lineage leukemia 2) encodes histone methyltransferase, with gene mutations seen in 25% of patients with AITL and 36% in PTCL- NOS. Valemetostat is a dual inhibitor of EZH2 and EZH1 and is thought to increase the gene expression of pro-apoptotic and tumor suppressor genes by altering histone methylation. In a phase I study, 45 patients with rel/ref PTCL were treated with single agent valemetostat, with an ORR of 48%. The side effects observed were mainly thrombocytopenia (59%) and dysgeusia (51%) (49). A phase II study evaluating the efficacy of valemetostat in rel/ref PTCL is ongoing, with early results suggesting it to be an effective agent in rel/ref PTCL (50).

Histone deacetylate inhibitors (HDACI) such as romidepsin and belinostat are approved for relapsed PTCL (51–53). Given that the epigenomic dysfunction is seen to a greater extent in AITL and PTCL – FH subtype, the HDACS seem to have a higher impact in these subtypes. The ORR of romidepsin in AITL is 30% when compared to an ORR of 25% across all subtypes of PTCL. Studies have shown a response rate of 45% in AITL (52). Hypomethylating agents such as 5- azacytidine and decitabine, inhibit DNMT and are being evaluated in AITL (54). A study by Delarue et al. evaluated the efficacy of 5-azacitidine in 19 patients with relapsed/refractory PTCL. Twelve patients had AITL (54). The ORR was 75% in patients with AITL when compared to 15% on other subtypes. It is to be noted that responding patients had a TET2 mutation. Real world data showed an ORR of 40% with 5-azacitdine among patients with heavily pretreated rel/ref AITL (55).

A study evaluating romidepsin and 5 azacytidine in 25 patients with relapsed/refractory PTCL had response rates of 61% and a CR of 48% (56). A retrospective study evaluating real-world data of 26 patients reported an ORR 73% and a CR 53%. Most common mutations found were TET2, RHOA, IDH2 and DNMT3A (57). A phase II study treated patients with 5-azacitidine and CHOP as first line therapy for PTCL (58). This study prioritized patients with TFH subtype of PTCL and enrolled 17 patients with TFH nodal lymphoma, 3 patients with PTCL-NOS and 1 patient with ATLL. Upon completion of treatment, the CR was 76.5% for all patients and 86.7% for patients with TFH nodal lymphoma. The 1-year PFS was also superior at 61% for the TFH lymphoma subtype when compared to 57% for all patients. NGS showed that TET2 mutations were associated with a significantly higher CR rate, favorable PFS and OS (58). The final efficacy data from this study is pending, but the preliminary data appears promising for consideration of such biomarker guided therapies in the front-line setting.

Patients with TFH subtype had response rates of 80%, median progression free survival of 20.6 months. The responders also had a higher average number of DNMT mutations. IDH 2 mutations with substitution at R172 noted in TFH -AITL subtype could be a potential target. A phase Enasidenib, a novel IDH 2 inhibitor is being evaluated in patients with IDH-2 mutated TFH- AITL (NCT02273739) (59).TET- selective small molecular inhibitors (TETi 76) (60), IDH2 specific inhibitors for R172 codon noted in TFH- AITL are also being explored (61).




3.2 Signaling pathways

Dysregulated signaling pathways are being evaluated to find novel therapeutic targets. RHOA gene belongs to the Rho family of small GTPases, a group of Ras- like proteins involved in intracellular signaling (62). Gain of function mutations of the RHOA gene drive the TFH differentiation, NFAT signaling activation, augment the PI3 kinase- AKT- mTOR signaling pathway, resulting in increased cell proliferation and transformation. Gain of function mutations are seen in up to 70% of AITL, 15% ATLL and are associated with cell proliferation. Agents targeting the kinase pathways could potentially be more efficacious in patients who have the RHOAG12V mutation. PI3K inhibitors such as duvelisib, multi-kinase inhibitors such as dasatinib have been proposed as therapeutic options (63). Current studies targeting these pathways are described below.




3.3 Kinase targeted therapies



3.3.1 PI3kinase inhibitors

PI3kinases are intracellular signaling molecules and are critical for growth and differentiation of lymphocytes. They occur in 4 isoforms – alpha, beta, gamma, delta (64). The gamma and delta subtypes are involved in adaptive immune response and are preferentially expressed in leucocytes. Targeting PI3K – gamma delta pathway has emerged as a promising treatment option for PTCL. Tenalisib and Duvelisib have been evaluated in patients with relapsed/refractory PTCL. A phase I study evaluated duvelisib (oral gamma delta specific PI3Kinase inhibitor) in heavily pretreated 16 patients with relapsed/refractory PTCL and showed an ORR of 50%, with an OS of 8.4 months (65). Grade 2 or higher toxicities included elevated liver function tests (35%), pyrexia (37%), cough (34%), cytopenia’s (24%). This prompted a larger phase II dose finding/expansion study [PRIMO NCT03372057] (66). The preliminary data was consistent with the phase I study, with an ORR of 49%, CR 34% and a median duration of response of 7.7 months (67). Tenalisib, an oral dual PI3Kinase gamma/delta inhibitor was evaluated in 28 patients with heavily treated relapsed/refractory PTCL. Preliminary data shows a response rate of 45%, with a median duration of 4.1 months (68). The toxicity profile is similar to duvelisib. Several combinations with PI3Kinase inhibitors are also being evaluated. Duvelisib and romidepsin have been studied in combination with an ORR of 50%. This combination had lower rates of grade 3/4 transaminitis (8%) when compared to single agent duvelisib (40%), suggesting a potential immunomodulatory effect of romidepsin on PI3Kinase associated transaminitis (69).

Based on the preliminary data and the relatively safe toxicity profile, PI3 Kinase inhibitors are being studied in a combination with immune checkpoint blockade (copanlisib plus pembrolizumab, NCT02535247), with chemotherapy (copanlisib + gemcitabine, NCT03052933. Upfront studies, combining chemotherapy with PI3K inhibitors are ongoing (A051902).

a) Janus Kinase Pathway

The Janus kinase family proteins (JAK1, JAK2, JAK3, TYK2) play a role in mediating immune responses. Downstream to the JAK proteins are STAT family of transcription factors, which regulate the effects of JAK. Activating mutations and gene fusion resulting in activated JAK-STAT pathway signaling have been reported in several subtypes of PTCL. A phase II study of ruxolitinib in 53 patients with relapsed/refractory PTCL reported an ORR of 29% among patients with activating JAK/STAT mutations (70). Response rates were higher in patients with PTCL-T FH subtype and in AITL – 44%, large granular leukemia 75%. The commonly reported grade 3 or higher side effects were cytopenia’s. Golidoctinib, is an oral JAK1 specific inhibitor, is being evaluated in patients with rel/ref PTCL. A phase I/II study (NCT04105010), study enrolled 51 patients with rel/ref PTCL and reports a response rate of 43%. The drug was well tolerated, with grade 3 or higher neutropenia was seen in 29% of the patients, thrombocytopenia seen in 10% (Kim, Yoon et al. 2022).

b) SYK pathway

SYK encodes a tyrosine kinase protein that regulates PI3K downstream signaling pathway (71). It is normally expressed on the B cells, but not on the T cells. Aberrant expression of SYK is noted in about 90% of the T cells. Cedulatinib, a JAK/SYK inhibitor was evaluated in 60 patients with PTCL, with an ORR of 35% (72). The response rates in patients with PTCL-TFH type and AITL was 55%. Most common adverse events included elevated lipase, diarrhea, cytopenia’s. TAK-659, a novel SKY inhibitor is currently in development, with preclinical studies showing promising results in non-Hodgkin lymphomas. [NCT-3357626, NCT02000934, NCT03742258]

c) Aurora A kinase pathway

Aurora Kinase is a protein kinase that mediates spindle formation during mitosis and is overexpressed in PTCL. Alisertib is an oral aurora kinase A inhibitor, which showed preclinical activity in PTCL (73). A phase III randomized study of alisertib in rel/ref PTCL showed an ORR 33% (74). However, there was lack of benefit in progression free survival when compared to the control arm and this trial was terminated early.

d) Anaplastic Lymphoma Kinase

As ALCL is divided based on the presence of translocation that fuses the anaplastic lymphoma kinase (ALK) gene to NPM, ALK inhibitors have been evaluated in patients with ALK + ALCL. Crizotinib, an ALK inhibitor is FDA approved for treatment of pediatric patients with rel/ref ALK+ALCL (75). The approval was based in a single arm trial of crizotinib in 26 patients, aged <20 years with relapsed/refractory ALCL. The ORR was 88%. A phase I study evaluated 9 adult patients with heavily pretreated rel/ref ALK+ ALCL (76). All patients experienced complete responses to therapy. There is an ongoing study evaluating ceritinib, a second generation ALK inhibitor, with promising preliminary data (77). Alectinib, a second generation ALK inhibitor has also been evaluated, with promising results. Crizotinib is being evaluated in combination with cytotoxic chemotherapy in patients as a part of front-line therapy in ALK+ALCL [NCT01979536]. In vitro studies have shown synergistic activity with crizotinib and brentuximab vedotin (78) and clinical studies are being designed evaluating this combination.






4 Specific targeted therapies



4.1 CD30 directed therapy

The tumor necrosis family receptor CD30 is universally expressed in ALCL irrespective of the ALK status. It is variably expressed in other subtypes and can be present in 58-64% of PTCL, 43-63% AITL, 55% ATLL. Brentuximab vedotin (BV) is an antibody drug conjugate, composed of an antiCD30 monoclonal antibody linked to monomethyl auristatin E, a microtubule inhibitor (79). BV was first evaluated in patients with rel/ref ALCL, with an ORR of 86% (27). BV also evaluated in patients CD30+ PTCL, with an ORR of 41% and a median PFS of 6.7 months (80). Based on the encouraging results from these studies, ECHELON -2, a randomized double blinded study randomized 226 patients with newly diagnosed PTLD, with at least 10% CD30 expression to receive either BV in combination with cyclophosphamide, vincristine and prednisone (A+CHP) or cyclophosphamide, vincristine, prednisone, doxorubicin (CHOP) (5). Combining BV to chemotherapy proved superior to chemotherapy alone, with a median PFS of 48 months v.s 21 months of CHOP. The hazard ratio was 0.71 indicating a 29% reduction in the risk of relapse. Five-year follow up shows the durability of the responses, with a PFS of 51% with the A+ CHP arm when compared to 43% with the CHOP arm (81). The OS was 70% with the A+CHP arm and 61% with the CHOP arm. The benefit in PFS and OS was seen across all subtypes of PTCL. This is a pivotal study that led to the approval of A+ CHP as front-line therapy for CD30+ PTCL. Other combinations are being evaluated including the combination of BV with CHEP s upfront therapy and other agents like gemcitabine (ASH abstract).




4.2 CCR4

CC chemokine receptor 4 (CCR4) promotes memory T cell homing to peripheral tissues and is preferentially expressed by Th2 and regulatory T cell subsets. CCR4 is predominantly expressed in ATLL. CCR4 is also expressed in about 30–65% of other PTCL cells, including a high expression (65%) in ALK -ve ALCL, variable expression (40%) in PTCL- NOS, AITL and transformed MF (82). Mogamulizumab is a humanized, IgG1 monoclonal anti CCR4 antibody. It has a direct cytotoxic effect on CCR-4 positive lymphoma cells via ADCC and depletes the regulatory T cell, resulting in an antitumor activity. It is approved for CCR4+ rel/ref ATLL in Japan based on a phase 2 study that reported a response rate of 50%, with median PFS and OS of 5.2 and 13.7 months (83). In the US, it is approved for patients with cutaneous T cell lymphoma. The main side effects are skin reactions seen in up to 63% of patients, infusion reactions and hematologic toxicity.



4.3 CD25 directed therapies

T-cell activation (CD 25) is the alpha subunit of the heterotrimeric IL-2 receptor. CD25 is seen in upto 40-50% of all PTCL’s (84). As it is differentially expressed on malignant T cells, this has been evaluated for a potential target. Antibody drug conjugates towards CD25 have shown promising results. Camidanlumab tesitine, a CD 25 antibody conjugated to cytotoxic pyrrolobenzodiazepine dimer has shown promising results in relapsed PTCL. Responses correlate with CD25 expression (85). Camidanlumab tesitine is currently accruing patients in phase II study, with promising responses seen in patients with hodgkin lymphoma. Radiolabeled antibodies such as Y90 labeled basiliximab are being evaluated in combination with cytotoxic chemotherapy in PTCL directed transplant regimens (86).






5 Altering the tumor microenvironment

A three-signal pathway is thought to contribute to T cell lymphomagenesis – (i) antigenic stimulation through TCR engagement – signal 1 (ii) co-stimulatory signals from non- MHC surface receptors -signal 2, (iii) cytokine signals through paracrine stimulation – signal 3 (14). Both type 2 and type 3 signals are mediated by non-neoplastic T cells, highlighting the role the tumor microenvironment plays in this disease (14). The tumor cells cause modulation of the microenvironment and decrease the tumor immunogenicity and in doing this, promote their survival (14). The neoplastic T cells produce several soluble cytokines such as IL-5, IL-13 and VEGF and other immune regulatory molecules. The IL-13 recruit eosinophilic granulocytes from the blood stream. These eosinophils secrete high amounts of IL-10, IL-4, which sustain macrophage differentiation into a tumor favoring subtype. These differentiated macrophages express PD-L1 and produce several angiogenetic and immune-modulatory soluble mediators which facilitate tumor immune escape from antitumor cytotoxic T cells. PTCL also recruits non-neoplastic Tregs lymphocytes which dampen the antitumor immune responses (87).

Therefore, targeting the tumor microenvironment may provide a therapeutic opportunity.



5.1 Immunomodulatory agents

Lenalidomide acts by modulation of substrate specificity of CRL4CRBN ubiquitin ligase complex and in doing so, induces degradation of protein targets that mediate immune responses such as interleukin production and NK/T cell proliferation (88). By doing so, lenalidomide decreases cell proliferation and enhances NK cell cytotoxicity. Lenalidomide has being investigated in PTCL, both as a single agent and in combination therapy. A phase 1/2 study reported an ORR of 22% in 54 patients with Rel/Ref PTCL (89). The median PFS was 2.5 months. Response rates were comparable across all subgroups. A multicenter trial (EXPECT) reported a similar response rate of 22% with 11% CR, mostly in patients with AITL (90). While single agent activity is low, lenalidomide is being studied in combination regimens in T–cell Lymphomas. The combination of CHOEP and lenalidomide as an upfront treatment resulted in an ORR of 48% in a phase 2 study in 40 patients; however, there was significant toxicity (91). Romidepsin and lenalidomide has been combined safely; the phase 1/2 study of 21 patients produced a response rate of 53% with acceptable hematologic toxicity (92). The combination is now being evaluated in an upfront study of elderly patients with PTCL. The combination of Romidepsin, lenalidomide and carfilzomib resulted in an ORR of 50% in a phase 1/2 trial of 20 patients (93). Lenalidomide is being studied in combination with BV and with immune check point inhibitors such as anti-PD1 antibody durvalumab (NCT03011814) in cutaneous T cell lymphomas.




5.2 Checkpoint inhibitors

Use of checkpoint inhibitors in T cell malignancies poses concerns as although there is an anti-tumor effect on the cytotoxic T cells, there could also be an unintended blocking of PD-1 driven tumor suppression maintained by the PD-L1 expressed on the antigen presenting cells. There have been reports of rapid progression in patients with ATLL when treated with nivolumab (94). PD-1 inhibitors have been used in ENKL, with response rates of 100% with pembrolizumab. The EBV viral proteins upregulate the PD-1 receptor levels, which is thought to be the reason for superior response rates with PD-1 inhibitors when compared to.

Pembrolizumab has been used in patients with relapsed/refractory cutaneous lymphomas, with response rates of 38% (95). However, these responses have been short-lived. The use of checkpoint inhibitors in PTCL is currently limited to clinical trials.




5.3 Anti CD47 antibodies

CD47 is a cell surface regulator of phagocytosis and is mediated by macrophages and dendritic cells. Increased expression of CD47 results in an inhibitory signal for phagocytosis. Inhibition of CD47 signaling can promote macrophage phagocytosis of tumor cells (96). Anti CD47 directed antibodies are being used in PTCL, with promising results.





6 Cellular therapy

Chimeric antigen receptor T cells, targeting CD19 have significantly improved outcomes in B cell lymphomas. CAR-T therapy has since been expanded into treatment of other hematological malignancies. Studies have been ongoing to determine if CAR-T cells could be used to treat T cell lymphomas.

Designing CAR-T cells to target T cell neoplasms has been challenging due to the following complications. CAR-T fratricide, due to endogenous expression of T cell antigens that CAR-T cells are designed against, limits T cell expansion (97). Preclinical studies are ongoing, investigating manipulating the CAR antigen target to bypass the fratricide. T cell aplasia is a potential complication. Unlike B cell aplasia that is encountered with CD 19 CAR’s, T cell aplasia has a risk of permanent immunosuppression, resulting in life threatening infections. CAR-T cells targeting CD 30 are being developed, with pre-clinical studies showing good cell expansion and cytotoxic activity against PTCL xenograft tumors (98). CAR T cells targeting CD4, CD5, CD7 are also being developed. Allogenic T cells and use of alternate cell sources such as CAR-macrophages are also in early phase clinical trials.




7 Non- cell signaling Kinase/non epigenetic therapies



7.1 Anti-apoptotic therapies

Apoptosis is regulated by BCL2 family of proteins, which function by counter balancing pro and antiapoptotic members, MCL1 and BCL2. High levels of MCL 1 expression have been described in PTCL and inhibition of this pathway is associated with reduced cell survival (99). Koch et al. described MCL1 dependent PTCL xenograft model where MCL 1 inhibition was synergistic with multiagent chemotherapy and improved survival (100). Based on this data, several studies, with agents targeting MCL1 and BCL2 in patients with rel/ref PTCL are ongoing (PRT1419 -NCT04543305; AMG 397 – NCT03465540, venetoclax – NCT03534180).




7.2 Farnesyltransferase inhibitors

CXCL12 expression has shown to have a prognostic significance in patients with PTCL. Tipifarnib, a farnesyltransferase/CXCR4 inhibitor has shown to downregulate CXCL12 secretion in stromal cultures (101). CXCL12 can be expressed in up to 50% of AITL. This drug is being selectively investigated in patients with CXCL 12+ PTCL- NOS or AITL. A phase 2 study evaluated the role of tipifanib heavily pretreated patients with AITL or PTCL- NOS (102). In the AITL cohort, there were 11 evaluable patients with an OR of 45%. Among the 3 evaluable CXCL12+ PTCL patients, one patient had a PR and 2 patients had SD to therapy. CXCL 12 expression was found to correlate with favorable outcome to treatment (102). Pre-treatment high CXCL12 expression had 90% sensitivity and 93% specificity to accurately predict a treatment response. The primary toxicities were thrombocytopenia and neutropenia.





8 Conclusions

How best to incorporate these novel agents into the existing treatment regimens is both exciting and challenging. Given the relatively low and short-lived response rates with single agent therapy, combination therapies are being explored. For frontline therapy, combination chemotherapy with addition of BV in CD30+ patients have become the current standard of care. Consolidation autologous stem cell transplant is recommended for eligible patients with PTCL, other than ALK+ve ALCL. Treatments combining novel agents such as romidepsin/azacytidine with cytotoxic chemotherapy are being explored. In the rel/ref setting, trials combining novel agents such as copanlisib+ romidepsin, durvalumab+ lenalidomide are being evaluated.

Clinical trials incorporating GEP to tailor treatments are warranted. An umbrella study in Japan is evaluating the efficacy and safety of targeted therapies guided by molecular subtypes in patients with rel/ref PTCL [NCT05559008]. This study is incorporating next generation sequencing to identify the molecular subtypes and interventions are being modified accordingly. The results of these study could potentially be practice changing. More such studies incorporating the molecular advances are warranted. The future for PTCL is promising. Recent advances in molecular and genomic profiling of PTCL has provided a unique insight into the molecular pathways and in the development of new therapeutic agents. Further studies are needed to tailor the treatments based on genomic markers in both front line and relapsed settings. Development of markers to define response to these agents and to predict patterns of treatment failure will help advance the field immensely.
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Purpose

Peripheral T-cell lymphoma (PTCL) is a rare and heterogenous hematologic malignancy with poor prognosis especially in elderly and frail patients who are not eligible for intensive treatment. The resulting palliative setting necessitates tolerable but effective schedules for outpatient treatment. TEPIP is a locally developed, all-oral low-dose regimen comprising trofosfamide, etoposide, procarbazine, idarubicin, and prednisolone.





Methods

In this observational retrospective, single-center study, the safety and efficacy of TEPIP was evaluated in 12 patients (pts.) with PTCL treated at the University Medical Center Regensburg between 2010 and 2022. The endpoints were overall response rate (ORR) and overall survival (OS), and adverse events were individually reported according to the Common Terminology Criteria for Adverse Events (CTCAE) criteria.





Results

The enrolled cohort was characterized by advanced age (median 70 years), extensive disease (100% Ann Arbor ≥stage 3), and poor prognosis (75% high/high-intermediate international prognostic index). The most common subtype was angioimmunoblastic T-cell lymphoma (8/12), and 11/12 patients had relapsed or refractory disease at TEPIP onset with a median of 1.5 prior treatment regimens. After a median of 2.5 TEPIP cycles (total of 83 cycles), the ORR was 42% (complete remission 25%), and the OS reached a median of 185 days. Any grade of adverse event (AE) occurred in 8/12 patients, with four patients showing AE ≥CTCAE grade 3 (33%), and the AEs were mainly non-hematological.





Conclusion

TEPIP demonstrated competitive efficacy with a tolerable safety profile in a highly palliative cohort of patients with difficult-to-treat PTCL. The all-oral application, which makes outpatient treatment possible, is particularly noteworthy.
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Introduction

We recently reported promising safety and efficacy data of the locally developed all-oral, low-dose chemotherapy regimen TEPIP (trofosfamide, etoposide, procarbazine, idarubicin, prednisolone) in relapsed/refractory (R/R) high-grade B cell lymphoma contributing to quality of life by enabling outpatient treatment in a palliative setting (1). Peripheral T-cell lymphomas (PTCL) represent a further rare and heterogenous group of non-Hodgkin lymphoma (2) which is also lacking in effective treatment options in the palliation of patients (pt.) in a R/R state. PTCL with its most common subtypes PTCL not otherwise specified (PTCL-NOS), angioimmunoblastic T-cell lymphoma (AITL), and anaplastic large cell lymphoma (ALCL) (3) exhibit a more aggressive pathobiology as compared with B cell lymphoma showing a dismal overall survival (OS) (4–6).

The established first-line treatment consists of an anthracycline-based multi-agent chemotherapy CHOP backbone (cyclophosphamide, doxorubicin, vincristine, and prednisolone) followed by consolidative high-dose chemotherapy and autologous stem cell transplantation (ASCT) in responding and transplant-eligible patients if considered appropriate. In younger (<60 years) patients, CHOP might be complemented by etoposide to improve event-free survival and progression-free survival (PFS) (7, 8). A recent therapy adjustment was made under the impact of the phase III ECHELON-2 study, which demonstrated a significant improvement of overall response rate (ORR), PFS, and OS in combination with the anti-CD30 antibody brentuximab-vedotin (i.e., BV-CHP) and resulted in the approval for CD30+ PTCL (US Food and Drug Administration) and ALCL (European Medicines Agency (EMA)), respectively (9). Despite all efforts to optimize upfront therapy, the rates of primary refractory and relapsed patients with poor prognosis remain high at up to 70% (10–12), and salvage chemotherapy with consecutive allogeneic stem cell transplantation might be the only option for durable disease control in this high-risk constellation.

In frail and transplant-ineligible patients receiving dose-attenuated CHOP, the 2-year PFS (37%) and OS (47%) are disappointing (13), and the treatment of R/R PTCL in this vulnerable cohort remains challenging. A retrospective analysis from the COMPLETE registry has demonstrated the superiority of a single agent to combination chemotherapy in R/R PTCL (14). The FDA-approved [but not EMA-approved] single-agent therapy antifolate pralatrexate and the histone-deacetylase inhibitors romidepsin and belinostat have shown moderate ORR of approximately 30% and tolerable safety profiles (15–17). Furthermore, special attention is paid to recent studies investigating the efficacy of hypomethylating agents in PTCL with mutations in epigenetic regulators (e.g., TET2), which have yielded promising results (18, 19) and justified the initiation of further studies.

While conventional chemotherapies aim for a maximally tolerated dose, metronomic regimens combine low-dose agents to overcome therapy resistance and reduce toxicity while targeting both the tumor cells and the tumor-promoting microenvironment (20–23). To the best of our knowledge, only a few groups have focused on suchlike regimens in PTCL, however with partially encouraging results (24–27).

In aggregate, we would like to raise awareness for the all-oral, prolonged low-dose chemotherapy regimen TEPIP (trofosfamide, etoposide, procarbazine, idarubicin, prednisolone) as an effective therapeutic option in patients suffering from R/R PTCL with special emphasis on the use in outpatient setting.





Methods

In this retrospective single-center study, we analyzed the efficacy and safety of the all-oral, low-dose chemotherapy TEPIP administered in 12 patients at the University Medical Center Regensburg (UKR) between 2010/01/01 and 2022/12/31. All patients were treated on a compassionate-use basis. We identified the cohort by an in-clinic, medical file database query using the term “TEPIP” and considered only T-cell lymphomas, excluding mixed histopathologies (e.g., NK/T-cell lymphoma). Due to the retrospectivity and the outpatient drug administration, clinical parameters and histologic diagnoses were obtained from medical reports, resulting in a partially limited data set. The analysis was approved by the local Ethics Committee (reference number: 23- 3250-104) and performed in compliance with the current Declaration of Helsinki. All cases analyzed were pseudonymized, and patients who were alive gave written informed consent for publication.




Chemotherapy regimen

TEPIP was administered as an all-oral chemotherapy regimen (Figure 1), allowing a fully outpatient treatment, and comprised of trophosphamide at 50 mg (1-1-1, abs. 150 mg), etoposide at 50 mg (1–0–0), procarbazine at 100 mg (1-0-0), and prednisolone at 100 mg (1-0-0) on days 1 to 10, which was shortened to 7 days in case of numerous pre-treatments (equal to or more than two lines of therapy) or advanced age (biological age ≥65 years) as necessary in the majority of our cohort. On days 8 to 10 and 5 to 7, respectively, a daily single dose at 10 mg was added. The course was repeated every 28 days provided that the leukocyte count exceeded 3,000/µl and continued until disease progression or the occurrence of adverse events. All patients treated with TEPIP received sulfamethoxazole-trimethoprim and acyclovir as prophylactic therapies for infections. Antifungal agents or additional antibiotics, such as quinolones, were just initiated in case of suspected infections. Apart from an appropriate antiemesis (e.g., metoclopramide), no specific supportive therapy (e.g., granulocyte-colony-stimulating factor) was administered.




Figure 1 | Trofosfamide, etoposide, procarbazine, idarubicin, and prednisolone schedules. (A) A full-dose, 10-day or (B) a dose-reduced, 7-day protocol was applied depending on the patient’s performance status and expected toxicity tolerance. TRO, trofosfamide; ETO, etoposide; PRC, procarbazine; IDA, idarubicin; PDN, prednisolone; DEX, dexamethasone; x, administration; hyphen, no administration.







Disease classification and response assessment

At first diagnosis and TEPIP onset, lymphoma disease was staged according to the Ann Arbor criteria. All patients underwent bone marrow biopsy. Prognosis as assessed by the use of the International Prognostic Index (IPI) score is reported. Response assessment was conducted as clinically indicated without fixed schedules, as most patients were treated in an outpatient, palliative setting. Therefore, response was reported as the best response documented by reports of CT or PET-CT imaging according to the 2014 Lugano criteria (28). For patients treated in recent years, staging was performed with PET-CT imaging (patients 3, 4, 10, 11, and 12). Prior to 2020, CT imaging was the standard for response assessment.





Adverse event assessment

Toxicities are listed as reported by outpatient reports and graded according to the Common Terminology Criteria for Adverse Events (CTCAE) version 5.0.





Statistical analysis

Analyses were performed using PRISM 5 (GraphPad, San Diego, CA, USA) and SPSS 28 (IBM, Armonk, NY, USA). The ORR was defined as the sum of patients acquiring complete (CR) or partial remission (PR). Survival was analyzed as OS covering the period between the onset of TEPIP treatment and the patient’s death or the end of the observation period (2022/12/31), respectively. PFS was calculated as the difference between the onset of TEPIP treatment and the diagnosis of relapse or patient’s death, whereas duration of response (DOR) was defined as the period between a primarily recorded response and the subsequent progression of disease in responding patients. The endpoints OS and PFS (median and estimated OS/PFS at 6 and 12 months ± standard error) were depicted as Kaplan–Meier curves.






Results




Patient characteristics and response to TEPIP therapy

In total, 12 adult patients (five female and seven male) with histologically confirmed PTCL were treated at our medical center on a compassionate-use basis with the all-oral low-dose chemotherapy regimen TEPIP based on the daily application of low-dose trofosfamide, etoposide, procarbazine, idarubicin, and prednisolone (Figure 1). The baseline patient characteristics, including previous lines of therapy, are depicted in Table 1. The median age was 70 years (range, 43–84). AITL represented the most common T-cell lymphoma subtype (8 pt.). Prior to TEPIP initiation, all patients presented with stage 3 or higher according to the Ann Arbor classification accompanied by IPI scores predominantly at the high-intermediary level. A total of 11 patients were subjected to TEPIP treatment after having failed up to four different lines of therapy, including ASCT (1 pt.) and experimental checkpoint blockade with nivolumab (1 pt.). Only one patient did not receive any treatment before starting TEPIP. The clinical responses to TEPIP are documented in Table 2, and individual clinical courses are shown in Figure 2. Each patient underwent on average (median) of 2.5 cycles (range, 1 to 24) of TEPIP treatment, and a total of 83 cycles was applied. The median OS was 185 days (± 64.4 days, n = 11), and the median PFS amounted to 114 days (± 45.0 days, n = 12) (Figure 3). The overall response rate (CR + PR) was 42%, and the median duration of response was 10 months (range, 1–35 months). Three patients, including a heavily pretreated patient relapsing from high-dose chemotherapy and subsequent autologous stem cell transplantation (pt. 11), achieved complete remission (25%) in response to TEPIP treatment. At the time of this writing (February 2023), one patient (pt. 3) is still in complete remission despite the discontinuation of TEPIP treatment, while relapse was observed in the other complete responders after 10 months (patient 10) and 25 months (pt. 11), respectively. Remarkably, re-initiation of TEPIP treatment could re-induce complete remission in patient 11. Thereafter, TEPIP had to be permanently stopped due to pancytopenia originating from arising secondary acute myeloid leukemia, which necessitated switching to 5-azacitidine treatment. Moreover, two patients displayed transient partial remissions of their T-cell lymphoma lesions, and stable disease could be observed in two additional patients. Approximately half of all patients were primary refractory to TEPIP treatment. Those patients failing TEPIP treatment were either switched to best supportive care treatment or were continued on individual protocols as depicted in Table 2. In summary, the all-oral TEPIP treatment conducted in an outpatient setting harbors the potential for durable remissions in heavily pretreated patients with advanced T-cell lymphoma.


Table 1 | Characteristics of T-cell lymphoma patients.




Table 2 | Response to trofosfamide, etoposide, procarbazine, idarubicin, and prednisolone (TEPIP) therapy.






Figure 2 | Treatment and response of the included patients during the treatment course as depicted by a swimmer plot.






Figure 3 | Kaplan–Meier curves of (A) overall survival (n = 10) and (B) progression-free survival (n = 11). The area between the dotted lines represents the standard error.







Analysis of the versatile therapeutic potential of TEPIP in patients with PTCL based on five clinical courses

Out of the 12 patients with PTCL treated at our center, the clinical courses of five patients (patient ID numbers 3, 5, 10, 11, and 12 according to Tables 1 and 2) particularly emphasize the versatile therapeutic potential of TEPIP in PTCL patients.




Case 1 (pt. 3)

A 72-year-old female patient presented with progressive localized axillary lymphadenopathy to our department. After a diagnosis of AITL, treatment with 6x CHOP-14 helped her achieve complete remission, but it had to be repeated due to relapse at 27 months later. After a further six cycles, a long-lasting (6.5 years) CR was observed. Thereafter, the patient suffered again from stage IVA [disseminated lymph nodes (LN), 1% to 2% bone marrow (BM) infiltration] relapse of the known AITL, which was molecularly characterized as ALK1-negative, TP53/17p del-negative, and TET2-positive. Due to the advanced patient age, a palliative treatment with all-oral TEPIP without idarubicin (q4w, d1-7) was initiated. After 4 months, a CR was observed despite dose reductions (trofosfamide, prednisolone, and procarbazine) and a stretched cycle duration from 4 to 6 weeks due to limited tolerability (fatigue). TEPIP was discontinued after 23 months due to multiple cutaneous squamous cell carcinomas with persistent complete remission. Until the end of the observational period (31-Dec-2022), no relapse has occurred.

Conclusion: Patient case 1 demonstrates a durable response to TEPIP treatment in an elderly and frail patient, which allowed dose adjustment to achieve individual treatment tolerability.





Case 2 (pt. 5)

A 45-year-old male patient presented with a liver-infiltrating stage IVB AITL (additional BM infiltration) and simultaneous EBV-positive DLBCL. During the first-line treatment with 5x R-CHOEP, the patient experienced several severe adverse events, and a CT scan and bone marrow puncture before the planned sixth course showed a massive progression of AITL. However, no persisting evidence of DLBCL was found. Therapy was rotated to the salvage regimen DHAP in the intention of later high-dose (HD) chemotherapy and ASCT. A pneumogenic sepsis interrupted the treatment course, resulting in another rapid progression. As a consequence, TEPIP treatment (without idarubicin) was initiated, which achieved prompt and impressive PR (resolved liver and minimal pulmonary manifestation). After a second course, the patient developed pancytopenia that necessitated a protracted recovery period, which led to progression and death due to failure of lymphoma-infiltrated organs.

Conclusion: Patient case 2 identifies TEPIP as a treatment option in refractory AITL, however, at the expense of potentially serious adverse events such as life-threatening cytopenia.





Case 3 (pt. 10)

A 67-year-old female patient was referred to the Department of Dermatology at the University Hospital Regensburg with pruritus, eczema, and subcutaneous nodules turning out to be a stage IVAE follicular T-cell lymphoma (aberrant co-expression of CD79a) with cutaneous and disseminated LN manifestation coupled with simultaneous EBV and CD30+ B cell proliferation. After 6x (R-)CHOEP, a CR was achieved; however, within 3 months, a very early relapse occurred. The patient was enrolled and randomized into the experimental arm (nivolumab, gemcitabine, and oxaliplatin) of the NIVEAU trial (29) but suffered from distinct PD after an initial mixed response. As a third-line treatment, MTX weekly was administered, however without any response. Finally, treatment was rotated to TEPIP, and the patient developed CR which lasted for 10 months. During this period, no relevant adverse events occurred. Upon progression, the patient underwent involved site radiation and belinostat treatment followed by short episodes of bendamustine and brentuximab-vedotin treatment, but no further response was achieved.

Conclusion: Patient case 3 demonstrates a long-lasting response without adverse events by TEPIP in a heavily pre-treated and refractory patient with follicular T-cell lymphoma in nodal and extranodal lesions.





Case 4 (pt. 11)

A 66-year-old male patient with a history of prostatectomy due to prostate carcinoma and with a persistent single osteoblastic osseous metastasis (left os ilium) presented to our department with a first diagnosis of stage III AITL with exclusive lymph node manifestation. After five courses of CHOP, peripheral blood stem cell (PBSC) apheresis between each course of DHAP and DHAC was performed. At the timepoint of HD chemotherapy (BEAM) and ASCT, the patient was in complete remission. Within 6 months upon ASCT, early relapse occurred, and despite two courses of salvage treatment with gemcitabine and oxaliplatin, the disease progressed. The PSMA-PET result confirmed a stable disease (M1 oss.) of prostate carcinoma. Due to AITL progression, treatment was rotated to all-oral TEPIP (q4w, d1-7), and complete and durable remission (24 months) was achieved within two courses (Figure 4). Finally, treatment was terminated due to long-lasting CR after 2 years. Within the following 3 months, the patient relapsed with lymphoma infiltration of the skin, lymph nodes, and bone marrow (stage IV). At the same timepoint, a myelodysplastic neoplasm (MDS-RS-MLD) was incidentally diagnosed. TEPIP was re-initiated in five-weekly courses, resulting in a renewed very good PR within 3 months (Figure 4). Due to MDS-related cytopenia, TEPIP was replaced with 5-azacitidine. However, the patient died due to progression to AML at 5 months later.




Figure 4 | Clinical course of two exemplary patients (pt. 11: upper panels; pt. 12 lower panels) as assessed by radiological imaging. Depicted are the treatment responses at the indicated timepoints. Computed tomography and positron emission tomography were utilized. Green bars denote time on trofosfamide, etoposide, procarbazine, idarubicin, and prednisolone treatment. Red arrows and dotted circles indicate lymphoma manifestations.



Conclusion: Patient case 4 illustrates TEPIP as a safe and potent treatment option in AITL even after ASCT and with concomitant metastasized prostate carcinoma. In addition, it underpins its ability to reinduce remission after relapse.





Case 5 (pt. 12)

A 66-year-old pre-diseased (CVD, s/p esophagogastric junctional adenocarcinoma) male patient presented with stage IV A ALK-negative, CD30-positive ALCL with lymph node, cutaneous, and pulmonary manifestations, and treatment was initiated with BV-CHP. Between courses 2 and 3, PBSC apheresis was performed. After six courses, only PR was achieved, and within a further 2 months of watchful waiting, the disease distinctly progressed with new liver, spleen, and testicular manifestations. Due to a reduced general condition and his medical history, an intensive salvage or high-dose regimen was discarded, and low-dose TEPIP was administered (q4w, d1-7). After two courses, a PR was observed (Figure 4). However, the patient developed neurologic symptoms (e.g., amnesic aphasia) which later turned out to be a symptom of transient ischemic attack/stroke. After the interruption of treatment, the patient rapidly relapsed within 3 months and passed away.

Conclusion: Patient case 5 demonstrates the therapeutic option of TEPIP in ALCL when treatment with ALK inhibitors is not reasonable or possible.






Safety and toxicity profile of TEPIP therapy

Adverse events emergent to TEPIP were observed in eight patients (4/8 CTCAE ≥grade 3) as documented in Table 3. Treatment-related deaths did not occur. One patient (pt. 11) died from concomitant secondary acute myeloid leukemia arising from myelodysplastic syndrome. The development of MDS/secondary acute myeloid leukemia was rated to be most likely attributed to multiple previous therapies including high-dose chemotherapy; nevertheless, a causal relation between MDS/AML and TEPIP is also possible. Grade 4 toxicity was only observed in one patient developing severe leukopenia, which improved after the discontinuation of TEPIP therapy. The most frequent toxicities overall were fatigue, thrombopenia, and elevated levels of liver transaminases, with the latter two additionally representing the most frequent grade 3 toxicities. In four patients, TEPIP was permanently ceased: the reasons were hepatotoxicity (pt. 5 and 6), cytopenia (pt. 5 and 6), and renal toxicity (pt. 7) coupled with insufficient responses to therapy, whereas one patient (pt. 12) developed neurological toxicity manifesting itself as amnesic aphasia. Nevertheless, this patient suffered from long-standing atrial fibrillation and pronounced atherosclerosis, which could have crucially contributed to the occurrence of neurological toxicity. Furthermore, dose reductions of trofosfamide owing to intolerable fatigue (pt. 3 and 11) or dysuria (pt. 2) were required in three patients, while dose reduction of etoposide and idarubicin due to fatigue was necessary in one patient (pt. 11). After the dose modifications, increase of treatment intervals, or discontinuation of TEPIP treatment, almost all toxicities appeared to be at least partially reversible. One patient (pt. 3) developed cutaneous squamous cell carcinoma (cSCC) lesions on both arms, prompting the cessation of TEPIP therapy to boost wound healing after the surgical removal of cSCC. In summary, TEPIP treatment is associated with a tolerable safety profile qualifying for use in an outpatient setting.


Table 3 | Treatment-emergent adverse events.








Discussion

Treatment of T-cell lymphoma in elderly and frail patients poses a challenge to clinicians. While first-line treatment with age-adjusted, dose-attenuated multi-agent chemotherapy (e.g., miniCHOP) yields disappointing therapeutic success with only low PFS and OS rates (13), the next-line options are limited as the respective patients are not eligible for intensive salvage treatment, HD chemotherapy, or stem cell transplantation. As a result, there is medical need for palliative regimens considering the necessity of effective low-dose approaches while meeting many patients’ request for outpatient concepts.

In the study presented here, we show data from an elderly (median, 70 years) cohort of 12 patients with PTCL being under treatment with an all-oral, low-dose chemotherapy regimen TEPIP at the Department of Hematology of the University Medical Center Regensburg over the past decade. TEPIP comprises four oral chemotherapeutic drugs (trofosfamide, etoposide, procarbazine, and idarubicin) plus steroids (prednisolone or dexamethasone), each of which has been proven effective in the treatment of non-Hodgkin lymphoma disease (7, 27, 30–33). The majority of the cohort is characterized by poor prognosis with high-intermediate or high IPI scores and extensive disease (Ann Arbor stage III or IV) at TEPIP onset. Treatment with the TEPIP regimen followed a median of 1.5 prior treatment lines (range, 0–4), and a median of 2.5 TEPIP courses was applied. An ORR of 42% was achieved; however, an equally large group of patients experienced primary treatment failure. Overall survival reached a median of 6.2 months (185 days) with one patient still being alive in sustained complete remission. Anecdotal observations of responding patients (as demonstrated in the brief patient cases) highlight the potential benefit of TEPIP treatment in complex everyday settings, such as frail patients with relapse, refractory disease in various PTCL subtypes, and patients with a concurrent solid malignancy. Remarkably, several patient cases have shown rapid relapse after the interruption or discontinuation of therapy, but partial remission was achieved at least in one case by resuming TEPIP therapy.

All but one patient received TEPIP at a relapsed or refractory stage, which historically has a dismal prognosis. Mak et al. reported a median OS in R/R PTCL of 5.5 months (11), which was still confirmed 5 years later and more favorable only in a selected patient cohort with unimpaired performance status who were receiving salvage chemotherapy (12). This is particularly important for elderly patients who are not eligible for intensive first-line (and next-line) treatment due to their increased susceptibility to chemo-associated toxicities and, as a result, are more often likely to have primary refractory or relapsed diseases as reflected by the reported 2-year PFS of 37% (13). FDA-approved single-agent R/R treatment strategies like anti-folate pralatrexate or HDAC inhibitors romidepsin and belinostat have shown ORR of 25% to 29% and DOR of 10 to 17 months (15–17), not exceeding the ORR observed with TEPIP treatment. Better ORR could be achieved with the antibody–toxin conjugate brentuximab–vedotin (BV). However, studies required CD30 positivity or an ALCL phenotype (34, 35), which, in turn, limits the availability to a selected patient population. Additionally, most novel drugs are administered intravenously and require close monitoring of side effects or through in-patient treatment. Furthermore, promising results demonstrating the efficacy of hypomethylating agents (HMA) in PTCL with mutations in epigenetic regulators (e.g., DNTM3A, TET2, and IDH2) have been obtained in smaller studies (18, 36), raising hope for precise, molecularly tailored treatment regimens. In this context, oral HMA preparations, in particular, represent a promising approach for future outpatient strategies and are the subject of current trials (NCT04747236 and NCT03161223). However, robust data are still pending, and the potential role in a therapeutic sequence remains unclear. As of now, neither HDAC inhibitors nor HMA has received approval from the EMA for use in T-cell lymphoma. Thus, the second-line treatment of elderly/frail patients with R/R PTCL requires a broad therapeutic repertoire to enable individual treatment. Cox and colleagues have recently shown that the all-oral chemotherapy regimen DEVEC (prednisolone, etoposide, vinorelbine, and cyclophosphamide) achieves impressive ORR/CR (66%/25%) and OS (13 months) with a tolerable rate of adverse events in an elderly cohort of R/R PTCL with poor prognosis (IPI ≥3: 75%) (24). The outperformance in terms of ORR and OS despite a comparable cohort might be at least partially explained by a higher median number of therapy courses in the DEVEC (median, 8.5 courses) compared with our study (median, 2.5 courses), underscoring the highly palliative intention to treat in the TEPIP cohort. Furthermore, DEVEC was administered in a metronomic manner, potentially leading to differential, pleiotropic pharmacodynamics (37, 38). In recognition of the outstanding DEVEC results, a metronomic application of TEPIP with lower doses, more regular administration, and reduced drug-free brakes (39, 40) should be evaluated in future studies. There are few other reports of low-dose, all-oral treatment regimens in PTCL (25–27), emphasizing the need for more outpatient options in advanced palliative settings that provide a decentralized treatment approach, particularly for rural areas. Importantly, oral HMA and TEPIP may even pose an appropriate palliative first-line therapy for PTCL in elderly/frail patients in case of rejection of intravenous chemotherapy, which requires regular intravenous access and presentation to specialized oncological facilities. For patients declining systemic therapy in favor of best supportive care, all-oral therapy with TEPIP might be discussed in the first line.

In our study, treatment-emergent adverse events (TE-AE) CTCAE ≥ grade 3 were observed in 33% of patients, with one grade 4 (leukopenia) but no fatal TE-AE. Relevant infectious disease only occurred in one patient, which is most likely due to the recommended dose adjustments in case of cytopenia. As this was performed according to the physician’s choice, reliable numeric statements unfortunately are not available. One patient with long-term TEPIP treatment (pt. 3) developed multiple cSCC, which was classified as possibly related to treatment. However, a retrospective analysis of the patient’s previous circumstances (e.g., sun exposure) was not possible. Another patient (pt. 11) died from MDS/AML 5 months after re-discontinuation of TEPIP, which occurred concurrently with PTCL relapse after an initial complete response and prolonged 2 years of TEPIP treatment (Figure 1). TEPIP includes alkylating agents (procarbazine and trofosfamid) and topoisomerase II inhibitors (etoposide and idarubicin), which are known to cause secondary MDS and AML in a group of patients after the treatment of hematologic malignancies (41, 42). Thus, we recognize a potentially therapy-related event. However, one must consider the four prior treatment regimens, including high-dose BEAM, in this patient. Furthermore, in the recently reported cohort of patients with DLBCL treated with TEPIP, no patient suffered from secondary malignancies (1). Hypothetically, an additional potentially contributing factor to the occurrence of MDS and AML in the cohort of patients with PTCL treated with TEPIP might derive from potential clones with pre-lymphomatous TET2 and DNMT3A mutations. Those genetical alterations are frequently present in patients diagnosed with AITL, and AITL per se is associated with a certain co-occurrence of myeloid neoplasias (43). Nonetheless, we recommend that the maintenance of therapy be regularly and carefully reviewed. Notably, the same patient started TEPIP while suffering from an osseous metastasized prostate carcinoma which has not been progressing despite a long-term treatment. In summary, compared with previous palliative treatment regimens (15–17, 34), the safety profile of TEPIP is tolerable and manageable. Due to retrospectivity and the outpatient setting, additional unreported events cannot be completely excluded.

The rapid relapse after discontinuation in patient 4 with a subsequent re-induction of remission stirs the question for TEPIP maintenance therapy. A limiting factor for continuous therapy is set by the cumulative dose of idarubicin to prevent anthracycline-associated cardiomyopathy. Thereafter, TEPP without idarubicin could pose a backbone for long-lasting maintenance. In clinical practice, we advocate the continuation of TEPIP/TEPP therapy past remission induction until disease progression or the occurrence of unacceptable toxicity.

We are aware of the limitations of the study derived from the small, heterogenous cohort, a partially incomplete data set due to the palliative outpatient setting, retrospectivity without a control group as well as the short median duration of TEPIP treatment, which negatively affect the explanatory power of our results. R/R PTCL is a rare disease, and the clinical courses of the reported cohort span more than a decade (2010–2022), partially explaining the incomplete histopathologic reports (examination of molecular profiles or antigen expression) that may impact treatment decisions today. Additionally, the currently available treatment guidelines were published after the first patients were treated. All patients included in this study were treated individually and independently on a compassionate-use basis. Hence, individual treatment regimens differ, compromising the direct comparability of patients as well as the generation of pooled analyses for common outcome parameters, such as overall survival and progression-free survival. Moreover, no fixed and pre-established parameters for the evaluation of safety and efficacy are present. Thus, the direct comparability of patients is compromised.

In conclusion, the TEPIP regimen presented is a treatment option for patients with R/R PTCL that is both effective and well tolerated, with a focus on the quality of life in advanced palliative settings. We encourage the initiation of controlled clinical trials to prospectively evaluate TEPIP and gain further experience.
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Purpose

The goal of the study was to determine the prognostic significance of metabolic parameters in baseline 18F-FDG PET/CT images obtained from patients with angioimmunoblastic T-cell lymphoma (AITL).





Methods

Forty patients with pathologically diagnosed AITL who had baseline 18F-FDG PET/CT between May 2014 and May 2021 were assessed as part of this study. Maximum standardized uptake value (SUVmax), total lesion glycolysis (TLG), and total metabolic tumor volume (TMTV) were obtained and analyzed. In addition, many relevant features were evaluated, including sex, age, staging, International Prognostic Index (IPI), prediction index for T-cell lymphoma (PIT), Ki-67, and so on. Estimates of progression-free survival (PFS) and overall survival (OS) were determined using the log-rank test and Kaplan-Meier.





Results

The median follow-up was 30.2 months (interquartile range 9.82-43.03). Throughout the follow-up period, 29 (72.5%) deaths occurred and 22 (55.0%) patients made progress. The rates for 2- and 3-year PFS were 43.6% and 26.4%, respectively. The 3- and 5-year OS were 42.6% and 21.5%. For TMTV, TLG, and SUVmax, the cut-off values were 87.0 cm3, 711.1, and 15.8, respectively. Poorer PFS and OS were substantially correlated with high SUVmax and TLG. An increased TMTV suggested a shorter OS. TLG performed independently as OS predictors in multivariate analysis. The risk score for predicting the prognosis of AITL includes the TMTV, TLG, SUVmax, and IPI scores, with 4.5 for TMTV, 2 for TLG, 1.5 for IPI scores, and 1 for SUVmax. Three risk categories of patients with AITL had 3-year OS rates of 100.0%, 43.3%, and 25.0%, respectively.





Conclusion

Baseline TLG was a strong predictor of OS. Here a new prognostic scoring system for AITL based on the clinical indicators and PET/CT metabolic parameters was constructed, which might make stratification of prognosis easy and also help to individualize treatment.
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Introduction

Angioimmunoblastic T-cell lymphomas (AITL), a distinct subtype of peripheral T-cell lymphomas (PTCL), account for between 18 and 36% of PTCL (1). Uncertainty surrounds its pathophysiology. Common T-cell antigens including CD2, CD3, CD5, and CD4 were also strongly expressed in AITL, pointing to the presence of T follicular helper (TFH) markers. TFH cells were also demonstrated to be the counterpart cell type to AITL (2–4). Many studies have suggested that immunological abnormalities brought on by viral infections (e.g. Epstein-barr virus) may be related to the pathophysiology (5, 6). The majority of AITL patients are elderly; at the time of diagnosis, most are already in clinical stages III or IV and don’t present any symptoms in the early stages. Previous studies found OS was approximately 32% at 5 years (7). Previous studies have shown that AITL with poorer prognosis may be associated with overexpression of some specific genes such as IDH2, TET2, FYN, and CD2 (8, 9). For the purpose of directing treatment plans, it is essential to identify which patients would relapse earlier at the time of diagnosis. The prognosis of lymphoma is closely related to multiple factors such as age, stage, symptoms, and physical status. According to these prognostic influencing factors, different prognostic scoring systems have been established for different pathological types of lymphoma. The basis for determining the prognosis of PTCL in clinical and research settings is the International Prognostic Index (IPI), which includes five markers of age, clinical stage, physical condition, lactate dehydrogenase (LDH), and extra-nodal involvement. Based on the IPI score, the prediction index for T-cell lymphoma (PIT), which takes into account bone marrow involvement, age, physical condition, and LDH, was created. However, due to the heterogeneity of AITL, these two indices remain insufficient for early risk stratification (10). Only a few studies have particularly focused on prognostic prediction models for patients with AITL up to this point, such as the AITL prognostic index and the AITLI model, although it is uncertain how applicable these new AITL prognostic models will be in the future (11–14). Therefore, an effective prediction model for AITL prognosis is yet to be researched and developed.

Functional imaging and anatomical imaging are combined in PET/CT with 18F-FDG as the tracer, which is currently often utilized in clinical practice for lymphoma staging, determining effectiveness, and prognostic evaluation. It has been shown that tumor load before initial treatment is of significant value in predicting prognosis. To assess the tumor load, PET/CT can quantify the volume of all positive lesions and determine the intensity of 18F-FDG uptake within the lesion. The tumor metabolic volume (MTV) and total focal glycolysis (TLG) of high-uptake lymphomas such as diffuse large B-cell lymphoma (DLBCL), peripheral T-cell lymphoma (PTCL), and Hodgkin lymphoma (HL) can help predict patient survival (15, 16). Since there are currently few studies on the use of PET/CT metabolic parameters to assess AITL prognosis, the goal of this study was to determine the predictive value of PET/CT multiparametric indices for patient prognosis prior to initial treatment.





Materials and methods




Patients

Between May 2014 and May 2021, a total of 60 patients with AITL had baseline 18F-FDG PET/CT evaluation; 40 patients were subsequently recruited after receiving full clinical follow-up and imaging data. 18 years of age or older, lymph node biopsy performed in accordance with 2008 WHO criteria to determine the diagnosis of AITL, patients who underwent 18 F-FDG PET/CT prior to receiving any treatment, refraining from using a colony-stimulating factor, glucocorticoids, or any other drugs that promote extramedullary hematopoiesis one week before imaging, and positive lesions on PET scans were the inclusion criteria. The following were listed as exclusion criteria: (1) prior or concurrent malignancies; (2) insufficient clinical, follow-up, and imaging data; (3) poor image quality; (4) severe cardiovascular disease; and (5) infection or chronic inflammation in the acute phase. Sex, age, staging, initial symptoms, ECOG-PS, bone marrow biopsy, IPI, PIT, LDH, beta 2-microglobulin (β2-MG), and Ki-67 labeling index were among the clinical and pathological parameters that were gathered and evaluated. 80% of patients were treated with CHOP or ECHOP chemotherapy regimens. The hospital ethics committee gave its approval for the trial, and patients gave their informed consent.





Instruments and methods

A GE Discovery STE PET/CT scanner was used to generate 18F-FDG PET/CT pictures, and an American-made GE cyclotron was used to autonomously synthesize 18F-FDG. All had radiochemical purity levels above 95%. Prior to receiving FDG injections, patients fasted for over 6 hours. Before the test, a tri-directional tube was used to inject 18F-FDG (5.5 MBq/kg) intravenously, and the patient was given an hour to rest. Whole-body PET/CT imaging consisted of a PET scan of the entire body (2 minutes for each bed, totaling 6–8 beds) and a CT scan (200mA and 120 kV). PET scan adopted 3D acquisition. The body was scanned from the top of the skull to the middle of the thigh bone, and if necessary, the extremities. The ordered subsets expectation maximization (OSEM) approach was used to reconstruct the PET image, and the CT scanning data was used to adjust for image attenuation. The conventional approach was used to reconstruct the CT picture, and the layer thickness was 3.75mm. For frame-to-frame image parallel fusion presentation on Xeleris and AW workstations, PET and CT images were sent.





Image analysis

All PET/CT images were outlined and analyzed using Advantage Workstation 4.6 by two experienced nuclear medicine diagnosticians who were blinded to the patient’s clinical outcome, with reference to a third nuclear medicine physician (associate director and above) for decision in case of disagreement. Semi-automated measurements were used to depict the volume of the area of interest (VOI) and determine lesion boundaries, and the lesion’s extent was then carefully adjusted to rule out inflammatory or physiological uptake in the brain, urinary system, and intestine. All involved lymph nodes and extra-nodal lesions were included. Thymus, nasopharynx, pharyngeal lymphatic ring, and spleen were intra-nodal lesions. Spleen SUVmax to liver background ratio greater than 1.5 or spleen longitudinal diameter greater than 13 cm was considered as splenic infiltration. Using the 41% SUVmax threshold approach, MTV was computed in accordance with the guidelines provided by the European Society of Nuclear Medicine. Only when bone marrow involvement was verified by BMB were volumetric measures taken. TLG was calculated by adding the products of the MTV and SUV averages of all lesions, and TMTV was calculated by adding the volumes of all hyper-metabolic lesions.





Statistical analysis

SPSS 23. 0 software (IBM, Chicago, IL, USA) and GraphPad Prism version 9.0 software (San Diego, CA, USA) were used to conduct the statistical analysis and drawing. Continuous variables were represented by their median or mean ± standard deviation, whereas categorical variables were portrayed as counts. The Pearson chi-squared test or Fisher’s exact test was used to examine differences between subgroups. Receiver-operating characteristic (ROC) analysis was used to determine the ideal critical values for PET/CT metabolic parameters. PFS and OS were calculated using the log-rank test and Kaplan-Meier survival curves. The Cox proportional hazards regression model was utilized for multivariate survival analysis. Each relevant prognostic factor in the univariate analysis was given a N score, based on its HR value, to calculate the AITL prognostic score. Each factor’s HR value was first rounded to obtain an integer and then divided by two to obtain the N score. For example, if HR is equal to 5.6, then N is equal to half of 6, which is equal to 3. The sum of N for each factor was defined as the AITL risk score. p<0.05 was considered to be statistically significant.






Results




Patients

This study involved forty patients. The average age of the patients was 60.3 years old, and the ratio of males to females was 3 to 1. At initial diagnosis, 36 (90.0%) patients were in stage III or stage IV, and 4 (10.0%) patients were in stage II. Twenty-five (62.5%) patients had extranodal involvement: skin (16 cases), parotid glands (14 cases), lungs (6 cases), bone marrow (5 cases), liver (2 cases), and gastrointestinal tract (1 case). In addition, splenic infiltration was present in 18 cases (45.0%). LDH greater than 400u/L and β2-MG greater than 3mg/L were considered elevated. Table 1 displays the clinical features of the patients.


Table 1 | Characteristics of patients.







ROC curves analysis of PET/CT metabolic multiparameter and Ki67

The median values of TMTV, TLG, SUVmax, and Ki67 were 249.3 (interquartile range 96.4-527.0) cm3, 1300.1 (interquartile range 552.8-2925.0), 14.5 (interquartile range 9.9-23.8), and 55% (interquartile range 40.0-67.5%), respectively. ROC curve analysis was used to determine the cutoff values for SUVmax, TMTV, TLG, and Ki67. If the area under the curve (AUC) < 0.6, the grouping used the median as the cutoff value.

The ROC curve for each factor was outlined by assigning the deceased patients to the positive event group and the remaining patients to the negative event group as of the follow-up cutoff time. The SUVmax, TMTV, and TLG AUCs were, respectively, 0.770, 0.818, and 0.815. The cut-off values for TMTV, TLG, and SUVmax were 87.0 cm3 (sensitivity 96.6%, specificity 63.6%, p = 0.002, Youden index of 0.602), 711.1 (sensitivity 79.3%, specificity 72.7%, p = 0.002, Youden index of 0.521), and 15.8 (sensitivity 55.2%, specificity 90.9%, p = 0.009, Youden index of 0.461). Due to Ki67’s AUC being less than 0.6, the median expression of Ki67 (55%) was utilized as the dividing line for grouping.





Intergroup comparison of clinical characteristics

Patients were divided into groups with high TMTV (>87.0 cm3) and low TMTV (87.0 cm3) values, as well as groups with high TLG (>711.1) and low TLG (711.1) values. Patients with progressive disease or death at the follow-up cutoff were included in the poor prognosis group. High TLG was usually associated with higher Ann Arbor staging (p = 0.011), IPI score (p = 0.002), PIT score (p = 0.005), Ki67 index (p = 0.048), and elevated LDH (p = 0.012). The frequency of a bad prognosis was statistically substantially greater in the high-risk TMTV group than in the low-risk group (p=0.037), while the difference in TLG between patients with a poor and good prognosis was not statistically significant (p=0.082) (Table 2).


Table 2 | Comparisons of clinicopathologic characteristics according to TMTV and TLG.







Survival analysis for clinical and PET/CT metrics

The median follow-up time was 30.2 (interquartile range 9.82 to 43.03) months. PFS and OS times were respectively 10.5 (95% CI 8.4-12.6) and 32.8 (95% CI 24.10-41.51) months in the median. Of these patients, 22 (55.0%) patients experienced disease progression (excluding death) during the course of treatment and 29 (72.5%) died. The rates for PFS at 2 and 3 years were 43.6% and 26.4%, respectively, while the rates for OS at 3 and 5 years were 42.6% and 21.5%, respectively.

The 2-year PFS rates for the high and low TMTV groups were 37.5% and 66.7%, respectively, according to Kaplan-Meier curves and log-rank testing (p = 0.090). The 3-year OS rates for the high and low TMTV groups were, respectively, 30.1% and 83.3% (p = 0.009). Those with higher TMTV had a median OS of 25.5 months. In the high and low TLG groups, the 2-year PFS rates were 34.6% and 60.0%, respectively (p = 0.042), and the 3-year OS rates were 33.5% and 64.2%, respectively (p = 0.003). The median OS for patients with higher TLG was 11.4 months. In the high and low SUVmax groups, the 2-year PFS rates were, respectively, 29.4% and 54.7% (p = 0.040), and the 3-year OS rates were 23.5% and 57.6%, respectively (p = 0.018). Those with higher SUVmax had a median OS of 16.7 months. Univariate survival analysis revealed that extranodal involvement sites greater than 1, TLG greater than 711.1, and SUVmax greater than 15.8 were risk factors for both PFS and OS, but that high TMTV was only a risk factor for OS and not PFS (Table 3; Figure 1).


Table 3 | Univariate analysis for survivals.






Figure 1 | The Kaplan-Meier survival analysis and curves of OS and PFS according to TMTV (A, B), TLG (C, D), and SUVmax (E, F). p value was acquired by the log-rank.



There was a strong correlation between TMTV and TLG (r = 0.868, p < 0.001) by Spearman’s rank correlation test; therefore, TMTV or TLG were included in the multivariate analysis with other clinical characteristics at p < 0.05 in the univariate analysis, respectively. TLG was a predictive factor for OS independently (HR 3.32, 95% CI 1.080-9.582, p=0.036), while TMTV tended to be an independent OS predictor (p=0.055) (Table 4).


Table 4 | Multivariate analysis for survivals.







Construction of AITL risk score and prognostic predictive efficacy

According to univariate analysis, TMTV, TLG, SUVmax, IPI score, and more than one extra-nodal involvement site were predictive variables for OS, and extra-nodal involvement sites >1 was an indicator of IPI score, so it was not included in the risk score. N points were allocated to each element in accordance with the AITL risk score methodology, with 4.5 scores for TMTV (HR: 8.960); 2 scores for TLG (HR: 4.007); 1.5 scores for IPI scores (HR: 2.542); and 1 score for SUVmax (HR: 2.413). Therefore, the AITL risk score for this group of patients ranged from 0 to 9. The AUC of the AITL risk score obtained by ROC curve analysis was 0.903 (Figure 2).




Figure 2 | ROC curve analysis of AITL risk score.



Next, patients were classified into three groups depending on their AITL risk scores: low-risk group (score 0–3), medium-risk group (score 4.5–7.5), and high-risk group (score 8–9). In the three groups, the 3-year OS rates were 100.0%, 43.3%, and 25.0%, respectively (p=0.001) (Figure 3). Kaplan-Meier survival analysis of IPI scores versus PIT scores showed a significant difference between the low-risk and high-risk groups in the patient groups by IPI (P < 0.05), while AUC = 0.746 was obtained by ROC curve analysis (Figure 4A). In the group of patients by PIT, there was no significant difference between the low-risk and high-risk groups (P > 0.05) (Figure 4B). These analyses suggest that neither IPI nor PIT showed good prognostic performance in patients with AITL.




Figure 3 | The Kaplan–Meier survival analyses and curves of OS according to the AITL risk scores. p value was acquired by the log-rank test.






Figure 4 | The Kaplan–Meier survival analyses and curves of OS according to the IPI score (A) and PIT score (B). p value was acquired by the log-rank test.








Discussion




Current status of clinical assessment of prognosis in AITL

A rare form of PTCL, AITL is marked by quick disease progression and a dismal prognosis. A large-scale population-based analysis using the SEER database was carried out by Xu and Liu et al. to elucidate the temporal survival trends and prognostic variables of AITL patients (17). A total of 1207 AITL patients were enrolled in this study, and their respective OS rates at 2, 5, and 10 years were 46.8%, 32.9%, and 21.9%. The 3-year OS rate and 5-year OS rate in our retrospective analysis, respectively, were 42.6% and 21.5%. (95% CI: 24.092-41.508; median OS: 32.8 months). The 5-year survival rate for patients with AITL was less than 40%, according to studies conducted so far (18), and the current investigation supports this conclusion. Patients with AITL have poorer outcomes than patients with aggressive B-cell lymphoma and may relapse early, but a minority of patients are able to survive long-term or even be cured. Hence, it is crucial to accurately determine the prognosis of patients with AITL and to more accurately distinguish between those who are in danger and those who may be able to receive a cure.

Recently, some studies have analyzed the relationship between clinical features and the prognosis of AITL. In a retrospective investigation of 207 AITL patients, Tokunaga et al. discovered that age over 60 years, increased leukocyte and IgA levels, anemia and thrombocytopenia, and more than one site of extra-nodal involvement were important predictive factors for OS, and for PFS, mediastinal lymph node metastasis, increased IgA, and anemia were significant prognostic factors (13). It is still debatable if these clinical signs have any real impact on the prognosis of AITL. The IPI score is widely used as a predictive model for various non-Hodgkin’s lymphomas, and the recently proposed PIT score can also stratify or predict the risk of PTCL. But several investigations have demonstrated that the IPI and PIT were insufficient as indicators of prognosis in individuals with AITL (10, 12, 19, 20).





The value of 18FDG-PET/CT in lymphoma prognosis prediction

18F-FDG PET/CT plays an important role in the diagnosis and treatment of malignant lymphoma, and the calculation of TMTV as well as TLG allows the quantification of the total tumor metabolic activity volume. The International Society for Malignant Lymphoma stated that metabolic parameters of 18F-FDG PET/CT could be used in the prognostic analysis of lymphoma (15). Several large retrospective or prospective studies have shown that multiple metabolic parameters of PET/CT (including TMTV and TLG) affect the survival prognosis of HL, DLBCL, and T-cell lymphoma subtypes (21, 22). As a result, there is an increasing interest in TMTV and TLG, sometimes in combination with clinical parameters to assess prognosis (23). In order to assess the prognosis of AITL or PTCL, Gong, Cottereau, and Jiang et al. used TMTV and PIT scores. They demonstrated that the two factors together may more effectively predict the prognosis of patients (24–26).

We looked into the prognostic value of a variety of metabolic parameters of pretreatment PET/CT. In multivariate survival analysis, we found that TLG was an independent prognostic factor for OS (HR=3.22, 95% CI%:1.080-9.582, p=0.036), and TMTV showed a trend as an independent predictor of OS (HR=7.19, 95% CI%:0.957-54.00, p=0.55). According to the analysis of PET/CT metabolic characteristics of 56 patients before treatment by Gong et al., TMTV was a single factor affecting PFS and OS in AITL patients (24). In a multicentre retrospective study of 140 patients with PTCL in the lymph nodes, Cottereau et al. found that baseline TMTV was the only independent variable considered significant in PFS and OS (25). Zhou et al. believed that baseline TMTV and TLG were independent predictors of PFS and OS (27). Pak et al. found that TLG elevation was most significant in a multicenter trial involving 36 patients with extranodal NK/T cell lymphoma (28). We hypothesized that this contradiction was due to the high correlation between TLG and TMTV and that including both in a multivariate analysis would lead to an incorrect assessment. Furthermore, it was found that the optimal cut-off values for classifying patients into high- and low-risk populations differed depending on studies, which correlated with the clinical features of the study population (volume range, treatment effect, etc.). This implies that the ideal cut-off values for risk prediction using TMTV and TLG may be unique to certain patient traits, lymphoma subtypes, and treatments.

The most common index for determining the amount of 18F-FDG uptake, SUVmax, indicates the tumor’s most aggressive cellular component’s glycolytic metabolism, and studies have linked SUVmax to tumor aggressiveness (29). The predictive significance of SUVmax before therapy is still debatable, though. By using univariate analysis, the current study demonstrated a substantial correlation between SUVmax and prognosis, but it did not serve as an independent predictor of AITL (p>0.05). The findings of Gong and Wang were similar to ours, but there were also differences, which showed no significant prognostic value of SUVmax in both univariate and multivariate analyses (23, 30). The study by Jiang et al. did not find that SUVmax correlated with the prognosis of PTCL (25). The possible reasons we considered were as follow: firstly, SUVmax is susceptible to injection time, blood glucose levels, and partial volume effects. Focal FDG affinity is variable at baseline. A recent study used dynamic changes in SUVmax over the course of treatment to assess the predicted prognosis of lymphoma (31). Second, SUVmax represents only a portion of the volume of FDG uptake in a single lesion, whereas patients with AITL usually have multiple lesions. In addition, due to the large heterogeneity and prognostic differences between the different pathological subtypes of PTCL, the prognostic predictive role of SUVmax in PTCL did not lend itself to direct application to AITL.





Evaluation value of clinical features for prognosis in AITL

In this study, patients’ clinical characteristics including age, sex, B symptoms, Ann Arbor stage, ECGO score, PIT score, and laboratory clinical indicators (LDH, β2-MG) were not linked with OS. IPI score correlated with OS (HR=2.542, 95%CI: 1.077-6.003, p=0.033), and extranodal involvement>1 was associated with OS and PFS in AITL (PFS: HR=2.586, 95%CI: 1.224-5.463, p=0.013; OS: HR=2.502, 95%CI: 1.118-5.599, p=0.026). Moreover, it served as a standalone predictive factor for PFS (HR = 2.230, 95% CI = 1.045–4.743, p = 0.038). However, the present study did not find the value of the PIT score in AITL prognosis (p>0.05). This contradicts some of the previous studies. On the one hand, it may be because the PIT includes 4 parameters, which has a confounding bias. On the other hand, the number of patients enrolled was small and there was selection bias. Previous studies have also shown that IPI and PIT scores for patients with AITL could not be used to predict survival, and even when they were taken into account in multivariate analyses, they had no appreciable impact on survival rates. The present study hypothesized that the clinical outcome of AITL is not so much a direct complication of tumor proliferation as a result of a severe regulatory disorder of the immune system.





Construction of an AITL risk score based on clinical indicators and PET/CT metabolic parameters

Based on clinical indices and PET/CT metabolic parameters, we innovatively constructed a risk score for prognosis prediction of AITL, including TMTV, TLG, SUVmax, and IPI score, and the prognosis of AITL patients was successfully stratified. Three groups of patients with AITL were created: a low-risk group, an intermediate-risk group, and a high-risk group. Patients in the low-risk group had considerably greater OS rates than those in the intermediate and high-risk groups, according to the Kaplan-Meier survival analysis. The three groups’ respective 3-year OS rates were 100.0%, 43.3%, and 25.0% (2 = 14.639, p0.001). The novel prognosis scoring system has the ability to more accurately predict the prognosis of AITL, even if the IPI score and SUVmax were not independent prognostic markers for AITL and TMTV only showed a trend as an independent predictor of OS in this study (p>0.05). This study was unable to properly explore the effect of altering and shifting treatment patterns on the prognosis of patients with AILT due to the small sample size. This prognostic prediction score should be validated in future large sample and prospective studies, providing valuable information to optimize treatment decisions to benefit more AITL patients.





The limitation of the previous studies and differences of this study

Most previous studies have only explored the prognostic value of PET/CT metabolic parameters by retrospective analysis or combined with clinical prognostic scores to construct prognostic models (24, 30). Due to the rarity of AITL, most studies currently only explored the prognostic value of PET/CT in PTCL as a whole, with AITL as only a subset of cases (27, 31, 32). Most studies on the prognosis of FDG-PET/CT in AITL were small sample studies, which means that unrecognized bias and the presence of overfitting cannot be avoided. The long time span of patients enrolled in the study and the inconsistency of first-line chemotherapy may cause bias, which is the limitation of this study. Here our study developed a new prognostic scoring system specifically designed for AITL based on clinical indicators and PET/CT parameters, which clearly defined risk groups in AITL patients and identified patients with relatively better prognosis, as compared to the existing prognostic models. Hence this novel prognostic model specially designed for AITL may facilitate risk-based stratification and therapy.





Future prospects

External data validation would be needed to verify the effectiveness of the new scoring system in the future. Several studies have verified the efficacy of intermediate FDG-PET as a prognostic indicator in lymphoma. 95 patients with PTCL participated in a recent study by Casulo et al. that examined intermediate FDG-PET/CT. This study showed that clinical outcomes could be predicted by measuring metabolic activity using intermediate FDG-PET/CT in PTCL (32). The value of interim FDG-PET for assessing the prognosis of AITL can be further explored in the future. Moreover, to combined predictive model of 18F-FDG and clinicopathological characteristics is a promising research direction. More biomarkers need to be investigated in future studies and applied to the new AITL prognosis prediction model.






Conclusion

We concluded that baseline TMTV, TLG, and SUVmax were independent predictors of worse outcomes in AITL, while baseline TLG was an independent predictor of OS. We have developed a new prognostic scoring system specifically designed for AITL based on clinical indicators and PET/CT parameters, which may assist in clinical decision-making for AITL patients in clinical practice and also provide a basis for future research.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving human participants were reviewed and approved by Hubei Cancer Hospital. The patients/participants provided their written informed consent to participate in this study.





Author contributions

LH participated in the design of the study, carried out analysis and interpretation of data, and drafted the manuscript; final approval of the version to be published and agree to be accountable for all aspects of the work. LH, NL, and LL involved in image analysis, participate in the discussion of the result of the part and final approval of the version to be published. DQ and XH gave conception and design of the study, participated in the image analysis, participate in the discussion of the results analysis, and approved the final submission. All authors read and approved the final manuscript. All authors contributed to the article and approved the submitted version.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer XS declared a shared affiliation with the authors to the handling editor at the time of review.





References

1. Armitage, JO. The aggressive peripheral T-cell lymphomas: 2017. Am J Hematol (2017) 92(7):706–15. doi: 10.1002/ajh.24791

2. Matutes, E. The 2017 WHO update on mature T- and natural killer (NK) cell neoplasms. Int J Lab Hematol (2018) 40:97–103. doi: 10.1111/ijlh.12817

3. Iqbal, J, Weisenburger, DD, Greiner, TC, Vose, JM, McKeithan, T, Kucuk, C, et al. Molecular signatures to improve diagnosis in peripheral T-cell lymphoma and prognostication in angioimmunoblastic T-cell lymphoma. Blood (2010) 115(5):1026–36. doi: 10.1182/blood-2009-06-227579

4. De Leval, L, Rickman, DS, Thielen, C, Ad, R, YL, H, Delsol, G, et al. The gene expression profile of nodal peripheral T-cell lymphoma demonstrates a molecular link between angioimmunoblastic T-cell lymphoma (AITL) and follicular helper T (TFH) cells. Blood (2007) 109(11):4952–63. doi: 10.1182/blood-2006-10-055145

5. Chiba, S, and Sakata-Yanagimoto, M. Advances in understanding of angioimmunoblastic T-cell lymphoma. Leukemia (2020) 34(10):2592–606. doi: 10.1038/s41375-020-0990-y

6. Lunning, MA, and Vose, JM. Angioimmunoblastic T-cell lymphoma: the many-faced lymphoma. Blood (2017) 129(9):1095–102. doi: 10.1182/blood-2016-09-692541

7. International T-Cell Lymphoma Project. International peripheral T-cell and natural Killer/T-cell lymphoma study: pathology findings and clinical outcomes. J Clin Oncol (2008) 26(25):4124–30. doi: 10.1200/JCO.2008.16.4558

8. Odejide, O, Weigert, O, Lane, AA, Toscano, D, Lunning, MA, Kopp, N, et al. A targeted mutational landscape of angioimmunoblastic T-cell lymphoma. Blood (2014) 123(9):1293–6. doi: 10.1182/blood-2013-10-531509

9. Wang, C, McKeithan, TW, Gong, Q, Zhang, W, Bouska, A, Rosenwald, A, et al. IDH2 R172 mutations define a unique subgroup of patients with angioimmunoblastic T-cell lymphoma. Blood (2015) 126(15):1741–52. doi: 10.1182/blood-2015-05-644591

10. Mourad, N, Mounier, N, Brière, J, Raffoux, E, Delmer, A, Feller, A, et al. Clinical, biologic, and pathologic features in 157 patients with angioimmunoblastic T-cell lymphoma treated within the groupe d’Etude des lymphomes de l’Adulte (GELA) trials. Blood (2008) 111(9):4463–70. doi: 10.1182/blood-2007-08-105759

11. Advani, RH, Skrypets, T, Civallero, M, Spinner, MA, Manni, M, Kim, WS, et al. Outcomes and prognostic factors in angioimmunoblastic T-cell lymphoma: final report from the international T-cell project. Blood (2021) 138(3):213–20. doi: 10.1182/blood.2020010387

12. Federico, M, Rudiger, T, Bellei, M, Nathwani, BN, Luminari, S, Coiffier, B, et al. Clinicopathologic characteristics of angioimmunoblastic T-cell lymphoma: analysis of the international peripheral T-cell lymphoma project. J Clin Oncol (2013) 31(2):240–6. doi: 10.1200/JCO.2011.37.3647

13. Tokunaga, T, Shimada, K, Yamamoto, K, Chihara, D, Ichihashi, T, Oshima, R, et al. Retrospective analysis of prognostic factors for angioimmunoblastic T-cell lymphoma: a multicenter cooperative study in Japan. Blood (2012) 119(12):2837–43. doi: 10.1182/blood-2011-08-374371

14. Huang, C, Zhang, H, Gao, Y, Diao, L, and Liu, L. Development of a novel clinical prognostic model for patients with angioimmunoblastic T-cell lymphoma. Technol Cancer Res Treat (2020) 19:153303382096423. doi: 10.1177/1533033820964231

15. Barrington, SF, Mikhaeel, NG, Kostakoglu, L, Meignan, M, Hutchings, M, Müeller, SP, et al. Role of imaging in the staging and response assessment of lymphoma: consensus of the international conference on malignant lymphomas imaging working group. J Clin Oncol (2014) 32(27):3048–58. doi: 10.1200/JCO.2013.53.5229

16. Barrington, SF, and Kluge, R. FDG PET for therapy monitoring in Hodgkin and non-Hodgkin lymphomas. Eur J Nucl Med Mol Imaging (2017) 44(S1):97–110. doi: 10.1007/s00259-017-3690-8

17. Xu, B, and Liu, P. No survival improvement for patients with angioimmunoblastic T-cell lymphoma over the past two decades: a population-based study of 1207 cases. PloS One (2014) 9(3):e92585. doi: 10.1371/journal.pone.0092585

18. Li, Y, Yang, C, Mao, L, Wang, J, Li, C, and Qian, W. Clinical characteristics of angioimmunoblastic T-cell lymphoma in China and c-reactive protein as an independent prognostic factor. Medicine (2017) 96(39):e8091. doi: 10.1097/MD.0000000000008091

19. Lin, HN, Liu, CY, Hong, YC, Pai, JT, Yang, CF, Yu, YB, et al. Clinical features and prognostic factors of angioimmunoblastic T-cell lymphoma in Taiwan: a single-institution experience. Leuk Lymphoma (2010) 51(12):2208–14. doi: 10.3109/10428194.2010.525270

20. Lee, SS, Rüdiger, T, Odenwald, T, Roth, S, Starostik, P, and Müller-Hermelink, HK. Angioimmunoblastic T cell lymphoma is derived from mature T-helper cells with varying expression and loss of detectable CD4. Int J Cancer (2003) 103(1):12–20. doi: 10.1002/ijc.10758

21. Ceriani, L, Milan, L, Johnson, PWM, Martelli, M, Presilla, S, Giovanella, L, et al. Baseline PET features to predict prognosis in primary mediastinal b cell lymphoma: a comparative analysis of different methods for measuring baseline metabolic tumour volume. Eur J Nucl Med Mol Imaging (2019) 46(6):1334–44. doi: 10.1007/s00259-019-04286-8

22. Barrington, SF, and Meignan, M. Time to prepare for risk adaptation in lymphoma by standardizing measurement of metabolic tumor burden. J Nucl Med (2019) 60(8):1096–102. doi: 10.2967/jnumed.119.227249

23. Shagera, QA, Cheon, GJ, Koh, Y, Yoo, MY, Kang, KW, Lee, DS, et al. Prognostic value of metabolic tumour volume on baseline 18F-FDG PET/CT in addition to NCCN-IPI in patients with diffuse large b-cell lymphoma: further stratification of the group with a high-risk NCCN-IPI. Eur J Nucl Med Mol Imaging (2019) 46(7):1417–27. doi: 10.1007/s00259-019-04309-4

24. Gong, H, Li, T, Li, J, Tang, L, and Ding, C. Prognostic value of baseline total metabolic tumour volume of 18F-FDG PET/CT imaging in patients with angioimmunoblastic T-cell lymphoma. EJNMMI Res (2021) 11(1):64. doi: 10.1186/s13550-021-00807-5

25. Cottereau, AS, Becker, S, Broussais, F, Casasnovas, O, Kanoun, S, Roques, M, et al. Prognostic value of baseline total metabolic tumor volume (TMTV0) measured on FDG-PET/CT in patients with peripheral T-cell lymphoma (PTCL). Ann Oncol (2016) 27(4):719–24. doi: 10.1093/annonc/mdw011

26. Jiang, C, Teng, Y, Chen, J, Wang, Z, Zhou, Z, Ding, C, et al. Baseline total metabolic tumor volume combined with international peripheral T-cell lymphoma project may improve prognostic stratification for patients with peripheral T-cell lymphoma (PTCL). EJNMMI Res (2020) 10(1):110. doi: 10.1186/s13550-020-00698-y

27. Zhou, Y, Zhang, X, Qin, H, Zhao, Z, Li, J, Zhang, B, et al. Prognostic values of baseline 18 f-FDG PET/CT in patients with peripheral T-cell lymphoma. BioMed Res Int (2020) 2020:1–10. doi: 10.1155/2020/9746716

28. Pak, K, Kim, BS, Kim, K, Kim, IJ, Jun, S, Jeong, YJ, et al. Prognostic significance of standardized uptake value on F18-FDG PET/CT in patients with extranodal nasal type NK/T cell lymphoma: a multicenter, retrospective analysis. Am J Otolaryngol (2018) 39(1):1–5. doi: 10.1016/j.amjoto.2017.10.009

29. Hutchings, M, Loft, A, Hansen, M, Ralfkiaer, E, and Specht, L. Different histopathological subtypes of Hodgkin lymphoma show significantly different levels of FDG uptake. Hematol Oncol (2006) 24(3):146–50. doi: 10.1002/hon.782

30. Wang, H, Yu, W, Wu, T, Xue, Y, Zhang, D, and Xu, H. The incremental prognostic value of baseline 18 f-FDG PET/CT imaging in angioimmunoblastic T-cell lymphoma. BioMed Res Int (2020) 2020:1–7. doi: 10.1155/2020/4502489

31. Schmitz, C, Rekowski, J, Müller, SP, Hertenstein, B, Franzius, C, Ganser, A, et al. Baseline and interim PET-based outcome prediction in peripheral T-cell lymphoma: a subgroup analysis of the PETAL trial. Hematol Oncol (2020) 38(3):244–56. doi: 10.1002/hon.2697

32. Casulo, C, Schöder, H, Feeney, J, Lim, R, Maragulia, J, Zelenetz, AD, et al. 18F-fluorodeoxyglucose positron emission tomography in the staging and prognosis of T cell lymphoma. Leuk Lymphoma (2013) 54(10):2163–7. doi: 10.3109/10428194.2013.767901




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Hu, Luo, Li, Qiu and Hu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 23 June 2023

doi: 10.3389/fonc.2023.1202964

[image: image2]


How molecular advances may improve the diagnosis and management of PTCL patients


Fanny Drieux 1*, François Lemonnier 2,3 and Philippe Gaulard 3,4


1 Service d’Anatomie et de Cytologie Pathologiques, INSERM U1245, Centre Henri Becquerel, Rouen, France, 2 Unité hémopathies Lymphoïdes, Hôpitaux Universitaires Henri Mondor, Assistance Publique des Hôpitaux de Paris, Créteil, France, 3 Institut Mondor de Recherche Biomédicale, INSERM U955, Université Paris Est Créteil, Créteil, France, 4 Département de Pathologie, Hôpitaux Universitaires Henri Mondor, Assistance Publique des Hôpitaux de Paris, Créteil, France




Edited by: 

Ryan Wilcox, University of Michigan, United States

Reviewed by: 

Carlos Murga-Zamalloa, University of Illinois Chicago, United States

Shih-Sung Chuang, Chi Mei Medical Center, Taiwan

Kedar Inamdar, Henry Ford Hospital, United States

*Correspondence: 

Fanny Drieux
 fanny.drieux@chb.unicancer.fr


Received: 09 April 2023

Accepted: 22 May 2023

Published: 23 June 2023

Citation:
Drieux F, Lemonnier F and Gaulard P (2023) How molecular advances may improve the diagnosis and management of PTCL patients. Front. Oncol. 13:1202964. doi: 10.3389/fonc.2023.1202964



Peripheral T-cell lymphomas (PTCL) comprised more than 30 rare heterogeneous entities, representing 10 to 15% of adult non-Hodgkin lymphomas. Although their diagnosis is still mainly based on clinical, pathological, and phenotypic features, molecular studies have allowed for a better understanding of the oncogenic mechanisms involved and the refinement of many PTCL entities in the recently updated classifications. The prognosis remains poor for most entities (5-year overall survival < 30%), with current conventional therapies based on anthracyclin-based polychemotherapy regimen, despite many years of clinical trials. The recent use of new targeted therapies appears to be promising for relapsed/refractory patients, such as demethylating agents in T-follicular helper (TFH) PTCL. However further studies are needed to evaluate the proper combination of these drugs in the setting of front-line therapy. In this review, we will summarize the oncogenic events for the main PTCL entities and report the molecular targets that have led to the development of new therapies. We will also discuss the development of innovative high throughput technologies that aid the routine workflow for the histopathological diagnosis and management of PTCL patients.
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1 Introduction

Peripheral T-cell lymphomas (PTCL) represent 10 to 15% of adult non-Hodgkin lymphomas. In the latest revised WHO and ICC classifications (1, 2), more than 30 entities are described, mostly defined by their clinical and pathological and phenotypic features, with a growing element of molecular data. Indeed, molecular studies based on high-throughput technologies have allowed for a better understanding of the oncogenic mechanisms involved and have improved the characterization of several entities. Although only a few specific genomic alterations define a given entity, the use of molecular data, such as clonality assays and targeted next-generation sequencing (NGS), is now integrated into the routine diagnostic workflow of expert centers, in combination with clinical and pathological clues. However, the translation of high-throughput genomic studies to clinical practice is still limited due to the high cost of high-throughput technologies and little clinical relevance for most findings. In this review, we will detail the oncogenic mechanisms of the main non-cutaneous PTCL entities, the molecular targets that have an impact on their diagnosis or treatment, and the assays that are useful for the detection of these clinically relevant molecular alterations (3). Entities with a leukemic presentation (notably T-cell large granular lymphocytic leukemia and T-prolymphocytic leukemia) will not be detailed.




2 Biology of PTCLs


  

2.1 Oncogenic mechanisms

T-cell lymphomagenesis is a multistep process resulting from the accumulation of oncogenic events, such as genomic and epigenetic alterations and dysregulation of cellular signaling pathways, cell cycle, and immune surveillance (Figure 1). The microenvironment also plays a role in the initiation and maintenance of neoplastic transformation, best highlighted in angioimmunoblastic T-cell lymphoma (AITL), a disease characterized by a prominent tumor microenvironment (TME). However, the impact of the TME in other entities is still poorly understood.




Figure 1 | Oncogenic mechanisms of the main non-cutaneous PTCL entities. PTCL oncogenesis is a multistep process resulting from the accumulation of oncogenic events targeting epigenetics, signaling pathways (alterations of the TCR pathway is a common feature of TFH-PTCL, ATLL and certain PTCL-NOS, whereas alterations of the JAK/STAT pathway is shared by PTCL entities with a cytotoxic immunophenotype), cell cycle or apoptosis. Oncogenic viruses (HTLV1, EBV) are involved in a few specific entities. Chronic antigen stimulation may play a role as initiating event in several extranodal T or NK-cell lymphomas. Immune surveillance and crosstalk between neoplastic cells and reactive cells of the microenvironment is important, especially in AITL, where reactive cytotoxic CD8 T-cells and B-cells are associated with a poor and favorable outcome respectively. Genetic susceptibility is recognized in SPTCL, EATL and ENKTL. This figure depicts these events and their involvement for specific PTCL entities. Genes are crossed out when the alterations result in a loss of function. TFH, T follicular helper; ALCL, anaplastic large cell lymphoma; PTCL-NOS, peripheral T-cell lymphoma, not otherwise specified; ATLL, adult T-cell leukemia/lymphoma; ENKTCL, extra-nodal NK/T-cell lymphoma; HSTL, hepatosplenic T-cell lymphoma; EATL, enteropathy associated T-cell lymphoma; MEITL, monomorphic epitheliotropic intestinal T-cell lymphoma; SPTCL, subcutaneous panniculitis-like T cell lymphomas.



Different types of genomic alterations can modify a biological function. Chromosomal translocations, detected by cytogenetic methods (karyotype, FISH, CGH), may produce fusion transcripts, detected by various technologies such as RT-PCR, RNAseq, or ld-RTPCR. They can result in aberrant expression, detectable by immunohistochemistry (for ALK fusions), or constitutive activation of oncogenes (such as JAK2, VAV1, CD28, etc.). Mutations in coding regions (single nucleotide variations or indels), detected by targeted exome or genomic sequencing, result in the gain of function of oncogenes or the loss of function of tumor suppressor genes. Mutations in noncoding regions have also been described, but their functional consequences are unclear. Disruption of the 3’UTR of PDL1 leads to its aberrant expression in extra-nodal NK/T-cell lymphomas and nasal-type (ENKTCL) and adult T-cell leukemia/lymphoma (ATLL), thus participating in immune escape (4, 5).

Epigenetic alterations appear to be a founding event in many PTCLs, mutations of genes involved in epigenetic regulation being frequently reported among different PTCL entities. Alterations of TET2 and DNMT3A, reflecting clonal hematopoiesis (6), were initially described in tumoral and reactive cells of TFH lymphomas (7, 8), but have also been reported in other entities, such as peripheral T-cell lymphoma not otherwise specified (PTCL-NOS), especially with a cytotoxic immunophenotype (9), or chronic lymphoproliferative disorders of NK cells (10). Although mutations of these two genes are not sufficient to induce lymphomas (11, 12), the loss of TET2 is often required in vitro and in vivo prior to the occurrence of other genomic alterations (such as RHOA G17V mutation, less frequently VAV1 alterations or FYN_TRAF3IP2 fusion) as a “second-hit” in the development of TFH-lymphoma (13–15). Recurrent mutations of IDH2 R172, responsible for the production of the oncometabolite D-2 hydroxyglutarate, measurable in the serum of patients, are confined to tumoral T-cells in AITL (16). Mutations of TET2, DNMT3A and/or IDH2 may explain the common loss of 5-hydroxymethylcytosine observed by immunohistochemistry in most PTCL entities, with the exception of hepatosplenic T-cell lymphoma (HSTL) (17), although it has been reported independently of the mutational status. Alterations of SETD2 that inactivate histone methyltransferase function are almost ubiquitous in monomorphic epitheliotropic T-cell lymphoma (MEITL) and less frequent in HSTL (18, 19). Mutations of several other epigenetic modifiers (KMT2C, KMT2D, CREBBP, EP300) have also been reported among the main PTCL entities (20–22).

T-cell lymphomagenesis also implies the deregulation of signaling pathways, which occurs in many PTCL entities. Dysregulation of the TCR pathway is a common feature of TFH-lymphoma, ATLL, and PTCL-NOS (23, 24), whereas the JAK/STAT pathway is frequently altered in PTCL with a cytotoxic immunophenotype (ALK-positive or negative anaplastic large cell lymphoma (ALCL), breast implant associated-ALCL (Bi-ALCL), cytotoxic PTCL-NOS, extra-nodal NK/T-cell lymphoma, nasal-type (ENKTCL), enteropathy-associated T-cell lymphoma (EATL) and MEITL (9, 18, 22, 25, 26).

Dysregulation of the cell cycle in cancer is mostly due to inactivation of the tumor suppressor gene TP53, which is associated with a poor prognosis. In PTCL, alterations of TP53 and CDKN2A/PTEN have been reported in GATA3-positive PTCL-NOS, associated with complex chromosomal rearrangements and genomic instability (27–29), as well as in ENKTCL (30) and EATL (31). On the contrary, these alterations appear to be infrequent in TFH-lymphoma and ATLL (24, 29). TP63 rearrangements, described in a small subset of ALK-negative ALCL, appear to correlate with a poor prognosis (32, 33).

Another mechanism involved in T-cell lymphomagenesis is immune escape. Overexpression of PD-L1, due to alterations in the 3’-UTR region, lead to the anergy of reactive intra-tumoral lymphocytes in ENKTCL and ATLL (4, 5). PD-L1 expression has also been described in ALK-positive and ALK-negative ALCL, regulated by STAT3 activation, with a debated impact on the prognosis (34–36). The loss of CD58, HLA molecules, or β2-microglobulin, observed in ATLL and PTCL NOS, impairs recognition of the tumor cells by the immune system (24, 28). By contrast, DUSP22-rearranged ALK-negative ALCL shows immunogenic cues, with overexpression of the genes of T-cell co-stimulation CD58 and CD70 and HLA class II and decreasing PDL1 expression (37).

The role of reactive immune cells and stromal cells has been highlighted in AITL, a disease in which tumor cells are commonly scarce within a prominent microenvironment, thus influencing the results of gene expression studies (38). Microenvironmental molecular signatures may have prognostic relevance: a B-cell signature is associated with a favorable outcome, whereas macrophage and CD8+ cytotoxic signatures correlate with an adverse prognosis (38–40). The presence of tumor-associated macrophages has also been reported to be associated with a poor prognosis in other PTCL entities, such as GATA3 PTCL-NOS (41), and ALK-positive anaplastic large cell lymphoma (ALCL) (42).

Viral infection (EBV and HTLV-1) is also recognized as a driver of PTCL oncogenesis.

	HTLV-1 infection is required for the development of ATLL. This retrovirus is randomly integrated into the host DNA (43, 44), with a predilection for specific transcription factor binding sites, such as STAT1, HDAC6, and TP53 (45). While most HTLV-1 carriers are asymptomatic, with multiple clones, a dominant clone is detected in ATLL patients (46, 47). Viral replication is permitted by clonal expansion of infected CD4+ T-cells (48). Expression of the oncogenic viral proteins TAX and HBZ leads to the disruption of homeostasis of infected cells, with the modification of epigenetic processes, genetic instability, and the accumulation of mutations (49). The TAX protein is highly immunogenic and responsible for the initiation of oncogenesis through NFKB and AP-1, while HBZ is involved in tumoral maintenance (50, 51).

	EBV infection is a pre-requisite for the development of ENKTCL and other NK/T-cell neoplasms, such as aggressive NK-cell leukemia or the rare EBV+ T/NK lymphoproliferative disorders of childhood. The mechanism for acquisition of the EBV receptor CD21 by NK and T-cells is still debated between trogocytosis and viral episome transfer (52, 53). The survival of infected cells is permitted by the type II latency pattern, with the expression of LMP1 and EBNA1 but not EBNA2. LMP1 promotes the proliferation of EBV-infected cells through deregulation of the p53, CMYC, and NF-κB pathways, in synergy with the production of cytokines (IL-2, IL-9, IL-10 et IL-15), by infected neoplastic cells and cells of the microenvironment (54).



Antigenic stimulation may also play a role in the initiation or progression of T/NK cell lymphomagenesis, as established for gliadin in EATL (55), textured breast-implants in Bi-ALCL (56), or recently suggested for the SARS-CoV-2 mRNA vaccine in AITL (57).

Finally, genetic susceptibility has been identified in several entities, notably association between the haplotypes HLA-DPB1, HLA-DRB1, and IL18RAP and ENKTCL (58, 59), HLA DQ2/DQ8 and EATL (60), and germline mutations of HAVRC2 in subcutaneous panniculitis-like T-cell lymphoma (61).




2.2 Oncogenic events of the main non-cutaneous PTCL entities

PTCL can be derived from cells of the innate or adaptative immune system. Neoplasms likely deriving from the innate immune system comprise mostly extra-nodal lymphomas (ENKTCL, EATL, MEITL, HSTL, γδ-lymphomas, and probably cases among PTCL-NOS). They share a cytotoxic phenotype, alterations of the JAK/STAT pathway, and a context suggestive of chronic antigen stimulation. PTCL derived from cells of the adaptative immune system include most lymphomas with a nodal presentation with a T helper phenotype, such as TFH-lymphomas, ATLL, and PTCL-NOS. These lymphomas often show dysregulation of the TCR signaling pathway, in addition to alterations of epigenetic modifiers. The molecular characteristics of the main non cutaneous PTCL entities are summarized in Table 1.


Table 1 | Molecular characterization of the main non-cutaneous PTCL entities.





2.2.1 Nodal TFH lymphomas

In the revised 2022 WHO and ICC classifications, the family of lymphomas derived from TFH cells is regarded as a single disease encompassing three morphological subtypes, commonly designated angio-immunoblastic T-cell lymphoma (AITL), follicular-type, and not otherwise specified. They have distinct morphological features but share a common TFH phenotype and signature, as well as a similar molecular pattern. In routine practice, the TFH phenotype is defined by the expression of CD4, with at least two TFH markers among PD1, ICOS, CD10, CXCL13, and BCL6, although none of them, in particular PD1 and ICOS, are fully specific, as they can be expressed by non-TFH reactive cells or other non-TFH PTCLs (62–65). TFH-lymphomas show a unique mutational landscape, characterized by the accumulation of alterations in genes involved in epigenetic regulation (TET2, DNMT3A, IDH2) (7, 11, 66) and the TCR pathway (RHOA, VAV1, CD28, PLCG1, FYN, LCK) (23, 67–73). Fusion transcripts involving genes of the TCR signaling (ICOS_CD28, CTLA4_CD28, ITK_SYK or involving VAV1 with multiple partners) and NFKB (FYN_TRAF3IP2) pathways can be observed. Although mutations of TET2 and DNMT3A may be observed in tumoral and reactive cells, hotspot mutations in RHOA G17V and IDH2 R172 are thought to be restricted to the TFH tumor cells (74, 75). The recurrent RHOA G17V mutation, detected in 50 to 70% of AITL (23, 67–69, 75–78), impairs the GTPase domain, showing dominant negative activity and thus abolishing GTP binding and downstream signaling. This mutation is also responsible for VAV1 phosphorylation and TCR pathway activation (71). RHOA G17V drives TFH polarization and promotes lymphomagenesis in vivo through ICOS-PI3K-mTOR signaling (14, 15). The IDH2 R172K mutation combined with TET2 alterations modulate the tumoral microenvironment, promoting B-cell proliferation, the accumulation of plasma cells, and angiogenesis (79). Mutations in CD28, observed in 10% of TFH-PTCL, are reported to be mutually exclusive from fusion transcripts involving CD28 and other genes of the TCR pathway (23, 72, 73, 76, 80, 81). Alterations in VAV1 result in oncogenic activation of the NFAT pathway (70, 71, 82). Alterations of many other genes of the TCR pathway (FYN, PLCG1, PIK3R1, PDPK1, AKT, LCK, TRAF6) contribute to T-cell proliferation (23). The rare ITK_SYK fusion transcript has been described in follicular-type and in rare cases of AITL (83, 84). TFH lymphomas illustrate multistep oncogenesis, as shown by the development of « AITL » tumors in vivo in TET2 knock-out mice transfected with a RHOA mutated gene (13, 14), or in double-mutant mice TET2/IDH2R172K (79).

Overall, although there is no pathognomonic genomic alteration that defines the TFH category, the detection of RHOA G17V and/or IDH2 R172 mutations and, to a lesser extent, fusion transcripts involving CD28 or TRAF3IP2 constitute a supplemental clue to the diagnosis for pathologists.




2.2.2 - Anaplastic large-cell lymphomas

This category, defined by large “hallmark” cells showing strong and homogenous CD30 expression by immunohistochemistry, includes several entities based on the association of ALK-rearrangement and the clinical presentation as systemic, cutaneous, or breast implant-associated disease. Cutaneous ALCL are not considered here.

A) ALK-positive ALCL is the only entity defined by recurrent genomic translocations involving the ALK gene on chromosome 2p23 with various partners, the most frequent (~80%) being NPM1. The translocation produces an oncogenic fusion protein consisting of the association of the N-region of a partner gene with the catalytic tyrosine kinase domain of ALK, resulting in constitutive activation by dimerization. The chimeric NPM1_ALK protein triggers several oncogenic pathways (JAK/STAT, PI3K, MAPK, PLCG), leading to neoplastic transformation (85, 86), whereas TRAF1_ALK activates the NFKB pathway (87, 88). Recently, mutations of NOTCH1 and genes of the TCR pathway have also been reported (89). The diagnosis is based on the detection of aberrant ALK expression by immunohistochemistry using anti-ALK antibodies. The pattern of staining may be nuclear +/- nucleolar and/or cytoplasmic, depending on the partner gene involved in the translocation (Table 2). The disease, which mainly occurs in children and young adults, follows a generally favorable prognosis (5-year OS around 90%) after chemotherapy with CHOEP (100–102) or BV-CHP (103). The prognosis may be less favorable in cases with secondary MYC overexpression or rearrangement, in certain histologic variants (small-cell or lymphohistiocytic) occurring in children (88, 104, 105).


Table 2 | Fusion transcripts involving ALK in ALK-positive anaplastic large cell lymphoma.



B) Systemic ALK-negative ALCL is still heterogeneous in the current classifications, gathering cases with different oncogenic pathways:

- Rearrangement of the 6p25.3 locus involving DUSP22 and IRF4 (106) defines a peculiar subgroup (approximately 25-30% of ALK-negative ALCL), characterized by a non-cytotoxic phenotype, silencing of the tumor suppressor gene DUSP22 while showing normal IRF4 expression, absence of STAT3 activation, global DNA hypomethylation, an immunogenic molecular profile (overexpression of CD58, CTA, HLA class II), and expression of LEF1 (37, 107–110). Recurrent MSC E116K mutations are responsible for activation of the CD30-IRF4-CMYC axis and the dysregulation of cell cycle arrest (111). These rearrangements were initially detected by mate-pair DNA sequencing in the context of a translocation t(6,7)(p25.3;q32.3) also involving the non-coding gene FLJ43663 at the fragile site FRA7H of chromosome 7 (106). The prognosis is debated, favorable in most studies (112, 113) but not confirmed in others (114, 115).

- Rearrangements of TP63, due to the inversion inv (3) (q26q28) or translocation t(3,6)(q28;p22.3) that produce the fusion transcripts TBL1XR1_TP63 and TP63_ATXN1 respectively, coding for oncogenic chimeric proteins, are rare and associated with a poor prognosis (32, 112, 114). The detection of P63 by immunohistochemistry may reflect P63 overexpression independently of the presence of fusion transcript (33).

- Aberrant truncated transcripts of ERBB4 was also reported in 24% of ALK-negative ALCL in one study, associated with a Hodgkin-like morphology, without clinical relevance (116).

- Expression of pSTAT3 by immunohistochemistry, reflecting activation of the JAK/STAT pathway, is common in ALK-positive and ALK-negative ALCL, with the notable exception of those cases associated with DUSP22 rearrangement. Among ALK-negative ALCLs, a recent study that excluded cases with rearranged DUSP22 suggested that positive pSTAT3 cases constitute a distinct subgroup, characterized by a cytotoxic phenotype and the expression of EMA and PDL1, that is associated with a better prognosis than negative pSTAT3 cases (117). Such constitutive phosphorylation of STAT3 has been previously shown to be related to mutations in JAK1 and/or STAT3, reported in 18% of ALK-negative ALCLs, as well as in fusion transcripts involving ROS, TYK2, and FRK (26, 118). More recently, fusion transcripts involving JAK2 with several partners (PABPC1, PCM1, ILF3, TFG, MAP7) were detected by targeted RNAseq and associated with a Hodgkin-like morphology (119).

C) Breast-implant associated ALCL is a site-specific entity that occurs after a long latency after a breast implant for reconstruction or cosmetic reasons. Most cases are non-invasive. The disease appears to be due to chronic inflammation, with possible TH2 polarization, linked to a macro-textured implant (120). High-throughput sequencing studies have highlighted alterations of genes involved in the JAK-STAT pathway (STAT3, STAT5B, JAK1, JAK3, SOCS1, SOCS3), leading to its constitutive activation, together with recurrent mutations in epigenetic modifiers (KMT2C, CREBBP) (22, 121), the loss of chromosome 20 (122), and chromosome 9p24 gains, leading to PDL1 expression (123). Recently, a STAT3_JAK2 fusion transcript was also reported (124).

Several immunohistochemical algorithms have been recently proposed to classify ALCL based onLEF1, P63, and pSTAT3 (117, 125), although this currently has no impact on the management of ALK-negative ALCL patients.




2.2.3 EBV-positive NK or T-cell neoplasms

EBV-related NK or T-cell neoplasms are heterogenous diseases derived from T or NK cells (126). The revised WHO and ICC classifications recognize ENKTCL, and primary nodal EBV-positive T/NK-cell lymphomas, characterized by nodal involvement, as distinct entities (1, 2). In addition to EBV, considered to be a driver of oncogenesis in these lymphomas, defined by EBV infection of virtually all neoplastic cells, as shown by in situ hybridization with EBER probes, the mutational landscape of ENKTCL is characterized by recurrent mutations of genes coding for RNA helicases (especially DDX3X), as well as TP53, genes of the JAK/STAT pathway (JAK3, STAT5B, STAT3) and epigenetic modifiers (MLL2, ARID1A, EP300, ASXL3) (20, 30, 127). The initial poor prognosis associated with DDX3X and TP53 mutations for patients treated with the CHOP regimen was not confirmed for patients receiving L-asparaginase treatment (20, 30, 128). Recurrent deletions of the 6q21 locus encompassing tumor suppressor genes (PRDM1, ATG5, AIM1, FOXO3 et HACE1) have been detected by CGH array (129–131). A recent large integrative analysis of genome, exome, and RNA sequencing, identified three molecular subgroups (30):

	- the “TSIM (tumor suppressor and immunomodulator)” subgroup is characterized by frequent TP53 mutations, deletion of the 6q21 locus, amplification of the 9p24.1 locus containing PDL1 and PDL2, and the amplification of genes of the JAK/STAT pathway. This subgroup presents a gene expression signature enriched in NK-cell genes. There is an EBV latency II phenotype, with expression of the lytic gene BALF3, responsible for DNA damage and genomic instability.

	- the “MB (MGA, BRDT)” subgroup is characterized by frequent MGA mutations, loss of heterozygosity of BRDT, and MYC overexpression, as well as activation of the MAPK, NOTCH, and WNT pathways. The EBV latency is of type I, with downregulation of LMP1.

	-the “HEA (HDAC, EP300, ARID1A)” subgroup is characterized by mutations of epigenetic modifier genes (HDAC9, EP300 et ARID1A), resulting in aberrant histone acetylation. The gene expression profile is enriched in T-cell genes and shows activation of the TCR and NFKB pathways. The EBV latency is of type II, with expression of the BNRF1 lytic gene.



Although there is currently no applicability of this molecular subclassification in routine practice, the poor prognosis of the MB subgroup relative to TSIM and HEA (3-year OS rate of 38% versus 80% and 90%, respectively) may justify the evaluation of MYC expression in ENKTCL. Structural alterations of CD274, coding for PDL1, appear to confer sensitivity to immune checkpoint inhibitors (5, 132).

EBV-positive nodal T- and NK-cell lymphoma or primary nodal Epstein-Barr virus–positive T-cell/NK-cell lymphoma, is now recognized as a distinct entity in both the WHO and ICC classifications respectively, due to its differences with ENKTCL. This entity is morphologically characterized by the lack of necrosis and angiocentrism, a common CD8+ CD56- phenotype, a frequent T-cell origin, and, finally, peculiar molecular abnormalities, with frequent TET2, PIK3CD, and STAT3 mutations, activation of the NFKB, IFNγ, and JAK-STAT3 pathways, resulting in high PDL1 expression, and lower genomic instability (133). The prognosis is reported to be poorer than for ENKTCL.

The mutational landscape of ENKTCL is shared with that of other EBV-positive NK/T-cell neoplasms, in particular, aggressive NK-cell leukemia (134–136), as well as that of chronic active EBV-disease (137). This genetic landscape may be of clinical relevance in the rare cases that require a differential diagnosis from infectious mononucleosis.




2.2.4 Adult T-cell Leukemia/Lymphoma

This HTLV-1-associated T-cell neoplasm occurs after a long latency (more than 25-30 years) following infection, mainly due to prolonged breast feeding and, less frequently, sexual transmission (138). The histopathological diagnosis is challenging in the absence of information concerning the HTLV-1 status, as the pathological aspects of ATLL are highly heterogeneous. It can be evoked by the loss of CD7, together with the expression of CD25 and FOXP3, although the CD25+/FOXP3+ immunophenotype is variable and not specific to ATLL (139–142). The molecular landscape is characterized by mutations in genes of the TCR pathway (PLCG1, PRKCB, CARD11, VAV1, IRF4, FYN, CCR4, CCR7, RHOA, CD28), JAK/STAT pathway (JAK3, STAT3, PTPN1), immune surveillance (CD58, B2M, HLA class I), DNA damage (TP53, CDKN2A, POT1), epigenetic modifiers (TET2, DNMT3A, IDH2, SETD2, EP300, KDM6A), transcription factors (GATA3, IKZF2, PRDM1), and fusion transcripts involving CD28 (ICOS_CD28 and CTLA4_CD28) (24, 143). The co-expression of these two fusion transcripts can occur in patients younger than 50 years of age (144). Gene mutations of the TCR/NFKB pathway, TP53, and IRF4 are associated with an aggressive outcome, whereas STAT3 mutations are frequently observed in patients with more indolent disease (143, 145). The type of CCR4 mutation also has a specific prognostic impact (unfavorable in cases of frameshifts vs non-synonymous variations) (146).




2.2.5 Intestinal T-cell lymphomas

Enteropathy-associated T-cell lymphoma (EATL) and monomorphic epitheliotropic intestinal T-cell lymphoma (MEITL) are two distinct entities, with different morphological and immunophenotypic features. Although both are derived from intestinal intra-epithelial lymphocytes (IEL) expressing CD103, EATL and MEITL show distinct clinico-pathological and molecular characteristics (31).

	EATL is associated with celiac disease or gluten sensitivity. Its histopathological features include the proliferation of pleomorphic to anaplastic T-cells expressing CD3 and CD30, but lacking CD4 and CD8, despite an activated cytotoxic profile. CD103 is variably expressed. Overexpression of P53 is detectable by immunohistochemistry, independently of gene alterations (147). This entity shows frequent alterations of the JAK/STAT pathway (in particular, STAT3 and JAK1, as well as SOCS1 and SOCS3), whereas STAT5B mutations are almost constantlyabsent (18, 148, 149). TET2 and, less frequently, mutations of the RAS/MAPK pathway (149) can be observed, whereas SETD2 mutations were almost absent in most recent series (18, 148). Gene expression profiling studies have shown enrichment for genes of the JAK/STAT (STAT3, STAT5A) and IFNγ pathways (31).

	MEITL does not associate with celiac disease and is typically characterized by the proliferation of monomorphic medium cells, showing epitheliotropism and a CD8+ CD56+ phenotype. However, approximately 25% of cases may show more pleomorphism and certain phenotypic variations associated with the prognosis, in particular, a better outcome in the presence of aberrant expression of CD20 or poor outcome in the presence of MYC expression and TP53 alterations, suggesting the utility of screening for these abnormalities in routine practice (150, 151). MEITL has a very homogeneous genetic landscape, with almost consistent alterations of SETD2 (mutation +/- deletion) associated with mutations of STAT5B (approximately 60%) or JAK3 and GNAI2, which constitute a common feature and may help pathologists in difficult cases (18, 150–152).



Indolent clonal T-cell lymphoproliferative disorder of the gastrointestinal tract (2), also designated indolent T-cell lymphoma of the gastrointestinal tract in the WHO classification (1), is now recognized as a definitive entity in both classifications due to the recent evidence of neoplastic molecular features, i.e., alterations of genes in the JAK/STAT pathway or epigenetic modifier genes and JAK2_STAT3 fusions or structural alterations of the 3’UTR of the IL2 gene, depending on the CD4 or CD8 phenotype (153, 154). Despite an indolent course, some cases may relapse, spread to other sites, or transform, indicating potential aggressiveness (155, 156).

Indolent NK-cell lymphoproliferative disorder of the gastrointestinal tract is a rare condition, and a new entity in the WHO and ICC classification. Although neoplastic molecular characteristics have also been described, in particular, recurrent deletions of STAT3, there is no extension of this lymphoproliferation beyond the gastrointestinal tract and the outcome is favorable (157).




2.2.6 Hepatosplenic T-cell lymphoma

This rare neoplasm occurs preferentially in young males but can arise at any age, with a possible context of immunosuppression. The diagnosis is based on highly characteristic pathological features, in particular sinus infiltration in the bone marrow by small to medium lymphocytes with a CD3+, CD5+, CD4-/CD8-, CD56+ phenotype, commonly TCRγδ+. The sinusal infiltration in the liver and spleen is less specific. There is typically no lymph node involvement. This entity was initially characterized by an isochromosome 7q and chromosome 8 trisomy (158, 159), but cytogenetic material is not always available in routine practice to support the diagnosis and FISH analysis can be challenging. The mutational landscape has been reported, identifying three types of mutations involving 1/epigenetic modifier genes (SETD2, ARID1B, INO80, TET3 and SMARCA2), 2/STAT5B or STAT3 that are mutually exclusive, and 3/PIK3CD (19, 160, 161). Gene expression profiling studies show a distinct signature, characterized by the overexpression of oncogenes (FOS, FOSB VAV3, MAF), NK-cell associated genes (KIR3DS1, CD244 and other KIRs), the tyrosine kinase SYK, and S1PR5, and downregulation of AIM1, which could constitute targets for therapy in this disease that has always fatal outcome (162). A recent single-cell profiling study suggested a change in the gene expression profile of the tumor cells during disease progression under the selective pressure of therapy (163).




2.2.7 PTCL-NOS

PTCL-NOS is a diagnosis of exclusion, corresponding to cases that do not fulfill the criteria for defined PTCL entities. Thus, a large panel of immunohistochemical markers and the integration of clinical and often molecular features are required to exclude any other PTCL. Gene expression profiling studies have shown two subgroups based on expression of the TBX21 and GATA3 transcription factors associated with the immunological TH1 and TH2 signatures, respectively (39, 40), confirmed by immunohistochemistry (164). The TBX21 group is enriched in genes of IFNγ and NFKB pathway signatures and shows mutations of genes involved in epigenetic regulation (TET1, TET3, DNMT3A), whereas the GATA3 group shows a cell proliferation signature driven by MYC, together with enrichment in PI3K/Akt/mTOR pathway signatures, a higher number of genomic copy number abnormalities, and a poorer outcome (27, 165). In routine practice, there is no consensus concerning the proposed thresholds of immunohistochemical markers to define these two subgroups and an understanding of the clinical relevance of such immunohistochemical algorithms requires further studies.

The mutational landscape of PTCL-NOS is currently poorly defined, likely due to the heterogeneity of this category. Only a few “omic” studies focusing on PTCL-NOS have been published to date. Targeted sequencing has shown mutations of epigenetic modulator genes, notably histone methylation (KMT2D, SETD2, KMT2A, KDM6A) or acetylation (EP300, CREBBP), as well as that of genes of the TCR pathway (TNFAIP3, TRAF3, TNFRSF14) and tumor suppressor genes (TP53, ATM, FOXO1, BCORL1) (21, 166). Recent integrative studies based on exome and RNA sequencing have confirmed mutations of genes involved in epigenetic regulation (TET2, DNMT3A, KMT2C, KMT2D, SETD2, CREBBP, ARID1A), tumor suppressor genes (TP53, TP63, ATM, FAT1, LATS1, STK3), and genes of the NOTCH pathway (NOTCH1 and 2) (28, 167). In one study, mutations in FAT1 were shown to be associated with a poor prognosis (167). RNAseq studies have shown fusion transcripts involving VAV1 with various partner genes (GSS, THAP4, MYO1F, S100, HNRNPM) and rearrangements of VAV1 were detected by FISH in 11% of PTCL-NOS (28, 70, 82). The VAV1_MYO1F transcript induces tumoral TH2 polarization and the accumulation of tumor-associated macrophages (41). Other fusion transcripts have also been reported in single cases (ITK_FER, IKZF2_ERBB4, ETV6_FGFR3) (82). A t (14, 19)(q11;q13) translocation, involving TCRA and the poliovirus receptor-related 2 gene (PVRL2), resulting in BCL3 overexpression, has also been reported in PTCL-NOS, including one case with the morphological variant of Lennert’s lymphoma (168, 169).

PTCL-NOS with a cytotoxic phenotype has been reported in 25 to 40% of cases, associated with impaired immunity and a poor prognosis (9, 170). This immunophenotypic subgroup has also been identified in gene expression studies within the PTCL-NOS TBX21 subgroup, enriched for genes of CD8/NK cells, the IFN response, and an immunosuppressive signature (39, 40). Targeted sequencing has shown recurrent mutations of genes involved in epigenetic regulation (TET2, DNMT3A), TCR (VAV1, PLCG1, PRKCB, CARD11) and the JAK/STAT pathways, as well as TP53 (9). Fusion transcripts involving VAV1 have been detected in 14% of patients. In another study, two cases of cytotoxic PTCL-NOS with diffuse cutaneous and medullary involvement showed a t (6, 14)(p25;q11.2) translocation resulting from rearrangement between the TCRα and IRF4 loci (171).

Despite these advances in our knowledge of the molecular biology of this entity, there is still an unmet need for the management of PTCL-NOS patients.






3 From biology to the diagnosis and management of PTCL patients

The diagnosis and classification of PTCLs are often challenging for pathologists, requiring experienced hematopathologists and access to molecular tests. In the absence of clear diagnostic guidelines, practices are often heterogenous between centers (172–174).

Analysis of rearrangements of the TCR loci (especially TRG or TRB) is an important element of the diagnostic process. PCR-based assays (BIOMED-2) are largely widespread in routine practice due to their reliability on FFPE samples (160–162). However, there are a number of pitfalls in the interpretation of clonality testing due to “false-negative” results in cases with low tumoral content, especially common in AITL, or due to T-cell oligoclones, as observed in AITL (175). Conversely, the presence of clonal TCR rearrangements in certain reactive conditions or even in B-cell lymphomas (notably Hodgkin lymphomas) due to TCR repertoire restriction can be misleading (176). The development of NGS-amplicon based clonality assays may improve the detection of scarce clones in a polyclonal background and allow the determination of clonotypes (177). Several authors have proposed analyzing TCR genes by whole genome sequencing, but its applicability in routine practice is still limited (178). Others have highlighted the potential interest of analyzing non-recombined T-cell receptor sequences using a digital PCR assay (179).

Recently, gene expression studies suggested molecular classifiers to discriminate the main PTCL entities, with certain limitations due to tumor cell content and the quality of the nucleic acid (40, 180, 181). Such tools should be used in routine practice with caution, as they were developed for the classification of the most common entities, their robustness has not yet been extensively evaluated, and the results need to be interpreted in the context of the histopathological analysis. Indeed, misclassification using these algorithms or discordance with the histopathological data occur for 15 to 20% of samples, likely due to a prominent microenvironment or plasticity of the tumor cells (180, 181). Sequencing of transposase-accessible chromatin (ATAC-seq) has been proposed as another innovative strategy to classify PTCL (182), but it requires fresh or frozen samples and its applicability in routine practice has not been yet evaluated.

Exome and genome sequencing studies have allowed a precise description of the mutational landscape of almost all PTCL entities. An increasing number of laboratories have developed targeted NGS panels for the molecular characterization of lymphomas or hematological neoplasms that are useful for their diagnosis and classification (183). The diagnostic performance of targeted NGS relative to that of measuring T-cell clonality by BIOMED multiplex PCR in PTCL was assessed in one study and showed similar sensitivity (approximately 95%) but significantly superior specificity (100% versus 45%) (184). However, there is currently no consensus concerning the design of the panel or the sequencing depth or coverage, which may affect the interpretation of the results. Hotspot mutations of diagnostic relevance, notably RHOA G17V or IDH2 R172 mutations, can also be detected using alternative technologies, such as allele-specific PCR, digital PCR, and RTMLPA (180, 185–188).

As described above, despite highly characteristic genetic profiles for certain PTCLs, such as TFH-lymphomas and MEITL, there is no single pathognomonic molecular alteration that can define an entity, apart from ALK-positive ALCL. However, the detection of RHOA G17V and IDH2 R172 mutations in routine practice strongly supports the diagnosis of TFH-PTCL (14, 16, 63, 64, 72). Although RHOA mutations can also be observed in 10% of ATLL, only 1% correspond to G17V (189), whereas IDH2 R172 is almost specific to AITL.

Within ALCL, the discovery of the translocation t(2,5) led to the development and use of an anti-ALK antibody in routine practice, allowing rapid and efficient determination of the ALK status by immunohistochemistry (90, 190). The identity of the ALK gene partner does not appear to be important, with no prognostic relevance, with the exception of the rare TRAF1_ALK fusion transcript, which was shown to be associated with a poor outcome in a recent study (87). In children with ALK-positive ALCL, the prognosis also correlates with the ALK antibody titer and the copy number of the ALK fusion transcript in the blood at diagnosis (MDD: minimal disseminated disease) and after treatment (MRD: minimal residual disease) (189, 191–194). The significance of these parameters is unknown in adult patients.

In routine practice, FISH is required to diagnose DUSP22-rearranged ALK-negative ALCL, a molecularly distinct subgroup that probably merits being individualized (37). Interestingly, it is also characterized by the presence of hotspot mutations of MSC E116K in 35% of DUSP22-rearranged cases, a finding currently without clinical relevance (111). In the context of intestinal T-cell lymphomas, the identification of SETD2 alterations strongly favors the diagnosis of MEITL and may be helpful in distinguishing difficult cases from EATL (18). These alterations (mutations and/or deletions) result in reduced H3K36 trimethylation, which can be detected by immunohistochemistry (195).

A number of genetic alterations may also predict the outcome of patients with a T- or NK-cell neoplasm, as observed in ENKTCL, with the poor prognosis of the MB subgroup (30), and in ATLL with CCR4 mutations or CCR7 alterations (146, 196–198). In AITL, the DNMT3AR882X mutation may be associated with a poor prognosis and resistance to anthracyclines (199), a finding that could influence the management of these patients in the future. MYC expression/rearrangement or TP53 alterations are associated with a poor prognosis in various PTCL entities, especially ALK-positive ALCL (104, 105), ENKTCL (30) and MEITL (151), but without a significant impact on the management of these patients.

The diagnosis of ATLL is challenging for pathologists without knowledge of the HTLV-1 serology status. Morphological and immunophenotypic features may be confusing for ALK-negative ALCL, GATA3 PTCL-NOS, or even TFH-lymphomas, with an impact on the appropriate management of these patients. There is an unmet need for the development of HTLV-1 biomarkers applicable to FFPE samples in routine practice. TAX is not expressed in most ATLL tumors, whereas HBZ is the only viral transcript expressed during disease progression and could be a good candidate (50, 51). In situ hybridization was proposed to detect the HBZ gene in FFPE tissues in a single study, but there has thus far been no development of this technology in routine practice (200). More recently, targeted gene expression studies have been developed to measure expression of the HBZ transcript in routinely-fixed samples (181, 201).

Thus far, the detection of fusion transcripts has not been integrated into the routine diagnosis of PTCL due to the low prevalence of known fusions (10%) and limited accessibility to available technologies. Although RNAseq is the most exhaustive technology to detect fusion transcripts, several targeted RNA sequencing alternatives have been developed (ArcherFusionPlex®, Qiaseq RNA fusion XP®, and ld-RTPCR (202)), which can be implemented in a routine laboratory at a lower cost. Despite the current lack of clinical relevance of most fusion transcripts, the recent identification of rearrangements involving JAK2 in systemic CD30-positive PTCL (119, 203), Bi-ALCL (124), in indolent clonal T-cell lymphoproliferative disorder of the gastrointestinal tract (153), and cutaneous T-cell lymphoma (204–208) opens the door to targeted therapies requiring the detection of such fusion transcripts. Furthermore, in addition to pathological features, the detection of certain transcripts may be of diagnostic value to support a diagnosis among several hypotheses. For example, ICOS_CD28, ITK_SYK, or FYN_TRAF3IP2 fusions favor a diagnosis of PTCL, especially TFH-lymphoma in difficult cases, raising the possibility of the differential diagnosis from Hodgkin lymphoma or marginal zone lymphoma.

Recent studies on a limited number of cases have demonstrated the applicability of assessing circulating tumor DNA (ctDNA) by high-throughput sequencing for PTCL. In a comparison with matched tumors, ctDNA detected by HTS-sequencing of the TCR was detected for 78% of various PTCL entities (209). The detection of hotspot mutations in AITL (RHOA and IDH2) appears to be promising and sensitive, with 100% concordance between cell-free DNA and the tumors by NGS in one study (210) and a prevalence of 70% in another using allele-specific PCR (188). In ENKTCL, a concordance of 93.5% between ctDNA and tumor biopsy sequencing was observed, with a potential prognostic significance (211–213). Beyond the potential application for the detection of minimal residual disease during follow-up or at relapse, the detection of ctDNA may also be a promising tool to help for the diagnosis of difficult cases, especially those with limited tumor material, in combination with pathological analysis.




4 From molecular targets to personalized treatment: alternatives or additive therapeutic options to standard chemotherapy

The CHO(E)P-based regimen has been the standard of care for PTCL for many decades (214). To date, most alternative therapies have failed to demonstrate a better outcome and the prognosis of patients for most PTCLs is still poor (215, 216), even for stage I-II disease (217).



4.1 Frontline targeted therapies

A recent major change in frontline therapy is the use of brentuximab-vedotin (BV), in addition to CHP chemotherapy, for patients with CD30 positive PTCL. Approval for the use of BV by the US Food and Drug Administration (FDA) followed the ECHELON-2 study, which demonstrated a significant improvement in progression free survival (PFS) (median 48 months in the BV-CHP group versus 20.8 months in the CHOP group, p=0.0110), and a reduced risk of death in the BV-CHP arm, although the median overall survival (OS) was not reached (103). However, the subgroup analyses confirmed the benefit for ALCL patients receiving BV, but not for those with AITL. For PTCL-NOS, the potential benefit is unclear, probably due to the heterogeneity of the disease with respect to the percentage of CD30-positive cells (threshold ≥10% of cells by local review). The addition of BV to standard chemotherapy has also been shown to provide an improvement in event-free survival of children with ALK-positive ALCL (218). In addition, a retrospective pooled study showed a significant improvement of OS and PFS in ALK-positive ALCL with the use of CHOEP in frontline therapy compared to CHOP, independently of age (100). To date, there has been no comparison between CHOEP and BV-CHP in the frontline management of ALK-positive ALCL patients.

A second large trial compared the addition of romidepsin to CHOP versus CHOP alone in previously untreated PTCL patients (219). Although the results of the study were negative, as PFS did not statistically increase in the romidepsin CHOP group relative to the control arm, a trend towards longer PFS was observed for TFH-lymphoma patients, suggesting susceptibility of TFH-lymphomas to drugs targeting epigenetics. A phase 2 trial combining the oral form of 5-azacytidine to CHOP in the first line for 21 PTCL patients, including 17 with TFH-lymphoma, showed promising results, with an 88% complete response (CR) rate for TFH-lymphoma patients and 69% two-year PFS. However, these promising results, based on a limited number of patients, need to be confirmed in a larger series (220).

Among ENKTCL, the introduction of asparaginase has significantly improved the prognosis of patients (221, 222). Better efficacy and tolerance have been observed with the use of pegasparaginase relative to L-asparaginase (223, 224). Although there is no international consensus concerning the treatment sequence, it is generally accepted that frontline therapy should include at least pegylated-asparaginase and gemcitabine in association with various combination of other agents or strategies (including cisplatin/oxaliplatin, dexamethasone, methotrexate, and radiotherapy), depending on the staging of the lymphoma as localized or disseminated disease (223–226).

In ATLL, the characterization of a Treg/TH2 phenotype and polarization of the tumor cells led to the development of anti-CCR4 monoclonal antibodies (227). Although this targeted therapy is currently used for refractory/relapsed patients, a recent study showed better survival of aggressive transplant-ineligible ATLL using a polychemotherapy regimen containing mogalizumab in the first line (4-year OS of 46.3% versus 20.6%, p=0.033) (228). A previous study failed to demonstrate any benefit with the addition of mogalizumab in the first line for transplant-eligible patients (229). It is still unknown whether the use of mogamulizumab could be extended in the future to other PTCLs that express CCR4, in particular, GATA3-PTCL-NOS (164).




4.2 Promising therapeutic options for relapse/refractory PTCL patients

Several ALK inhibitors have been tested in refractory/relapsed ALK-positive ALCL patients, showing an improvement in PFS and long-term complete remission (230–234). However, there are no recommendations concerning the indication or duration of treatment.

The frequent alterations of chromatin modifiers among PTCLs has led to the development of therapies to regulate epigenetic programs. Although approved by the FDA, the use of romidepsin, pralatrexate, and belinostat did not show significant efficacy in several studies, probably due to the enrollment of patients with several PTCL entities, leading to a small sample size for each (219, 235). However, subgroup analyses showed a benefit for HDAC inhibitors for TFH-lymphomas (219, 236). Prospective studies are needed to confirm these promising results for TFH-lymphoma patients and to identify predictive biomarkers of response. Several studies using hypomethylating agents, such as 5’azacytidine, have also shown promising results in AITL, usually independently of the TET2, DNMT3A, and IDH2 mutational status, although these studies had only small numbers of patients (237, 238). A phase 3 trial comparing the use of the oral form of the 5-azacytidine to investigator-choice treatment between gemcitabine, bendamustine, or romidepsin in relapsed/refractory THF-lymphoma patients was recently reported. The primary endpoint was PFS and was not met, likely due to the trial being underpowered. However, OS was longer for patients receiving 5-azacytidine, suggesting efficacy of the drug. The combination of oral 5-azacytidine and romidepsin has shown efficacy for frontline or refractory/relapsed PTCL patients, especially those with a TFH phenotype (239). The development of IDH2 Inhibitors in acute myeloid leukemia (240, 241) suggests their potential application in TFH-lymphomas with IDH2 mutations.

In AITL, the identification of gene alterations enhancing the TCR pathway paved the way for the use of dasatinib, a PKC inhibitor, which showed efficacy in vitro and in vivo in a mouse RHOA G17V mutant TET2 deleted model, as well as in a phase 1 trial for relapsed/refractory patients (71, 242).

The identification of structural alterations of PDL1 in ENKTCL led to studies to evaluate the use of immune checkpoint inhibitors, such as PD1 inhibitors, for refractory/relapsed patients (5, 132, 243). The response to these therapies may be predicted by characterization of the tumor immune microenvironment using gene expression profiling (Nanostring technology) or immunohistochemistry (anti-PDL1, anti-FOXP3, anti-CD68) (244). Surprisingly, although similar disruption of the 3’UTR of PDL1 was also detected in ATLL, the use of PD1 inhibitors in this entity led to rapid progression of the disease for at least some patients (245).

Translocations involving JAK2 leads to phosphorylation of the tyrosine kinase domain, subsequent constitutive activation, and downstream JAK/STAT pathway activation (246). This pathway is now targeted using JAK inhibitors in the clinic for myeloproliferative neoplasms and cancers with high pSTAT3 levels (247), such as ALK-negative ALCL, may be a good candidate for such targeted therapy, as suggested in vivo in a xenograft model (248). In a recent study, ruxolitinib showed some clinical activity on PTCLs, especially those with JAK or STAT mutations or activation (249).

Recently, the KIR3DL2 killer Immunoglobulin-like receptor was identified as a useful biomarker and therapeutic target among cutaneous T-cell lymphomas, including mycosis fungoides and Sezary syndrome (250, 251) and ATLL (252, 253). Its expression in other PTCL entities has been recently evaluated (254) and lacutamab, an anti KIR3DL2 antibody, is currently under investigation for KIR3DL2-positive PTCL (NCT04984837).

Given the limited efficacy of conventional chemotherapies, such as CHOP, for most PTCL patients, in the future, it may be worthwhile considering alternative treatment options that are personalized and directed according to the molecular characterization of the tumor (Table 3). However, whether the detection of actionable alterations will be clinically important for most PTCLs, which are still an unmet medical need for most, remains unknown.


Table 3 | Relevant cytogenetic or molecular findings for the management of PTCL patients.







5 Conclusion

The emergence of innovative high-throughput technologies has led to a better understanding of the pathogenesis of most PTCL entities, highlighting their diversity in terms of their biology and clinical features. A large group of TFH-lymphoma patients has emerged with a unique lymphoma oncogenesis, for which the diagnosis takes advantage of robust molecular markers and for which the treatment may benefit from the emergence of novel therapies, such as those that target epigenetics. The ALCL category is still heterogenous due to its genetic diversity, which has prognostic relevance, but may now benefit from the introduction of BV targeting CD30. The recent description of the genetic landscape of PTCL offers the rationale for an association of targeted therapies, with or without conventional chemotherapy agents, in the future, although the efficient combination for each PTCL entity or molecular subgroups still needs to be identified.
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Extranodal NK-/T-cell lymphoma (ENKTCL) is a rare and highly aggressive malignancy with significant racial and geographic variations worldwide. In addition to the formerly “nasal-type” initial description, these lymphomas are predominantly extranodal in origin and typically cause vascular damage and tissue destruction, and although not fully understood, Epstein–Barr virus (EBV) has an important role in its pathogenesis. Initial assessment must include a hematopathology review of representative and viable tumor areas without necrosis for adequate immunohistochemistry studies, including EBV-encoded small RNA (EBER) in situ hybridization (ISH). Positron emission tomography with 18-fluorodeoxyglucose (18F-FDG-PET/CT) for accurate staging is essential, and most patients will have localized disease (IE/IIE) at diagnosis. Apart from other T-cell malignancies, the best treatment even for localized cases is combined modality therapy (chemotherapy plus radiotherapy) with non-anthracycline-based regimens. For advanced-stage disease, l-asparaginase-containing regimens have shown improved survival, but relapsed and refractory cases have very poor outcomes. Nowadays, even with a better understanding of pathogenic pathways, up-front therapy is completely based on chemotherapy and radiotherapy, and treatment-related mortality is not low. Future strategies targeting signaling pathways and immunotherapy are evolving, but we need to better identify those patients with dismal outcomes in a pre-emptive way. Given the rarity of the disease, international collaborations are urgently needed, and clinical trials are the way to change the future.
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1 Introduction

Peripheral T- and NK-cell lymphomas (PTCLs) are rare, heterogeneous, and commonly aggressive non-Hodgkin’s lymphomas (NHLs) that originate from post-thymic T-lymphocytes and NK cells. Altogether, these disorders comprise 10%–15% of all lymphoma subtypes with great geographic differences (1). Although it has been 50 years since the recognition that NHLs are derived from either B or T cells, T- and NK-cell lymphomas are still poorly understood malignancies due to their low incidence when compared to B-cell lymphomas. In the past, lethal midline granuloma or midline malignant reticulosis were terms used to describe the extranodal NK-/T-cell lymphoma, nasal-type (ENKTCL-NT), a lymphoma subtype that typically involves the midline facial structures. Nowadays, a much better understanding regarding clinical behavior has led to the qualifier topography “nasal-type” drop off in the present fifth edition of the World Health Organization Classification of Hematolymphoid Malignancies, as many extranodal non-nasal cases were well recognized, and dismal outcomes regarding topography need yet to be addressed (2, 3).

The ENKTCL diagnosis is based on clinical aspects, in addition to histopathologic features, expression of standard cytotoxic molecules and CD56 (neural cell adhesion molecule (NCAM)]. EBV is usually present and corroborate an accurate diagnosis. More common in Asian, Central, and South American citizens, Epstein–Barr virus (EBV) DNA and its oncogenic proteins are present in virtually all cases of ENKTCL. Fortunately, the pathogenesis of this disease has been extensively studied, and the identification of different oncogenic intracellular signaling pathways, such as Janus kinase/signal transducer and activator of transcription (JAK/STAT), programmed cell death-1/programmed death ligand 1 (PD-1/PD-L1), and epigenetic dysregulation, brought new insights to better translate these biological advances into clinical practice (4, 5).

After appropriate staging with functional images, ENKTCL must be classified into localized or advanced-stage disease. Being one of the most radiosensitive NHLs, the disease stage is the most important factor to define treatment proposals and to predict survival. Prognostic parameters, such as age, disease stage, and EBV load, may be used, but predictive models are not sufficiently accurate to guide treatment. In addition to the crucial role of radiotherapy, especially for early-stage ENKTCL, it is now known that conventional anthracycline-based chemotherapy is not sufficient. Concurrent or sequential chemoradiotherapy (CCRT or SCRT) is the standard of care for localized disease, and l-asparaginase based-chemotherapy should be used for either localized or advanced stage. In this review, we summarize current practical approaches to disease staging, available treatment options, and new insights that can guide us to better future outcomes.




2 Epidemiology and clinical features

ENKTCL is an uncommon and predominantly extranodal malignancy with great racial and geographic diversity. In the International T-cell Lymphoma Project (ITCLP), with the participation of 22 institutions from North America, Asia, and Europe, ENKTCL was found to be responsible for 2.7% of all cases (6). When analyzed by geographic region, the differences became evident with ENKTCL corresponding to 5.1% cases in North America, 4.3% in Europe, and impressive 22.4% cases in Asia. Another population-based registry comparing hematological malignancies from Japan and the USA demonstrated an age-adjusted incidence rate of ENKTCL of 0.04 in the USA and 0.1 per 100,000 inhabitants in Japan (7). In addition, Latin America seems to be another geographic area with a high prevalence of ENKTCL, particularly in countries such as Guatemala and Brazil (8, 9). An interesting study comparing Mexican patients with other Latin American cases demonstrated that ENKTCL was the most frequent NK-/T-cell lymphoma, representing 40% of all these cases. Interestingly, Mexico is a country geographically located in North America (10). Possibly ethnic susceptibility may partly explain this pattern, as the Mongoloid race from Asia is genetically related to natives from Central and South America (11). Of note, a familial occurrence of ENKTCL affecting father and son 2 years apart was documented. Both were farmers and used large amounts of pesticides (12). Occupation, especially organophosphate exposure, may also play a potential role in its lymphomagenesis (13).

ENKTCL has a slight male predominance with a median age of 50 years at diagnosis. The most common initial symptom is nasal obstruction and discharge, explained by the localized upper aerodigestive tract presentation in most patients (14). Locally aggressive, it often causes hard palate perforation and destroys midfacial structures, such as paranasal sinuses and nasopharynx, leading to cartilage and bone destruction, with great local deformity (Figures 1A, B). Likewise, it may extend to contiguous tissues, such as the orbit or eyelid, and although not common, cranial nerves and meninges may be affected (15, 16). Systemic disease is highly aggressive but may occur, and the most common affected sites include the skin (Figure 1C), soft tissue, testis, and gut (17, 18). Extranodal primary disease may occur even without nasal involvement, which led to the recent nomenclature change in the upcoming 5th Edition of the World Health Organization Classification of Hematolymphoid Malignancies (3). In a Brazilian retrospective cohort analysis, almost 20% of cases were extranasal in origin, and, as bone marrow involvement is rare, pancytopenia should draw attention to the diagnosis of hemophagocytic syndrome. Systemic symptoms are variable and may occur, especially in advanced disease (19). Primary extranasal disease seems to confer worse outcomes, even when compared to stage III/IV nasal disease (18).




Figure 1 | Clinical presentations of ENKTCL. (A) Classical nasal type with extensive and destructive lesions and eyelid swelling. (B) Same patient with perforation of hard palate. (C) Another patient with primary bulky cutaneous presentation. ENKTCL, extranodal NK-/T-cell lymphoma.






3 Diagnosis: cell of origin, pathology, and immunophenotype

Early diagnosis of ENKTCL may be challenging if extensive tumor necrosis caused by blood vessel infiltration by neoplastic cells exists (angiocentricity) and often requires multiple biopsies. Prompt clinical diagnosis is rare since most patients can be misdiagnosed and treated for more common clinical conditions, such as acute rhinosinusitis. Differential diagnoses are broad and may include cutaneous leishmaniasis, Wegener granulomatosis, South American blastomycosis, tuberculosis, leprosy, EBV-positive mucocutaneous ulcer, nasopharyngeal carcinoma, and lymphomatoid granulomatosis (20, 21). In addition, outside endemic areas and given the NK-/T-cell nature of the neoplasm, a hematopathologist is usually required for adequate diagnosis (22). ENKTCL mainly originates in activated NK cells, lacking T-cell receptor (TCR) genes, and less commonly, the cell of origin (COO) may be a cytotoxic T cell with rearranged TCR genes (23). There are little data in the literature regarding clinical, pathological, phenotypic, and molecular–genetic differences between ENKTCL cases derived from T- or NK-cell origin. Data regarding therapeutic response are virtually non-existent due to the COO. Table 1 summarizes the main differences between ENKTCL according to its COO.


Table 1 | Main differences between cases of ENKTCL according to their COO.



Histologically, ENKTCL has a wide-ranging cytologic spectrum, with atypical and highly pleomorphic cellular infiltrate, with small, medium, or large and hyperchromatic cells. Most cases demonstrate medium-sized cells, admixed with small and large ones (Figures 2A, C, D). The presence of angioinvasion, angiodestruction, and necrosis is a hallmark of this tumor (Figures 2A, C). There may also coexist reactive inflammatory cells like lymphocytes, plasma cells, histiocytes, and eosinophils. Pseudoepitheliomatous hyperplasia, a reactive epithelial proliferation mimicking invasive squamous cell carcinoma, has been reported (24, 28). Immunophenotyping is very helpful in confirming the diagnosis, and malignant cells typically have an NK phenotype, with usually positivity for CD56. Surface CD3 negativity but cytoplasmic CD3+ (CD3ϵ) cells on paraffin samples help to support the diagnosis. There is variable expression of FAS, FASL, CD7, CD25, and CD30. Other NK- and T-cell antigens, such as CD57, CD16, CD4, and CD8, are usually negative, and a small subset of cases is truly T cell in origin. In situ hybridization (ISH) for EBV-encoded small RNA (EBER) is a reliable way to demonstrate the presence of EBV (Figure 2B) (23, 24, 29). Cytotoxic granules like perforin, TIA-1, and granzyme-B are usually positive. Granulysin also seems to be a useful marker for ENKTCL, especially when lacking expression of other common markers (30, 31).




Figure 2 | Microscopy of ENKTCL, nasal-type. (A) Diffuse dense tissue infiltration by small- and medium-sized atypical cells (H&E, optical microscopy, ×10 magnification). (B) Strong positivity for EBV-encoded small RNA by ISH for neoplastic lymphoid cells. In this staining, some large-sized atypical cells were highlighted (formalin-fixed, paraffin-embedded [FFPE] sample, optical microscopy, ×40 magnification). (C) Atypical lymphoid infiltration and marked vessel proliferation (optical microscopy, ×20 magnification). (D) High-power field demonstrating small- to medium-sized neoplastic cells and rare pleomorphic large cells infiltrating the connective tissue (optical microscopy, ×100 magnification). ENKTCL, extranodal NK-/T-cell lymphoma; EBV, Epstein–Barr virus; ISH, in situ hybridization.






4 Pathogenesis



4.1 Recurrent genomic aberrations in ENKTCL and mutational profile

The etiopathogenesis of ENKTCL is complex and not completely elucidated. However, genetic analysis using comparative genomic hybridization (CGH), array CGH (aCGH), and loss of heterozygosity (LOH) assays showed recurrent genetic alterations in ENKTCL. The most common were gains at chromosomes 1p, 6p, 11p, 12q, 17q, 20q, and Xp and losses at chromosomes 6q, 11q, 13q, and 17p (32–37). The losses at chromosome 6q are associated with the loss of tumor-suppressor genes, such as FOXO3, HACE1, PRDM1, ATG5, and AIM1 (38, 39). The TP53 mutation was described in 31% to 63% of ENKTCL in two Asian population cohorts (40, 41). Therefore, ENKTCL is a malignancy associated with a high degree of chromosomal instability. Siu LL et al. reported LOH on chromosomes 6q and 13q in 80% and 66.7% of the cases, respectively, when they studied 15 patients with NK-cell lymphomas (32). Likewise, a study conducted by Chen CY et al. analyzing the pattern and distribution of recurrent karyotypic abnormalities in 200 Chinese patients with NHL demonstrated an increased frequency of 1q duplication, 6p duplication, and 11q deletion in ENKTCL in comparison to other NHL subtypes (42).

Noteworthy, the tumor mutational burden in ENKTCL is remarkably lower than in other aggressive lymphomas, similar to that found in EBV-positive nasopharyngeal carcinomas and gastric carcinoma (27, 43, 44), supporting the importance of EBV in the pathogenesis of EBV-positive neoplasms. Although recurrent somatic mutations (single-nucleotide variant (SNV)) have been reported at high frequency in ENKTCL, particularly those involving the DDX3X RNA helicase, TP53, JAK/STAT pathway genes, and epigenetic modifiers, its tumor mutational burden (TMB) is usually lower than observed in other NHLs, such as the diffuse large B-cell lymphoma (DLBCL). In this sense, a recent study accessed TMB in 188 tumor samples and 98 plasma samples from patients with different subtypes of NHLs, characterizing the landscape of somatic mutations between high-TMB (TMB-H) and low-TMB (TMB-L). The cutoff value defined to characterize TMB-H was the top quartile TMB distribution. In this study, 0% of the tumor and 0% of plasma samples from ENKTCL patients were categorized as TMB-H, compared to 34.09% (tumor) and 34.25% (plasma) of samples from DLBCL patients (45). Similarly, in another study conducted by Cho J et al. using a massively parallel sequencing panel involving 405 genes in 300 patients with different NHL subtypes, the number of SNV/indel was significantly higher (p < 0.001) in patients with aggressive B-cell lymphomas compared to T-lineage and natural-killer lymphomas (46). Additionally, mutations in genes involved in the JAK/STAT pathway, epigenetic modification, RNA helicase family, RAS-MAP kinase pathway, and tumor suppressor genes contribute to ENKTCL lymphomagenesis (4, 27, 47–53). Epigenetic dysregulation involving BCOR and EZH2 was also described, and its biological relevance to the ENKTCL scenario is being investigated (49, 54).




4.2 The role of EBV in ENKTCL oncogenesis

The EBV is a ubiquitous gamma human herpesvirus classified as a group 1 carcinogen by the International Agency for Research on Cancer (55). Mostly acquired in childhood in subclinical forms, more than 90% of adults have a lifelong asymptomatic latent disease. EBV presents tropism for different cells, including B-lymphocytes, natural killer cells, and T-lymphocytes (56, 57) being associated with several lymphoproliferative diseases (LDs) (Table 2). During primary infection, EBV usually infects epithelial cells and B-lymphocytes, but occasionally, it can infect some cells of the -T/-NK lineage. In individuals with a poor presentation by specific human leukocyte antigens (defective HLA class II molecules, such as HLA-DPB1 and HLA-DRB1) or with genetic predisposition, EBV-infected -T/-NK cells can evade host immunity and consequently survive and proliferate (63). With the participation of viral oncoproteins, such as latent membrane protein (LMP) and EBV-encoded nuclear antigens (EBNAs) and accumulation of genetic mutations, such as those affecting DDX3X and TP53 genes or modifications in epigenetic targets (KMT2C, KMT2D, and TET2), selection and subsequent clonal expansion occur, leading to the subsequent development of ENKTCL (27, 64, 65).


Table 2 | EBV positivity by lymphoma subtype.



The main route of EBV infection in lymphoid cells is through the CD21 receptor; however, this molecule is not expressed by -T/-NK lymphocytes. Therefore, it is believed that in -T/-NK lymphoproliferative disorders, EBV infects a lymphoid progenitor that expresses CD21, which subsequently differentiates into mature -T/-NK cells (66). Furthermore, intragenic EBV deletions are recurrently observed in chronic active EBV infection and in ENKTCL, which may represent important events for tumorigenesis (67). Additionally, certain EBV strains with a particular predisposition to infection and expansion of -T/-NK lymphocytes are more prevalent in Asia and South America, a fact that helps to explain the higher frequency of this lymphoma subtype in these geographic areas (68).

After infecting -T/-NK cells, viral oncoproteins, such as LMP-1, stimulate the constitutive activation of intracellular signaling pathways AKT, JAK/STAT (STAT3, JAK3, and STAT5B), MAPK, and nuclear factor kappa B (NF-κB), inhibiting apoptosis, promoting cell proliferation, and modulating the immune response, consequently regulating the interactions between the neoplastic compartment and the non-tumor immune microenvironment (69). Additionally, the LMP-1 oncoprotein promotes great genomic instability, inducing mutations and copy number alterations in several oncogenes, such as those located on the 6q21-q25 regions and in tumor suppressors, such as TP53, resulting in the development and progression of ENKTCL. Mutations in DDX3X RNA helicase gene and in BCOR gene, which encodes a co-repressor of the BCL-6 transcription factor, are also recurrently observed in ENKTCL, playing a fundamental role in its oncogenesis (38, 70, 71).

ENKTCL pathogenesis is strongly dependent on EBV oncoproteins, with almost all cases containing EBV genomes and encoded small RNA in neoplastic cells. Certainly, these findings provide potential targets for precision treatment (58–62). In ENKTCL lymphomagenesis, oncogenic events related to EBV are probably one of the earliest occurrences that trigger signal transduction activation, upregulation of antiapoptotic proteins like BCL2A1, and activation of various intracellular pathways. NF-κB, a transcription factor responsible for mediating the proliferation and survival of B and T cells hindering cell apoptosis and consequently promoting tumor evolution, is usually upregulated in ENKTCL (72). Alterations of the JAK/STAT pathway, especially JAK3, involving its mutations and aberrant phosphorylation are highly prevalent and relate to tumor cell survival (4, 73). PD-1 is an immune inhibitory receptor belonging to the CD28 family expressed by activated T and B cells, which plays an important role in tumor immune escape, with almost all EBV LDs being associated with high levels of PD-L1 expression (74). Activation of the STAT3 pathway and overexpression of LMP-1 induce the upregulation of PD-L1 in ENKTCL, highlighting the appealing treatment results with immune checkpoint inhibitors (70).

Both genetic and epigenetic factors are crucial for the pathogenesis of ENKTCL, with the latter particularly important during EBV-associated tumorigenesis (75). As stated before, EBV presents a key role as an epigenetic driver in EBV-associated cancers. EBV-encoded oncoproteins, such as LMP-1, LMP-2, and EBNA-3, modulate the host-cell epigenetic machinery, reshaping the viral and host epigenomes throughout host epigenetic modifiers, including DNA methyl transferases, histone methyl transferases, polycomb group proteins, and histone deacetylases (76–78). In addition, EBV-encoded miRNAs have epigenetic and regulatory mechanisms and regulate host-cell biology and the microenvironment, contributing to immune evasion and migration of EBV-infected cells (79, 80). In a recent study conducted by Peng RJ et al. involving whole-genome sequencing (WGS) of 27 EBV-positive NKTCL tumor samples, the authors found 0.45% (0.03%–1.06%) of similarity with the viral genome when aligned to the human and EBV reference genomes. Among the 27 viral genomes identified in these tumor samples, approximately 1,152 SNVs and 44.8 indels (<50 bp) were revealed per sample, particularly in the BPLF-1 and BDLF-2/3 hotspot regions (81). Furthermore, different EBV strains (type A and B) and the genetic sequence of LMP-1 present distinct distributions worldwide (81). Figure 3 illustrates the main mechanisms of pathogenesis involved in ENKTCL.




Figure 3 | The main mechanisms of pathogenesis involved in ENKTCL. ENKTCL, extranodal NK-/T-cell lymphoma.






4.3 Molecular pathways implicated in ENKTCL development and progression

ENKTCL molecular pathogenesis is very complex, and its main alterations involve several signaling pathways related to distinct biological functions. Among them, we found deregulation in pathways implicated in cell proliferation and survival, resistance to cell death, immune evasion, DNA repair, angiogenesis, and epigenetic control (82).

Several signaling pathways related to cell proliferation are activated in ENKTCL, often presenting gain-of-function mutations involving key genes. The JAK/STAT pathway plays a central role in ENKTCL development. Mutations involving JAK3, STAT3, and STAT5B genes, as well as phosphorylation of the pseudokinase domain of the JAK3, found in up to 40% of cases, lead to constitutive activation of the JAK/STAT pathway and consequent pro-proliferative activity (83, 84). Additionally, PTPRK gene, located on chromosome 6q, physiologically inactivates the STAT3 protein. However, in ENKTCL, this gene is usually inactivated by deletion or hypermethylation of its promoter region, leading to consequent activation of the JAK/STAT pathway (85).

Increased expression of genes related to the NF-κB pathway has been demonstrated in ENKTCL (86). This pathway is involved in pro-proliferative activity in several lymphoid malignancies. Furthermore, the NF-κB pathway has recently been implicated in the genesis of hemophagocytosis, a complication recurrently observed in ENKTCL (53). DDX3X inactivating mutations, found in up to 50% of ENKTCL, are also associated with proliferative activity via transcriptional activation of the NF-κB pathway (51). Other pathways related to proliferation and cell cycle control, such as C-MYC, RUNX3, NOTCH1, and Aurora kinase, have recently been implicated in ENKTCL oncogenesis and seem to play an important role in the proliferation and survival of its neoplastic cells (82).

Evasion of mechanisms associated with programmed cell death strongly contributes to clonal cell viability in ENKTCL. Different mechanisms are associated with apoptotic escape in this malignancy, including survivin overexpression, deregulation, and/or mutations of TP53 tumor suppressor gene, as well as reprogramming of cellular metabolism and mechanisms associated with autophagy (82, 87, 88). Evasion of the host immune system appears to be another mechanism used by ENKTCL tumor cells to survive and subsequently proliferate. Recent studies have demonstrated overexpression of PD-L1 by immunohistochemistry in ENKTCL tumor samples. Additionally, constitutive activation of the STAT3 pathway and overexpression of the viral oncoprotein LMP1 induce upregulation of PD-L1 in ENKTCL, contributing to the tumor escape from cytotoxic T-cell activity, which has been an important biological rationale to support the development of tests with immune checkpoint inhibitors in relapsed and refractory ENKTCL (70, 89, 90).

Dysregulation of the DNA damage response is also implicated in the genesis of ENKTCL, a malignancy associated with high genomic instability. Alterations involving the ATM/ATR axis (ataxia telangiectasia mutated/related), central regulators of the response to genomic damage, have been recurrently observed in a subgroup of patients with ENKTCL. ATM/ATR axis gene deletions, as well as mutations involving genes related to cell cycle checkpoint, are the main mechanisms implicated in the defective response to DNA damage observed in ENKTCL (91, 92).

ENKTCL is a highly vascularized tumor and is associated with a markedly angiocentric histopathological pattern. Consequently, pathways involved in neoangiogenesis seem to play a fundamental role in the survival of tumor cells and consequent progression of this neoplasm. In this sense, recent studies indicate increased expression of genes and proteins related to angiogenesis in ENKTCL samples. Among these, the vascular endothelial growth factor-A (VEGF-A), its receptor VEGFR2, the hepatocyte growth factor (HGF), and its receptor MET stand out (38, 93).

Pathways related to epigenetic modulation are also deregulated in ENKTCL. Mutations involving several epigenetic regulators have been recurrently found in ENKTCL cases, with emphasis on mutations involving the BCOR, MLL2, ASXL3, ARID1A, and EP300 genes. These discoveries have served as a biological rationale for incorporating epigenetic-modulating drugs, such as histone deacetylase inhibitors (HDACi), into the list of new agents to be tested for ENKTCL (51, 94, 95).

Even though a better understanding of the pathogenesis of ENKTCL is evolving, it not always translates into clinical practice changes. One example is one of the earliest clinical trials using bortezomib, a proteasome inhibitor that prevents NF-κB activation. Promising results were initially demonstrated in association with the CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone) regimen, but dismal outcomes were obtained in the more modern chemotherapy association scheme era (96, 97). It is of most importance to combine molecular advances obtained in the ENKTCL recent studies with the appropriate selection of patients together with the best therapeutic combinations in clinical trials. Table 3 summarizes the main mechanisms associated with ENKTCL pathogenesis.


Table 3 | Main mechanisms associated with ENKTCL pathogenesis.







5 Molecular features, classification, and clinical applicability

As previously mentioned, several tumor suppressor genes located on chromosome 6q21-q25 are inactivated by the deletion of this locus, an event recurrently found in ENKTCL (32). Among these, the main ones are FOXO3 and PRDM1. FOXO3 is a forkhead family transcriptional factor implicated in the induction of apoptosis and cell cycle arrest in NK cells, while PDRM1 regulates NK-cell activation and maturation (98, 99). Additionally, deletion or mutation of the tumor suppressor TP53 has been observed in more than 30% of ENKTCL cases (100).

Genes implicated in the regulation of several signaling pathways are recurrently mutated in ENKTCL. Studies using next-generation sequencing (NGS) have shown that more than 40% of ENKTCL cases present mutations involving genes with a fundamental role in epigenetic regulation and the JAK/STAT pathway (101). Among the epigenetic modifiers, the most commonly mutated genes are MLL2, MLL3, BCOR, TET2, EP300, and ARID1A. MLL2 and MLL3 belong to the KMT2 family and participate in nuclear chromatin remodeling (48). BCOR encodes the co-repressor for the transcription factor BCL-6 and is involved in histone modification. BCOR gene silencing promotes cell proliferation and activation of the AKT pathway (49). TET2, EP300, and ARID1A mutations are less frequent, occurring in approximately 7%–10% of ENKTCL cases. JAK/STAT pathway gene mutations particularly affect STAT3, JAK3, STAT5B, SOCS1, and PTPRK genes. This pathway is crucial for the development and maturation of NK cells. Such mutations usually lead to the constitutive activation of the JAK/STAT pathway, promoting the growth, survival, and migration of tumor cells (47).

Mutations involving RAS-MAPK pathway genes are found in up to 15% of ENKTCL, commonly affecting MAP3K5, BRAF, and EPH1A genes, as well as NF-κB pathway activating mutations involving ECSIT, IKBKB, and BIRC3 genes. Inactivation of RNA helicases, a negative regulator of NK-cell proliferation, usually occurs by mutations of DDX3X gene and less frequently by mutations involving SHX58, DDX18, and DDX21 (51). Some mutations were associated with prognoses in ENKTCL, such as mutations in DDX3X, TP53, and KMT2D, which were correlated with decreased survival (50).

A recent experimental study based on phenotypic and molecular analyses of ENKTCL demonstrated tumor cell arrest at the early stages of NK maturation, suggesting that its COO is not a terminally differentiated NK cell. Additionally, ENKTCL neoplastic cells demonstrated genome-wide DNA hypermethylation, particularly in polycomb-marked regions. Such alterations were associated with extensive gene silencing, loss of transcriptional factor binding, and overexpression of EZH2, particularly in epigenetically more immature tumors. Based on the demonstration of this globally hypermethylated phenotype in ENKTCL, the authors investigated the potential therapeutic applications of the hypomethylating agent 5-azacytidine in a xenograft model inoculated with ENKTCL cells. The treatment led to the re-expression of NK-cell developmental genes, phenotypic NK-cell differentiation, and prolonged survival, opening precedents for the potential therapeutic application of epigenetic modifiers in this lymphoma subtype (102).

In a pioneering way, recently, Xiong et al. proposed to classify ENKTCL in three molecular subtypes based on multi-omic data, as summarized in Table 4. In this study, genomic and transcriptome analyses were performed in 128 biopsies of ENKTCL (27). The authors described the following molecular subgroup of ENKTCL: tumor suppressor–immune modulator (TSIM), MGA-BRDT (MB), and HDAC9-EP300-ARIDIA (HEA). The TSIM is characterized by deletion of chromosome 6q21, containing tumor suppressor genes, 9p24.1/PDL1/2 overexpression, JAK-2 amplification, 17q21.2/STAT amplification, JAK/STAT pathway mutation, p53 mutation, increased expression of NK cell-associated immunity, defected immune responses associated with inappropriate antigen processing and presentation, and genomic instability. TSIM also presented higher NK gene expression, while HEA presented higher T-cell gene expression. The TSIM presented an EBV latency type II and a higher level of lytic gene BALF3. The MB molecular subgroup presented LOH in 1p22.1/BRDT and MGA mutations related to the upregulation of MYC, MAPK, NOTCH, and WNT signaling pathways, with EBV latency type I. The HEA subtype presents EBV latency patterns type II, with high levels of lytic gene BNRF1 and is characterized by mutation of epigenetic modifiers with activation of NF-κB pathway and TCR signaling pathways. In general, the MB subtype has a worse outcome when compared to TSIM and HEA subtypes. The TSIM molecular subgroup represents the prototype of ENKTCL, typically of the NK lineage. However, the MB may correspond to ENKTCL of the T-cell lineage and represents the worst prognostic group with increased expression of MYC, resulting from a silencing mutation of MGA (27, 101). Interestingly, this molecular classification has important prognostic and therapeutic implications. While the MB subtype is associated with poor survival, the HEA group has an estimated 3-year overall survival (OS) above 90%. Likewise, individuals from the HEA group have a biological rationale for the therapeutic use of HDACi, while those with the TSIM subtype may be managed with JAK inhibitors (ruxolitinib) and/or immune checkpoint inhibitors, such as nivolumab/pembrolizumab (27, 101).


Table 4 | Molecular subtypes of ENKTCL.






6 Staging and prognostic factors

The Lugano classification, derived from the Ann Arbor staging system, although routinely used for ENKTCL, lacks utility in prognostication, as these lymphomas are extranodal in origin, and this classification does not consider the adverse prognostic impact of extranasal anatomical sites (103). Different staging systems that consider local tumor invasion, disease spread pattern of local structures, lymph node, or distant sites involvement have been proposed with better accuracy, but they are not as simple as the conventionally used Ann Arbor system, which seems hard to be replaced in clinical practice (104, 105). Early-stage disease is considered nasal stage IE or contiguous stage IIE (cervical node involvement). All cases that are extranasal in origin are considered advanced-stage, with the rare exception of stage IE based on cutaneous involvement, which should be classified as a localized disease after a thorough staging for treatment purposes (2, 106). Regarding imaging modalities for staging, the high accuracy of 18F-fluorodeoxyglucose–positron emission tomography/computed tomography (18F-FDG-PET/CT) in ENKTCL has been demonstrated and should be included in the initial assessment (107, 108). In one of the largest cohorts in ENKTCL, 18F-FDG-PET/CT detected 58 nodal and 69 extranodal lesions versus 44 and 61 detected by conventional methods, respectively (p < 0.001). Of note, in this study, 21.2% and 44.2% of patients had disease stage and treatment planning changed, respectively, with 97.7% sensitivity for PET/CT and 80.7% for conventional methods (109). Also, cutaneous and bone marrow infiltration by 18F-FDG-PET/CT has higher sensitivity when compared to conventional methods such as bone marrow biopsy, making 18F-FDG-PET/CT the modality of choice for staging (110, 111).

Additionally, prognostic information can be obtained by maximum standardized uptake value (SUV) analysis on diagnosis with worse outcomes seen in patients with higher SUV uptake (SUVmax > 15). Other adverse factors, such as bulky disease and local invasion, are independent prognostic factors for decreased progression-free survival (PFS) and OS (112). Other recent proposed refinements of 18F-FDG-PET/CT are whole-body metabolic tumor volume (MTV) and whole-body level of total lesion glycolysis (LTLG). Therefore, combining tumor size with metabolic activity seems a promising prognostic tool; however, it was validated only in clinical trials and is not incorporated into clinical practice, even in much more common lymphoma subtypes (113). Noteworthy, patients from Asia are the most represented in ENKTCL studies, usually with a very short follow-up, making standardization and reproducibility a challenge, especially in middle-income countries, another geographically relevant area in this topic (114). International Prognostic Index (IPI), the most used predictive model in NHL, fails in accuracy for ENKTCL, as most patients have localized disease and good performance status and are classified as low risk by IPI; therefore, the Korean Prognostic Index (KPI) was proposed. Although KPI performed better than IPI, it was validated in most patients on anthracycline-containing regimens, and as newer treatments emerge, new prognostic factors are of paramount importance (115, 116).

Since some studies correlate pre-treatment EBV plasmatic viral load with response to treatment and overall survival, EBV serum viral load was incorporated into some prognostic scores (117). One recently proposed and useful prognostic index is the Prognostic Index for Natural Killer Lymphoma (PINK) and its variant, the Prognostic Index for Natural Killer Lymphoma plus EBV (PINK-E) scores, built from a large cohort (n = 527) of non-anthracycline-treated patients using clinical parameters (PINK) and clinical parameters plus EBV DNA data from the same cohort (n = 328 for PINK-E) (118). In this study, the authors found that age > 60 years, non-nasal type ENKTCL, distant node involvement, and advanced-stage disease adversely affect the prognosis. The patients were stratified into low risk (no risk factors), intermediate risk (one risk factor), or high risk (two or more risk factors) with 3 years OS of 81%, 62%, and 25%, respectively. The 328 patients with data for EBV DNA were stratified into three categories with different rates of overall survival. Although EBV measurements are not universally available and reference values are not standardized, PINK-E is the most reliable prognostic tool and should be adopted in clinical practice. Another promising application is the use of circulating EBV DNA as a biomarker for minimal residual disease and early relapse detection (119). In this sense, plasmatic EBV DNA measured in the interim of treatment, usually after at least two cycles of chemotherapy, has shown an important association with clinical outcomes, as well as interim imaging evaluation with 18F-FDG-PET/CT. Different studies have demonstrated that ENKTCL patients with undetectable viral load and complete metabolic response (Deauville score <3) in the interim of primary therapy have markedly increased survival in comparison to patients who do not reach such goals. These same parameters are also capable of predicting an adverse prognosis if it remains positive at the end of treatment (120–122).

Aiming to overcome the limitations imposed by ENKTCL prognostic scores based on clinical and laboratory parameters, Tian XP et al. developed a molecular prognostic score based on the presence of seven single-nucleotide polymorphisms (7-SNP score). The selected seven SNPs were related to WDR27, UMAD1, TENM2, LINC02463, KDM4C, FGD4, and FAM71A genes. Data from 722 patients with ENKTCL from different regions of the world were analyzed and allocated into a training cohort, an internal validation cohort, and two external validation cohorts. Patients with low-risk and high-risk scores by this classifier exhibited significantly different OS and PFS (p < 0.001) (123). Although this score has shown high accuracy in the ENKTCL prognostic stratification, it incorporates a costly, poorly available, and complex methodology. Therefore, it has not proved to be feasible to replace PINK and PINK-E in clinical practice (124).

Recently, a Chinese multi-institutional study proposed the creation of a nomogram-revised risk index (NRI) based on the selection of risk variables obtained in a multivariate analysis of a previous cohort composed of 1,383 ENKTCL patients (125). Subsequently, the results were validated in a cohort of 1,582 cases undergoing treatment not based on anthracyclines. The variables included in the NRI were age ≥ 60 years, Eastern Cooperative Oncology Group (ECOG) score ≥2, high lactate dehydrogenase (LDH) levels, local primary tumor invasion (PTI) or stage II (1 point for each), and advanced-stage III/IV (2 points). Patients were stratified into five groups (low, low-intermediate, high-intermediate, high, and very high) with markedly different estimated 3- and 5-year OS. The NRI showed better performance for predicting OS than the IPI, KPI, and PINK prognostic scores. Such data indicate NRI as a promising and effective tool for predicting prognosis in ENKTCL, as well as for the appropriate selection of patients for individualized therapeutic strategies (126).




7 Treatment

As in other aggressive lymphomas, ENKTCL is a type of potentially curable tumor, and all fit patients should be treated with curative intention. The most important factors regarding the choice of treatment are the stage of disease and performance status; although with novel therapies emerging, these current concepts of treatment may change in the near future. Because of the rarity of this NHL subtype, no standard treatment based on well-designed randomized trials is available. One fundamental concept is that, apart from other B-cell aggressive lymphomas, ENKTCL tumor cells have a high expression of multidrug resistance (MDR) gene ABCB1 and its product, P-glycoprotein (Pgp), which can partly explain the poor outcomes when conventional schemes based on anthracyclines are used (127).



7.1 Limited-stage newly diagnosed disease

Historically, given the very poor outcomes with anthracycline-based chemotherapy alone (CHOP regimen) and given the radiosensitivity of ENKTCL, extended field radiotherapy (EF-RT) became a cornerstone for early-stage disease, and its omission has, since then, showed a negative impact in several studies (128, 129). Nevertheless, radiotherapy alone is not sufficient due to high rates of relapsed disease outside the radiation field (130, 131), and for limited stages, IE to IIE with nodal involvement disease combined modality therapy (radiation therapy with chemotherapy) is the standard of care. In the rare exception of stage IE primary cutaneous disease, RT alone can be considered due to anecdotal cases with more indolent clinical behavior (2, 106).

Although previous studies indicated that RT doses <50 Gy were associated with inferior response rates, more recent trials have shown that lower doses as 40–44 Gy in association with combined modalities may offer the same outcomes with good local control (132, 133). However, for clinically unfit patients unable to receive combined chemoradiotherapy (CRT), an adequate radiation dose would be >50 Gy. In combined modalities, RT doses should be given according to those established in the protocol of choice. While there is uncertainty regarding how to sequence these two modalities, a meta-analysis showed survival benefits for patients treated with RT upfront (5). Concurrent chemoradiotherapy, sequential chemoradiotherapy, and “sandwiched” chemoradiotherapy have been evaluated in prospective studies, and the choice may depend on the prompt access to RT. One commonly used RT first regimen is the RT-2/3 DeVIC (dexamethasone, etoposide, ifosfamide, and carboplatin) therapy protocol, published by the Japan Clinical Oncology Group. In this phase I/II trial, concurrent RT (50 Gy) plus carboplatin for 6–8 weeks was followed by three cycles of dexamethasone, etoposide, and ifosfamide. An updated analysis of this study revealed a PFS of 67% and an OS rate of 73% at 5 years. Although grade 3–4 hematological toxicities were observed in all patients, neutropenia was manageable, and the most common late toxicities were radiation-related, with no second malignancies reported. Of note, only patients with a performance status of 0 to 2 were included in this trial (134, 135).

The Korean group evaluated RT-cisplatin followed by VIPD (etoposide, ifosfamide, cisplatin, and dexamethasone) protocol. In this study, cisplatin as a single agent was given weekly during radiation (median 40 Gy dose), followed by three cycles of VIPD (etoposide, ifosfamide, cisplatin, and dexamethasone) after 3–5 weeks of RT. In this study, the PFS and OS rates reported were 85.1% and 86.2%, respectively. With grade 3–4 hematologic toxicities highly observed during VIPD, there were only two infection-related deaths (2/30 patients) (136). A recent observational study from South America reported inferior outcomes and toxicities with the same protocol in the real-world setting, with 57.1% (12/21) deaths during the induction phase and a 2-year OS of 53.2%. This probably reflects selection bias, as patients in clinical practice have poorer PS and may have comorbidities and infections, and these differences must be considered in clinical practice (128). Sequential and “sandwiched” chemoradiotherapy involve chemotherapy followed by interim RT. Different protocols, most using asparaginase-containing regimens, are under use with outstanding overall response rates (ORRs) >90% (137, 138). As no randomized trials comparing concurrent or sequential CRT exist, all proposals are adequate for limited-stage disease, and decisions must encompass individual and logistic issues, such as infection control, radiation availability, as previously mentioned, and even distance from the tertiary hospitals, especially in low- or middle-income countries.




7.2 Advanced-stage and relapsed/refractory disease

Approximately 25%–30% of ENKTCL patients are diagnosed with advanced-stage disease, and for those patients, although they have poor prognoses, more recent data suggest better responses for patients treated in the modern era when compared to anthracycline-based chemotherapy. In a recent large real-world retrospective analysis of 2,560 ENKTCL patients from China, 334 (13%) patients were advanced-stage, and treatment was dichotomized into non-anthracycline-based therapy (non-ANT) vs. ANT-based regimens, with superior PFS and OS favoring non-ANT regimens (139). Notably, an intensive treatment containing asparaginase-based chemotherapy enhances responses and is currently the standard of care as shown in a meta-analysis (140). Chemotherapy schemes vary by institution, but one of the most used is the SMILE protocol, which consists of methylprednisolone, methotrexate, ifosfamide, l-asparaginase, and etoposide, given every 28 days, for two cycles or more. In a prospective study, of 38 patients enrolled, 74% were able to complete at least two cycles. With a median follow-up of 2 years, the ORR and complete response (CR) rate were 79% and 45%, with 55% and 53% OS and PFS, respectively (141). Although chemotherapy alone is the current practice, the role of radiation in advanced disease is not well established but may be beneficial for patients to achieve a complete response after chemotherapy. A retrospective analysis of advanced-stage disease showed a 2-year OS rate of 81.5% for post-chemotherapeutic RT patients vs. 40.2% for those not irradiated (142). Conversely, in another retrospective analysis of 102 advanced-stage disease patients, 23 received adjuvant radiation with no benefit in OS (p = 0.91), and of note, in this study, the best response rate was achieved with asparaginase-based therapy (SMILE), when compared to CHOP or DeVIC-like regimens (143).

Although the SMILE regimen is widely used in the treatment of advanced-stage ENKTCL, its toxicity is not negligible, particularly with regard to cytopenias and the occurrence of infectious complications. In order to minimize such adverse effects, Chinese researchers proposed the DDGP regimen (dexamethasone, cisplatin, gemcitabine, and peg-asparaginase) as an alternative to the SMILE protocol for managing ENKTCL in stages III/IV, relapsed/refractory disease, or extranasal disease. Consequently, in 2016, Xin Li et al. reported the results of a phase 3, randomized, multicenter study involving 42 Chinese patients with advanced-stage ENKTCL and ECOG ≤ 2. Patients underwent primary therapy with the DDGP (N = 21) or SMILE (N = 21) protocols. ORR and CR were increased in the DDGP arm (95% vs. 67% for ORR, p = 0.018; 71% vs. 29% for CR, p = 0.005). Similarly, 1-year PFS and 2-year OS were better in the DDGP group than in SMILE (86% vs. 38% for 1-year PFS, p = 0.006; 74% vs. 45% for 2-year OS, p = 0.027). At the same time, the group treated with SMILE developed a higher rate of adverse events, including leukopenia and allergic reactions (144). Later studies confirmed the results found in this trial, pointing to the DDGP regimen as a therapeutic strategy associated with higher response rates, increased survival, and better tolerability than SMILE chemotherapy for the treatment of patients with advanced-stage ENKTCL or with relapsed/refractory (R/R) disease (145, 146).

Since upfront autologous hematopoietic stem cell transplantation (AHSCT) results in similar response rates when compared to CCRT treatments for limited-stage disease, the current guideline from the American Society for Blood and Marrow Transplantation recommends against upfront AHSCT in newly diagnosed localized ENKTCL patients who achieve CR with modern therapy (147, 148). Furthermore, patients with advanced-stage disease do not seem to benefit from autologous hematopoietic cell transplantation (HCT) when treated with asparaginase-based regimens. A retrospective study demonstrated a 3-year PFS and OS of 40.1% and 52.3%, respectively, for the advanced-stage disease cohort, and patients in partial response (PR) did not benefit from the therapy, with a 3-year PFS of 13.3%. In multivariate analysis, pre-transplant PR and anthracycline-based primary chemotherapy were independent prognostic factors for reduced PFS. For OS, anthracycline-based primary chemotherapy was the only independent factor for increased risk of death (149). For patients who achieve CR and have adverse clinical variables (high prognostic score index), a retrospective analysis demonstrated notably improved survival, making AHSCT a post-induction consolidation choice for selected patients. However, more studies are needed (148).

Relapsed or refractory patients are often included in the same studies designed for advanced-stage disease, and clinical trials are the preferred treatment option after treatment with asparaginase-based chemotherapy. SMILE, AspaMetDex (asparaginase, methotrexate, and dexamethasone), P-GEMOX (peg-asparaginase, gemcitabine, and oxaliplatin), and GDP (gemcitabine, dexamethasone, and cisplatin) trials all included relapsed or refractory patients, but prognosis in this population is very poor (141, 150–152). Of note, in SMILE clinical trial, patients in the first relapse had a CR of 46%, but no refractory patient achieved CR (141). Allogenic HSCT results were reported by the Center for International Blood and Marrow Transplant Research (CIBMTR) study group with discouraging results. In this analysis, the 2-year PFS and OS were 20% and 24%, respectively, with a PFS of only 20% even in CR patients prior to transplant (153). A large recent analysis from the National Spanish Group reported the outcomes of allogenic HSCT in advanced mature T- and NK/T-cell neoplasms (6.5% ENKTCL) and showed 1-year non-relapse mortality of 21.9%, mainly due to graft-versus-host disease (GVHD) and bacterial infections (154). In addition, the current guideline from the American Society for Blood and Marrow Transplantation has a weak recommendation for allogeneic HSCT in this setting (147). Therefore, this group of patients represents an unmet medical need since most will not even be eligible for HSCT for inadequate functional status, organ dysfunction, comorbidities, and uncontrolled disease status, making them candidates for new agents in development.




7.3 Novel therapies

Initial impressive results involving immune therapies, especially immune checkpoint inhibitors as single-agent therapy, have been published since PD-L1 is expressed in ENKTCL (155). In one study, seven patients previously treated with asparaginase-based regimens (two with allogenic HSCT) received a median of seven cycles of the anti-PD-1 antibody pembrolizumab with an ORR of 100%, and five of them achieved CR (156). One year later, the same group reported the efficacy of another PD-1 inhibitor, nivolumab, in low doses (157). Tislelizumab in combination with chemotherapy has also proven feasible, and clinical trials with this immune checkpoint inhibitor are ongoing for both early- and advanced-stage diseases in combination with RT or chemotherapy (158, 159). Therefore, blockade of the PD-1/PD-L1 immune axis has been shown to be a safe and effective option in the management of R/R ENKTCL. However, there seems to be no direct correlation between PD-L1 antigen expression in tumor cells and therapeutic response to immune checkpoint inhibitors (160). Currently, no predictive factors of response to these drugs have been identified in ENKTCL.

In addition to initial studies demonstrating the efficacy of pembrolizumab and nivolumab in patients with ENKTCL R/R to asparaginase-based chemotherapy, new trials have evidenced the efficacy of other anti-PD-1 and anti-PD-L1 antibodies, such as sintilimab and avelumab, respectively (156, 157). In the ORIENT-4 trial, 28 patients with R/R ENKTCL received sintilimab at a dose of 200 mg I.V. every 3 weeks for 24 months. With a median follow-up of 30.4 months, the median OS was not reached, and the estimated 2-year OS was 78.6%. Serious adverse events occurred in only 25% of cases, and no patient died from toxicity. Thus, sintilimab proved to be a safe and effective therapeutic strategy for the management of R/R ENKTCL (161). Similarly, a recent phase 2 study evaluated the efficacy and safety of the anti-PD-L1 antibody avelumab in 21 cases of R/R ENKTCL. In this study, the responses were lower, with an ORR of 38% and a CR of 24%. No grade 4 adverse effects occurred, but there was a correlation between response and tissue expression of the PD-L1, with all patients who achieved CR presenting high PD-L1 expression (162). Although it had moderate activity as a single agent, avelumab seems to be an interesting option for trials testing it in association with other drugs, with particular potential benefit in cases of R/R ENKTCL with a high density of the PD-L1 antigen.

A proportion of ENKTCL express the transmembrane glycoprotein receptor CD30 (Ki-1) and CD38, and the clinical activity of antibodies directed against both antigens has been evaluated as possible target therapies alone or in combination. A phase 2 study with daratumumab monotherapy, a monoclonal antibody targeting CD38, demonstrated a 25% ORR in relapsed/refractory ENKTCL patients. Although feasible, no patient achieved CR, and patients presented a short duration of response (163).

Although there is a biological rationale for the use of JAK/STAT inhibitors in ENKTCL, few studies have assessed the real impact of these agents on this neoplasm. In vitro studies have shown that the use of the pan-JAK inhibitor CP690550 and the JAK2 inhibitor AG490 resulted in decreased phosphorylation of STAT3 and STAT5 and subsequent stimulation of apoptosis in ENKTCL cell lines (47, 164). Tofacitinib, a pan-JAK inhibitor with higher JAK-3 selectivity, has demonstrated activity, inducing cell cycle arrest and growth inhibition in both positive and negative EBV NK cell lines and may be an attractive therapy (165). Currently, an ongoing phase 2 study (NCT03598959) is evaluating the safety and efficacy of the combination composed of the pan-JAK inhibitor tofacitinib with chidamide in R/R ENKTCL.

HDACi also have a potential therapeutic effect on ENKTCL, particularly on the HEA molecular subgroup, which is enriched in mutations involving epigenetic regulators. Supported by this biological principle, monotherapy with chidamide, a selective HDAC 1, 2, and 3 inhibitor, has been tested in a phase 2 trial involving 15 patients with R/R ENKTCL. In monotherapy, its activity was modest, with CR achieved in only 33% of cases and with a short median duration of response (166). However, this agent is currently being tested in combination with other drugs.

The oncogenic EBV protein overexpression may be a target for adoptive immunotherapy with antigen-specific cytotoxic cells, and this strategy was explored as a post-remission therapy with promising results (167). In addition, the association of nanatinostat with valganciclovir showed promising results in a phase 1/2 trial, and ENKTCL patients refractory to their last therapy presented an ORR of 60%, including 27% of CR (168). Although chimeric antigen T-cell receptor (CAR-T) therapy has been proven to be an interesting form of immunotherapy in several B-cell lymphoid malignancies, such as R/R diffuse large B-cell lymphoma, follicular lymphoma, B-cell acute lymphoblastic leukemia, and multiple myeloma, its use has been extremely limited in the setting of -T/-NK lymphoid disorders. While encouraging results were seen with some novel agents, there are still very little data about CAR-T in PTCL; limited experience and lack of controls preclude critical analyses. One of the main challenges in the use of CAR-T therapy in -T/-NK cell malignancies is due to the fact that neoplastic cells share a series of common antigens with normal T-lymphocytes, which can lead to fratricide and serious T-cell lymphoid aplasia in the receptor. To mitigate this effect, a selection of appropriate antigenic targets is essential. Currently, specific antigens have been selected for the construction of chimeric products, among which CD30, CD37, TRBC1, CCR4, and CCR9 stand out. The use of nanobody-derived or naturally selected CAR-T is an attractive strategy to overcome fratricide. Another problem intrinsic to the use of this therapeutic modality in T-cell malignancies refers to the potential contamination of the product collected for the construction of CAR-T with clonal T-cells; however, the use of allogeneic CAR-T products or CAR-NK-cells is a possible strategy with the ability to mitigate this contamination (169). Currently, data about the use of CAR-T therapy in ENKTCL are very scarce, although it may constitute an interesting therapeutic option for R/R disease in the near future. A trial with anti-CD30 CAR-T is underway for the treatment of R/R CD30-positive PTCL (NCT03049499) and its results are being eagerly awaited by the scientific community. Table 5 summarizes the main therapeutic options for ENKTCL patients in different clinical settings.


Table 5 | Main strategies adopted for the up-front management of ENKTCL, R/R disease, and novel therapies.







8 Conclusion and future directions

Successfully, the last decade brought us a better understanding of the importance of combined modality therapy and the relevance of asparaginase-containing protocols for ENKTCL. Nevertheless, a proportion of patients will relapse, and their prognosis is dismal. Advances in pathogenic mechanisms brought us a window of opportunity, but we need a great international, multicenter effort to design approaches capable of modifying the future.
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Peripheral T cell lymphoma (PTCL) is a rare and aggressive type of non-Hodgkin’s lymphoma that affects mature T cells. This type of cancer is characterized by the abnormal growth of T cells, which can accumulate in the lymph nodes, spleen, bone marrow, and other organs, leading to a variety of symptoms. PTCLs are often difficult to diagnose and treat, and they have a poorer prognosis than other types of lymphoma. However, recent advancements in treatment options, such as targeted therapies have shown promise in improving outcomes for patients with PTCL. Here, we discuss the use of autologous and allogeneic hematopoietic cell transplantation (HCT) as a treatment strategy for patients with PTCL, as well as the recent treatment approaches based on advanced cellular therapy. The current evidence for the use of HCT in PTCL is mainly derived from registry data, retrospective studies, and expert opinion, as randomized trials are limited due to the low incidence and histological heterogeneity of PTCL subtypes.




Keywords: hematopoietic cell transplantation, peripheral T-cell lymphoma, CAR-T cell, CAR-NK cell, immunotherapy




1 Introduction

Peripheral T-cell lymphomas encompass a biologically and clinically heterogeneous group of lymphoproliferative disorders derived from mature T-cells (post-thymic lymphocytes). Much less frequent than B-cell lymphomas, they represent about 10-15% of the non-Hodgkin lymphomas (NHL) in the Western hemisphere (1, 2). On the most recent World Health Organization Classification of Hematolymphoid Tumors (WHO-HAEM5), the mature T-cell and NK-cell neoplasms have been grouped into 9 families based on characteristics like cell of origin/differentiation state, clinical scenario, disease localization and cytomorphology (3). PTCL most common subtypes are, in order of incidence, PTCL-not otherwise specified (PTCL-NOS), angioimmunoblastic T-cell lymphoma (AITL), anaplastic large cell lymphoma (ALCL), anaplastic lymphoma kinase–positive (ALCL ALK-positive), anaplastic large cell lymphoma, anaplastic lymphoma kinase–negative (ALCL ALK-negative), and enteropathy-associated T-cell lymphoma (EATL), and each of them is characterized by unique genetic, molecular, histopathologic, and clinical features (2, 4). Overall, PTCL patients have dismal prognosis, and the currently available treatment strategies are still unsatisfactory for both front line and relapsed/refractory (R/R) settings. ALCL, ALK-positive subtype, might be an exception according to the International T-Cell Project, which reported a 5-year overall survival (OS) of 70% (5). Regimens derived from the existing protocols for B-cell non-Hodgkin lymphomas, like CHOP (cyclophosphamide, doxorubicin, vincristine, prednisone) and CHOP-like, are the ones used as first-line therapy and depending on the patient’s performance status and response to chemotherapy, consolidation with high-dose chemotherapy and hematopoietic cell transplantation (HCT) can improve the outcomes. Nevertheless, the risk of refractoriness or relapse is high for most patients (1). Due to the PTCL disorders heterogeneity and their low incidence, it is more difficult to conduct prospective studies, and for that reason most of the current evidence for the treatment comes from phase II trials, retrospective studies, and expert opinion. Therefore, PTCL still represents a therapeutic challenge. The aim of this study is to discuss the existing data and present a review over the role of autologous and allogeneic HCT for PTCL, and the role of more recent cellular therapy, such as chimeric antigen receptor-T and -NK cell (CAR-T and CAR-NK) in the treatment of these diseases. To comprehensively summarize the data, we created two tables incorporating patient characteristics, transplant settings, histology subtypes, conditioning regimens, and outcomes, extracted from diverse studies (Tables 1, 2).


Table 1 | Studies evaluating autologous HCT in PTCL as first-line treatment.




Table 2 | Studies evaluating autologous and allogeneic HCT in R/R PTCL.






2 First-line HCT in PTCL

The first nation-wide survey conducted in transplanted PTCL patients was in Finland during 1990-2001. Following induction therapy, patients were submitted to high dose therapy (HDT) conditioning regimen before autologous HCT (autoHCT). Of thirty-seven patients assessed, four (11%) died from treatment related mortality (TRM), 76% (28/37) achieved complete response (CR) and 5% (2/37) were in partial remission (PR). Eight percent of patients (3/37) were refractory to HDT and died from progressive lymphoma. The 5-year OS was 63% after autoHCT in frontline CR/PR vs 45% beyond second treatment. This study included fourteen patients (37%) with ALCL, and these patients had a significantly better OS compared to other PTCL subtypes (85% vs 35%). Although relatively high TRM rate (11%), this nation-wide survey supports the idea that HDT followed by autoHCT is feasible and that higher survival rates correlates with response to treatment and with specific PTCL subtypes. However, prospective randomized trials are needed to better determine the impact in up-front PTCL therapy (6). Rodriguez et al. described the GEL-TAMO (Grupo Español de Linfomas/Trasplante Autólogo de Médula Ósea) experience in patients with PTCL who underwent HDT and autoHCT. One hundred and fifteen patients were included and given mostly anthracycline-based regimens prior to transplant. Complete response was achieved in 86% of patients (98/114). Six patients (5%) achieved PR, 3% (3/114) had stable disease and 6% (7/114) disease progression. At a median follow-up of 37 months, 73 (64%) patients were alive with an estimated 5-year OS of 56% and disease-free survival (DFS) of 60%. Forty-two patients (37%) had died, with the main cause being disease progression in 32 of these patients (76%). The 5-year OS in first-line CR was significantly higher in comparison to second-line or more CR prior to transplant (80% and 50%, respectively). Data from this study shows a higher survivability in chemosensitive PTCL patients. Prognostic criteria, like adjusted-IPI (a-IPI) higher than 1 and altered LDH were associated with lower 5-year OS (a-IPI 0-1: 65% vs a-IPI>1: 13%; LDH normal 55% vs high LDH: 22%) in univariate analysis and therefore, might have utility in predicting clinical outcomes (14).

A meta-analysis published in 2016 by El-Asmar et al. (25) collected and analyzed data from 27 studies (3 prospectives and 16 retrospectives for front-line) and assessed the efficacy of HDT with autoHCT in front-line and R/R consolidation in PTCL. The pooled prospective and retrospective trials included a total of 179 and 599 patients, respectively. Interestingly, as expected, there was a clear difference between the OS and progression-free survival (PFS) on the different types of studies, with OS rates of 54% and PFS 33% in prospective, 68% and 55% in the retrospective studies, respectively. TRM pooled rates in prospective were 2% versus 6% in retrospective studies. These results are probably due to better control of confounding factors and accurately defining death causality in prospective trials. Although with several limitations in this study and the lack of randomized trials, the meta-analysis allowed strong evidence to support HDT and autoHCT as a reasonable option in front-line treatment for PTCL (25).

Moreover, Yam and colleagues compared PFS in first complete response (CR1) PTCL patients submitted to autoHCT or active observation after CHOP-like regimens. In a total of 48 patients (28 in the observation group and 20 submitted to consolidation transplant), the median follow-up duration was 26.4 months. The median PFS was 15.8 months for the observation patients and 12.8 months for patients who underwent autoHCT. The estimated 3-year PFS was 37% and 41% for the observation and transplantation groups, respectively. The results of this study revealed no improvement in PFS and OS in patients who achieved CR1 with observation or autoHCT. Even though these findings have several limitations, including the nature of the study, it shows the diversified data between different trials in PTCL patients, and prospective randomized trials could provide stronger evidence in this matter (7).

A prospective PTCL-restricted multicenter study that evaluated the role of frontline therapy with myeloablative chemoradiotherapy (CRT) and autoHCT was conducted by Reimer et al. From June 2000 to April 2006, a group of 83 patients with PTCL were given four to six cycles of CHOP, and if at least PR was reached, they proceeded to mobilization and were submitted to CRT followed by autoHCT. After CHOP therapy, patients had an overall response rate (ORR) of 79% (39% CR and 40% PR), and 66% (55/83) patients completed myeloablative therapy and proceeded to autoHCT. The main reason for not undergoing transplant was disease progression (22 patients). Following transplantation, 48 out of 55 patients achieved CR and seven patients achieved PR. In the intention to treat analysis, ORR was 66% (58% CR and 8% PR). After a median follow-up of 33 months, 43 patients (52%) were still alive either in remission (35) or with evidence of disease (8). The estimated 3-year OS rate was 48%. The estimated 3-year OS rate was 71% for patients who underwent autoHCT compared with only 11% for patients who did not undergo autoHCT. These findings, although with limitations, suggest a favorable outcome in autoHCT compared with conventional chemotherapy alone (8).

Corradini et al. reported a median 76-month follow-up of 62 patients with PTCL in Italy healthcare institutions. Patients were submitted to high-dose sequential chemotherapy regimen followed by autoHCT. Prior to the autologous transplant, 56% (32/62) patients were in CR, 10 (16%) were in PR and 15 patients (24%) had progressive disease (PD). The intention-to-treat analysis showed that forty-six out of the sixty-two (74%) of patients underwent autologous transplantation, whereas sixteen patients did not undergo transplant, mainly due to disease progression. After autoHCT, 89% (41/46) patients were in CR, with 5 patients (11%) in PR that died shortly after disease progression. At a median follow-up of 66 months, the estimated 12-year OS, DFS and event-free survival (EFS) of 34%, 55% and 30%, respectively. Due to inclusion of ALK-positive ALCL (31%), with overall better prognosis, these results should be interpreted with caution. Multivariate analysis showed that patients with CR before autoHCT had a statistically significant benefit in terms of OS and EFS. These findings suggest that achieving CR before autoHCT could offer a greater chance of long-term survival (9).

The GEL-TAMO Study Group published a phase II trial for front-line treatment for high-risk nodal PTCL with MegaCHOP (higher-dose CHOP) regimen and consolidation with autoHCT. Twenty-six patients were enrolled to the study, and after the first three courses of MegaCHOP, response was evaluated with computed tomography (CT) and gallium scans. In case of CR and negative gallium scan, patients were assigned to receive one to two additional courses of MegaCHOP and the conditioning regimen followed by autoHCT. The remaining patients were given salvage therapy with IFE (ifosfamide, etoposide) and those who achieved at least PR in re-evaluation would proceed to autoHCT. The remaining patients were considered as primary failure and were excluded from the protocol. After a median follow-up of 35 months after diagnosis, the 3-year OS and PFS was 73% and 53%, respectively. In addition, 73% (19/26) of patients who received autoHCT presented an estimated 2-year OS, PFS and DFS of 84%, 56% and 63%, respectively. The only variable in this study that showed significant impact on OS was the chemosensitive status, both after initial MegaCHOP and before transplant, with a 3-year OS of 83% for patients with complete or partial response after three courses of MegaCHOP, compared to 43% OS in patients with primary refractory disease. Even patients that were chemosensitive after IFE salvage therapy appeared to have an improvement in the estimated 3-year OS. Univariate analysis of prognostic score systems, like Prognostic Index for PTCL (PIT) and a-IPI, showed no difference in outcome with this treatment strategy. They concluded that frontline autoHCT might have overcome the poor prognosis determined by prognostic scoring systems. The approach of salvage therapy in high-risk aggressive nodal PTCL that does not achieve CR in initial treatment may improve outcomes following autoHCT (10).

Mercadal et al. studied 41 patients with newly diagnosed PTCL and submitted them to either MegaCHOP or ESHAP (etoposide, cisplatin, cytarabine and prednisone) regimen, with consolidation autoHCT if at least PR was reached. Seventeen patients failed therapy, with sixteen cases because of disease progression and one due to an early death by severe infection. Twenty-four patients (16 CR, 4 CR/unconfirmed (CRu) and 4 PR) were candidates for autoHCT. The authors discuss an important selection bias in studies aimed at evaluating the role of autoHCT, mainly because a significant proportion of patients do not respond to induction chemotherapy and therefore, are not submitted to transplantation. Within this study, among the 58% patients eligible for transplantation, only 41% eventually received a transplant out of the initial. These results might be due to a moderate CR rate obtained and the small sample size, and novel therapies and clinical trials should be encouraged to improve outcomes in PTCL therapy (11).

The Nordic Lymphoma Group (NLG) conducted one of the largest prospective phase II studies that addressed the role of up-front HDT and autoHCT in PTCL. With a total of 166 patients enrolled, treatment consisted of CHOEP-14 (CHOP with inclusion of etoposide biweekly), or CHOP-14 (CHOP biweekly) in patients aged over 60 years. Patients who achieved PR or CR were candidates for conditioning chemotherapy and autoHCT. Patients were evaluated for treatment response, and at the end of induction treatment, 82 of 156 patients achieved CRu and 49 PR, with an ORR of 82%. Twenty-five patients developed primary refractory disease. For various reasons, 16 patients were excluded before HDT and autoHCT, finally resulting in 115 patients who continued to transplantation. With a median follow-up of 60.5 months, the 5-year OS and PFS was 51% and 44%, respectively. Mortality due to treatment toxicity resulted in seven deaths, corresponding to a 4% TRM. ALCL ALK-positive, primary cutaneous, and primary leukemic subtypes were excluded. The highest OS and PFS after subtype-specific analysis were seen in patients with ALCL ALK-negative (5-year OS 70% and PFS 61%). The median 5-year follow-up allowed analysis of the time to disease relapse, with 11 patients (7%) developing relapsed disease after two years from transplantation, and therefore, provide rationale for a future maintenance therapy. Almost one fourth of patients (26%) failed treatment prior to transplant, reinforcing the need for better and novel therapies in the first-line treatment for PTCL. The results of this large cohort revealed encouraging outcomes and strengthened the recommendation of HDT and autoHCT for first-line therapy in PTCL patients (12).

The German study from Willhelm et al. reported a median 5-year follow-up study with 111 patients with newly diagnosed PTCL. Patients received conventional chemotherapy regimen with CHOP and if at least PR was reached, patients would proceed to myeloablative therapy and autoHCT. Treatment response revealed 91 (82%) ORR, with 69 patients (62%) achieving CR and 22 a PR (20%), with the remaining 20 patients (18%) failing primary treatment. Only 75 (68%) completed the entire study protocol, with disease progression/relapse as the main cause for not undergoing autoHCT. The estimated 5-year OS, DFS and PFS were 44%, 54% and 39% respectively. Considering patients who underwent autoHCT, OS rate was estimated at 57%, in comparison to 23% OS in those who did not. TRM rate resulted in 3.6%, similar to previous prospective studies. Long follow-up analysis showed that 43 (39%) patients achieved continuous remission, but early relapse and disease progression remained as major issues and demand novel treatment strategies to improve response rates in PTCL, allowing more patients to proceed with transplantation (13).

A registry study from Park et al. analyzed data from the prospective multicenter cohort study COMPLETE (Comprehensive Oncology Measures for Peripheral T-Cell Lymphoma Treatment), analyzed the impact of autoHCT on outcomes of patients with nodal PTCL in first-line complete remission. This was the first published study to report findings from prospective enrolled patients comparing clinical outcomes with or without autoHCT. Of the 119 patients with nodal PTCL who achieved CR1, 36 (30%) underwent autoHCT, while 83 (70%) were treated without autoHCT. Physician choice was the main reason for not considering transplantation, accounting for 55% of cases, which could serve a potential bias, as higher proportions of AITL histology subtype, advanced-stage disease (III/IV), and patients younger than 65 years were reported in the autoHCT group. ALCL subtype, which is associated with a favorable prognosis, was more frequently present in the non-autoHCT group. Overall, after a median follow-up of 2,8 years, there was no significant difference in survival between patients with CR1 that underwent and who did not undergo autoHCT. However, subgroup analysis suggested better outcomes in patients with AITL that proceeded to autoHCT compared to other nodal PTCL subtypes, with improved outcomes in OS in advanced-stage disease and intermediate to high IPI. The estimated 2-year OS and PFS rates for CR1 patients were 75.3% and 63.4%, respectively; while patients who did not achieve CR after first-line chemotherapy was 41.9% and 19.3%, respectively. Although with a notable selection bias limitation, these findings strengthen the importance of achieving CR1 in OS and serve as guidance for new and larger studies to determine the real benefit of autoHCT in PTCL (15).

Rarer entities such as hepatosplenic T-cell lymphoma (HSTL), AITL and EATL are underrepresented in clinical trials, making it difficult to find data regarding treatment approaches and outcomes in a real-world setting. As described in registry studies and other retrospective and prospective studies, consolidative autoHCT should be considered for AITL cases in first CR (7, 8, 10–13). The supporting evidence for utilizing autoHCT as a consolidation tactic is most compelling for EATL. One study conducted by the Scotland and Newcastle Lymphoma Group involved 26 patients who underwent a unique treatment regime that consisted of one round of CHOP followed by three rounds of IVE (ifosfamide, vincristine, etoposide), with alternating intermediate-dose methotrexate. Subsequently, autoHCT was administered if the patients were in remission. The 5-year PFS and OS rates were found to be 52% and 60% respectively, which displayed significant improvement when compared to the historical group treated with anthracycline-based chemotherapy (26). In a UK phase II study, 21 patients (including 11 with EATL) were assessed using the induction regimen applied by the Scotland and Newcastle Lymphoma Group. For EATL patients, both the 1-year OS and PFS rates were 45%. Among the five EATL patients who underwent autoHCT, only one experienced relapse (27). Furthermore, the already presented NLG study had 21 EATL patients enlisted, demonstrating a 5-year PFS rate of 38% and an OS rate of 48% for this specific group of patients (12). Supporting these findings, a retrospective analysis of the European Society for Bone and Marrow Transplantation (EBMT) registry and a retrospective cohort study both highlighted a survival advantage with autoHCT (28, 29). To date, from the limited data available for HSTL, it appears that the best therapeutic approach is non-CHOP induction therapy followed by consolidation with allo or auto (if limited donor availability) HCT (30, 31).

The SWOG S9704 trial designed by lymphoma committees of the United States and Canada was the first randomized trial to address consolidative autoHCT for high-risk patients with diffuse aggressive NHL. After patients received five cycles of induction chemotherapy with CHOP or R-CHOP (CHOP plus rituximab), they were randomized either to receive three more cycles of chemotherapy (control group) versus one additional cycle followed by autoHCT with prior myeloablative radio or chemotherapy-based regimen. In a total of 370 eligible patients, 40 had an aggressive T-cell phenotype NHL. Of these, 28 (70%) patients were randomized after induction therapy, with 9 out of 12 patients excluded due to early disease progression. Thirteen were in the control arm and 15 in the transplantation arm, with three patients that did not undergo transplant due to patient refusal (2) or mobilization failure (1). At a median follow-up of 7.8 years after randomization, there was no statistical significance observed in the 5-year estimated OS (40% versus 45%) and PFS (40% versus 38%) for the transplant and control group, respectively. While results were discouraging for the first randomized trial, these findings should be analyzed with caution due to the small sample size and the retrospective analysis of a specific subgroup from the study (32).

Savage et al. reported a subgroup analysis of the role of HCT in CD30+ PTCL in the double-blind randomized phase III ECHELON-2 study after frontline Brentuximab vedotin (BV) plus cyclophosphamide doxorubicin and prednisone (CHP) versus CHOP regimen. From the BV plus CHP arm, 114 of 177 (64%) patients were in CR at the end of the treatment regimen. Thirty-eight of 114 (33%) underwent consolidative HCT (2 allo and 36 auto). With a median follow-up of 47.57 months, there was no difference in adverse event profile for those who did or did not undergo transplantation, with an estimated 3-year PFS of 80.4% vs 54.9%, respectively. The estimated 5-year PFS was 65.3% after transplant vs 46.4% without transplant. Of the CHOP arm, 97 of 177 (55%) were in CR at end of treatment. Twenty-nine out of 97 patients underwent consolidative transplant. At a median follow-up of 53.72 months, the estimated 3-year PFS was 67,2% in favor for consolidative transplant vs 54.1% in those who did not undergo transplant. The results for 5-year PFS were 48.9% and 40.9%, respectively. Even though the ECHELON-2 trial was not focused on transplantation, analysis of HCT seems to support a benefit in consolidative HCT for patients that received BV plus CHP, with less pronounced benefit in the CHOP arm. The low sample size of the study limits the statistical power and the overall impact of consolidative HCT (33).

The French Lymphoma Study Association (LYSA) and the German Lymphoma Alliance (GLA) designed a prospective, randomized, multicenter, phase III trial that evaluated the role of allogeneic HCT (alloHCT) against autoHCT in untreated patients with high-risk PTCL. Patients were randomized to either receive four courses of CHOEP-14, one course of DHAP (dexamethasone, cytosine-arabinoside, and cisplatin or carboplatin) and auto or alloHCT after conditioning regimen. From 103 patients in the intention-to-treat analysis, 54 were assigned to autoHCT and 49 to alloHCT. Thirty-four of 54 patients (63%) underwent autoHCT. Twenty patients were unable to proceed to transplant, 15 due to early progression. Twenty-six of 49 patients (53%) underwent alloHCT, while 14 patients did not undergo transplant due to early progression. Eight patients randomized to alloHCT had no compatible donor and were rescheduled to receive autoHCT. In total, 41 patients were consolidated with autologous HCT and 26 with alloHCT. At a median follow-up of 42 months, there were no significant differences between auto and alloHCT in OS (70% vs 57%), PFS (39% vs 43%) and EFS (38% vs 43%), respectively. TRM rate was 0% in the autoHCT setting, while eight deaths (31% TRM) were related to alloHCT. Almost a third of patients did not undergo transplant due to disease progression, supporting the rationale for more effective and novel therapies for T-cell lymphoma. The significant high TRM observed in first-line alloHCT is not acceptable in current treatment settings, and therefore, the recommendation for alloHCT should be mainly in specific histologic subtypes or patients with R/R disease, while autoHCT continues to be the preferred option for patients with newly diagnosed PTCL (34).

Given the conflicting data, small sample size, numerous histology subtypes and different treatment regimens, the impact of consolidation therapy with autologous HCT in patients with PTCL is controversial. Many retrospective and prospective studies tend to suggest benefits for autoHCT in up-front therapy. Current guidelines and expert opinion recommend this strategy as the main treatment choice in most of the more common subtypes, excluding ALCL ALK-positive, extranodal NK/T-cell lymphoma and Adult T-cell Leukemia/Lymphoma (ATLL) (2, 35). Treatment related toxicity is generally manageable, showing feasibility of chemotherapy and autoHCT in newly diagnosed patients. The predictive capability of prognostic scoring systems prior to transplant might be surpassed with this first-line treatment strategy, although still debatable. The value of achieving the best ORR, mainly CR, is crucial for improving clinical outcomes and OS and PFS, and therefore, up-front autologous HCT might benefit with a long-term disease remission in chemosensitive patients. With novel and promising therapies emerging, defining the real role for autologous HCT in PTCL frontline therapy is still challenging, and larger and transplant-focused randomized trials are required to establish it.




3 HCT in R/R PTCL

Unfortunately, disease refractoriness and relapse are common outcomes for patients with peripheral T-cell lymphoma. Data collected from patients enrolled in the International T-cell Project from 2006 to 2016 showed that out of the patients that received first line therapy, 32% reached and sustained CR and 68% were refractory or relapsed. Among those labeled as refractory/relapsed, 69% represented the refractory and 31% the relapsed (1). Median time from diagnosis to relapse ranges from 8 to 12.1 months (1, 36). Regarding survival rates, the COMPLETE Registry showed that the median OS were 29.1 months for relapsed patients and 12.3 months for refractory patients, which suggests that patients with chemosensitive disease have higher survival rates. They also found that 30% of this population had T-cell lymphomas with extra nodal involvement (36). In the International T-cell Project, after a median follow up of 38 months, 70% of the R/R patients had died, and the median survival time after relapse was only 5.8 months. Three-year OS were 21% and 28% for the refractory and relapsed, respectively. They also demonstrated that refractory disease was associated with higher risk of death, while later relapse (> 12 months) and salvage therapy with stem cell transplant were associated with better OS (1).

A retrospective study from Stanford University showed that disease status by the time of transplant had a great impact on OS and PFS. Fifty-three patients with PTCL underwent autoHCT in different stages of disease. Five-year PFS rates were 51%, 12% and 0 for patients in CR1/PR1, CR2/PR2 and primary refractory disease, respectively. Corresponding 5-year OS rates were 76%, 40% and 30% (16). Similarly, the GEL-TAMO presented data from 115 PTCL patients treated with autologous HCT in CR1, CR2+, PR1+ or refractory disease, and they also found higher survival rates in patients who were transplanted in CR1 in comparison to other groups. For patients in CR1, CR2+, PR1+ and refractory disease, the 5-year OS were 80%, 50%, 49% and 0, respectively. They also concluded that transplant in first line or chemosensitive disease, age < 41 years old, ECOG 0 or 1, absence of extranodal involvement, among other factors, are associated with higher survival (14). Both studies show that autoHCT performed in earlier stages of remission was associated with better outcomes, highlighting those patients with refractory disease had much worse performance, and those relapsed with chemosensitive disease were more likely to benefit from this strategy.

A systematic review and meta-analysis evaluated HDT and autoHCT for PTCL. They included 27 studies, in which 15 reported autoHCT in the R/R PTCL setting. PFS, OS, relapse/progression and TRM pooled rates were 36%, 47%, 51% and 10%, respectively. These data point to HDT/autoHCT as a reasonable strategy for R/R PTCL, given its 47% OS rate, but it also represented higher TRM when compared to HDT/autoHCT in first-line. An important discussion raised by these authors is the fact that most studies assess patients with relapsed or refractory disease combined, and therefore the outcomes for them seem to be the same, however, they believe that patients with refractory disease may not achieve the same outcomes than those that have relapsed disease, but have previously presented some chemosensitivity to salvage therapy, since this is a predictor of response to HDT/auto-HCT in other types of lymphoma (25).

Allogeneic HCT data for PTCL is mostly based on retrospective and prospective single-arm studies. However, the recommended treatment strategy in the R/R setting of non-ALK+ PTCL is salvage chemotherapy followed by HCT (autoHCT or alloHCT) (37). For patients with primary refractory PTCL, or PTCL that has relapsed after autoHCT or multiple prior lines of therapy, alloHCT provides the only potential curative therapy with survival rates of 40 to 50%. Due to the high risk of NRM, particularly with myeloablative conditioning in patients who have recently received an autograft or who have received extensive salvage chemotherapy, reduced intensity regimens are preferred (19–23, 38, 39).

AITL presents a rather unique scenario where alloHCT in the R/R setting appears to hold more promise compared to other nodal PTCLs. According to data from the CIBMTR, R/R AITL patients demonstrated a 4-year PFS and OS of 47% and 56%, respectively. Notably, relapse rates maintained a steady level at the 2-year mark post alloHCT, indicating sustained disease control even in patients who had experienced a failed prior autoHCT and those with refractory disease at the time of alloHCT (4-year PFS: 38%, OS: 52%) (40). Furthermore, the French registry data showed a favorable survival advantage for R/R AITL when compared to other histological subtypes (PTCL and ALCL), showing 5-year OS and EFS rates of 80% for R/R AITL. Despite the differences in survival rates, the univariate analysis did not reveal any statistical significance in OS, EFS, and TRM among the various histological subtypes (41).

A retrospective study from Huang et al. comparing auto and alloHCT for PTCL showed that primary refractory patients that underwent autoHCT had 3-year PFS of 20% and 3-year OS of 20%, while alloHCT provided rates of 49% and 53% for 3-year PFS and 3-year OS, respectively (17). Additionally, in a study aimed at evaluating salvage strategies after relapse in PTCL ALK-, all seven patients that underwent autoHCT at relapse died from disease progression, with median survival of 10 months (18). On the other hand, Smith et al. described a cohort of 241 patients from the Centre for International Blood and Marrow Transplant Research (CIBMTR) database that showed better OS and PFS in patients that underwent autoHCT in comparison to alloHCT, although there were differences in baseline characteristics (patients from the autologous group were more likely to be in CR1, have chemosensitive disease, ALCL subtype and fewer previous lines of therapy, which means they were of lower risk than the patients from the allogeneic group). Multivariate analysis did not show a difference between autologous and allogeneic in concern to relapse/progression, but NRM was higher in the allogeneic group and in patients with two or more lines of pretransplantation chemotherapy. Patients who underwent autoHCT in CR1 showed the highest survival rates. Moreover, patients presenting ALCL subtype had better survival rate (55% vs 35% PFS and 68% vs 41% OS) and reduced NRM in the autoHCT setting in comparison to alloHCT. This is the largest retrospective study regarding alloHCT in PTCL, with 126 patients undergoing this modality of transplantation, and they found that patients not in CR or after two or more chemotherapy regimens were at higher risk of overall mortality and treatment failure. Also, they described no impact of donor source, conditioning intensity, or graft-versus-host disease (GvHD) on relapse or survival (19).

A systematic review and meta-analysis published in 2021 was designed with the aim of comparing the efficacy and safety of auto and alloHCT in patients with R/R PTCL. Thirty studies were analyzed, comprising a total of 1765 patients. The rate of 3-year OS was relatively higher on the auto group (55% vs 50%, in comparison to allo), although CR rate prior to transplant was higher on patients who underwent autologous transplant, indicating that these patients were more chemosensitive. Therefore, when taking this enrollment bias into consideration, it is possible to speculate that alloHCT showed survival advantage in comparison to autoHCT. However, 3-year TRM was lower on the autologous group (7% vs 32%), showing that despite providing greater effectiveness, alloHCT may be riskier than autoHCT (42).

As presented in the articles reviewed, the evidence to support the use of autologous and allogeneic HCT in the R/R PTCL are limited and conflicting, meaning this is still a challenging scenario for physicians. Additional prospective trials and new therapeutic approaches, including cell therapy techniques, are sorely needed in this population.




4 Advanced cellular therapies for PTCL

CAR technology enables the cytotoxic immune cells to specifically recognize and target a surface antigen in a major histocompatibility complex (MHC)-independent manner. The CAR extracellular single-chain variable fragment (scFv) is specific for the target antigen and is linked by hinge and transmembrane regions to CD28 and/or 4-1BB co-activation domains and finally the CD3ζ intracellular signaling domain (43). Developing a safe and effective CAR-T cell therapy relies on identifying an ideal surface target antigen that is highly sensitive for the underlying malignancy and uniformly specific to avoid on-target off-tumor toxicities. Hematological malignancies are generally heterogeneous, and an optimal antigen that is exclusively expressed on all malignant cells with robust intensity is rarely found. Although not as studied as CD19+ leukemia and lymphomas and other hematological malignancies, the number of CAR-T cell therapy clinical trials for T cell malignancies have been increasing considerably in the past few years (Table 3).

CAR transgenes can be introduced into cells either transiently using mRNA electroporation or permanently using lentiviral, gammaretroviral or transposon-based gene delivery (44, 45). CAR-T products generated through viral vector transduction can lead to robust expansion and persistence in vivo, which heightens the risk of T-cell aplasia(46). Conversely, mRNA-engineered CAR-T cells have demonstrated similar anti-tumor activity but with limited persistence following administration (47, 48). This strategy shows promise for treating T-cell malignancies, but stable and sufficient tumoricidal activity may require sequential CAR-T administration or bridging to HCT. To address T-cell aplasia, equipping CAR-T products with safety switches (or suicide switches) may allow the control of transduced T-cells after infusion into patients (49).

Due to the similar biological structures and functions shared by B- and T-cells, chimeric antigen receptor (CAR) T-cell therapy was initially considered a natural approach for treating T-cell neoplasms. However, practical concerns such as fratricide and possibility of immunosuppression due to aplasia of normal T-cells have been raised. These concerns are further complicated by an immunosuppressive microenvironment that promotes the development and progression of T-cell malignancies, particularly TCLs (50, 51). Moreover, autologous T-cells harvested from patients with T-cell malignancies for CAR-T cell manufacture may be contaminated with malignant cells. To circumvent that issue, the use of allogeneic T-cells, Natural Killer (NK) cells, iNKT cells and macrophages are currently being explored. Indeed, several studies have evaluated these different cell types as allogeneic “off-the-shelf” products. In the following sections we present recent studies and discuss its advantages.




5 CAR-T cell for PTCL

Most targeted antigens for CAR-T products against T-cell malignancies, such as CD3, CD5, and CD7, are commonly expressed by healthy T-cells (52, 53). This shared expression makes it difficult to isolate healthy T-cells from patients with T-cell malignancies to engineer autologous CAR-T products, where normal and malignant T-cells might be collected during leukapheresis. A CAR-T construct targeting a tumor-associated antigen (TAA) expressed by different populations of T-cells may present on-target off-tumor effect, attacking and destroying malignant and normal T-cells, as well as other CAR T-cells, leading to disruption of CAR-T cells’ expansion, persistence, and tumoricidal function. Such fratricide could result in T cell dysfunction before or after exposure, leading to resistance to CAR-T therapy or disease relapse (54, 55). These observations prompted several groups to develop various products and strategies, including targeting more restricted T-cell antigens, such as CD4, CD30, CD37, and CCR4. Selecting the appropriate target and considering potential adverse events remains a challenge in CAR-T therapy for T-cell malignancies. Other alternative antigens, such as the myeloid markers CD13 and CD33, are emerging as possible targets due to their aberrant expression on precursor T-cell leukemia, which could indicate a worse disease prognosis (56). A quick search in the ClinicalTrials.gov repository using the terms “Peripheral T cell lymphoma”, “PTCL”, “T cell Lymphoma”, “CAR” and “chimeric antigen receptor” returned 40 studies of which 39 are CAR-T cell studies and only one is a CAR-NK clinical trial. It is possible to note from these studies that several T cell membrane markers are being investigated as possible targets to CAR-T cell therapy for PTCL (Figure 1). The most applied target is CD7, a protein of the immunoglobulin superfamily expressed both in mature T cells and thymocytes. Currently, eight different markers are being tested as targets for CAR therapy for PTCL: CD4, CD5, CD7, CD30, CD37, CD70, CD147 and TRBC1 (Table 3).




Figure 1 | Strategies to fight PTCL using advanced cellular therapies. At least seven T cell membrane markers are being currently targeted in clinical trials, but CAR-T cells demand gene editing whether to avoid fratricide (CAR-T/NK cells self-destruction) or Graft-versus-Host-Disease (GvHD) when using allogeneic T cells. As an alternative strategy, RNA-seq of malignant T cells reveal neoantigens that can be synthesized and delivered to dendritic cells for presentation through MHC molecules to T cells. Image was created using Biorender.




Table 3 | Registered clinical trials using CAR-T/NK cells to treat PTCL patients.



Even though malignant T-cells significantly decrease the expression of T cell receptor (TCR), this important receptor is still expressed in about 30% of T-ALLs and the vast majority of PTCLs (57). Since a normal population of T cells expresses both TRBC1 and TRBC2, and a malignant subset expresses only one, targeting either receptor individually could have antitumor effects while preserving a substantial portion of normal T-cells. In vitro studies on the generation of TRBC1CAR-T have demonstrated the ability to leave TRBC2+ cells untouched. In addition, treatment with these cells was associated with a significant decrease in tumor burden and prolonged survival in comparison to the control group (58). This led to the use of CARs specific for the TCR beta chain constant regions TCRB1 or TRCB2, which is being evaluated in a phase I/II clinical trial for T-non-Hodgkin lymphomas (NCT03590574). Malignant Sezary cells express a unique TCR gene rearrangement, which could be a good tumor-specific antigen to be targeted. However, this unique TCR seems to vary from patient to patient, making TCR targeting a complex approach (59). Certain highly expressed cell surface molecules such as CCR4, programmed cell death protein 1 (PD-1), and CD47 could provide a common targeting approach. CD47 is significantly increased on Sezary cells and inhibits phagocytosis by macrophages (60). Studies showed that targeting of universal T cell antigens such as CD3 and CD7 using CAR-T cells leads to fratricide of CAR-T cells. Other tumor-restricted antigens targeted with CAR-T cells include CCR4, CD4, and CD30. PTCLs are frequently characterized by the presence of CD4+ cells, with consistent and elevated expression levels of CD4 making it an optimal candidate for targeted therapy using CAR technology (61). Targeting of CD4 led to fratricide of CD4+ CAR-T cells, but the remaining CD8+ CAR-T cells may have therapeutic potential (62).

In 2021, Pan et al. (63) reported the first-in-human Phase I trial to evaluate the safety and efficacy of donor-derived CD7 CAR T-cell therapy for patients with R/R T-ALL. Twenty patients diagnosed with CD7-positive r/r T-ALL were enrolled. The median age of the participants was 11 years (range, 2-43), and they had received at least two previous therapies. To address the issue of CD7 CAR T-cell fratricide, the researchers designed a CAR construct using IntraBlock technology, which effectively prevented CD7 cell surface expression. To overcome the challenge of low quantity and quality of patients’ autologous T cells, CAR-T cells were manufactured using T cells harvested from previous SCT donors and new donors. Most patients experienced Grade 1-2 CRS, with only 10% of patients experiencing Grade 3 CRS. Neurotoxicities associated with the treatment were mild and self-limiting. The treatment demonstrated a high response rate, with 95% of the participants responding to the therapy. Furthermore, 90% of the patients achieved complete remission, including 85% who achieved MRD-negative CR by day 15. Within 15 days post-infusion, the therapy led to a rapid depletion of CD7-positive normal lymphocytes, including T cells. However, CD7-negative T cells dramatically increased in all patients, indicating a gradual recovery of total T cells and NK cells. These T cells also displayed lower T-cell receptor diversity. Nevertheless, they demonstrated the ability to react to fungal and viral stimulations, producing interferon-gamma, suggesting potential immune-protecting functions. The trial demonstrated an acceptable safety profile, with most adverse events occurring within 30 days post-infusion. Early GVHD was observed in 60% of the participants but was low grade and manageable. CAR T cells efficiently proliferated and persisted in patients without evidence of rejection, which may be attributed to complete chimerism in those who received donor-derived cells after previous stem cell transplantation. A multi-center, phase II study is currently in progress to investigate the use of donor-derived CD7 CAR-T cells in patients with R/R T-cell malignancies (63).

More recently, Tan et al. reported the outcomes of the same cohort described in 63, after a median follow-up time of 27 months post-treatment. Non-relapse mortality occurred in 25% of the 20 patients, with a median time of 6.8 months after treatment. The causes of non-relapse mortality included infections in patients without SCT consolidation and engraftment syndrome in a patient after SCT consolidation. Of the 19 patients who responded, seven proceeded to SCT consolidation, two withdrew to take alternative therapies, and ten did not receive further therapy. Among the ten patients who did not receive further treatment, three were in remission, three relapsed (including one with CD7-positive extramedullary disease), and four died of infection. Among the seven patients who underwent SCT consolidation, three maintained in remission, three relapsed, and one patient died of transplant-related complications. The relapse rate among responders was 33.3%, with a median time to relapse of 6 months post-infusion. The median PFS and duration of response (DOR) were 11.0 months and 10.5 months, respectively, among the 19 responders. The median OS was 18.3 months. The 2-year PFS rate for responders and OS rate for all 20 treated patients were 36.8% and 42.3%, respectively. Subgroup analysis revealed that patients without SCT consolidation had a 2-year PFS rate of 31.8% and an OS rate of 35%, with a median PFS and OS of 11.0 months and 18.3 months, respectively. In contrast, patients with SCT consolidation had a 2-year PFS rate of 42.9% and an OS rate of 58%, with a median PFS of 9.1 months. The study did not reach the median OS for patients who received SCT consolidation. Long-term monitoring of T-cell phenotype and function showed that CD7+ T and NK cells remained undetectable in all patients until the last visit, except for one patient who experienced recovery of CD7+ T and NK cells 25.6 months post-infusion following the loss of flow-cytometry-detectable CD7 CAR T cells at 22.7 months. The number of CD7− T, total T, and NK cells progressively increased, with total T-cell counts recovering to normal levels in 7 out of 12 patients at a median time of 1.9 months. Furthermore, long-term monitoring of T-cell phenotype and function in two patients revealed that the central memory T-cell subpopulation gradually increased, while low levels of naive and stem-cell memory T-cell subpopulations were detectable in one patient after 15 months. TCR diversity in patients after CD7 CAR T-cell infusion remained lower compared to healthy donors. The study identified late-onset GVHD as the most common long-term adverse event, with an incidence of 58% among the 12 patients without SCT consolidation. The authors suggest that early bridging to SCT consolidation may reduce the risk of severe infections, which were observed in a lower incidence (14.3%) in patients with SCT consolidation after CAR T-cell infusion. Relapse analysis revealed that among the patients who relapsed, four had CD7-negative relapses, and two had CD7-positive relapse. Frameshift or missense mutations were detected in the four CD7-negative relapse patients, suggesting that mutations may be a main cause of CD7 loss in tumor cells. The study also observed CD7-positive relapse following the loss of CAR T cells in a patient without SCT consolidation, suggesting that insufficient persistence of CAR T cells may contribute to relapse. The study acknowledges several limitations, including its phase I trial design with a small sample size. Consequently, the authors emphasize the need for larger phase II studies to confirm the safety, efficacy, and prognostic factors associated with CD7 CAR T-cell therapy. Despite these limitations, the study’s strength lies in its provision of the first long-term follow-up in patients with T-ALL after CAR T-cell treatment. The durable responses observed, along with new signals of long-term adverse events, support the feasibility of using donor-derived CD7 CAR T cells as salvage treatment for children or adults with R/R T-ALL. Notably, severe infection emerged as a significant side effect associated with this therapy, underscoring the importance of early SCT consolidation and vigilant monitoring and prevention of infections for patients for whom subsequent SCT is not feasible (64).

Zhang et al. have recently presented the outcomes of a single-center phase I study evaluating autologous and allogeneic anti-CD7 CAR-T cell therapy in patients with R/R T-cell malignancies. The trial enrolled 11 patients aged 16 to 69, with CD7+ T-cell malignancies, including adult T-ALL, T-cell lymphoblastic lymphoma, angioimmunoblastic T-cell lymphoma, and mycosis fungoides. Of these patients, 10 received treatment, after one patient achieved complete remission prior to CAR-T cell infusion. The median lines of previous therapies were 4. CAR-T cells were produced using PBMCs from either patients or donors. The authors observed that 70% of patients achieved CR with mild CRS and no ICANS. Patients who received allogeneic CAR-T cells did not experience severe CRS, ICANS, or GVHD. In addition to these common complications, hematological toxicities, hemophagocytic lymphohistiocytosis (HLH), infections, and T-cell aplasia were also observed. The choice of allogeneic CAR-T cells for patients with highly aggressive and rapidly progressing malignancies eliminated the need for a one-month drug elution period before leukapheresis, reducing the likelihood of rapid disease progression. The CR rate was 80% for patients receiving allogeneic cells compared to 40% for those with autologous products. Notably, the relapse rate showed significant differences, with only one patient (25%) experiencing CD7- recurrence after allogeneic CAR-T cell therapy, while all patients treated with autologous CAR-T cells relapsed, either in the bone marrow or as extramedullary disease. Some patients experienced CD7+ recurrence despite the absence of detectable CAR copies in vivo. The study highlighted that the lower persistence of autologous CAR-T cells may contribute to treatment failure. Allogeneic CAR-T cells demonstrated stable survival in 75% of patients at month 2, whereas only 33% of patients receiving autologous cells showed persistent CAR-T cell presence. Two patients with Epstein-Barr virus (EBV) activation died of pneumonia during the study, emphasizing the need for caution when enrolling patients with a history of EBV infection and the importance of close monitoring. Limitations of the study include its non-randomized controlled trial design due to patient conditions and the small sample size. The authors emphasized the need for extended follow-up and larger studies to further evaluate long-term outcomes of anti-CD7 CAR-T cell therapies in T-cell malignancies (65).

Using a different approach to avoid fratricide during anti-CD7 CAR-T manufacture, Lu et al. showed the development of naturally selected CD7 CAR T cells (NS7CAR) for the treatment of CD7+ T-cell malignancies, focusing on T-ALL/LBL. The authors employed lentiviral transduction and selection techniques to generate NS7CAR T cells that retain CD7 expression while avoiding self-targeting and fratricide. A first-in-human phase 1 clinical study was conducted, utilizing NS7CAR T cells derived from patients with treatment-refractory T-ALL/LBL or their hematopoietic stem cell donors. Twenty patients, aged 3 to 47 years, received NS7CAR T cell therapy. Most patients experienced mild CRS, with only one patient developing grade 3 CRS, and neurotoxicity was minimal. At the 28-day evaluation, 19 patients achieved measurable residual disease-negative complete remission or incomplete CR, including responses in patients with extramedullary disease. Subsequent transplantation was performed in most patients, and no relapses were documented during a median follow-up of 142.5 days. Importantly, NS7CAR T cell therapy resulted in rapid ablation of circulating CD7+ T cells and natural killer (NK) cells, which were replenished by CD7-negative subsets, preventing prolonged T-cell and NK-cell aplasia. The study concluded that NS7CAR T cells are well-tolerated and effective against CD7+ T-cell malignancies. Importantly, the generation of naturally fratricide-resistant CD7 CAR-T cells simplifies the manufacturing process and enhances the cost-effectiveness of this therapy (66).




6 “Universal” CAR-T cell for T-cell malignancies

Gene-editing methods have been gaining prominence in the cellular therapy field, such as the transcription activator-like effector nuclease (TALEN), which is being used to disrupt the CD3/TCR complex and prevent the expression of endogenous TCR in T-cells. Once TCR is inhibited, the cells are then modified to express CD3ϵ-targeting CARs. This approach has shown impressive results, with specific and significant antitumor activity against pediatric T-ALL samples demonstrated in preclinical models with the CD3+ Jurkat cell line (67). In a separate study, gene editing technologies were employed to simultaneously remove the expression of one of the TRBC genes, resulting in the elimination of endogenous TCR from the cell surface, indicating that this strategy could be used to prevent fratricide when producing autologous TRBCCAR-T (68). Other gene-editing techniques, such as CRISPR-Cas9, and Zinc-finger nucleases (ZFN), have been investigated for their potential to develop off-the-shelf CAR-T products for T-cell neoplasms. CRISPR-Cas9 has also been used to knock-out CD5 in T cells before embedding the CAR transgene into primary patient cells and Jurkat cells (69). This approach has resulted in limited fratricide and subsequent CAR persistence. CRISPR-Cas9 genome editing to disrupt the CD7 expression and engineer CAR-T cells lacking CD7 and TCR alpha chain (TRAC) expression have demonstrated significant antitumor activity against T-ALL cell lines and primary human samples, as well as tumor regression in preclinical models with the absence of GvHD (55).

Hu et al. presented the results of a phase I clinical study investigating the safety, efficacy, and pharmacokinetics of genetically modified CD7-targeting allogeneic CAR-T cell therapy (RD13-01) in patients with R/R CD7-positive hematological malignancies. The RD13-01 CAR-T cells were designed to enhance persistence and potency by genetically depleting CD7, TCR, and HLA class II, and incorporating an NK cell inhibitor (NKi) and the common cytokine receptor γ chain (γc). Preclinical assessments demonstrated potent antitumor activity of RD13-01 CAR-T cells. In the clinical trial, RD13-01 CAR-T cells were manufactured from allogeneic healthy donor PBMCs, and residual TCR/CD3+ T cells were removed to minimize GvHD. Twelve eligible patients with relapsed or refractory hematological malignancies were enrolled, including T-ALL, T-cell lymphoma, and acute myeloid leukemia (AML) cases. No dose-limiting toxicity, GvHD, or ICANS occurred during the trial. Grade 1-2 CRS was observed in 10 patients, with no severe CRS (grade ≥3) reported. Among the 11 patients evaluated for efficacy, 82% achieved an objective response, with 64% achieving complete remission or CR with incomplete hematological recovery at day 28 post-infusion. At a median follow-up of 10.5 months, four responders remained in CR, while one patient underwent salvage HCT and remained in CR. However, relapse or disease progression occurred in three leukemia and one lymphoma patient at a median time of 82 days after infusion. The expansion of CD8+CD7− T cells, which may recognize the HLA antigen of infused CAR-T cells, was associated with decreased CAR-T cell numbers and antigen-positive relapse. On the other hand, however, as 63 have shown, CD7− T cells generated from CD7-depleted hematopoietic stem cells may contribute to maintaining T cell function and controlling infections. Strategies to prolong CAR-T cell persistence while preserving CD7− normal T cell expansion, such as the expression of inhibitory ligands (e.g., PD-L1) on allogeneic CAR-T cells, warrant further investigation. Additionally, the authors report inter-patient variability in clinical responses following infusion of cells manufactured from the same batch, suggesting that endogenous factors and recipient immune landscape may influence therapeutic outcomes in the context of a universal CAR-T therapy (70).

In a more recent work, 71 demonstrated the use of base editing, mediated by CRISPR technology, for precise DNA modifications without inducing double-stranded DNA breaks, to generate base-edited allogeneic CAR7 (BE-CAR7) T cells for a phase I feasibility and safety trial in pediatric patients with R/R T-ALL. Healthy donor T cells were electroporated with specific single-guiding RNAs (sgRNAs) and a codon-optimized cytidine base editor (coBE) mRNA to target TRBC1, TRBC2, CD7, and CD52 genes. The edited T cells were then transduced with a lentivirus vector encoding a CAR targeting CD7. The trial aims to recruit 10 children in the United Kingdom for an initial cohort. The initial report covers data from lympho-depletion to day 28 after CAR-T cell infusion for three patients. Patients in molecular remission at day 28 underwent allogeneic stem-cell transplantation, depleting any persisting BE-CAR7 cells through the conditioning regimen before the transplant. Molecular analysis confirmed the precise editing of targeted cytosine positions in TRBC, CD7, and CD52. Karyotyping showed normal karyotypes, and PCR assays had negative results for translocations. The 28-day treatment period led to significant antileukemic responses and deep remission in two of the three patients. Cytokine release syndrome (CRS), fever, rash, and multilineage cytopenia were observed in all patients, with infectious complications managed with antiviral medications. The authors acknowledge the substantial immunosuppressive and cytopenic effects of the protocol and the risks associated with immune-cell manipulation. Subsequent allogeneic transplantation was performed to ensure immune reconstitution and limit the persistence of engineered cells (71).




7 CAR-NK cell for PTCL

Prior pre-clinical investigations have employed CAR-modified primary human natural killer (NK) cells against CD19, CD20, CD244, and HER2 for both hematological and solid tumors (72–75). Additionally, clinical trials have demonstrated successful application of anti-CD19 CAR-modified umbilical cord blood-derived and haploidentical NK cells in patients with CD19 lymphoid tumors and acute myeloid leukemia, respectively (76, 77). The use of CAR-modified NK cells can potentially eliminate the risk of fratricide, T-cell aplasia, and GvHD associated with CAR-T therapy (78). It may also remove the need for an inducible safety switch, as CAR-modified NK cells are eliminated shortly after administration (79). In contrast to CAR T-cells, CAR NK cells offer the benefit of engaging tumor cells through diverse mechanisms, while exhibiting a relatively reduced production of pro-inflammatory cytokines (80, 81).

The human NK cell line NK-92 has been utilized in multiple clinical studies for both hematologic malignancies and solid tumors, as well as in pre-clinical CAR applications (82–84). Given its versatility in both clonal NK cells and autologous/allogeneic NK cell immunotherapy, NK-92 serves as a valuable model. A third-generation CD5-CAR incorporating NK-92 cell lines, which do not express CD5 on their surface, showed selective and significant tumoricidal activity towards various T-cell lines, including Jurkat, CCRF-CEM, and MOLT-4, as well as against primary CD5+ cells from human T-ALL and PTCL samples (85). To mitigate the risk of T-cell aplasia and related infections, researchers engineered a CD4-redirected CAR-NK using the NK-92 cell line (61). Ex vivo experiments have shown that CD4CAR NK-92 cells possess potent anti-tumor cytotoxicity against various adult and pediatric CD4+ lymphoma/leukemia cell lines, as well as primary CD4+ T-cell malignancies from both adult and pediatric patients. In xenogeneic mouse models, CD4CAR NK-92 cells also demonstrated strong in vivo anti-CD4 activity. Notably, CD4CAR NK-92 cells did not affect the CFU capacity of CD34+ cord blood granulocyte/macrophage or erythroid cells in ex vivo assays, indicating that they do not compromise the hematopoietic stem cell and progenitor compartment. This promising approach suggests that CD4CAR NK cells could be utilized as part of a bridge-to-transplant strategy or as a stand-alone curative treatment for patients who are not eligible for HCT. Moreover, CD3CAR transduced NK-92 cells showed significant dose-dependent in vitro and in vivo cytotoxic against CD3-expressing PTCL samples and several T-ALL cell lines, with prolonged survival in preclinical models engrafted with the Jurkat cell line (86). In a recent study, CAR-NKs with the 2B4 and 4-1BB costimulatory domains demonstrated similar selective tumoricidal activity in vitro, while CAR-NKs with the 2B4 co-stimulatory domain showed an improved antileukemic activity in T-ALL preclinical models (87).




8 Future perspectives

CAR-T cell therapy has faced challenges in achieving optimal trafficking to challenging tumor sites, such as the skin. This is thought to be due to poor infiltration of such areas by αβ T cell subsets. γδ T cells, which constitute a smaller population of circulating lymphocytes (1-5%), are present in the skin, intestine, and reproductive organs and express chemokine receptors that attract them to these inaccessible tumor locations (88, 89). Additionally, γδ T cells can proliferate ex vivo and do not induce GvHD due to MHC-independent activation of their TCR. Therefore, γδ T cells could be considered as potential alternative effectors for allogeneic CAR-T therapy in T-cell malignancies, following thorough evaluation in studies for other malignancies (90, 91). Multi-virus-specific T (VST) cells have also been utilized as effector cells for CAR expression. Such cells can be genetically engineered to lack CAR target antigen expression and be fratricide-resistant, offering potential antiviral activity in the case of T-cell aplasia (92, 93). Studies have shown that allogeneic VST cells with HLA alloreactivity do not cause GvHD in humans, suggesting they may provide an alternative for producing off-the-shelf CAR-Ts (94).

The potential of CAR-iNKT (Invariant Natural Killer T) cell therapy as an “off-the-shelf” allogeneic immunotherapy for the treatment of T cell lymphoma is also being investigated. iNKT cells are a rare subset of T cells with innate and adaptive immune features (95). They express an invariant TCRVa24Ja18 chain that pairs with diverse TCRVb11 chains (96). By targeting specific TCRVb chains associated with ATL/TCL, CAR-iNKT cells can be engineered for effective and precise immunotherapy. In a very elegant pre-clinical study, (97) generated lentiviral CAR constructs to target TCRVb1, Vb2, Vb9, and Vb11 expressed on T cells. CAR-iNKT cells engineered with these constructs demonstrated potent anti-tumor activity against primary ATL cancer cells. TCRVb2 CAR-iNKT cells significantly inhibited tumor growth without causing adverse effects such as weight loss or signs of acute GVHD in animal models. The findings suggest that anti-TCRVb CAR-iNKT cells can offer both autologous and allogeneic treatment options as “off-the-shelf” cellular immunotherapy for T cell malignancies. Early clinical experience with allogeneic CAR-iNKT cells against B cell lymphoma have already indicated minimal toxicity and aGVHD (98). Overall, this study provides a promising rationale for the clinical development of anti-TCRVb CAR-iNKT cells as an effective and highly selective immunotherapy for currently incurable T cell lymphomas.

Another interesting approach to target PTCL that has already been evaluated in clinical studies is based on the use of neoantigen-activated haploidentical T cell therapy (NAHTC) (99). Whole-exome sequencing was used to identify non-synonymous mutations in matched tumor and normal cells, as well as tumor RNA sequencing to identify neoantigen candidate epitope sequences. The predicted binding affinity of peptides to individual HLA molecules was then determined, and synthetic RNAs encoding potential neo-epitopes were designed based on the selected mutations. Haploidentical donor’s monocytes were isolated and differentiated into mature dendritic cells (DCs) that were electroporated with selected synthetic RNA and then co-cultured with haploidentical T cells. Preliminary findings demonstrate that the NAHTC regimen was well-tolerated, with no incidence of CRS or GvHD in the treated patients. Of the five PTCL patients evaluated, four (80%) achieved a complete response, and three of the four CRs were sustained until the last analysis. Thus, treatment with NAHTC was safe and resulted in durable clinical responses. Despite the small sample size and preliminary nature of these findings, single-dose NAHTC therapy demonstrated superior activity compared to recently FDA-approved drugs for R/R PTCL (100–102). The effectiveness of NAHTC therapy for PTCL may stem from its distinct mechanism of action. Tumor neoantigens represent de novo epitopes derived from somatic mutations and are therefore tumor-specific and highly immunogenic, as they lack central tolerance. NAHTC cells activated by multiple patient-specific neoantigens in vitro are likely to target a diverse array of malignant clones within each patient, with the potential to address tumor heterogeneity, reducing the likelihood of tumor escape by single neoantigen loss (103, 104). The use of T cells from healthy donors in haploidentical T-cell therapy ensures their manufacture quality and quantity, making it a simple, safe, and reliable process that saves time and reduces costs, ensuring the accessibility of this treatment to more patients.




9 Conclusion

Autologous HCT has been the core of consolidation therapy in most of the more common PTCL subtypes for chemoresponsive patients (2, 35). Only recently, after the first randomized phase III ECHELON-2 study, there is evidence of improvement in PFS and OS in comparison to standard induction regimen CHOP (105). The expression of ALK in ALCL correlates with a favorable prognosis compared with other histological subtypes of PTCL, therefore, autoHCT may be considered in high-risk IPI patients or in second-line therapy. On the other hand, acute and lymphomatous subtypes of ATLL have a poor prognosis, with recommendation of alloHCT even in first-line therapy (2, 35). Overall, there is limited data and a lack of randomized trials for PTCL treatment, mainly due to the low incidence and heterogeneity of histology subtypes, and therefore, current treatments rely mostly on phase II trials, retrospective studies, and expert opinion (106). Overall, it is possible to conclude that HCT is a reasonable strategy for PTCL patients in the R/R context, but it seems that main factors to take into consideration may be the type of transplant (auto/allo) and the stage of the disease to be performed. Currently, HCT is the only potentially curative therapy for patients with R/R PTCL, and the evidence for the role of auto and alloHCT for this population has only been evaluated in registry data and retrospective studies (4). It is noteworthy that conclusions were not homogeneous among authors. In general, it might be safe to assume that autoHCT often results in lower durable benefit for patients with R/R disease in comparison to alloHCT, however, for patients with ALCL subtype and chemosensitive disease, autoHCT may provide survival benefit. These findings corroborate with the current recommendations from the American Society for Blood and Marrow Transplantation, that recommends autoHCT for nodal PTCL subtypes with relapsed chemosensitive disease, if it has not been done as upfront consolidation, or alloHCT when an autologous transplantation was made in first line (35). CAR-T cell therapy is currently being considered as a possible approach for the treatment of PTCL, but challenges like fratricide, failure in manufacture and proper antigen targeting still need to be addressed. Clinical studies that use allogeneic anti-CD7 CAR-T have shown promising results, indicating it as an effective “bridge-to-transplant” strategy for patients with available hematopoietic cell donors. Novel approaches such as the use of other immune cells, like NK and myeloid cells equipped with a CAR as “off-the-shelf” products are being studied, as well as the modification of donor derived T cells through gene editing techniques (107). With the rapid evolving knowledge of PTCL molecular and pathogenic properties, we will be able to develop efficient and personalized therapies for the treatment of these hard-to-treat diseases.
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EBV is a lymphotropic virus, member of the Herpesviridae family that asymptomatically infects more than 90% of the human population, establishing a latent infection in memory B cells. EBV exhibits complex survival and persistence dynamics, replicating its genome through the proliferation of infected B cells or production of the lytic virions. Many studies have documented the infection of T/NK cells by EBV in healthy individuals during and after primary infection. This feature has been confirmed in humanized mouse models. Together these results have challenged the hypothesis that the infection of T/NK cells per se by EBV could be a triggering event for lymphomagenesis. Extranodal NK/T-cell lymphoma (ENKTCL) and Epstein-Barr virus (EBV)-positive nodal T- and NK-cell lymphoma (NKTCL) are two EBV-associated lymphomas of T/NK cells. These two lymphomas display different clinical, histological and molecular features. However, they share two intriguing characteristics: the association with EBV and a geographical prevalence in East Asia and Latin America. In this review we will discuss the genetic characteristics of EBV in order to understand the possible role of this virus in the oncogenesis of ENKTCL and NKTCL. In addition, the main immunohistological, molecular, cytogenetic and epigenetic differences between ENKTCL and NKTCL will be discussed, as well as EBV differences in latency patterns and other viral molecular characteristics.
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Introduction

EBV is a lymphotropic virus, member of the Herpesviridae family that asymptomatically infects more than 90% of the human population (1). EBV enters the organism mainly via the oropharyngeal epithelium and infects circulating B cells to establish itself in a state of latency in the memory B cells. Its primoinfection occurs at variable ages, depending on the socioeconomic conditions of the populations (1, 2). Although the primary infection is almost always subclinically controlled, it may lead to the clinical syndrome of infectious mononucleosis (IM) (1, 3) when it occurs in adolescents and young adults.

IM is an EBV-driven proliferation of B lymphocytes that is controlled by humoral and cellular immune responses (1, 3). Characteristically there is a florid T cell response mainly consisting of activated CD8+ cytotoxic T cells specific for lytic, and to a lesser extent, latent viral antigens expressed on EBV-infected B cells (3, 4).

In an immunocompetent population, EBV remains latent for most of the host’s life. However, the viral load secreted in saliva can fluctuate over time and virions can be continuously released into saliva due to the viral reactivation process, which characterizes the switch from the latent to the lytic cycle of the virus (5). Additionally, a series of associations between terminal cell differentiation and EBV reactivation has been established (6), demonstrating that viral reactivation occurs mainly when the infected memory B cell is induced to differentiate into a plasma cell (7). Further, the transcription factors responsible for maintaining the memory B cell differentiation stage are described as repressors of lytic activation (8).

EBV is a ubiquitous herpesvirus and well-adapted to the human species, where most infections tend to converge to benign clinical outcomes. Although not being part of its natural replicative cycle, EBV is etiologically associated with the development of several neoplasms, highlighted by strong epidemiological and molecular evidences (9).

Solid and lymphoid neoplasms can be EBV-associated, such as nasopharyngeal carcinoma, gastric carcinoma, classical Hodgkin lymphoma, Burkitt lymphoma, post-transplant lymphoproliferative disease, extranodal NK/T-cell lymphoma (ENKTCL) and EBV-positive nodal T- and NK-cell lymphoma (NKTCL) (1, 10–12). It is estimated that approximately 200,000 new cases of EBV-associated tumours are diagnosed globally each year, which has led the International Agency for Research on Cancer (IARC) to consider it as group 1 carcinogen (9). The epidemiology of EBV-associated neoplasms is complex and may depend on age, sex, socioeconomic status, ethnographic customs, as well as host and viral genetic background (1, 6, 10, 13–15).

An established causal relation between EBV-infection of B cells and development of B cell lymphomas such as classical Hodgkin lymphoma and Burkitt lymphoma is well described (1, 12–14, 16, 17).

Much progress has been made in understanding how EBV transforms B cells and can contribute to their oncogenesis (1, 16–18). Meanwhile, since the first description of EBV association with the lethal midline granuloma (later renamed as ENKTCL), considerably less information has been published about its role in T and NK cell lymphomagenesis (19).

In lymphoid proliferations of T and NK cells, EBV is associated with ENKTCL, NKTCL, angioimmunoblastic- and follicular-type of nodal T-follicular helper cell lymphoma, systemic EBV-positive T-cell lymphoma of childhood as well as EBV-positive T- and NK-cell lymphoid proliferations (severe mosquito bite allergy, hydroa vacciniforme lymphoproliferative disorder and systemic chronic active EBV disease) (11, 18). Specially in the angioimmunoblastic- and follicular-type of nodal T-follicular helper cell lymphoma, EBV is detected mostly in the non-neoplastic B cells, while occasionally EBV-associated T cells, presumably reactive T cells, can be found in some cases (11, 18, 20, 21).

Due to a high incidence of ENKTCL and NKTCL in East Asian and Latin American populations a possible genetic predisposition has been suggested (18).

In this review we will discuss the genetic characteristics of EBV, its possible role in the oncogenesis of ENKTCL and NKTCL, two lymphomas of mature T and NK cells, as well as the main differences between these two lymphomas.





The Epstein-Barr virus

EBV is a gammaherpesvirus and was the first human candidate oncovirus in 1964 (22). Subsequently it was identified as a ubiquitous herpesvirus worldwide and it took many years to establish its etiological role in several human cancers (9). Nowadays EBV is causally associated with lymphoproliferations of B- or T- cell origins and carcinomas, which could reflect the EBV cell tropism (23, 24).




Viral latency

EBV exhibits complex survival and persistence dynamics, replicating its genome through the proliferation of infected B cells or production of the lytic virions. For this, the EBV expresses its genome differentially, characterizing the latency patterns (III, IIb, IIa, I and 0). The dynamics of EBV latencies were initially described in studies using B lymphoblastoid cell lineages and proposed as a germinal center model (25, 26). This model reflects mechanisms of viral adaptation through the host infection and it is characterized by successive downregulation of potentially immunogenic oncoproteins of EBV during the different stages of infection.

During the infection of immature B cells, the EBV genome, which is linear in the virion, circularizes through the fusion of its direct terminal repeats regions (TR), establishing itself in the episomal form (27, 28). In an initial moment, the virus begins to express a set of lytic genes in a transitory way, in a phase known as pre-latent abortive lytic cycle. In this phase there is no virion production or there is limited production of viral particles, which seems to occur due to the absence of methylation in the viral genome during this phase (29). Its known that the main lytic regulator of EBV, the Zta protein, preferentially binds to methylated DNA motifs, causing the transcription of lytic genes. During this initial phase that does not occur efficiently (30). Moreover this pre-latent abortive lytic phase proved to be essential for the establishment of latency in B cells (29).

Subsequently, the virus begins to express all of its latent genes. This phase of the infection is known as the growth program or the latency III profile and is characterized by the expression of six nuclear antigens (EBNA-1, -2, -3A, -3B, -3C and leader protein), three latent membrane protein (LMP-1, -2A and -2B), two untranslatable RNAs (EBER1 and EBER2, herein referred to as EBERs) and two clusters of microRNAs (BART and BHRF), which gather more than 40 sequences of miRNAs (26). The latency III pattern can be detected during the primary EBV infection in IM, lymphoblastoid cell lines and post-transplant lymphoproliferative diseases (31, 32).

The latency IIb may be observed during the transitional phase between latency III and IIa, and it is characterized by the expression of EBNA1, EBNA2, EBNA3A, EBNA3C, EBERs, BART miRNAs and BHRF miRNAs. This latency is observed in IM and post-transplant lymphoproliferative diseases too (31, 33, 34).

In the latency IIa expression of EBNA1, LMPs, EBERs and BART miRNAs takes place. This latency program is responsible for the survival of EBV-infected B cells in the germinal centre reaction, allowing them the possibility to differentiate into memory B cells. This latency can be found in classic Hodgkin lymphoma and nasopharyngeal carcinoma (31).

After differentiation into a memory B cell, the EBV-infected B cell in asymptomatic individuals exhibits the latency 0 which is characterized by the presence of only EBERs (31).

Latency I is detected during homeostatic proliferation of EBV-infected memory B cells, ensuring the viral persistence in the progeny. In this latency only EBNA1, EBERs and BART miRNAs are detected. Beyond EBV-infected memory B cells in cell division, the latency I is identified in Burkitt lymphoma (31). After cell division, the expression program will return to latency 0.

Although it varies between individuals, the frequency of infected cells in peripheral blood remains relatively stable, with a constant absolute number over several years in healthy carriers (35). Furthermore, despite this apparent stability in the number of infected B cells in the host, the viral load in saliva fluctuates over time, as a consequence of the viral reactivation process (36).

The mechanisms that lead to viral reactivation are not fully understood, but evidence suggests that it possibly occurs when the infected memory B cells are stimulated to differentiate in plasma cells, for example by stimuli such as cognate antigen recognition and interaction with T cells (37). Due to the transcription factors associated with plasma cell differentiation, such as XPB-1 (X-box binding protein 1) and BLIMP1 (B-lymphocyte-induced maturation protein 1), BZLF1, the main regulator of the switch from the latent cycle to the lytic cycle, is activated inducing the expression of other lytic genes and resulting in the formation of new viral particles (38).

The initial activation of the BZLF1, which encodes the lytic transactivator Zta, leads to the expression of another important gene at the beginning of the lytic phase, the BRLF1 gene, which encodes the Rta transcription factor (39). Together, these two transcription factors drive the expression of a series of viral genes that enable and direct the amplification of viral DNA, as well as enzymes necessary for replication (40, 41). This process results in the production of new viral particles by EBV-infected plasma cells, which migrate mainly to the Waldeyer ring region. The virus is released and it is able to infect new immature B cells, restarting the replicative cycle and maintaining the B cell compartment of infected memory B cells. In addition the new viral particles can infect local epithelial cells, where the virus will replicate, and posteriorly be released in saliva with the potential to infect other hosts (42).





Immune response

Taking into account the anti-EBV immune response, the viral proteins display a hierarchical immunodominance for the CD8+ T cell response. The strongest responses are induced by the proteins EBNA3A, EBNA3B, and EBNA3C, presenting in the latency III program (43, 44). A similar hierarchical response pattern is observed for the lytic cycle antigens, to which the strongest responses are observed against the immediate early antigens BZLF1, BRLF1 and BMRF1, also observed in the latency III (1, 43–45). These features allow the control of cells expressing the latency III program, consequently decreasing the deleterious potential offered by those proteins, which display high transforming power (43, 46).

The description of latency in the normal life cycle of EBV is only well characterized in B cells (32). Specially in IM, it is observed that different latency patterns can be found at the same time during the disease, possibly reflecting the dynamics of viral survival where the highly immunogenic latency pattern III is gradually replaced by the non-immunogenic latency pattern 0 (31, 47).





The molecular characteristics of EBV

EBV is also known as human gammaherpesvirus 4 (or HHV-4), and like all human herpesviruses, is considered a biological agent with stable genetic material. However, the long period of coevolution with the host led to the development of viral adaptation control against the conditions imposed by the host’s antiviral defence (48, 49).

EBV possesses a complex double-strand DNA genome of approximately 172 kb, with the potential to translate more than 80 proteins and 46 functional small untranslated RNAs (EBERs, BART and BHRF1 miRNAs) (50). The majority of EBV’s transcripts are expressed only during the lytic cycle and eleven of them are transcribed during latency, of which only nine are translated. Moreover, EBV genome has several internal direct repeats, which are found in latency promoters and in short and long sequences throughout the genome, as well as TR at both ends of the genome (50). The presence of clonal TR from EBV in EBV-associated neoplasms suggests that the virus was present from an early stage, before the oncogenesis (50).

EBV harbours genes with high conservation among herpesviruses, such as genes encoding lytic cycle proteins involved in viral DNA replication, viral particle structure and viral DNA packaging. However, other genes are shared only among the Gammaherpesvirinae subfamily, for example those that encode immediate initial controllers of the lytic cycle, as BZLF1 and BRLF1, and the latent proteins LMP1 and LMP2. Furthermore, some genes have similarities with the host, such as: BZLF1, BHRF1 and BCRF1 which are similar to the c-FOS, BCL-2 and IL-10 of the host, respectively (51, 52).

As the latency genes of EBV may be related with the development of some neoplasms, they have been used to characterize the viral diversity. The main objective behind this approach is to try to differentiate if restricted strains are truly associated with a neoplasia or if it reflects only a geographical restriction, prevailing in a specific population (53–60).

The EBV can be separated in two different genotypes (type 1 and type 2), based on the differences in the sequences of EBNA-2 and EBNA-3 (61). The main functional difference between these genotypes is that the type 1 is more efficient in establishing lymphoblastoid cell lineages in vitro when compared to type 2 (50). Despite the functional differences, it is observed that the EBV type 1 is highly prevalent worldwide when compared to type 2 (53, 62–64). The types are associated with geographic restriction due to immunocompetence of the population and/or group studied, rather than disease association (53, 62–64). Although the EBV types are not commonly associated with neoplasms per se, previous epidemiological studies associated the haplotype Type1+V3 with tumours in Southeast Asia and AIDS-associated lymphomas (65, 66). The V3 polymorphism is located in the promoter zone (Zp) of the lytic transactivator BZLF1 gene, which is responsible for switch from latent to lytic cycle (65, 66). Recently it was demonstrated that this haplotype confers a functional increase in viral lytic reactivation, which could favour tumour development, since viral reactivation is a known risk for EBV-associated neoplasms (67, 68). Therefore, EBV type 1 together with other genetic viral factors may contribute to the development of EBV-associated malignancies.

Early efforts to describe EBV diversity led to a genetic characterization of various latent proteins (69). From these, LMP1 is a well-characterized latent protein with the ability to transform and immortalize not only B cells but also epithelial cells in vitro (64, 70). LMP1 protein has 386 amino acids, as well as three domains with different characteristics and functions, during the viral replicative cycle and cellular transformation. Moreover LMP1 is one of the most variable EBV genes, displays a high intra-host variability, has a high genetic diversity and is geographically restricted, reflecting human migration over the past few centuries (54, 57, 60, 71, 72).

In the 1990s, the LMP1 variant called CAO was characterized, harbouring specific polymorphisms such as 30 bp deletion (del30) located at the 3’end of the C-terminal domain, compared to the prototype (59, 73, 74). This CAO variant, in a model of overexpression, was able to induce neoplasia in vivo (73, 74). Since then, LMP1 polymorphisms have been extensively studied in several groups of EBV-associated malignancies worldwide (54, 59, 60, 75, 76). Several polymorphisms and mutation hotspots, such as 15 bp insertion (ins15) that encodes a Janus Kinase 3 (JAK3) motif and the number of 33 bp repeats were associated to specific variants, as well as B cell lymphomas and AIDS-associated B cell lymphomas in specific populations (54, 59, 60, 75, 76).





EBV-infection of T and NK cells

We previously described that although B cells are the main compartment of EBV infection in IM, T and dendritic cells are also infected during the primary infection, however to a minor amount. In the same study we were able to show a predominance of EBV-infected CD8+ T cells over CD4+ T cells (47). Like T cells, NK cells can also be infected by EBV in vivo (77, 78). Moreover we showed that the EBV-infected T cells expressed EBNA1 and EBNA2 proteins, but not BZLF1, suggesting absence of lytic cycle (47). It is unknown whether these EBV-infected T/NK cells survive as a viral reservoir, go into apoptosis or are being destroyed by the immune system. The results described by Coleman et al, which EBV-infected T cells can be found in healthy Kenyan children at 12 months of age with persistence through 24 months of age, suggest that the EBV-infected T cells may survive (79). In vitro studies and studies using humanized mouse models have confirmed these observations (80, 81). Taking into account these studies, it is very likely that the infection of “healthy” T/NK cells by EBV per se is not sufficient to trigger the lymphomagenesis in these cells. Additional events may be necessary to the establishment of a fully malignant phenotype and consequently development of ENKTCL and NKTCL (Figure 1).




Figure 1 | Schematic representation of two hypotheses related with the Epstein-Barr virus (EBV) infection and lymphomagenesis in T/NK cells. In the light purple background, a possible scenario is shown, where EBV infects “healthy” T/NK cells and stablishes a latent infection (cell in blue). It is possible that some of these infected cells are eliminated by the immune system or go into apoptosis (cell in brown). Viral reactivation phases with virus entry into the lytic cycle may occur in infected T/NK cells (red arrows), just as they happen in infected B cells. Mutational events in one EBV-infected T/NK cell may take place later, resulting in the fully malignant phenotype (grey background). In this context, EBV would act as an initiating agent. In the light green background, another hypothesis is presented. The EBV-infection occurs in a previously mutated T/NK cell (initiated cell) and the viral machinery would trigger the fully malignant phenotype (grey background). In this context, EBV would serve as a promoting agent.








ENKTCL

ENKTCL is an extranodal EBV-associated lymphoma of either NK or T cell lineage, which can affect nasal mucosa, skin, testis, kidney, gastrointestinal tract and salivary glands. As this lymphoma displays high prevalence in Asia and South America, it is hypothesized that population genetic characteristics, which influence the host immune response against EBV, may be related to lymphomagenesis (18, 82).

ENKTCL is characterized by a diffuse infiltrate of atypical lymphocytes of variable size, ranging from small to large. The nuclei are irregularly folded and hyperchromatic. In the small and medium atypical cells, the chromatin is granular, whereas in the large cells the nucleus tends to be vesicular. The nucleoli are usually small or inconspicuous. The amount of cytoplasm is moderate and frequently it appears pale to clear. Mitoses and apoptotic bodies are common. In most of the cases an angiocentric arrangement of tumour cells, together with angiodestruction and coagulative necrosis, is observed. Small lymphocytes, plasma cells, histiocytes and eosinophils are found in the background. Large areas of ulceration are noted in cases of mucosal presentation (11, 83).

Immunohistochemically the neoplastic cells are typically CD2+, CD56+, NKG2D+, NKG2A+, Tia1+, granzyme B+, perforin +, CD3-, CD4-, CD5-, CD8-, TCRαβ- and TCRγδ-, characterising the NK cell lineage (11, 84). CD7 shows a variable expression (11).

In the cases of true T cell lineage, the neoplastic cells are immunohistochemically CD2+, CD3+, CD5+, CD8+, Tia1+, granzyme B+ and perforin +. CD56 is normally negative, however can be positive. In addition there is the expression of TCRαβ or TCRγδ (11).

Cytogenetically ENKTCL are characterized by gains in 1p13, 2q33, 2q5, 3p14, 3q26, 6p21, 6p22, 7q34, 8q24, 9p24, 10q3, 13q4, 14q32, 17q21 and 22q11 as well as losses in chromosomes 1p4, 3q26, 5p13, 6q21-6q25, 8p22, 9p21, 12q3, 14q11, 14q21, 15q24, 17p13, 17p4, 18q22, 19q13 and 22q11 (85–88). Losses of 3q26 affected 50% of ENKTCL in one study, however abnormalities in this region are frequent in many neoplasms, including NKTCL and peripheral T cell lymphoma NOS (89, 90). Losses of 6q21-6q25 and the tumour suppressor genes present in that region, as PODC3, PREP, PRDM1, ATG5, AIM1 and HACE1, are found in circa 20-41% of ENKTCL (86–89).

Regarding the mutational profile, the ENTKTCL displays frequent mutations in JAK3, STAT3 and STAT5b (genes from JAK-STAT signalling pathway); in EPHA1, GNAQ, NOTCH3, PTPRK and PTPRQ (genes from RAS-MAPK signalling pathway); in ARID1A, ASXL1, BCOR1, EP300, KMT2D and MLL2 (epigenetic modifiers); in DDX3X (a RNA helicase gene); in MGA and TP53 (tumour suppressor genes); as well as in FAS (gene related to apoptosis) (85, 91–99).

Many overexpressed genes have been described in ENTKTCL and some of them are suspected to be involved in the pathogenesis of this lymphoma. EZH2 may be overexpressed in the majority of ENKTCL. This gene has a dual function; it can act as a histone methyltransferase, inhibiting the protective role of tumour suppressor genes or it can activate genes involved in oncogenic pathways (100). In ENKTCL EZH2 directly promotes cyclin D1 expression and this is related to MYC-mediated repression of miRNAs, such as miR26 and miR101, that normally target and inhibit EZH2 expression (100). It is important to note that MYC is upregulated in ENKTCL and is a transcriptional target of EBNA1, EBNA2 and LMP1 (31). RUNX3 is also overexpressed in ENKTCL, due to transcriptional action of MYC, inducing cell proliferation and reduced apoptosis (101). Other overexpressed genes are AURKA (occasioning cell proliferation) PDGFRA and PD-L1 (contributing to immune scape) (87, 102, 103).

Additionally, promoter methylation may be a frequent event in ENKTCL with consequent silencing of tumour suppressor genes (such ASNA, BIM, DAPK1, SOCS6, SHP1 and TET2) and regulators of cell cycle (such CDKN1A, CDKN2A and CDKN2B) (104, 105).

Recently Xiong et al. suggested that ENKTCL can be molecularly classified in three different molecular subtypes, named TSIM (from Tumour Suppressor and Immune Modulation), MB (from MGA mutation and LOH in the BRDT locus) and HEA (from mutations in HDAC1, EP300 and ARID1A) (85).

The TSIM subtype is characterized by high expression of NK cell genes (GZMB, KIR2DL1/2/4, KLRC1/2/3, KLRD1, KLRK1 and NCR1/3), mutations in genes of JAK-STAT pathway and in TP53, as well as amp9p24.1/PD-L1/2 locus and del6q21. In this subgroup, an upregulation of PD-L1/2 is found (85), which makes this group of patients feasible for checkpoint inhibitor treatment, at least from a theoretical point of view. Prospective studies are needed to confirm this hypothesis.

The MB subtype is distinguished by MGA mutation and 1p22.1/BRDT LOH. Both MGA and BRDT dysfunctions are associated with MYC amplification and clinically with tumour dissemination (85).

High expression of T cells genes (CD3D/G, CD8A/B, CD28, ICOS and VAV2/3), as well as mutation in HDAC9, EP300 and ARID1A characterize the HEA subtype. Aberrant histone acetylation is the hallmark of this subgroup (85).





NKTCL

NKTCL is a nodal EBV-associated lymphoma predominantly of T cells and more rarely of NK cells, which affects the lymph nodes (with or without extranodal involvement) and lacks nasal involvement (11). Clinically the patients are elderly or immunocompromised and display B symptoms as well as advanced stages (11). In the past, this lymphoma was known as EBV+ peripheral T cell lymphoma, not otherwise specified, and was part of the peripheral T cell lymphoma group. Now NKTCL is recognized as a distinct entity in the new WHO Classification (11).

Morphologically a diffuse and monomorphic proliferation of atypical cells of medium to large size with hyperchromatic nuclei and enlarged nucleoli, sometimes reminiscent of centroblasts is observed. Unlike ENKTCL, there is no coagulative necrosis and no angioinvasion (11).

Immunohistochemically the neoplastic cells are typically CD2+, CD3+ CD8+, Tia1+, granzyme B+, perforin + and CD56-, characterizing the T cell lineage. CD4 expression is unusual. The expression of TCRαβ or TCRγδ can be observed (11, 89, 106).

Cases of NK cell lineage are described and characterized by the expression of CD56, Tia1, granzyme B, perforin, as well as CD4-negativity. A small proportion of cases can co-express CD8 and CD56 (CD8+CD56+). In this situation, a clonality analysis should be performed to distinguish between T and NK cell origin (11, 89, 106).

Genetically, gains were found only in a small proportion of cases in the regions 1p13, 2q33, 3p14, 6p21, 6p22, 8q24, 14q32 and 22q11. Chromosomal loss seems to be a more recurrent lesion in this disease and it includes losses in 3q26, 6q24, 8p22, 9p21, 14q11, 17p13 and 22q11 (89, 106).

Regarding the mutational profile, NKTCL is characterized by frequent mutation in TET2 followed by PIK3CD, STAT3, DDX3X and PTPRD (89). Mutation in ATM, SETD2, JAK3, IRF4, STAT5B, DMXL2, MGA, FYN, LRP1B, FBXW7, FAT3, NOTCH3, LTK, CIC, FGFR2, MITF, KIT, SDHA, FANCD2, TNKS2, TOP2A, SLIT2, AXIN2, SYK, RAD54L, HSD3B1, MAPK2K4, GRIN2A, RBM10, FAT1 and KDR were also described by Wai et al, however in a very low frequency (89). Furthermore, mutations in RHOA, besides in TET2, were recently described in two cases of NKTCL with a T follicular helper cell phenotype (107).

Considering the gene expression profile, NKTCL is characterized by overexpression of many genes, including T-related genes (CD2, CD8, CD3G, CD3D, TRAC, LEF1), NF-κB-related genes (BIRC3, NF−κB1, TLR8 and CD27), PD-L1, CD68 as well as downregulation of CD56 (89, 106).

Moreover, the IL6/JAK/STAT3 signalling axis may be aberrantly hyperactivated in NKTCL, contributing to proliferation, survival, invasiveness and dissemination of neoplastic cells, as well as suppression of the antitumour immune response (89, 107, 108). The PD-L1 upregulation in NKTCL may be associated to hyperactivation of IL6/JAK/STAT3 signalling, IFN−γ, as well as NF−κB pathway, and not related to amplification of 9p24 (89, 107). Considering these characteristics and the fact that IL6/JAK/STAT3 signalling axis is already therapeutically targetable, patients with NKTCL could benefit from targeted therapy (108).

The landscape of epigenetic alterations associated with NKTCL is still unknown (18, 89, 108, 109).





A possible role of EBV in the oncogenesis of ENKTCL and NKTCL

Different EBV gene expression profiles reflect regulatory programs related to the lineage of infected host cells. Albeit EBV is detected in few T and NK cells in IM (47, 77, 78), the mechanism of infection in these cells type have not yet been completely elucidated. Some studies suggested that the infection of T and NK cells could occur through the immunological synapse, in an attempt by these cells to kill the EBV-infected B cells (23). We previously showed that EBV-infected T cells were mostly in contact with EBV-infected B cells in IM and the amount of EBV-infected T cells was directly related with the numbers of EBV-infected cells expressing PD-L1 (47). In addition, the molecule of HLA class II present on NK cells may interact with glycoproteins gp42 and gp85 from EBV, already described as fundamental in the internalization of EBV in HLA class II positive cells (110).

Recently it was demonstrated that CD21 cellular protein together with glycoprotein gp350 play an important role in the infection of the NK and/or mature T cells via trogocytosis, a mechanism that allows different cells to exchange pieces of their plasma membranes and suggested to occur in the interaction of mature T cells with malignant cells (23, 24).

Therefore, it is possible to think that the mechanism of EBV infection may be dependent on the cell type and the models so far established, using B cells, may not reflect what happens in other cell types. In consonance, EBV-infected T cells demonstrate in vitro a potential oncogenic distinct from those observed in LCLs, including different viral gene expression profile (111). Furthermore, previous studies in vitro demonstrated that T cells are possibly more permissive for the expression of immediate early viral genes than EBV-infected B cells (112, 113), with some evidence of this in EBV-associated neoplasia of T cell origin (114).

Although EBV has a dsDNA genome considered stable, genetic mechanisms that contribute to variability occur, such as point mutation, deletion, duplication, and intra/interstrain homologous recombination, as observed in LMP1 (71, 72, 115). The del30 polymorphism of LMP1 has been associated with diverse lymphomas worldwide (54, 61, 75). Moreover LMP1 harbouring del30 may have a lower capacity to stimulate pro-inflammatory cytokine production, suggesting an immune escape ability, when compared to the prototype and del69 (116).




EBV in ENKTCL

EBV is present in virtually almost all cases of ENKTCL and should be detected by EBER-ISH (11). Despite a relative consensus that this lymphoma seems to show latency I/II, a bone find characterization of latency pattern in this disease is still missing. The published studies have determined the viral latency with molecular-based methodology (as gene expression profile and RNA-Seq) (85, 89, 117, 118), which does not make it possible to assess which viral genes are being transcribed at the same time in the same cell.

A proportion of cases seems to exhibit the latency I, based on the identification of high levels of transcripts from EBNA1 only (85, 117). Another fraction of cases seems to show the latency II on account of the identification of high levels of transcripts from EBNA1, LMP1, LMP2A, LMP2B, BNRF1, BILF1, BALF2, BALF3, BALF4, BALF5 and BNLF2b (85, 117). A minor number of cases seems to be in latency III due to the identification of high levels of transcripts from EBNA1, LMP1, LMP2A and EBNA2 (89).

Interestingly, high level of antibodies against the proteins EBNA3A, BZLF1, BALF2, BMRF1, BVRF and BPLF1 (but not against EBNA1) have been detected in patients with ENKTCL (119), suggesting some degree of viral replication in these patients. The usefulness of these findings in the clinical management of ENKTCL is not yet established.

A precise in situ characterization of the viral latency in this disease, using multi colour immunohistochemistry or fluorescence in situ hybridization, as described for infectious mononucleosis (47), is still lacking. Furthermore, it remains to be determined whether all neoplastic cells show the same pattern of viral latency and which proportion of neoplastic cells could possibly show viral replication.

An apparent association of ENKTCL with EBV type 1 has been described (85, 120). However, EBV types per se are associated with specific populations than with diseases. EBV, specially type 1, is known to be highly frequent worldwide (121) and that association could represent an observational bias. Future studies focusing on the molecular characteristics of EBV and on host characteristics related to the anti-EBV immune response are needed to confirm that association. This notion is supported by some studies suggesting that few genetic regions of EBV may not be sufficient to understand the extent of EBV variation and its subsequent contribution to development of EBV-associated neoplasms (61, 122). The evaluation of different viral haplotypes needs to be included in further studies for a better understanding of EBV variants and their implications to the lymphomagenesis (61, 122).

Regarding the gene expression profile of EBV, this lymphoma subtype is enriched in the latent genes LMP1/2A/2B, EBER1/2 and EBNA1, as well as lytic genes BNRF1, BILF1, BALF5/4/3/2 and BNLF2b (85). Furthermore, single nucleotide variations in BALF3 (G421R and T127A) may be prevalent in this lymphoma in relation to other EBV-associated diseases (85).

By considering the mutational profile of EBV, the del30 of LMP1 is variable and depends on the population studied (120). Moreover small deletions in EBNA2, EBNA3s and BLLF1/2 are common in ENKTCL (117). Frequent intragenic deletions affecting several BART micro-RNA clusters may be prevalent in ENKTCL (123). These deletions could impact the lytic cycle activation by eliciting the upregulation of BZLF1 and BRLF1, which are downregulated by one of the BARTs miRNA.

Interestingly Xiong et al. found a correlation among EBV transcripts and their proposed molecular classification of ENKTCL (85). The TSIM subtype was associated with latency II pattern and high levels of BALF3; the MB subtype exhibited the lower levels of LMP1 (as it is observed in the latency I pattern) and the HEA subtype correlated with latency II pattern and high levels of BNRF1 (a protein necessary to latent infection) (85). In the same study the authors revealed that BALF3 overexpression may cause DNA damage and contribute to genomic instability (85).





EBV in NKTCL

EBV is also present in virtually all cases of NKTCL and should be detected by EBER-ISH (11). The EBV latency pattern in this lymphoma is not firmly established and only few studies have dealt with this, using only molecular techniques (as RT-PCR) (89, 114).

Apparently, the majority of cases displays latency II with expression of EBNA1, BART, LMP1, LMP2A and LMP2B (89, 114). A small proportion of cases exhibits latency III with additional expression of EBNA2 (89, 114). One study demonstrated that the expression of the early lytic genes BZLF1 was not accompanied by the expression of the late lytic genes BHRF1 and BLLF1 (114), suggesting an abortive lytic cycle.

Like in ENKTCL a precise in situ characterization of the viral latency in NKTCL, using multi colour immunohistochemistry or fluorescence in situ hybridization is also lacking. It is unknown in how far all neoplastic cells display the same viral latency pattern and which proportion of neoplastic cells may be in lytic cycle.

In a small cohort of patients from Hong Kong, it was demonstrated that all cases presented the del30 of LMP1 and the majority of cases carried type 1 EBV (114). Results like this need to be interpreted with caution. As discussed previously, the EBV type 1 is more prevalent worldwide and currently it is impossible to stablish an unbiased association between this subtype and NKTCL. Moreover, it is unclear if the association between the del30 of LMP1 and this lymphoma reflects a role of tumour cells in the origin and selection of this variant or if this is an observational bias, due to a possible higher prevalence of del30 of LMP1 in healthy individuals from Asia. For example, in a small study including individuals from different regions from Thailand, a prevalence of del30 of LMP1 in the Southern region was observed (124). Large studies including healthy individuals from Asia and/or other parts of the world, evaluating the prevalence of del30 of LMP1, are still lacking.

Compared to ENKTCL, NKTCL may exhibit lower expression of EBV miRNA (89). The exact meaning of this observation needs to be clarified.

Although NKTCL is strongly associated with EBV, both genomic and transcription profiles of the virus, as well as the characterization of the humoral immune response against EBV, have not been robustly explored in NKTCL.





Viral proteins as candidates for target therapy

Although the therapeutic options for ENKTCL and NKTCL are not part of the objectives of this review in this research topic “Challenges in Peripheral T-Cell Lymphomas: from Biological Advances to Clinical Applicability” (125), we shall mention that epitopes derived of EBV proteins provide targets for immunotherapy in ENKTCL and NKTCL.

Adoptive immunotherapy with antigen-specific cytotoxic T cells (CTL) has been tested since the early 2000s for EBV-associated tumours and has been demonstrated to be safe (126–128).

As discussed previously, a hierarchical immunodominance for the CD8+ T cell response is observed against epitopes derived from proteins of the EBNA3 family, BZLF, BRLF1 and BMRF1 (1, 43–45). Albeit less immunogenic, epitopes derived from LMP1 and LMP2 can be also used as potential targets for CD8+ T cells (128, 129). Considering the immune response of CD4+ T cells, the epitopes derived from EBNA1 are the most immunodominant (43, 44, 128, 130, 131). The results published so far, regarding the characterization of latency pattern in ENKTCL and NKTCL, favour LMP1- and LMP2-derived epitopes as the best targets for adoptive immunotherapy with CTL.

Few studies using adoptive immunotherapy with CTL in ENKTCL have been published to date. All were phase 1 or 2; used LMP1- and/or LMP2-derived epitopes as target for the CTL (exception for the most recent, which included also BARF1- and EBNA1-derived epitopes); demonstrated no severe toxicity and exhibited objective responses in most of the cases, characterized by disease stability or remission during the follow-up time of the studies (132–135). These results are encouraging and point to the necessity of optimising this therapeutic option.

Currently there are no published studies on the use of CTL in NKTCL.





EBV viral load

The detection and quantification of circulating EBV DNA have been used in the diagnosis and management of EBV-associated neoplasms (136). Plasma and whole blood can be used to this quantification, with a good correlation between them. However, the optimal source of viral DNA remains uncertain, due to the limited number of studies comparing the two methodologies (136). EBNA1, BamHI and LMP2 are commonly used as target for the viral load evaluation in real-time PCR-based assays (137–141).

Specially in ENKTCL, assessing the viral load in plasma seems to be more useful, since this methodology appears to reflect the tumour burden (137–139, 142). Moreover, high levels of EBV DNA load have shown a close correlation with a worse clinical outcome and prediction of early relapse (137–139).

The impact of EBV viral load on the clinical management of NKTCL is so far unknown.






Human leukocyte antigens in ENKTCL and NKTCL

Besides the EBV per se, the genetic background of the host, related to the anti-EBV and/or anti-tumour immune response, may also have an influence on the development of ENKTCL and NKTCL. It is well established that the anti-viral immune response is dependent on major histocompatibility complex (MHC) presentation of viral antigens (143–145).

During the primary EBV infection in patients with IM, the immune response is mainly characterized by a large expansion of EBV-specific CD8+ T cells. Response against immediate early and early lytic EBV epitopes may constitute half of the CD8+ T cells population (146). A directed immune response to late proteins is less frequent and in small amount, which directly impacts any future viral reactivation (146). Different levels of immunodominance may reflect the time which different epitopes are presented on the surface of infected cells. As the lytic cycle progresses the cell’s antigen-processing capacity may be increasingly impaired by the set of viral immune evasion proteins (146). In this way, it is suggested that the main immune response against EBV is driven by direct CD8+ T cell contact with lytically infected cells, and this interaction is depending on MHC characteristics and EBV epitopes (44, 46).

In humans, the MHC is known as human leukocyte antigen (HLA), and it exhibits high polymorphism. Many studies have shown that different HLA haplotypes are associated with different types of diseases, such as autoimmune diseases and neoplasms (145, 147–153).

Regarding ENKTCL, the haplotype 47F-67I from HLA-DRB1 may be associated with reduced risk of lymphoma development, while the haplotype 47Y-67L may be associated with increased risk in patients from various countries of East Asia. In the same study, the authors suggested that HLA-DPB1 and HLA-DRB1 are the two major genes independently conferring individual risk to ENKTCL (82). The β chain, which forms HLA-DR heterodimers with α chain, is encoded by HLA-DRB1 (147). The different antigen binding affinities of the HLA-DR complex impact its ability to present extracellular antigens to CD4 T cell lymphocytes, influencing the immune response against EBV and/or tumour antigens (82, 147).

The association between variants of HLA-DRB1 and ENKTCL must be confirmed by other robust studies. Furthermore, specific studies comparing the HLA subtypes between cases of NKTCL and controls are still lacking.





Conclusions

Although molecular, clinical and immunohistological differences are well established between ENKTCL and NKTCL, allowing the diagnostic difference between these neoplasms in clinical practice, the etiopathogenic role of EBV in these lymphomas has not yet been elucidated. In the light of current knowledge, there are more questions than answers.

The ability of EBV to infect T/NK cells during the primary infection is well characterised, as discussed before. Considering the studies published so far, it is very likely that this infection in T/NK cells per se does not trigger the lymphomagenesis in vivo, in the same way that it does not for EBV-infected B cells either. In other words, the EBV would act as an initiating agent, which can transform the cells it infects, however subsequent additional cellular events may be required for the fully malignant phenotype (Figure 1) (1, 154). Nonetheless, it is not possible to exclude a promoting role of EBV in the lymphomagenesis, as a consequence of its infection in previously mutated T/NK cells (Figure 1). The scenario in which ENKTCL and NKTCL can develop is still unknown.

May EBV-infected T/NK cells with persistent latency pattern II or III be the most susceptible to the oncogenic events? For example, ENKTCL is enriched in transcripts of latent EBV genes such as LMP1/2A/2B, as well as transcripts of lytic genes, including BNRF1, BILF1, BALF5/4/3/2 and BNLF2b (85), which possess the ability to interfere with the host cell machinery. May recombination and/or mutation events of the EBV genome in some T/NK cell be responsible for the oncogenesis (or at least the initial event)? Specific T cell epitope mutations of EBV, favouring the immune evasion, have been described in ENKTCL (117). Furthermore, it is still unknown whether the molecular profile of EBV in neoplastic cells of ENKTCL and NKTCL is the same or not as that present in non-neoplastic EBV-infected cells of the same host.

No less important are the genetic characteristics of the host, specially those related to the anti-EBV immune response, which still need better characterisation in ENKTCL and NKTCL. Is it possible that the immune inability to recognise and destroy any EBV-infected T/NK cells in persistent latency pattern other than 0 is a major factor in the lymphomagenesis? Some grade of immunodeficiency (as immunesenescence), for example, is present at diagnosis of NKTCL (11).

Nearly sixty years after the discovery of EBV, this virus still remains intriguing.
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Anaplastic large cell lymphomas (ALCL) encompass several distinct subtypes of mature T-cell neoplasms that are unified by the expression of CD30 and anaplastic cytomorphology. Identification of the cytogenetic abnormality t(2;5)(p23;q35) led to the subclassification of ALCLs into ALK+ ALCL and ALK- ALCL. According to the most recent World Health Organization (WHO) Classification of Haematolymphoid Tumours as well as the International Consensus Classification (ICC) of Mature Lymphoid Neoplasms, ALCLs encompass ALK+ ALCL, ALK- ALCL, and breast implant-associated ALCL (BI-ALCL). Approximately 80% of systemic ALCLs harbor rearrangement of ALK, with NPM1 being the most common partner gene, although many other fusion partner genes have been identified to date. ALK- ALCLs represent a heterogeneous group of lymphomas with distinct clinical, immunophenotypic, and genetic features. A subset harbor recurrent rearrangement of genes, including TYK2, DUSP22, and TP63, with a proportion for which genetic aberrations have yet to be characterized. Although primary cutaneous ALCL (pc-ALCL) is currently classified as a subtype of primary cutaneous T-cell lymphoma, due to the large anaplastic and pleomorphic morphology together with CD30 expression in the malignant cells, this review also discusses the pathobiological features of this disease entity. Genomic and proteomic studies have contributed significant knowledge elucidating novel signaling pathways that are implicated in ALCL pathogenesis and represent candidate targets of therapeutic interventions. This review aims to offer perspectives on recent insights regarding the pathobiological and genetic features of ALCL.
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1 Introduction

Anaplastic large cell lymphomas (ALCL) refer to a heterogeneous group of CD30-positive T-cell neoplasms with diverse clinical, histologic, and genetic features. The disease group comprises approximately 15% of all peripheral T-cell lymphoma and 3 to 5% of all non-Hodgkin lymphoma (1). ALCL was first recognized in 1985 based on the large size of the neoplastic cells with uniform strong expression of CD30 (2). The recurrent chromosomal translocation t (2;5)(p23;q35), which was identified in 1994, results in a novel fusion tyrosine kinase involving the N-terminus of the nucleophosmin (NPM1) gene and the C-terminus of the anaplastic lymphoma kinase (ALK) gene (3). The chimeric protein NPM::ALK functions as an oncogenic tyrosine kinase which impacts diverse cellular signaling pathways leading to lymphoma. In addition to NPM1, over 20 distinct partner genes of ALK have been identified (Figure 1) (4). Moreover, the significantly enhanced survival of ALK+ ALCL patients and distinct genetic features rationalized its distinction from ALK- ALCLs (5, 6). Based on the recent understanding of the genetic basis of ALK- ALCL and those that occur in breast-implant ALCL, the updated 5th edition of the World Health Organization Classification of Haematolymphoid Tumours (5), and the International Consensus Classification (ICC) of Mature Lymphoid Neoplasms (7) recognize three subtypes, namely ALK+ ALCL, ALK- ALCL, breast implant-associated ALCL (BI-ALCL) (5). Further, we discuss the pathobiological features of primary cutaneous anaplastic large cell lymphoma (pc-ALCL) due to many overlapping histologic and immunophenotypic features with other ALCLs. Recent genomic studies provide an enhanced understanding of the pathobiological events in this group of intriguing neoplasms that will be summarized in this manuscript (6, 8).




Figure 1 | Schematic representation of pathogenic signaling pathways in ALK+ ALCL () represents deregulated T-cell receptor signaling pathways mediated by NPM::ALK. () represents deregulated cell proliferation and apoptosis signaling pathways mediated by NPM::ALK. () represents deregulated cellular metabolism signaling pathways mediated by NPM::ALK. () represents deregulated genomic stability signaling pathways mediated by NPM::ALK. () represents deregulated epigenetic regulation signaling pathway mediated by NPM::ALK. () represents deregulated miRNA repertoire by NPM::ALK. () represents immune evasion mechanisms mediated by NPM::ALK. () represents deregulated cytokine signaling mediated by NPM::ALK. () represents deregulated proteolytic signaling mediated by NPM::ALK.






2 Pathobiology of ALK+ ALCL



2.1 ALK rearrangements in ALK+ ALCL

ALK+ ALCLs, by definition, express the ALK protein, which functions as a strong driver oncogene. ALK gene rearrangements result in the expression of a novel fusion protein and constitutive activation of the ALK tyrosine kinase (9). The majority (80%) of cases express NPM::ALK as a result of t(2;5)(q23;35) involving the 3’ segment of the ALK gene on chromosome 2p23 and the 5’ segment of the nucleophosmin (NPM1) gene on chromosome 5q35. The chimeric protein NPM::ALK is composed of the N-terminal oligomerization domain of NPM1 and the C-terminal tyrosine kinase domain of ALK. Due to ligand-independent oligomerization mediated by NPM1, the catalytic domain of ALK undergoes transautophosphorylation with constitutive tyrosine kinase activity, which translates into increased intracellular signaling promoting cell proliferation, resistance to apoptosis, and oncogenic transformation (10). Apart from NPM1 as its N-terminal fusion partner, in approximately 20% of ALK+ ALCLs, ALK is fused with other genes, including tropomyosin 3 and 4 (TPM3 and TPM4) (11), TRK-fused gene (TFG) (12), 5-amino-imidazole-4-carboxamide ribonucleotide formyltransferase/IMP cyclohydrolase (ATIC) (13), ring finger protein 213 (RNF213) (14), clathrin heavy chain (CLTC) (14), moesin (MSN) (15), non-muscle myosin heavy chain (MYH9) (15), TNF receptor-associated factor 1 (TRAF1) (16), eukaryotic translation elongation factor I gamma (EEF1G) (17) and the poly(A) binding protein cytoplasmic 1 (PABPC1) (18). In contrast to NPM::ALK, which is expressed in both the nucleus and cytoplasm, other ALK fusion proteins are localized in various cellular compartments (Table 1) (3, 11, 13–20). TPM3::ALK, the second most frequent fusion, is present in approximately 15% of ALK+ ALCLs. Despite all ALK rearrangements involving the same region of ALK, the downstream signaling pathways vary due to the different fusion partners (21). The pathogenetic mechanisms regulated by variant ALK fusion genes have not been explored due to the rarity of cases.


Table 1 | Summary of chromosomal rearrangements in ALK+ ALCL.






2.2 Deregulated T-cell receptor signaling pathway in ALK+ ALCL

T-cell receptor (TCR) engagement triggers various cascades of signaling pathways, including phospholipase C-γ1 (PLC-γ1)-inositol triphosphate (IP3)-Ca2+-nuclear factor of activated T-cells (NFAT) pathway (22, 23), the protein kinase C (PKC)-IĸB kinase (IKK)-nuclear factor (NF)-κB pathway (24), the Ras-extracellular signal-related kinase (ERK)-activator protein (AP)-1 pathway (25), as well as the Phosphoinositide 3-kinase (PI3K)-AKT-mammalian target of rapamycin (mTOR) pathway (26). These activated signaling pathways ultimately determine cell fate through cytokine production, cell survival, cell proliferation, and differentiation. Although ALK+ ALCLs express rearranged T-cell receptors, the expression of many pivotal TCR molecules, including TCF-1, TCF-1/LEF-1, LCK, ZAP-70, LAT, NFATc1, c-Jun, c-Fos, and Syk is repressed (27). Inhibition of the kinase activity of NPM::ALK or exposure to DNA methyltransferase inhibitors rescues the expression of CD3ε, ZAP70, LAT, and SLP76, suggesting that NPM::ALK-mediated transcriptional repression occurs via DNA methylation to downregulate components of the TCR signaling cascade in ALK+ ALCL (28). Apart from this, NPM::ALK further mimics TCR-induced signal transduction by directly interacting with and phosphorylating PLC-γ1, which triggers downstream signaling cascades for cell survival (29, 30). As such, NPM::ALK promotes the proliferation and survival of malignant cells by bypassing the TCR signaling pathway (Figure 1).

In addition to promoting cell proliferation and differentiation, T-cell receptor engagement also induces activation-induced T-cell death (AICD) through Fas-mediated apoptosis to prevent the accumulation of alloreactive T-cells and the development of graft-vs-host disease (31). It has been demonstrated that FLICE-like inhibitory protein (c-FLIP) prevents neoplastic cells from undergoing Fas-mediated apoptosis in ALK+ ALCL. Specifically, exposure of ALK+ ALCL cell lines that express high levels of c-FLIP, to CH-11, a CD95/FAS agonistic antibody, alone is not able to reduce the viability of malignant cells. si-RNA-mediated knockdown of c-FLIP together with CH-11 treatment rescues Fas-mediated apoptosis by triggering downstream caspase signaling pathways in ALK+ ALCL cells (32). Further investigation is required to determine whether the loss of TCR signaling molecules contributes to reduced AICD process in ALK+ ALCL.




2.3 Deregulated cell proliferation and apoptosis in ALK+ ALCL

NPM::ALK regulates many proliferative and anti-apoptotic signaling pathways, including mitogen-activated protein (MAP) kinase (33), JAK-STAT (34, 35), PLC-γ1 (30), and PI3K-AKT (29), to promote lymphomagenesis (Figure 1). The MAP kinase signaling pathway is a major cell proliferation and survival regulator (36). NPM::ALK phosphorylates extracellular signal-regulated kinase (ERK)1/2 in a MEK1/2-dependent manner, and perturbation of MEK and ERK1/2 reduced cell proliferation and promoted cell apoptosis of ALK+ ALCL cells (37). NPM::ALK also regulates cell growth of ALK+ ALCL via activation of the PLC-γ pathway. The interaction of NPM::ALK with PLC-γ1 occurs via the tyrosine 644 residue, which is located at the C-terminus of the chimeric protein, and expression of NPM::ALKY644F abrogates PLC-γ1 phosphorylation and activation (30). The PI3K-AKT pathway has been implicated in oncogenesis for its role in cell-cycle progression. NPM::ALK constitutively activates PI3K and its downstream effector, the serine/threonine kinase AKT, and thus promotes growth and inhibits apoptosis in ALK+ALCL (38). AKT phosphorylates the Bcl2-associated death promoter (BAD), thereby suppressing apoptosis and promoting cell survival (39). Similarly, mTOR, a serine/threonine protein kinase and a key regulator of cell growth and proliferation, is also activated by NPM::ALK. Inhibition of the mTOR pathway leads to cell cycle arrest and apoptosis in ALK+ ALCL (40). Further, NPM::ALK promotes the expression of anti-apoptotic factors Bcl-xl and cell cycle-promoting cyclin-dependent kinase 4 (CDK4) and increased levels of phospho-RB to trigger cell proliferation (37). Thus, NPM::ALK regulates cell proliferation and survival while inhibiting apoptosis by orchestrating multiple signaling pathways.




2.4 Deregulated cellular metabolism in ALK+ ALCL

Neoplastic metabolic reprogramming is largely characterized by the shift from efficient energy-producing pathways to strategies for biomass production to support cell growth. In this regard, integrated analysis of the phosphoproteomic and metabolomic signature revealed that NPM::ALK signaling triggers an increase in biomass production by rerouting glycolytic intermediates (6) as well as modulation of lipid metabolism, amino acid metabolism, and nucleotide metabolism (Figure 1). Particularly, NPM::ALK-mediated phosphorylation of PKM2 at Y105, a key enzyme in aerobic glycolysis, leads to a metabolic switch promoting lymphomagenesis (6). Regarding lipid metabolism, NPM::ALK phosphorylates ATP citrate lyase (ACLY) at residue 682, which may serve as a switch to promote lipid synthesis required for cell proliferation. ACLY is a critical enzyme that catalyzes acetyl-CoA synthesis and connects vital biosynthetic pathways such as carbohydrate and lipid metabolism (41). Genetic or pharmacologic disruption in the NPM::ALK-ACLY signaling axis leads to impaired cell proliferation, impaired clonogenic potential, reduced tumor growth in an in vivo xenograft model, and attenuated lipid synthesis in ALK+ ALCL (42). NPM::ALK also modulates cancer metabolism through the downregulation of CD147, causing aberrant glycolysis and thus impairing the major energy source of tumor cells (43).

Further, metabolic alterations in cancer not only modulate the metabolic state of the cell but also impact cellular signaling and the epigenetic state. ALK+ ALCL-derived cell lines and primary tumors exhibit cholesterol auxotrophy due to reduced expression of a critical enzyme, squalene monooxygenase rendering the accumulation of squalene, a metabolite with antioxidant-like properties. Squalene monooxygenase oxidizes squalene to 2,3-oxidosqualene. Aggregation of squalene in cells prevents malignant cells from ferroptosis, which is induced by oxidative stress (44). Cholesterol auxotrophy of ALK+ ALCL can be a therapeutic vulnerability that can be utilized in combination with conventional therapies. In summary, NPM::ALK signaling orchestrates cellular metabolic reprogramming that favors lymphomagenesis.




2.5 Increased genomic instability in ALK+ ALCL

Under physiologic conditions, cells consistently encounter intracellular stress, such as reactive oxygen species (ROS) generated by cellular metabolism, and extracellular stress, such as UV light and carcinogenic chemicals. These stresses can disrupt genomic integrity. One of the hallmarks of cancer is genomic instability. It is generally accepted that NPM::ALK is required and sufficient to transform primary human T cells in a relatively short span of time. Furthermore, genetic alterations (single nucleotide variants) in ALK+ ALCL are relatively uncommon, suggesting a stable genome (45–47). In ALK+ ALCL, however, impaired DNA repair pathways (48), particularly DNA mismatch repair, may represent a mechanism by which tumor cells initiate additional genetic lesions, considering that a subset of ALK+ALCL patients develop resistance against ALK-specific treatment approaches. To initiate DNA mismatch repair, it is essential for the system to recognize DNA lesions. Two ATPase protein complexes participate in the mismatch recognition process, namely MuTSα, which identifies the base-base mismatches and small insertion/deletion, and MuTsβ, which modulates larger insertion/deletion. MuTSα is composed of MutS protein homolog 2 (MSH2) and MutS protein homolog 6 (MSH6). MuTSβ is composed of MSH2 and MutS protein homolog 3 (MSH3) (49). NPM::ALK directly binds to MSH2 and phosphorylates it at the tyrosine 238 residue. This abnormal interaction prevents MSH2 from binding to its normal partners, MSH3 and MSH6, leading to the ablation of normal MuTs complexes and consequentially impaired DNA damage repair (50). In addition, the expression of NPM::ALK in primary CD4+ T cells downregulates genes participating in DNA repair pathways (51). Thus, NPM::ALK ablates genomic stability by compromising the DNA mismatch repair process (Figure 1). Therefore, the role of NPM::ALK in promoting genomic instability by compromising the DNA repair process needs further study.




2.6 Epigenetic deregulation in ALK+ ALCL

Epigenetic modifications are heritable yet reversible covalent modifications in DNA or histones that alter the expression of genes without affecting DNA code. The most studied and significant modifications are the methylation of DNA at cytosine residues that function to repress gene expression (52) and the methylation or acetylation of distinct amino acids of the histone tail that dictate their repressive or activating properties (53). These modifications and their combinations dictate nucleosome positioning and local chromatin conformation that provide access to transcriptional regulators to modulate gene expression. DNA modifications direct histone modifications, and methylation of DNA causes steric hindrance to the transcriptional regulators (54). Moreover, the interaction of DNA with methyl-binding proteins, such as methyl CpG binding protein 2 (MeCP2), also prevents transcription factor binding at the locus causing repression of the target gene (52, 55).

NPM::ALK regulates the transcriptional silencing of many gene promoters and enhancer regions that encode tumor suppressors through its downstream effector transcription factors (Figure 1) (56). NPM::ALK activates the transcription factor STAT3, which upregulates DNA methyltransferase 1 (DNMT1) to methylate target genes for repression (57). As an example, IL-2Rγ promoter methylation is induced by NPM::ALK. NPM::ALK promotes STAT3 binding to the IL-2Rγ promoter, which then recruits DNMT1 to its promoter for its silencing (58). Notably, deleting DNMT1 abrogates lymphomagenesis, suggesting a therapeutic opportunity for targeting DNMT1 in patients who develop resistance to ALK inhibitor treatment (59). ALK+ALCL also exhibits CpG Island methylation at STAT5A, a tumor suppressor that reciprocally suppresses NPM::ALK gene expression by binding to its enhancer (60). These results show that silencing of tumor suppressor genes by DNA methylation may contribute to the neoplastic transformation of ALK+ ALCL.

In addition to DNA methylation, gene expression is regulated by the chromatin remodeling machinery, which modulates accessibility of the chromatin. Deregulation of chromatin remodelers has been demonstrated to participate in cancer development as well as lymphomagenesis (61, 62). Among them, SWI/SNF is a multi-subunit chromatin remodeling complex that uses the energy generated by ATP hydrolysis to displace or evict nucleosomes and further regulates local chromatin conformation (63). Expression of BRM-Related Gene1 (BRG1), a core component of the human SWI/SNF complex (64), is mediated by NPM::ALK. Further, the expression of BRG1 is dependent on the kinase activity of NPM::ALK. Knockdown of BRG1 in ALK+ ALCL cells results in a decrease in cell viability compared to scramble shRNA control (65). The role of other chromatin remodelers in the pathogenesis of ALK+ ALCL needs further investigation, and the relationship between the chromatin remodelers and NPM::ALK is still largely underexplored.

Loss of cellular identity is intrinsic to neoplastic transformation. ALCLs, despite originating from T-cells, exhibit downregulation of the transcriptional program that defines its T-cell phenotype. The pharmacologic treatment combining DNA demethylation and histone acetylation was insufficient to restore the T-cell phenotype in ALK+ ALCL cells. This suggests that additional stimulus is required to repress the T-cell phenotype. However, other T-cell lymphoma cells exposed to the same treatment exhibited expression of genes characteristic of ALCL (ID2, LGALS4, c-JUN) as well as loss of T-cell phenotype marked by loss of CD3, LCK, and ZAP70 expression indicating that global DNA demethylation and histone acetylation are critical for cellular reprogramming towards an ALCL-like phenotype (66).

The combinatorial pattern of DNA methylation and histone post-translational modifications (PTMs) are increasingly appreciated as epigenetic signatures of cancer subtypes. These modifications regulate cellular processes, such as cell cycle regulation, apoptosis, and DNA damage response (67–70). BCL2L11, also known as BIM (Bcl-2 interacting mediator of cell death), a Bcl-2 homology 3 (BH3)-only proapoptotic protein that belongs to the Bcl-2 family, is epigenetically silenced via the combinatorial deregulation of DNA methylation and histone acetylation in ALK+ ALCL (66, 71). Recruitments of MeCP2 and Sin3a/histone deacetylase1/2 (HDAC1/2) corepressor complex to the BIM promoter contributes to its silencing. Exposure of the DNA methylase inhibitor, 5-azacytidine, or the HDAC inhibitor, trichostatin, alone to ALK+ ALCL cells is not only able to rescue the expression of BIM at both mRNA and protein level but also increases apoptosis (71). This suggests that DNA methylation and histone acetylation together may contribute to the pathogenesis of ALK+ ALCL. In this regard, the pharmacological modulation of altered epigenetic machinery may represent novel therapeutic interventions.

Histone PTMs alone can also dictate disease-specific changes in the transcriptional program, and the pattern of histone PTMs can be utilized as a novel biomarker of disease subtypes (72). HDAC inhibitors have already been approved by the Food and Drug Administration (FDA) for the treatment of T-cell malignancies (73–75). However, the comprehensive landscape of histone PTMs, such as methylation and acetylation (66, 76), phosphorylation (77), ubiquitination (78), and sumoylation (79) for different classes of ALCL is yet to be determined. Since the current therapeutic approach of using HDAC inhibitors has been shown to cause nonselective toxicity, further understanding of the comprehensive epigenetic landscape of ALCL is warranted as it may lead to discoveries of novel histone modifications and their writers and erasers, which can be targeted for precision therapeutics (80). Evaluation of ALCL subtypes with highly sensitive proteomic approaches for histone modification analysis as well as single-cell proteomic approaches with enrichment and analysis of histone PTMs will add significant value to define the epigenetic signature of the disease.




2.7 Deregulated MicroRNA repertoire in ALK+ ALCL

It has been observed that nearly 90% of the human genome is transcriptionally active, yet only 1.4% of this transcriptome is constituted by protein-coding mRNA (81). The role of non-coding RNAs (ncRNA) is underappreciated yet critical to cell physiology and diseases, including ALCL. In ALK+ ALCL, the fusion protein NPM::ALK is associated with non-coding RNAs (ncRNAs), such as microRNAs to alter the gene expression signature of ALK+ ALCL (Figure 1) (82, 83). Along with tRNA and ribosomal RNA, the non-coding transcriptome is comprised of small nuclear RNA (snRNA), long noncoding RNA (lncRNA), and microRNA (miRNA). MicroRNAs are short, usually 20-23 nt long non-coding RNA that function by activating the RNA-induced silencing complex (RISC) against specific mRNA targets (84). miRNA array based on locked nucleic acid (LNA) technology containing 636 human and 425 murine miRNA probes performed on ALK+ ALCL cell lines identified distinct miRNA clusters from ALK+, to ALK- ALCL. These clusters are cross-validated with Npm::alk transgenic mice and primary ALK+ and ALK- ALCL to classify the miRNA unique to each disease group. These studies demonstrated strong upregulation of the miR-17-92 cluster in ALK+ ALCL and miR-155 upregulation in ALK- ALCL. Further, reduced expression of miR-101 is observed in both ALK+ ALCL and ALK- ALCL (82). Subsequent studies identified 32 miRNAs associated with ALK expression in vitro, presenting distinct miRNA expression profiles (85). These studies identify 7 miRNAs, of which 5 are upregulated (miR-512-3p, miR-886-5p, miR-886-3p, miR-708, miR-135b) and 2 downregulated (miR-146a, miR-155) in ALK+ ALCL. Another similar study identifies a distinct profile of miRNA that are specific to ALK+ or ALK- ALCL and cross-validated earlier findings. Moreover, it also identifies that miR-181a, which participates in the regulation of T-cell differentiation and TCR signaling, is significantly downregulated in ALK+ ALCL (86).

The role of exosomal miRNA in promoting disease dissemination of ALK+ ALCL has been recently reported. RNA sequencing studies identified 12 miRNAs that are significantly differentially expressed in the plasma of 20 NPM::ALK+ ALCL patients compared to healthy donors (n=5). Among these miRNAs, the level of miR-122-5p has further been validated as highly expressed in a larger cohort of ALCL patients (n=66) compared with healthy donors. Levels of miR-122-5p are elevated in late-stage (III-IV) ALCL patients compared to those with early-stage (I-II) disease. Interestingly, the expression of miR-122-5p is barely detectable in lymph nodes and other tissues but highly enriched in the liver of ALCL patients. In vitro and in vivo experiments indicate that miR-122-5p expressed in small extracellular vesicles promotes the proliferation and progression of ALCL cells (87). These mechanisms employed by miRNA using small extracellular vesicles for the pathogenesis of ALK+ ALCL may represent opportunities for discovery of novel mechanisms of disease dissemination as well as identification of prognostic biomarkers.




2.8 Immune evasion in ALK+ ALCL

Immune evasion by cancer cells is increasingly appreciated as an emerging hallmark of cancer. ALK+ ALCL cells exploit molecular mechanisms that bypass immune recognition (Figure 1). NPM::ALK-STAT3 signaling in ALK+ ALCL induces expression of transforming growth factor beta (TGF-β), IL-10, and cell surface receptor PD-L1 (CD274, B7H1), creating an immunosuppressive tumor microenvironment (88). The NPM::ALK-STAT3-DNMT1 pathway also epigenetically downregulates CD48, an immune surveillance molecule, to prevent tumor cell recognition by natural killer cells. STAT3 directly binds and methylates the promoter of CD48 in association with DNMT1. Pharmacologic inhibition of NPM::ALK, STAT3, or DNMT1 sensitizes ALK+ ALCL towards NK cell-mediated cytotoxicity in vitro. Further, expression of CD48 in ALK+ ALCL cell line increases NK cell-mediated cytotoxicity in vitro and in a xenograft mouse model (89). Similarly, NPM::ALK-STAT3 pathway induces the expression of ICOS, a member of the CD28 costimulatory receptor superfamily, by transcriptional induction, as well as suppresses the ICOS inhibitor miR-219 (90). Since ICOS engagement promotes ALK+ ALCL proliferation, it is tempting to speculate that by engaging its ligand (ICOS-L), tumor-specific ICOS subverts other critical co-stimulatory signals from immune cells, impairing cytotoxic response to tumor cells. Previous studies suggest that ALK+ ALCLs and ALK+ ALCL cell lines, do not express TNF-α as a result of promoter methylation, thus preventing its proapoptotic function on tumor cells (91). Importantly, inhibition of DNMT1 by 5’-aza-2’-deoxy-cytidine (5-ADC) rescues the expression of TNF-α mRNA and protein. Further, exogenous TNF-α expression inhibits the growth of ALK+ ALCL cell lines and induces the activation of apoptotic pathway intermediates, namely caspase 8 and caspase 3. Hence, inhibition of DNMT1 not only triggers the NK cell-mediated cytotoxicity but also promotes the proapoptotic signaling pathway in ALK+ ALCL, raising the possibility of DNA methyltransferase inhibitors as a therapeutic option for ALK+ ALCL. The observation that the serum titers of anti-ALK antibodies in patients are inversely proportional to stage stratification and progression of disease indicates that NPM::ALK protein is immunogenic and triggers a natural immune response that keeps a check on disease progression to some extent (92). Therefore, it will be important to comprehensively investigate NPM::ALK-mediated immune escape mechanisms. A better understanding of the immune evasion mechanism will help in developing potential alternative or combinatorial therapeutic interventions for ALK+ ALCL.




2.9 Deregulation of transcription factors in ALK+ ALCL

Various models have been proposed for the origin of malignant cells in ALK+ ALCL. The expression of CD4 or CD8 and CD30, along with clonal T-cell receptor (TCR) rearrangement, suggests that the malignant cells may originate from activated T cells (93), while the expression of FoxP3, IL10, and TGFβ suggests a regulatory T cell origin (88), and BATF and BATF3 expression is associated with a Th17/group 3 innate lymphoid cell origin (94). In addition, NPM::ALK-transformed CD4+ T lymphocytes and primary ALK+ ALCL biopsies share characteristics with early T cell precursors (51). Further, ALK+ ALCL cells overexpress stem cell transcription factors (OCT4, SOX2, and NANOG) and HIF2A, which regulate hematopoietic precursor differentiation and cell growth. These findings suggest that NPM::ALK signaling may trigger dedifferentiation to early thymic progenitor-like characteristics in CD30+ mature CD4+ T cells (95). In another study utilizing the RAG2-/- mice model, which lacks the machinery to produce mature T or B cells (96), it was shown that NPM::ALK is capable of promoting thymic T cell maturation and TCR-independent tumor formation, suggesting that the initial stage of ALK+ ALCL development may occur in the thymus (97).

Further, constitutive activation of STAT3 is highly prevalent in ALK+ ALCL and contributes to its pathogenesis. NPM::ALK interacts and phosphorylates STAT3 leading to its activation and nuclear translocation, where it regulates the transcription of a number of genes known to be involved in apoptosis and cell cycle progression (Figure 1) (35, 98). In ALK+ ALCL, the activation of STAT3 is multifactorial. JAK3, a major physiologic activator of STAT3, is highly activated in ALK+ ALCL lines and primary tumors (34). JAK3 interacts with NPM::ALK, and its inhibition decreases the tyrosine kinase activity of NPM::ALK (99, 100). Constitutive activation of STAT3 in ALK+ ALCL is also contributed by the downregulation of SH2 domain-containing protein tyrosine phosphatase-1 (SHP1) in ALK+ ALCL (101, 102). SHP1 interacts with JAK and NPM::ALK and dephosphorylate crucial tyrosine sites and thus inhibits the kinase activity (101, 103). ALK+ ALCL from children and adult patients exhibit loss of SHP1 at a frequency of 50% and 86%, respectively. Further, SHP1 is methylated and thus silenced in a number of ALK+ ALCL cases (101, 102).

ALK+ ALCL cells also aberrantly express multiple members of the activator protein-1 (AP-1) family of transcription factors, which includes proteins of the Jun, Fos, ATF, and Mf subfamilies (104). AP-1 family proteins regulate a wide range of cellular and biological activities, including cell cycle and proliferation, apoptosis, autophagy, and lipid synthesis (105). They also regulate cell migration and invasion as well as inflammatory response and immune cell development and activation. Studies have shown that AP-1 proteins play a pivotal role in promoting cell survival, proliferation, and suppression of AP-1 proteins can lead to apoptosis in ALK+ ALCL (94, 106, 107). Since AP-1 family proteins regulate a myriad of signaling pathways, further investigation will be required to comprehensively understand their impact on the ALK+ ALCL pathogenesis.

In addition, C/EBPβ, CCAAT enhancer binding protein, a transcription factor that belongs to the C/ECP leucine zipper transcription factor family, is highly expressed in ALK+ ALCLs (108). The overexpression of C/EBPβ is mediated through the NPM::ALK-STAT3 axis and is dependent on the kinase activity of NPM::ALK (108, 109). Moreover, NPM::ALK also fosters stability and translation of C/EBPβ mRNA via enhancing binding of AU-binding protein HuR to the 3′-UTR of C/EBPβ transcript (110). C/EBPβ modulates gene expression and miRNA levels to promote the transformation, proliferation, and survival of the malignant cells in ALK+ ALCL (111, 112). Therefore, targeting the deregulated transcription factors and the signaling pathways regulated by them may serve as novel therapeutic interventions for ALK+ ALCL.




2.10 Deregulated cytokine signaling in ALK+ ALCL

Cytokine and cytokine receptor signaling orchestrate the immune response, hematopoiesis, cell differentiation, and cell growth (113). There is an aberrant cytokine repertoire in ALK+ ALCL (Figure 1). Integrated unbiased N-glycoproteomic and transcriptomic profiling of 32 different B cell, T cell, and NK cell lymphoma cell lines has identified many cytokine receptors, including the interleukin receptor IL-R, as well as T helper (Th) receptors, expressed by ALK+ ALCL cells (8). Similarly, the level of IL-2R, Oncostatin M (OSM), IL-6, IL-8, IL-9, IL-10, IL-17a, IL-22, and soluble CD30 is decreased in either pediatric or adult ALK+ ALCL patient samples after they reached complete remission (114–116). There is a correlation between stages of the disease, presence of the minimal disseminated disease, anti-ALK antibody titers, and risk of relapse with concentrations of cytokines including IL-6, interferon-γ (IFN-γ), IFN-γ induced protein as well as sIL-2R among ALK+ ALCL pediatric patients (114). Moreover, levels of IL-6 demonstrated an independent prognostic value with a hazard ratio of 2.9 ± 0.4.

In addition, exogenous NPM::ALK expression leads to significant reductions of GM-CSF, TNF, and IL2 (51). Inhibition of NPM::ALK reduces the expression of cytokine receptor proteins, including IL-1R1, IL-1R2, IL-1RAP, IL-2RA, IL-4, IL-18RA, and IL-31RB (8). These observations suggest that constitutively activated ALK signaling contributes to deregulation of cytokine signaling.

Functional studies reveal that NPM::ALK regulates multiple JAK-STAT pathways, including IL-2/STAT5, and IL-6/STAT3 to participate in the aberrant cytokine secretion in ALK+ ALCL (8, 117). Particularly, NPM::ALK induces upregulation of STAT3 and STAT5 expression, which upregulates IL-31RB in ALK+ ALCL (118). In addition to STATs, NPM::ALK also enhances cytokine production by inducing the expression of other transcription factors, such as AP-1. AP-1 binds to promotors of multiple cytokines and thus regulates IL17F, IL22, IL26, and IL23R genes in ALK+ ALCL (94, 119).

Besides activation, NPM::ALK also deregulates the cytokine signaling pathway by suppressing transcription factor function. Among normal human endothelial cells, STAT1 is one of the major modulators of IFN-γ, which can further antagonize IL-6-mediated STAT3 activation (120). During activation, STAT1 forms a homodimer. It can also bind with STAT3 and form a heterodimer. The gene expression levels and specificities are modulated by the STAT1 homodimer vs heterodimer ratio (121). In ALK+ ALCL, NPM::ALK also downregulates STAT1 to antagonize STAT3 and further decrease the production of antitumor cytokine IFN-γ (122).

Further, epigenetic modulation also contributes to cytokine deregulation in ALK+ ALCL. It has been reported that NPM::ALK downregulates SHP1 tyrosine phosphatase, a negative modulator of multiple cytokine signaling pathways, including Epo-R, IL-4, IL-13, IL-3R, IL-2R, through STAT3-mediated upregulation of DNA methyltransferase 1 in ALK+ ALCL (102, 123, 124).

The tumor microenvironment also contributes to the formation of deregulated cytokine repertoire (125, 126). However, the composition and cross-talk between the neoplastic cells and tumor microenvironment of ALK+ ALCL need further investigation.




2.11 Deregulated proteolysis in ALK+ ALCL

Deregulated proteolysis by ubiquitination or sumoylation contributes significantly to the sustained signaling of oncogenic proteins (127, 128). The proteasomal degradation process of target proteins requires small ubiquitin binding to the substrate (127). Similarly, SUMOylation is another post-translational modification characterized by the reversible conjugation of small ubiquitin-like modifiers (SUMOs) with the target protein. SUMOylation modification often competes with ubiquitin for substrate binding and is believed to protect candidate proteins from proteasomal degradation (128). Studies suggest that the SUMOylating of NPM::ALK antagonizes its ubiquitination and subsequent degradation prolonging its oncogenic signaling (129). Further, the removal of sumoylation by SENP1 (a sentrin-specific family of proteases) promotes NPM::ALK protein turnover and ensues a decrease in cell viability, cell proliferation, and colony formation ability. It can be surmised that targeting NPM::ALK degradation may have therapeutic benefits in ALK+ ALCL that are resistant to NPM::ALK kinase inhibitors. In this regard, several efforts are underway to develop ALK protein degraders at different levels of preclinical or clinical settings (130–133).





3 Pathobiology of ALK- ALCL

ALK- ALCL is a CD30+ large T-cell lymphoma that typically affects the older population and has variable prognosis (134, 135). Currently, ALK- ALCL is subdivided into three classes, namely systemic ALCL, breast implant-associated ALCL, and primary cutaneous ALCL. Depending upon the genetic lesions acquired, the pathogenic mechanisms and disease aggressiveness may vary.



3.1 Pathobiology of systemic ALK- ALCL

In ALK- ALCL, two gene rearrangements and identified recurrent mutations subclassify ALK- ALCL into three more categories, namely fusion involving DUSP22::IRF4, fusions involving TP63 gene, and other types of ALK- ALCL (Figure 2).




Figure 2 | Schematic illustration of genomic rearrangements that contribute to pathogenesis of ALK- ALCL () represents ALK- ALCL harboring DUSP22-rearrangement and associated signaling pathways. () represents ALK- ALCL harboring TP63-rearrangement and associated signaling pathways. () represents various driver oncogenic fusions involving tyrosine kinase and transcription factors, as well as high-frequency mutations that constitute an independent subgroup of ALK- ALCL.





3.1.1 DUSP22-rearranged ALK- ALCL

Rearrangement of DUSP22 occurs near the DUSP22::IRF4 locus on 6p25.3 (136). The FRA7H fragile site on 7q32.3 is the most affected gene in the translocation t (6;7)(p25.3,q32.3). DUSP22 rearrangements are detected at a frequency of 30% in ALK- ALCL cases using fluorescence in situ hybridization (FISH). This rearrangement leads to downregulation of DUSP22, and upregulation of the microRNA miR-29 on 7q32.3 but does not affect the expression of IRF4. This subgroup lacks the expression of genes associated with JAK-STAT3 signaling, but results in overexpression of the immunogenic cancer-testis antigen, marked DNA hypomethylation, and exhibits a reduced expression of PD-L1 and high expression of CD58 and HLA class II (137). Further, a novel recurrent mutation in MSCE116K, a gene encoding musculin, has been recently identified in DUSP22 rearranged ALK- ALCL. This mutation induces the CD30-IRF4-MYC signaling axis (Figure 2) and drives cell proliferation (138). Interestingly, DUSP22 inhibits interleukin-6 (IL-6)-induced STAT3 activation, and its downregulation is another mechanism by which STAT3 signaling may be activated in ALK- ALCL (139). Notably, the 5-year overall survival of DUSP22-rearranged cases is approximately 85-90%, which is significantly higher than other ALK- ALCL (140).




3.1.2 TP63-rearranged ALK- ALCL

The TP63 gene, a member of the p53 family, is expressed either as a full-length isoform carrying a transactivator domain (TP63) or as an amino-deleted isoform (ΔNp63) (141). P63 triggers multiple signaling in cancer-specific contexts, including regulation of the cell cycle, apoptosis, stemness, and tumorigenesis (142). Approximal 8% of ALK- ALCL show rearrangement of TP63 in 3q28, frequently with TBL1XR1 as a result of an inversion (3)(q26q28) (Figure 2) (143). Rearrangements involving DUSP22 and TP63 are mutually exclusive. TP63-rearranged ALK- ALCL exhibits the worst prognosis within the ALCL subtypes, with a 5-year overall survival rate of 17%. The biological significance of the genetic rearrangement of TP63 in ALK- ALCL is yet to be determined.




3.1.3 Other types of ALK- ALCL

In ALK- ALCL, oncogenic mutations in JAK1 and/or STAT3 (Figure 2), which contribute to the consistent activation of the STAT3 signaling pathway, has been identified in nearly 20% of cases. In addition, oncogenic fusion genes involving a transcription factor and a tyrosine kinase, such as NFκB2::ROS1, NCOR2::ROS1, NFκB2::TYK2, and PABPC4::TYK2 have been identified in ALK- ALCL (144). These fusion chimeras result in increased STAT3 activity and develop ALCL phenotype via STAT3 signaling, suggesting that intercepting STAT3 activation may have a therapeutic advantage (94). A recent deep-targeted next-generation sequencing of 47 ALK+ and 35 ALK- ALCL demonstrated that, on average, ALK- ALCL harbor 4.2 mutations/patient compared to 2.6 mutations/patient for ALK+ ALCL. Among all the mutations, STAT3 and JAK1 mutations are the most frequent (26%) in ALK- ALCL. The mutations that predicted poor prognosis of ALK- ALCL includes TP53, STAT3, EPHA5, JAK1, PRDM1, LRP1B, and KMT2D (46).

Approximately 25% of ALK- ALCL expresses an oncogenic truncated ERB-B2 receptor tyrosine kinase-4 (ERBB4) that is not detected in ALK+ ALCL and PTCL-NOS and may likely form another subgroup of ALK- ALCL. ERBB4 expression is mutually exclusive of DUSP22, TP63, and ROS1 rearrangements. Pharmacologic inhibition of ERBB4 partly controls ALCL cell growth and disease progression in an ERBB4-positive patient-derived tumor graft model (145).

Hence, better understanding and targeting these rearrangements and mutation-mediated signaling pathways may serve as novel therapeutic interventions for different subtypes of ALK- ALCL.





3.2 Pathobiology of breast implant-associated ALCL

Breast implant-associated ALCL (BI-ALCL) is a distinct subtype of mature T-cell lymphoma. A persistent chronic inflammation occurring post-breast implants, particularly those with a textured outer shell, has been documented as the underlying cause of the disease (146). Cross-talk between the malignant cells and reactive cells in the microenvironment is thought to contribute to the formation of an inflammatory milieu characteristic of BI-ALCL. Elevated levels of IL-1β, IL-6, and TNF-α, the macrophage-activating cytokines, have been detected after culturing peripheral blood mononuclear cells obtained from healthy donors to the surfaces of the silicone breast implants for 4 days (147). However, no T-cell activation or specific effector cell subtype skewing has been observed. In addition, elevated expression of IL-13, IgE+ eosinophils, and mast cells in the microenvironment of primary BI-ALCL specimens suggests that allergic inflammation may contribute to the development of BI-ALCL (148).

Tumors display complex karyotypes with losses of chromosomes 1p,4q, 8p, 10p, 15, 16, 20 and gain of chromosomes 2, 9p, 12p, 19p, and 21 in BI-ALCL patients (149, 150). Targeted sequencing of 180 genes in 11 cases identified highly recurrent activating STAT3 mutations and recurrent deletions of 1p22 involving RPL5, a tumor suppressor that regulates cell proliferation. In addition, abnormalities were identified in TGF-β, PKC, WNT/β-catenin pathway, and inflammasome signaling. Amplifications involving TNFRSF11A and PDGFRA were also identified (151). Genomic profiling of BI-ALCL using a variety of sequencing platforms did not detect any genomic rearrangements involving ALK, DUSP22, and TP63, suggesting less heterogeneity in the genetic manifestation than other subtypes of ALCL (152). Predominant JAK-STAT pathway, TP53, and DNMT3A could be molecular drivers of BI-ALCL (153). JAK1 mutations were found in 13% (3/23) of cases, with the most frequent point mutation involving G1097(D, V or S) identified in 44% (4/9) of cases (152, 154, 155). The frequency of STAT3 mutations was 26% (6/23), with the most predominant mutations identified involving S614R (155). Apart from the JAK-STAT pathway, the second most frequent alterations in BI-ALCL were identified in epigenetic modifiers, including TET2, TET3, ARID4B, KDM5C, KDM6A, KMT2C/D, CHD2, CREBBP and SMARCB at the frequency of ~55-75% (150, 154). Currently, the first line of therapy involves surgical removal of the implant in combination with radiotherapy and standard chemotherapy. However, therapeutic targeting of JAK/STAT pathway and epigenetic deregulations may be considered as alternative therapeutic opportunities for BI-ALCL.





4 Pathobiology of primary cutaneous anaplastic large cell lymphoma

Primary cutaneous anaplastic large cell lymphoma (pc-ALCL) is a CD30+ lymphoproliferative disorder that manifests in the skin. The malignant cells exhibit large anaplastic and pleomorphic morphology with expression of CD30 in approximately 75% of cells. It has a relatively good prognosis in the absence of high-stage disease. The disease is currently classified as a subtype of primary cutaneous lymphoid proliferations and lymphomas that encompass a spectrum of other diseases, including lymphomatoid papulosis (LyP) (5). Morphologic features of pc-ALCL partly overlap with other diseases, such as LyP (156–158) and reactive lymphoid hyperplasia (159). Therefore, genetic characterization of the disease is critical for correct diagnosis.

The majority of pc-ALCLs lack genomic rearrangements in ALK, DUSP22, and TP63. Although unusual, ALK-positive cases with only skin lesions have been identified, the frequency of these cases and ALK fusion partners are yet to be further determined (156, 160, 161). Array comparative genomic hybridization analysis of pc-ALCL demonstrates that nearly 40% of cases exhibit chromatin imbalances targeting region encompassing genes RAF1 (3p25), CTSB (8p22), FES (15q26.1), FGFR1 (8p11), NRAS (1p13.2), MYCN (2p24.1), and CBFA2 (21q22.3) (162). Further, highly recurrent genomic loss of chromosomes 6q16-6q21, 6q27, and 13q34, as well as gain on the chromosome 7q31 and 17q, were also detected (163). In addition, a recurrent translocation involving IRF4::MUM1 at chromosome 6p25.3 was identified at the frequency of approximately 20 to 25% in pc-ALCL. However, the protein expression of IRF4 and MUM1 is also detected in systemic ALCL, and therefore, examining the expression of IRF4 and MUM1 by IHC does not reliably distinguish pc-ALCL from systemic ALCL (157). Further, we identified a novel recurrent NPM::TYK2 gene fusion in a proportion of primary cutaneous CD30+ lymphoproliferative disorders (15%), which activates STAT1/3/5 signaling and promotes cell proliferation (164). Importantly, a transgenic conditional knock-in Cd4-CreNPM::TYK2fl/fl mouse model demonstrates spontaneous development of CD30+ mature T-cell lymphoma with 90% penetrance (165). Hence, targeting TYK2 may serve as a therapeutic intervention for neoplasms harboring the NPM::TYK2 rearrangement.




5 Conclusions and future perspectives

Our understanding of ALK+ ALCLs has provided opportunities for targeted therapies such as small molecular inhibitors of ALK (crizotinib, alectinib, and ceritinib) and antibody-drug conjugates targeting the tumor-specific expression of CD30. Given that a significant fraction of patients experience relapse or refractory responses, there is a continued need for the development of novel therapeutic approaches that target aberrant signaling and/or immune evasion mechanisms. ALK- ALCLs remain a genetically heterogeneous group of mature T-cell lymphoma. The identification of gene rearrangements involving TYK2, DUSP22, TP63, and ERBB4, and genetic alterations characteristic of distinct subsets of ALK- ALCLs, will facilitate improved stratification of disease outcomes. The discovery of novel gene rearrangements within the ALK- ALCL category and their functional consequences will be crucial for precision therapeutics. BI-ALCL demonstrates a predominant role of activated JAK-STAT3 signaling as the major driver of disease partly due to recurrent point mutations in JAK1 and STAT3. Further, the contribution of epigenetic modifiers in conjunction with JAK-STAT3 signaling in the propagation of BI-ALCL has not been functionally explored and warrants further investigation. Moreover, an integrated approach of genetic, epigenetic, and proteomic profiling may offer an opportunity to identify novel therapeutic targets for ALCL. Despite studies that have identified the role of cytokine deregulation in ALCL, the composition of the microenvironment and its role in regulating tumor cell survival mechanisms remains largely unexplored.
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Peripheral T cell lymphomas (PTCL) are a heterogenous group of mature T cell lymphomas with an overall poor prognosis. Understanding the molecular heterogeneity in PTCL subtypes may lead to improved understanding of the underlying biological mechanisms driving these diseases. Mutations in the epigenetic regulator TET2 are among the most frequent mutations identified in PTCL, with the highest frequency in angioimmunoblastic T cell lymphomas and other nodal T follicular helper (TFH) lymphomas. This review dissects the role of TET2 in nodal TFH cell lymphomas with a focus on emerging biological insights into the molecular mechanism promoting lymphomagenesis and the potential for epigenetic therapies to improve clinical outcomes.
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Introduction

Peripheral T cell lymphomas (PTCL) are a heterogenous group of aggressive lymphomas derived from mature T cells and account for 10-15% of all non-Hodgkin lymphomas (1). Among PTCL cases, the World Health Organization (WHO) classification has recently recognized a distinct entity termed nodal T follicular helper cell (TFH) lymphomas, which include the subtypes previously termed angioimmunoblastic T cell lymphoma (AITL), follicular T cell lymphoma and peripheral T cell lymphoma with a TFH phenotype (2). Nodal TFH lymphomas share phenotypic and gene expression similarities with normal T follicular helper (TFH) cells (3–5), a CD4+ T cell subset that promotes germinal center B cell differentiation (6). In the International Peripheral T-cell and Natural Killer/T-cell Lymphoma study, AITL (at the time the most recognized nodal TFH lymphoma) accounted for approximately 20% of PTCL cases and thus is the second most common PTCL subtype after PTCL, not otherwise specified (1). Clinically, nodal TFH lymphomas typically present at an advanced stage with lymphadenopathy, hepatosplenomegaly and constitutional symptoms, as well as various autoimmune manifestations (7–9). PTCLs, including nodal TFH lymphomas, have an overall poor prognosis with AITL patients having an expected 5-year overall survival of ~30% (1, 10). Recurrent somatic mutations in multiple epigenetic regulators, including loss-of-function mutations in TET2, inactivating mutations in DNMT3A and neomorphic mutations in IDH2, have been strongly associated with nodal TFH lymphomas (11–16). Given the poor prognosis of these lymphomas, understanding the underlying biology is critical to design therapies with improved efficacy. Given that TET2 is the most commonly mutated epigenetic regulator in these lymphomas, this review will focus on the mechanistic role of TET2 in the development and treatment of nodal TFH lymphomas.





TET2 function

TET2 is a member of the ten-eleven-translocation (TET) family of Fe2+- and alpha-ketoglutarate-dependent methylcytosine dioxygenases. These enzymes oxidize 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) and subsequent oxidized methylcytosine intermediates to ultimately generate an unmodified cytosine (17–19). DNA methylation was long thought to be a relatively stable epigenetic mark; however, the discovery of the TET family of enzymes introduced the concept of active DNA demethylation. TET2 is broadly expressed in hematopoietic cells and TET2 loss promotes hematopoietic stem cell (HSC) and myeloid cell expansion in murine models (19–22). Studies of TET2 function in murine and human hematopoietic cells reveal that TET2 deletion or loss-of-function mutations, such as those in nodal TFH lymphomas, lead to altered DNA methylation and chromatin accessibility at regulatory enhancer regions (23–25), suggesting functional epigenetic consequences.

In the study of TET2 function in T cells, deletion of TET2 in mature T cells does not result in any appreciable alteration in late T cell development or peripheral T cell activation (26). However, in antigen-specific CD4+ T cells, TET2 loss leads to an increase in TFH differentiation in a cell-intrinsic manner with hypermethylation at gene loci associated with helper T cell differentiation (27), suggesting that TET2 directly represses TFH differentiation by demethylating key regulatory loci.





TET2 and associated mutations in T cell lymphomas

Loss-of-function mutations in TET2 were first identified in myeloid malignancies (28, 29) but soon thereafter recurrent somatic mutations in TET2 were recognized in approximately 50-70% of AITL and other TFH-derived lymphomas (11–15). Subsequent gene sequencing of other T cell leukemias/lymphomas revealed TET2 mutations at much lower frequencies compared to nodal TFH lymphomas – including 17% of T-cell prolymphocytic leukemia cases (30), 14-20% of acute T-cell leukemia/lymphoma cases (31, 32) and in 4-12% cases of cutaneous T cell lymphoma and/or Sezary syndrome cases (33–35).

Furthermore, frequent mutations at isocitrate dehydrogenase 2 arginine 172 (IDH2 R172) have also been identified in AITL and other TFH-derived lymphomas (16). IDH2 is a mitochondrial enzyme that typically converts isocitrate to 2-alpha-ketoglutarate (aKG); however, the R172 mutation promotes abnormal oncometabolite production of the R-enantiomer of alpha-hydroxyglutarate (aHG) (36), which competitively inhibits aKG-dependent enzymes including the TET family (37). Thus, nodal TFH-derived lymphomas with IDH2 R172 mutations are predicted to have repressed TET activity and accordingly IDH2-mutated AITL exhibits genome-wide DNA hypermethylation compared to IDH2 wild-type AITL (38).





TET2 role in lymphomagenesis

Despite frequent TET2 mutations in a wide array of T cell lymphomas, most commonly in nodal TFH lymphomas, it was initially unclear the degree to which TET2 loss-of-function directly contributed to lymphomagenesis. TET2 deletion in murine hematopoietic stem cells (HSCs) altered early and late hematopoiesis in both myeloid and lymphoid lineages with eventual development of myeloid malignancies in the mice (14, 21, 22) but only rarely mature lymphoid malignancies (14). A murine model with a hypomorphic TET2 allele does develop TFH-like lymphomas but with a prolonged latency (39).

In several sequencing studies of nodal TFH lymphomas including AITL, multiple TET2 mutations were found in individual tumor samples implying a strong selective pressure (12, 13, 40). Additionally, in AITL cases, the majority of the cases that carried a TET2 mutation had a variant allele frequency >10% (12, 38, 40).

Since TET2 mutations were frequently found to co-occur with a glycine to valine (G17V) inactivating mutation in Rho GTPase RhoA in 50-70% of AITL cases (12, 40, 41), several groups sought to dissect the relative contribution of RhoA-G17V mutations and TET2 loss of function to T cell lymphomagenesis. Adoptive transfer of wild-type or TET2-deficient T cells retrovirally transduced to overexpress RhoA-G17V into T-cell deficient murine hosts resulted in CD4+ T cell expansion, disruption of peripheral T cell homeostasis and eventually lethal inflammation but no lymphoma was noted (42). Several other groups generated transgenic mice expressing the RhoA-G17V mutation in the setting of TET2 hematopoietic deficiency. In these various murine models, RhoA-G17V overexpression in T cells promoted TFH proliferation/expansion (43, 44) and the concomitant expression in the setting of hematopoietic TET2 deficiency led to the development of TFH lymphomas with varying penetrance (43–45). On a molecular level, RhoA-G17V and TET2 loss was found to promote mammalian target of rapamycin complex 1 (mTORC1) pathway activation (43, 44) and inactivation of forkhead box O1 (FOXO1) signaling (44), suggesting potential therapeutic targets. Together these data strongly support a role for RhoA-G17V as a driving mutation in nodal TFH lymphomas but also speak to the requirement for concomitant TET2 loss in the hematopoietic compartment to promote lymphomagenesis. Targeting of downstream pathways, such as with mTOR inhibitors, may be an attractive therapeutic target to be tested in nodal TFH lymphomas, though no trials are currently underway.





TET2 in clonal hematopoiesis and tumor microenvironment

Mutations in TET2 are among the three most frequent somatic mutations in age-related clonal hematopoiesis and are associated with an increased risk of hematologic cancers as well as all-cause mortality (46–48). The extent to which TET2 mutations in the lymphoma microenvironment and responding immune cells contributes to T cell lymphomagenesis has not been fully elucidated.

It has been posited that TET2 mutations noted in nodal TFH lymphomas largely arise in the setting of clonal hematopoiesis, which is supported by the fact that TET2 mutations in T cell lymphoma patients are frequently found to co-occur in the non-neoplastic B lymphocyte, myeloid and HSC compartments as well as the neoplastic T cells (14, 49, 50). In patients with AITL, the majority of patients had TET2 mutations identified in the neoplastic T cells as well as the myeloid compartment (51). In this case series, 4 of 22 patients with TET2 mutations and available sequencing data developed myeloid neoplasms approximately 2-4 years following their lymphoma diagnosis. The myeloid neoplasms all shared multiple TET2 mutations in the myeloid clone and AITL cells but also contained additional different mutations that were not shared. Together these data support myeloid neoplasms arising from early clonal TET2-mutated hematopoietic stem cells but with divergent evolution from the neoplastic AITL cells.

The presence of TET2-mutated immune cells in AITL patients led to the question if TET2 mutations alter tumor immunity to promote T cell lymphomagenesis. TET2 is known to have pleiotropic functions in different immune cells known to play a role in tumor immunity, including macrophages/monocytes, CD4+ helper T cells, T regulatory cells, CD8+ T cells and B cells (52). In myeloid cells, TET2 represses inflammatory gene expression (53) with increased IL-6, IL-1β and arginase 1 in TET2-deficient macrophages (54, 55). In a murine melanoma model, TET2 deletion in myeloid cells resulted in reduced tumor burden and increased tumor-infiltrating T cells suggesting that TET2 promotes a myeloid immunosuppressive program in the tumor microenvironment (56). In CD4+ T cells, TET2 inhibits cytokine production, including IFNγ, IL-17 and IL-10 (57), cytokines which can have both immunostimulatory and immunosuppressive roles. Furthermore, TET2 (in combination with either TET1 or TET3) dampens regulatory T cell immunosuppressive function (58, 59), which are a critical cellular subset known to suppress anti-tumor responses (60). In CD8+ T cells, TET2 represses memory differentiation following infection (26), though less is known about the role of TET2 deficiency in CD8+ T cell anti-tumor immunity and T cell exhaustion. Given these pleotropic roles TET2 may play in the tumor microenvironment, it is important to carefully analyze the tumor-intrinsic versus microenvironmental roles TET2 loss-of-function mutations play in promoting nodal TFH lymphomas.

A recent elegant study dissected T cell-intrinsic versus -extrinsic role of TET2 in lymphomagenesis using murine models with either hematopoietic or T cell specific loss of TET2 crossed to RhoA-G17V transgenic mice (61). TET2 deficiency in all hematopoietic cells accelerated the development of TFH lymphomas compared to either a wild-type hematopoietic compartment or TET2 deletion solely in T cells. To test which immune compartment contributed to TFH lymphomagenesis, the authors co-transplanted tumor cells with a variety of immune lineages into immunodeficient mice and monitored tumor development. Only when B cells were co-transplanted did donor-derived tumors develop suggesting that TET2 loss in B cells supported TFH lymphomagenesis. Subsequent analysis revealed clonal expansion of TET2-deficient germinal center B cells in the tumor-bearing mice, unique mutations in core histones developed in murine clonal B cells and that inhibition of CD40-CD40L interactions prolonged survival in mice. Correlative studies in human AITL samples demonstrated an expansion of germinal center B cells in involved lymph nodes and unique mutations (some also in core histone genes) in the tumor-associated B cells and plasma cells. These data strongly support a cooperating role for TET2-mutated B cells in the immune microenvironment to promote nodal TFH lymphoma development. Targeting these interactions could provide a novel therapeutic avenue in nodal TFH lymphoma patients, although it remains unclear if this mechanism occurs outside of TET2-mutated clonal hematopoiesis.





Treatment and prognosis implications

Since AITL and other nodal TFH lymphomas have an overall poor prognosis with currently available treatments (1, 10), novel therapeutic approaches are needed to improve patient outcomes. TET2 mutations have been noted to be associated with adverse clinical parameters (13, 62) but not associated with a change in overall survival (13). Given the frequency of TET2 and other epigenetic mutations (ie, DNMT3A) that occur in the majority of nodal TFH lymphomas, there is great interest in utilizing epigenetic therapies to target underlying biological mechanism in hopes to improve response rates and survival. PTCL has been shown to be uniquely responsive to one type of epigenetic therapy, specifically histone deacetylase (HDAC) inhibitors, with three HDAC inhibitors approved for systemic PTCL: romidepson, belinostat and chidamide (in China). In the phase II trial of romidepsin in relapsed/refractory PTCL, patients with relapsed/refractory AITL had an overall response rate of 33% compared to 25% of the overall cohort with two-thirds of the AITL responders achieving a complete remission (63). Similarly, in the phase II registration study of belinostat in relapsed/refractory PTCL, patients with AITL seemed to have improved response rates (45%) compared to response rate (26%) of the overall trial population (64). A more recent retrospective, multicenter study comparing HDAC inhibitor responses in TFH versus non-TFH PTCL patients found a significantly improved overall response rate in nodal TFH vs. non-TFH lymphomas (56.5% versus 29.4%) (65). Together these data support the idea that nodal TFH lymphomas may be more sensitive to epigenetic modulation than non-TFH lymphomas (summarized in Table 1), whether this sensitivity correlates with the presence of epigenetic alterations due to TET2 mutations remains unknown.


Table 1 | Response rates in epigenetic therapies in relapsed/refractory nodal TFH lymphomas versus overall PTCL.



Given TET2’s function in active DNA demethylation, questions naturally arise about the role of hypomethylating agents (HMAs) in nodal TFH lymphomas. Several case reports and case series suggest some clinical efficacy of single agent HMAs (5-azacitidine or decitabine) in TET2-mutated angioimmunoblastic T cell lymphoma (66–69). Preclinical studies have suggested synergy between HMAs and HDAC inhibitors in T cell lymphomas (70, 71) providing a biologic rationale for combined epigenetic targeted therapy in PTCL patients. A multicenter phase II trial examining the combination of oral 5-azacitidine and romidepsin in treatment naïve and relapsed/refractory PTCL patients found that patients with a TFH phenotype had higher overall response rate (80%) and complete response (60%) compared to the overall response rate (25%) and complete remission rate (12.5%) among patients with other subtypes (72). In this early-phase study, there were no statistical differences in response rates between patients with wild-type or mutated TET2 but this was limited by small sample size. Together these data suggest that duel epigenetic targeting therapies may be particularly effective in nodal TFH lymphomas.

Since patients with relapsed/refractory AITL have progressively shorter remissions with each subsequent line of therapy (73), the best chance to cure patients likely lies in improving first-line therapies. Based on the emerging understanding of the underlying biology and the role of epigenetic targeted therapies in nodal TFH lymphomas, several studies have been undertaken to combine epigenetic therapy with standard front-line chemotherapy (CHOP, cyclophosphamide, doxorubicin, vincristine and prednisone). A randomized phase III trial compared to romidepsin plus CHOP to CHOP alone in treatment naïve patients with PTCL. Unfortunately, there were no differences in response rates, progression free survival or overall survival and there were more treatment-related adverse advents in the Ro-CHOP arm (74). However, in an exploratory analysis, PTCL patients with a TFH phenotype had improved progression free survival after Ro-CHOP compared CHOP suggesting that nodal TFH lymphomas may derive a unique benefit and clinical trials should be further focused on PTCL subsets. Clinical trials focused on nodal TFH PTCL populations are examining the efficacy of combining azacitidine (NCT03542266) or chidamide (NCT03853044) with frontline CHOP. Recently published results of the phase II trial of oral azacitidine plus CHOP in 20 evaluable PTCL patients demonstrated a complete response in 88.2% of PTCL-TFH patients and 2-year progression free survival of 69.2% in PTCL-TFH patients. Notably, TET2 mutations were significantly associated with complete response rates and overall survival (75). The oral azacitidine plus CHOP combination is being tested in an ongoing randomized phase II trial in previously untreated patients with CD30-negative PTCL (NCT04803201).





Conclusions

From the initial identification of TET2 mutations in AITL and other nodal TFH lymphomas just over twenty years ago, significant strides have been made to advance the understanding of TET2’s role in the pathogenesis of these lymphomas. Namely, TET2 loss of function in the lymphoma microenvironment, which arises in the setting of clonal hematopoiesis, likely play a critical role in supporting TFH transformation and AITL development. Additionally, emerging clinical evidence suggests that epigenetic targeted therapies may improve response rates and survival in patients with nodal TFH lymphomas. Using the evolving scientific knowledge about the underlying biology of these rare lymphomas, future clinical trials may need to tailor trial populations to discern true efficacy of these therapies.
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Lymphoma subtype EBV positivity (%) EEE

Diffuse large B-cell lymphoma =10-15 (3, 24, 58)
Hodgkin lymphoma ~30-40 (3, 24, 59)
Peripheral T-cell lymphoma, NOS =15 (3, 24, 60)
Burkitt lymphoma =60 (3,24, 61)

Extranodal NK-/T-cell lymphoma >90 (3,24, 62)

EBV, Epstein-Barr virus; NOS, not otherwise specified.
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Pathogenic me Details

Chromosomal aberrations Gains at chromosomes 1p, 6p, 11p, 12q, 17q, 20q, and Xp
Losses at chromosomes 6q, 11q, 13q, and 17p
Del(6q-) are associated with losses of tumor suppressor genes FOXO3, HACEI, PRDM1, ATGS5, and AIMI
Del(17p-) is associated with loss of the tumor suppressor gene TP53

EBV-mediated oncogenesis Viral oncoproteins LMP-1 and EBNAs
Intragenic EBV deletions
More pathogenic EBV strains—prevalent in Latin America and Asia
Activation of proliferative signaling pathways: JAK/STAT, AKT, MAPK, and NE-kB; apoptosis inhibition and
immune modulation via PD-1/PD-L1 axis

Deregulated molecular signaling pathways and Pro-proliferative effect and cell-cycle regulation: JAK/STAT, NF-kB, C-MYC, RUNX3, NOTCH, and Aurora
mutational landscape kinase pathways

Apoptosis inhibition: surviving overexpression, deregulation of TP53 pathway, and reprogramming of cellular

metabolism and autophagy

Immune evasion: PD-1/PD-L1 axis

Dysregulation of DNA repair: ATM/ATR axis

Pro-angiogenic activity: VEGFA, VEGFR2, HGF, and MET

Epigenetic dysregulation: BCOR, MLL2, ASXL3, ARIDIA, and EP300

Mutational landscape:

STATS3, JAK3, STAT5B, SOCS1, and PTPRK (JAK/STAT pathway ~40%)

MAP3K5, BRAF, and EPHIA (RAS/MAPK pathway ~15%)

ECSIT, IKBkB, and BIRC2 (NF-kB pathway ~15%)

DDX3X (RNA helicases, ~40%-50%),

TP53 (~10%)

BCOR, EP300, TET2, and ARIDIA (epigenetic machinery, ~5%-10%)

ENKTCL, extranodal NK-/T-cell lymphoma; EBV, Epstein-Barr virus.
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Main genomic

TSIM subtype

Mutations in JAK/STAT and p53; amp9p24.1/JAK2 locus; amp17q21.2/

MB subtype

MGM mutation and 1p22.1/

HEA subtype

Mutations in HDAC9,

alterations STAT3/5B/5A locus. amp9P24.1/PD-L1/2 locus, del6q21( BRDT LOH) EP300 and ARID1A genes
NK gene expression +++ ++ ++

T-cell gene ++ ++ +++

expression

EBV gene expression | High BALF3/type II latency Low LMP1/type I latency High BNER1/type I latency

pattern/latency
Mye overexpression

Signaling Pathway
activated

3-year overall
survival

JAK/STAT (JAK2/3, STAT3, and STAT5B)

79.1%

Adapted from Xiong et al. (2020) (27).
‘TSIM, tumor suppressor-immune modulator; MB, MGA-BRD'T; HEA: HDAC9-EP300-ARIDIA; ENKTCL, extranodal NK-/T-cell lymphoma; EBV, Epstein-Barr virus.
-, abscense of expression; + low expression; -+, moderate expression; +++, high expression.

++

NOTCH, MAP WNT
(NOTCH3, MAP3K6, WNT2/
11)

38.5%

NF-xB

91.7%
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ENKTCL clinical presentatiol Main therapeutic strategies

1. Early stage (IE-IIE) L.1. Very elderly (>80 years old), unfit cases, or primary cutaneous presentation
« Isolated EF-RT with 50-60 Gy
1.2. Fit patients
« Chemoradiotherapy (CRT)—concurrent, sequential, or sandwiched modalities
- 2 x P-GEMOX/EF-RT/2 x P-GEMOX
- RT plus weekly cisplatin followed by 3 x VIPD (Korean protocol)
- RT followed by 2/3 DeVIC

2. Advanced-stage (III-IV) or extranasal disease (except - 2/3 x SMILE
cutaneous localized disease) - 6 x DDGP
- 4/6 x AspMetDex
- 4 x P-GEMOX
- 4/6 x GDP
* Consider up-front consolidation with ASCT for cases presenting high-risk PINK or PINK-E scores

3. Relapsed/refractory (R/R) disease - Anti-MDR-based chemotherapy (SMILE, DDGP, and P-GEMOX) followed by ASCT consolidation or
allo-SCT (in cases previously submitted to ASCT)

4. Novel therapies - Clinical trials
- Anti-PD-1/PD-L1: nivolumab, pembrolizumab, tislelizumab, sintilimab, avelumab
- Anti-CD30: brentuximab-vedotin
- Anti-CD38: daratumumab
- JAK/STAT inhibitors: ruxolitinib, tofacitinib
- HDACi: chidamide
- Antiviral agents: valganciclovir plus nanatinostat
- CAR-T therapies

ENKTCL, extranodal NK-/T-cell lymphoma; EE-RT, extended-field radiotherapy; CRT, chemoradiotherapy; RT, radiotherapy, P-GEMOX, peg-asparaginase, gemcitabine, and oxaliplatin;
VIPD, etoposide, ifosfamide, cisplatin, and dexamethasone; DeVIC, dexamethasone, etoposide, ifosfamide, and carboplatin; SMILE, methylprednisolone, methotrexate, ifosfamide, I-
asparaginase, and etoposide; DDGP, dexamethasone, cisplatin, gemcitabine, and peg-asparaginase; AspMetDex, L-asparaginase, methotrexate, and dexamethasone; GDP, gemcitabine,
dexamethasone, and cisplatin; ASCT, autologous stem cell transplantation; allo-SCT, allogeneic stem cell transplantation; HDACi, histone deacetylase inhibitors; CAR-T, chimeric antigen T-
cell receptor.
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Frequency *

CD56 expression *
CXCL-13 expression *
PD-1 expression *

OCT-2 expression *
IRF-4/MUM-1 expression *
Gender predominance *

Prognosis (for early-stage cases—IE/
1IE) *

Mutational landscape (SNV/CNV)

Up-regulated signaling pathways

Potential therapeutic applications

More than 75% of cases

83%

59%

0%

38%

54%

Male

Poor

STAT3, DDX3X, KMT2C, JAK2, KMT2D, EP300, STAT5B,
STAT5A

JAK/STAT

JAK inhibitors

Up to 25% of cases (atB+, Yo+, or op/yd+)
33%
0%
40%
0%
20%
Equal among both genders

Tendency to better survival

EPHAL, TP53, ARIDIA, PTPRQ, NCOR2, PPFIA2, BCOR,
PTPRK, HDAC

RAS-MAPK and epigenetic modifiers

HDACH

ENKTCL, extranodal NK-/T-cell lymphoma; COO, cell of origin; NK, natural killer; OS, overall survival; SNV, single-nucleotide variant; CNV, copy number variation; HDACi, histone

deacetylase inhibitors.

*According to Swerdlow SH et al. (2017) (24), Pongpruttipan et al. (2012) (23), Hong et al. (2016) (25), and Jhuang JY et al. (2015) (26).

*According to Pongpruttipan et al. (2012) (23).

***According to Xiong et al. (2020) (27).
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Diagnosis

Prognosis

Therapeutic
relevance

Potential targeted therapies

TFH-lymphoma

ALK-positive ALCL

ALK-negative ALCL

ENKTCL (nasal
type)

HSTL

EATL

MEITL

Indolent NK-LP of

the GI tract

ATLL

PTCL-NOS

- Mutations RHOA G17V, IDH2 R172, -
fusions transcript ITK_SYK

ALK expression (IHC), rearrangement
(FISH), fusion transcript

EBV (EBER ISH)

Iso7q (FISH)

Mutations JAKI p.G1097, STAT3

SETD2 mutation/deletion

STAT3 K563_C565del

HBZ transcript

DNMT3A R882X

MYC expression TRAFI_ALK
fusion transcript

FISH for:
-DUSP22 rearrangement
- TP63 rearrangement

MYC expression

CD20 expression (favorable)
TP53 alterations, MYC expression

Aggressive: mutations of CCR4
(frameshift), TP53, IRF4
Indolent: STAT3 mutations

TH2 polarization
DNMT3A mutations

FISH, fluorescence in situ hybridization; IHC, immunohistochemistry; ISH, in situ hybridization.

ITK_SYK
CTLA4_CD28
FYN_TRAF3IP2

JAK? fusion
transcripts
PSTAT3

PDLI expression

KIR3DL2
expression

KIR3DL2
expression

Demethylating agents
PI3K inhibitors

SYK inhibitors
CTLA4 inhibitors
1kB inhibitors

Brentuximab-vedotin
ALK inhibitors
JAK/STAT inhibitors

Brentuximab vedotin
JAK/STAT inhibitors
Kinase inhibitor

Immune checkpoint inhibitors
(pembrolizumab, nivolumab)

Humanized KIR3DL2 antibodies
(lacutamab)
JAK/STAT inhibitors

JAK/STAT inhibitors

JAK/STAT inhibitors
‘Weel inhibitor (adavosertib)

JAK-STAT inhibitors

Humanized antibodies against CCR4
(mogamulizumab),
KIR3DL2 (lacutamab)

Humanized antibodies against CCR4
(mogamulizumab)
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Disease Overall TFH/AITL

Status
Number Number
Romidepsin (54) Phase 11 R/R 130 25% 27 33%
Belinostat (55) Phase 11 R/IR 129 26% 22 45.5%
HDAC inhibitor (56) Retrospective R/R 127 45.6% 76 56.5%
Aza/Romidepsin (63) Phase 11 Tx Naive & R/R 23 61% 15 80%

ORR, overall response rate; R/R, relapsed/refractory; Tx, treatment.
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CD8-predominant AITL Common AITL P

Effaced LN architecture 6 (100) 9 (75) 0.515
Diffuse growth pattern 6 (100) 9 (75) 0.515
Arborizing proliferation of HEVs 6 (100) 12 (100) 1.000
Cell size 0.254

Small 0(0) 0(0)

Small-Medium 0(0) 2 (16)

Medium 2(33) 5(42)

Medium-Large 4 (67) 5(42)

Large 0 (0) 0(0)
EO increase (>30/HPF) 5(83) 1(8) 0.004
TFH cell marker 0.686

2 markers 0(0) 1(8)

3 markers 4(67) 5(42)

4 markers 2 (33) 6(50)
CD30 (%) 20 (0-30) 5 (0-15) 0.020
Ki67 (%) 60 (50-70) 50 (15-80) 0.041
EBER/HPF 7.5 (1-150) 3.5 (0-20) 0.263

SH, T follicular helper; LN, lymph node; EO, eosinophil; HEVs, high endothelial venules; HPE, high power filed. Bold value indicates statistically significant (P < 0.05).
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Patient ID Ann Arbor staging Pre-treatment

at 1st dx/TEPIP start

1 Male 70 AITL TA/IIA Low 6 x CHOP
4 x DHAC
2 Female 76 AITL IIIB/IIIA High-intermediate 6 x CHOP
3 Female 72 AITL TIIA/IVA Low-intermediate 12 x CHOP
4 Female 70 AITL TITA/IIIA Low-intermediate 6 x CHOP
5 Male 45 AITL IVA/IVA High-intermediate 5 x R-CHOEP
1 x DHAP
6 Male 79 PTCL-NOS IVAE/IVAE High-intermediate Prednisolone
Vincristine
3 x CHOP
7 Male 84 AITL -[IVA High None
8 Male 43 HSTL IVB/IVB High-intermediate 3 x CHOEP
1 x DHAP
Fludarabine
Alemtuzumab
9 Female 71 AITL IVB/IIIA High-intermediate 6 x CHOP
2 x DHAC
8 x BV
10 Female 67 FTCL IVAE/IVAE High-intermediate 6 x CHOEP
6 x N/Gem/Ox
MTX weekly
11 Male 66 AITL TIA/IIA High-intermediate 5 x CHOP
1 x DHAP/1 x DHAC
BEAM + ASCT
2 x Gem/Ox
12 Male 66 ALCL IVA/IVA High-intermediate 6 x BV-CHP

ATIL, angioimmunoblastic T-cell ymphoma; PTCL-NOS, peripheral T-cell lymphoma not otherwise specified; HSTL, hepatosplenic T-cell lymphoma; FTCL, follicular T-cell lymphoma; ALCL,
anaplastic large cell lymphoma; CHOEP, cyclophosphamide, doxorubicin, vincristine, etoposide, and prednisolone; DHAP/C, dexamethasone, cytarabine, cisplatin/carboplatin; BV, brentuximab
vedotin; N/Gem/Ox, nivolumab, gemcitabine, oxaliplatin; BEAM, BCNU, etoposide, cytarabine, and melphalan; ASCT, autologous stem cell transplantation; CHP, cyclophosphamide,
doxorubicin, and prednisolone.

At first diagnosis.
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CD8-predominant AITL Common AITL P

Age [median, (range)] 64.5y(48y-83y) 59y(43y-82y) 0.483
Sex (male/female) 5/1 715 0.600
Stage 1.000
01 0(0) 1 (17)
v 5 (100) 5(83)

PS 22 2 (40) 3(27) 1.000
B symptoms 4 (80) 7 (58) 0.600
Fever 3 (60) 5(42) 0.620
Night sweat 0(0) 3(25) 0.515
Weight loss 1(20) 4(33) 1.000
Skin rash 1(20) 5 (45) 0.588
Edema 6 (100) 3 (30) 0.011
Serous effusion 5 (100) 3 (30) 0.026
Splenomegaly 5 (100) 4 (44) 0.086
Hepatomegaly 3 (60) 1(11) 0.095
Anemia 3 (60) 7 (64) 1.000
Thrombocytopenia 2 (40) 0(0) 0.083
Leukocytosis 3(60) 1(9) 0.063
EO (x10°/L) [median, (range)] 0.22 (0.02-5.86) 0.25 (0.01-1.16) 0.827
FIB (g/L) [median, (range)] 2.09 (1.60-2.56) 3.08 (1.84-6.79) 0.038
Elevated LDH 3(75) 5(71) 1.000
CD4+T-cells in PB (%) 23.90 (12.00-32.60) 25.2 (19.70-36.30) 1.000
[median, (range)]

CD8+T-cells in PB (%) 48.00 (33.40-57.00) 31.00 (18.50-40.70) 0.111
[median, (range)]

Elevated 1gG 2(50) 4(57) 1.000
Elevated IgA 2(50) 4(57) 1.000
Abnormal IgM 2(50) 3 (43) 1.000
Elevated IgE 2 (67) 2(33) 0.524
Decreased C3 3 (100) 3(43) 0.200
Decreased C4 3 (100) 1(14) 0.033
High plasma EBV-DNA 3 (100) 0(0) 0.008
(>10" copies/ml)

Chemotherapy 3 (50) 6 (50) 1.000

PS, performance status; EO, Eosinophils; FIB, Fibrinogen; PB, peripheral blood. Bold value indicates statistically significant (P < 0.05).
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Patient ID TEPIP cycles Best response® Subsequent therapy

(n) (DOR, months)
1 2 PD 77 BSC
2 16 ‘ SD (18) 704 BSC
3 15 CR (35+) . 1193* No treatment
4 2 PD 185 Gemcitabine/carboplatin/dexamethasone
5 2 ‘ PR (2) 82 BSC
6 1 ‘ PD NA? Cyclophosphamide/etoposid/procarbazine/prednisolone
7 3 PD 148 BSC
8 1 PD ‘ 42 BSC
9 4 SD (1) 134 Lomustin
10 11 CR (10) 558 Belinostat
11 24 CR (25) 218 5-Azacitidine
12 2 PR (1) 251 BSC
median 25 10 (DOR) 185

DOR, duration of response; PD, progressive disease; SD, stable disease; PR, partial remission; CR, complete remission; BSC, best supportive care; NA, not available.
“Response to TEPIP therapy.

"Overall survival of patients, (the symbol “*” signifies being still alive).

“Duration of response in the case of SD/PR/CR (the symbol “+” signifies an ongoing response).

9Overall survival not available because of loss to follow-up.
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Patient  Toxicity Response Outcome

ID

1 Fatigue 1 Temporary discontinuation of TEPIP Improvement

2 Thrombopenia 2 Temporary discontinuation of TEPIP Improvement
Dysuria 2 Dose reduction of trofosfamide and prednisolone Improvement

3 Fatigue 2 Dose reduction of trofosfamide and longer treatment Improvement

intervals of 6 weeks
Cutaneous squamous cell carcinoma Not Discontinuation of TEPIP Improvement after
applicable surgical excision

4 None & o =
Elevated liver transaminases g Discontinuation of TEPIP Resolution

5 Leukopenia 1 Discontinuation of TEPIP Improvement
Anemia 3 Discontinuation of TEPIP Improvement
Thrombopenia 3 Discontinuation of TEPIP Improvement
Elevated liver transaminases 3 Discontinuation of TEPIP Improvement

¢ Thrombopenia 3 Discontinuation of TEPIP Persistence

7 Infection (urinary) 3 Discontinuation of TEPIP Improvement
Elevated creatinine 3 Discontinuation of TEPIP Improvement

8 None w = "

9 None - - -

10 None - - %

I 11 Fatigue 2 Discontinuation of Idarubicin and dose reduction of Improvement
MDS-RS-MLD Not trofosfamide and etoposide Progression to AML
applicable | -
12 Neurological symptoms (word finding disorder) 3 Discontinuation of TEPIP Improvement

originating from stroke

*According to Common Terminology Criteria of Adverse Events Version 5 (2017).
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Fus
NPMI_ALK (90)
TPM3_ALK (91)
ATIC_ALK (92)

TFG_ALK (93)

Translocation
t(2,5)(p23.2:g35.1)
1(1;2)(q25:p23)
inv(2)(p23935)

1(2:3)(p23;,q12.2)

Immunostal

Nuclear and cytoplasmic
Cytoplasmic with peripheric reinforcement
Cytoplasmic diffuse

Cytoplasmic diffuse

CLTCL_ALK (94)
MSN_ALK (95)

ALO17_ALK (96)

(2517)(p23;q23)
1(X;2)(q11-12;p23)

H(2517)(p23;q25)

Cytoplasmic granular
Membranous

Cytoplasmic diffuse

MYH9_ALK (97) 1(2;22)(p23;q11.2) Cytoplasmic diffuse
TRAFI_ALK (87) 1(2;9)(p23;933) Cytoplasmic
EEFIG_ALK (98) 1(2;11)(p23:q12.3) Cytoplasmic

‘ PABPCI_ALK (99) 1(238)(p23:22) Cytoplasmic
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95%Cl 95%Cl

TMTV*
TMTV 208 0.687-5.955 0.201 TMTV 7.19 0.957-54.00 0.055
SUVmax 1.82 0.881-3.796 0.105 SUVmax 1.70 0.808-4.985 0.133
Extranodal sites >1 2.08 0.996-4.500 0.061 IPI>2 1.30 0.442-3.673 0.655
Extranodal sites >1 1.93 0.874-4.663 0.100

TLG*

TLG 1.74 0.714-4.245 0.223 TLG 322 1.080-9.582 0.036
SUVmax 151 0.689-3.306 0.303 SUVmax 1.44 0.581-3.547 0.434
Extranodal sites >1 223 1.045-4.743 0.038 IPI>2 112 0.376-3.316 0.843
Extranodal sites >1 235 0.989-5.598 0.053

PES, progression-free survival; OS, overall survival; HR, hazard ratio; CI, confidence interval; TMTV, total metabolic tumour volume; TLG, total lesion glycolysis.
*TMTV and TLG were separately incorporated into multivariate survival analysis due to the correlation between TMTV and TLG.
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Entity

TFH-lymphomas

ALK-positive ALCL

ALK-negative ALCL

Breast-implant ALCL

ATLL

ENKTCL (nasal type)

HSTL

Indolent clonal T-cell lymphoproliferative
disorder of the gastro-intestinal tract

EATL

MEITL

T-LGLL

PTCL-NOS

TFH

Activated cytotoxic T cell

Activated cytotoxic T cell

Activated cytotoxic T cell

Memory regulator T cell

NK>>T (v5 or o)

Tgd> Tof

CD8+ or CD4-/CD8-
(TH2)

CD4+ or CD4+/CD8+

Intrapithelial lymphocyte
(Tap)

Intraepithelial lymphocyte
(Tyd > Tap)

Taof (CD8) >> Ty

TH1 (o >> &), common
cytotoxic phenotype

TH2 (ToB)

Mole

r features

- DNA methylation: TET2, DNMT3A, IDH2 R172 mutations

- TCR pathway: RHOA G17V, CD28, VAV1, PLCGI mutations

- Fusion transcripts: ICOS_CD28, CTLA4_CD28, ITK_SYK, ITK_FER, fusion transcripts
involving VAVI

- Fusion transcripts involving ALK
- Mutations in genes of the NOTCHI pathway

STATS3 activation:

JAKI and/or STAT3 mutations

Fusion transcripts involving ROS, TYK2, FRK, CAPRIN2
Absence of STAT3 activation:

DUSP22/IRF4 (locus 6p25.3) rearrangement

MSCE116K mutation

Others: TP63 rearrangements

- JAK/STAT pathway: STAT3, JAK1, SOCS3, STAT5B, SOCS1, PTPNI mutations
- Epigenetics: KMT2D, KMT2C, CREBBP, CHD2, TET2, DNMT3A mutations

- TCR pathway: PLCG1, PRKCB, CARD11, VAVI, IRF4, FYN, CCR4, CCR7, RHOA,
(CD28 mutations

- Immunosurveillance: CD58, B2M, HLA (class I) mutations

- JAK/STAT pathway: JAK3, STAT3, PTPNI mutations

- Transcription factor: GATA3, IKZF2, PRDMI mutations

- Epigenetics: TET2, DNMT3A, IDH2, SETD2, EP300, KDM6A mutations

- Fusion transcripts: ICOS_CD28 and/or CTLA4_CD28

- BCOR, DDX3X, TP53, MGA, STAT3, STAT5B, MLL2, ARIDIA, MSN mutations

- 3 molecular subgroups :

°TSIM : mutations of genes of the JAK/STAT pathway, TP53, amp9p24.1(JAK2, PDL1/2),
ampl7q21.2 (STAT3/5A/5B), EBV latency type I => NK cells

°HEA: mutations of HDACY, EP300, ARIDIA, EBV latency type 1T => T-cells

°MB: mutations of MGA, dellp22.1 (BRDT), MYC overexpression, EBV latency type I =>
T-cells

- SETD2, STAT5B, INO80, ARID1B, STAT3, PIK3CD mutations

- Structural alterations of the 3’UTR regions of IL2 coding gene

- JAK/STAT pathway: STAT3, SOCSI mutations, STAT3_JAK2 fusion
- Epigenetics: TET2, DNMT3A, KMT2D mutations

- JAK/STAT pathway: JAK1 (p.G1097 dans 50%), JAK3, STAT3, STAT5B, SOCS1
mutations

- KRAS, NRAS mutations

- NFKB pathway: TNFAIP3, TNIP3 mutations

- Epigenetics: TET2, KMT2D, DDX3X, SETD2 (15%) mutations

- Alterations of SETD2 (mutations, deletions)
- STAT5B, JAK3, TP53, GNAI2 mutations

- JAK/STAT pathway: STAT3, less frequently STAT5B mutations
- Epigenetics: TET2, DNMT3A

- Epigenetic: TET2, DNMT3A, KMT2D, SETD2 mutations

- TCR pathway: VAV, PLCG1, PRKCB, CARDI11 mutations; fusion transcripts involving
VAV1

- JAK/STAT pathway: STAT3, STAT5B, JAK3, SOCSI mutations

- Deletions of CDKN2A, TP53, PDGFA, STK11, WDR24, CDK4, CCND1, AKT,
RPTOR...
- Gains/amplifications of STAT3, CMYC

TEH, T follicular helper; ALCL, anaplastic large cell lymphoma; PTCL-NOS, peripheral T-cell lymphoma, not otherwise specified; ATLL, adult T-cell leukemia/lymphoma; ENKTCL: extra-nodal
NK/T-cell lymphoma, HSTL, hepatosplenic T-cell lymphoma; EATL, enteropathy associated T-cell lymphoma; MEITL, monomorphic epitheliotropic intestinal T-cell lymphoma; T-LGLL, T-

cell large granular lymphocytic leukemia.
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Character
Sex/male

Age, mean (range, year)

No. (%)
30 (75.0)

60.25 (33-80)

B symptoms/yes 22 (55.0)
Ann Arbor stage
il 4 (10.0)
111 20 (50.0)
v 16 (40.0)
ECOG-PS >1 13 (32.5)
Elevated LDH 30 (75.0)
Elevated B2-MG 28 (70.0)
BMB positive 5(12.5)
Extanodal involvement/yes 25 (62.5)
Extranodal sites >1/yes 14 (35.0)
IPI
0-1 5(12.5)
2-3 22 (55.0)
4-5 13 (32.5)
PIT

| 0 4 (10.0)
1 15 (37.5)
2 11 (27.5)
3 9 (22.5)
4 1(25)

ECOG-PS, Eastern Cooperative Oncology Group Performance Status; LDH, lactate
dehydrogenase; B2-MG, B2-microglobulin; BMB, bone marrow biopsy; IPI, international

prognostic index; PIT, prognostic index for T-cell lymphoma.
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Age, >60/<60 21/19 5/3 16/16 0.408 6/8 15/11 0.286
Sex, male/female 30/10 4/4 26/6 0.089 10/4 10/6 0.492
B symptoms, yes/no 22/18 4/4 18/14 0528 717 15/11 0.446
Ann Arbor stage, II/III-IV 4/36 3/5 1/31 0.020* 4/10 0/26 0.011*
ECGO-PS, 0-1/2-5 27113 6/2 21/11 0479 12/2 15/11 0.071
LDH, elevated/normal 30/10 4/4 26/6 0.089 717 23/3 0.012*
B2-MG, elevated/normal 28/12 4/4 24/8 0.170 717 21/5 0.049*
BMB, negative/positive 5/35 1/7 4/28 0.694 113 4/22 0.418
Extranodal sites>1, yes/no 13/27 1/7 12/20 0.179 4/10 anz 0491
1PI, 0-2/3-5 15/25 53 10/22 0.112 10/4 5/21 0.002*
PIT, 0-1/2-4 19/21 5/3 14/18 0.290 11/3 8/18 0.005*
Ki67, >55%/<55% 20/20 4/4 16/16 0.653 4/10 16/10 0.048*
Poor prognosis, yes/no 32/8 4/4 28/4 0.037 9/5 23/3 0.082

*Statistically significant. ECOG-PS, Eastern Cooperative Oncology Group Performance Status; BMB, bone marrow biopsy; IPI, International Prognostic Index; PIT, prognostic index for T-cell

lymphoma.
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PES

95%Cl
Sex (male) 172 0.702-4.219 0.235 1.436 0.579-3.562 0.436
Age>60 1.45 0.707-2.961 0.313 1.224 ‘ 0.581-2.576 0.595
B symptoms 0.67 0.327-1.355 0.262 0.738 0.347-1.567 0429
Ann Arbor stag (III/IV) 0.04 0.000-2.995 » 0.143 0.040 0.000-5.222 0.195
ECGO>1 1.51 0.728-3.116 0270 1.286 1 0.590-2.804 i 0.527
Elevated LDH 1.064 ‘ 0.453-2.498 0.887 1.589 0.588-4.294 0362
Elevated B2-MG 1.84 0.789-4.264 0.158 1.942 0.784-4.810 0.151
1PI>2 2.20 0.981-4.926 0.056 2.542 1.077-6.003 0.033
PIT>1 1.728 0.836-3.570 0.140 0.195 0.773-3.544 0.195
BMB/positive 1.44 0.707-2.910 . 0317 1222 0.417-3.581 0715
Extranodal sites >1 1 2.586 1.224-5.463 ) 0.013 2502 | 1.118-5.599 | 0.026
TMTV>87.0 2414 0.842-6.921 0.101 8.960 1.216-65.988 0.031
TLG>711.1 2.263 1.005-5.093 0.049 4.007 1.516-10.587 0.005
SUVmax>15.8 2.068 1.017-4.208 0.045 2413 1.134-5.133 0.022
Ki-67>55% 1.029 0.507-2.091 0.936 0.986 0.468-2.076 0.970

IPI, international prognostic index; PIT, prognostic index for T-cell lymphoma, ECOG-PS, Eastern Cooperative Oncology Group Performance Status; LDH, lactate dehydrogenase; B2-MG, B2-
microglobulin, BMB, bone marrow biopsy, SUVmax, maximum standard uptake value; TMTV, total metabolic tumour volume, TLG, total lesion glycolysis.
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Sézary cells in peripheral
blood smear

> 1,000 Sézary cells/pL

CD4/CD8 = 10

Immunophenotyping of

i
lymphocytes in peripheral blood i

CD4+CD26- = 30%

T-cell receptor gene Monoclonal population on the skin and
rearrangement peripheral blood (same clone)

“For the diagnosis of S8, detection of a monoclonal population of T-cells on the skin and the
blood is mandatory together with at least one morphologic or immunophenotypic alteration.
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Skin

T1 Limited patches/plaques (covering <10% of the total skin surface)
Tla  Patches only
Tib  Plaques/papules + patches
T2 Generalized patches/plaques (covering 210% of the total skin surface)
T2a Patches only
T2b Plaques/papules + patches
T3 Tumor(s) > lem diameter
T4 Confluence of erythema covering >80% of the body surface area
‘ Lymph node (N)
‘ No No clinically abnormal peripheral lymph nodes

N1 Clinically abnormal peripheral lymph nodes; dermatopathic lymphadenopathy or histopathological involvement by isolated atypical lymphocytes, without
alteration of the lymph node architecture

Nla  Clone negative or equivocal
Nib  Clone positive and identical to skin

N2 Clinically abnormal peripheral lymph nodes; histopathological involvement by aggregates of atypical lymphocytes, without alteration of the lymph node
architecture

N2a  Clone negative or equivocal
N2b Clone positive and identical to skin

N3 Clinically abnormal peripheral lymph nodes; frank histopathological involvement and partial/complete effacement of the lymph node architecture
N3a  Clone negative or equivocal

N3b  Clone positive and identical to skin

Nx Clinically abnormal peripheral lymph nodes; without histopathological confirmation
Viscera (M)

Mo | Without visceral involvement

M1 With visceral involvement

Mia Bone marrow involvement
MI1b  Non-bone marrow visceral involvement

Blood (B)

B0 Absence of significant blood involvement (< 250/pL of CD4+CD26- or CD4+CD7- cells)
B0a  Clone negative or equivocal
BOb Clone positive and identical to skin
Bl Low tumor burden in the blood, but do not fulfill B2 criteria
Bla  Clone negative or equivocal
Blb  Clone positive and identical to skin

B2 High tumor load in the blood (CD4/CD8 = 10; CD4+CD7- > 40%; CD4+CD26- > 30%; > 1000/uL of CD4+CD26- or CD4+CD7- cells or other aberrant
population of lymphocytes identified by flow cytometry)

B2a Clone negative or equivocal
B2b Clone positive and identical to skin

Bx Unable to quantify blood involvement
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1A Tl NO Mo BO or Bl
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‘ 1B T3 NO to N2 Mo BO or Bl
TIA ‘ T4 NO to N2 Mo BO
‘ 1B T4 NO to N2 Mo Bl
|
IVAL Tl to T4 NO to N2 Mo B2
‘ VA2 T1to T4 N3 Mo BO to B2
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2022 ICC 2022 WHO 2017 updated Comments

Classification classification WHO
classification

Peripheral T-cell Peripheral T-cell Peripheral T-cell Remains a diagnosis of exclusion; Two biological variants -
lymphoma, not lymphoma, not lymphoma, not PTCL-TBX21 and PTCL-GATA3 are identified. Cytotoxic EBV-negative cases may
otherwise specified otherwise specified otherwise specified represent

a distinct subgroup

TFH lymphoma, Nodal TFH cell Angioimmunoblastic T Diagnostic criteria is unchanged. Grouped under nodal T follicular helper cell lymphoma
angioimmunoblastic lymphoma, cell lymphoma (TFH). New terminology introduced to group lymphomas with similar phenotype and
subtype angioimmunoblastic- gene expression profiling signatures.

type
TFH lymphoma, Nodal TFH cell Follicular T cell New nomenclature. Diagnostic criteria is unchanged.
follicular type lymphoma, follicular- lymphoma

type
TFH lymphoma, NOS = Nodal TFH cell Nodal peripheral T-cell  New nomenclature.

lymphoma, NOS lymphoma with TFH Diagnostic criteria is unchanged.

phenotype
Anaplastic large cell ALK positive, Anaplastic large cell No change in diagnostic criteria
lymphoma, ALK Anaplastic large cell lymphoma, ALK-
positive lymphoma positive
Anaplastic large cell | ALK negative, Anaplastic large cell No change in the diagnostic criteria. Recognized as a heterogenous entity. TP63
lymphoma, ALK Anaplastic large cell lymphoma, ALK- rearrangements,
negative lymphoma positive
Breast implant Breast implant Breast implant Overexpression of PD-L1 in over half the cases
associated ALCL associated ALCL associated ALCL Constitutive JAK-STAT activation by somatic mutations of STAT3,
STATS5B, JAK1 and JAK2 and loss-of function mutations of SOCS1
and SOCS3

Primary nodal EBV+ EBV+ve nodal NK New entity New distinct entity from PTCL -NOS. Now grouped under EBV+ve positive NK/T cell
NK/T cell lymphoma  and T cell lymphoma lymphomas

The table compares the nomenclature differences between the recent classifcations for nodal T cell lymphomas to the 2017 revised WHO classification. 2022 (ICC) International consensus
classification of mature lymphoid neoplasms;. 2022 (WHO) World health organization classification of T cell lymphomas. TFH, T follicular helper cell; NOS, not otherwise specified; ALK,
anaplastic lymphoma kinase; ALCL, anaplastic large cell lymphoma; EBV, Epstein barr virus.
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get

Epigenomic mutations

Signaling pathways/Kinase directed therapies

Novel agents

HDAC inhibitors
Hypomethylating agents
EZH?2 inhibitors

PI3Kinase inhibitors

Janus kinase pathway inhibitors
SYK pathway inhibitors

Aurora kinase inhibitors

ALK inhibitors

Cell surface receptors

Tumor microenvironment

Non cell signaling pathways inhibition

CD 30 inhibitors
CD 25 directed therapies

Immunomodulatory agents
Check point inhibitors
Anti-CD 47 agents

Antiapoptotic therapies
Farnesyl transferase inhibitors
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A |

Age = 60 years Age > 60 years
Fit patient Fit patient

AITL CD30+: 6-8 BV-CHP AITL CD30+: 6-8 BV-CHP

AITL CD30-: 6-8 CHO(E)P AITL CD30-: 6-8 CHOP;

miniCHOP or elderly-
miniCHOP

Age 2 60 years
no-Fit patient

Azacitidine plus
: Romidepsin;
"""""""""" Gemcitabine;
Lenalidonide;
Belinostat;
3-4 poly-Chemotheraty Brentuximab Vedot
(DHAP, ESHAP, ICE, GDP) Ciclosporin A
Corticosteroid

Rescue poly- .
Young Fit Chemotherap Allogeneic SCT
R/R after ASCT
Elderly no-Fit
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Author
Schmitz N, 2010
Ellin F, 2014

Lage L, 2022

Brink M, 2022

Gallamini A, 2007
Ganjoo K, 2014

Lemonnier F,
2021

Meewes FO, 2022

Horwitz S, 2019

Falchi L, 2021

Ruan J, 2020

Bachy E, 2022

S

y desi

Retrospective
Retrospective

Retrospective

Retrospective

Prospective, Phase 1T
Prospective, Phase 1T

Prospective, Phase 1T

Retrospective

Prospective, Phase
i}

Prospective, Phase IT
Prospective,
Phase 1T

Prospective, Phase
it

Population
289 nMTCL (28 AITL)
755 nMTCL (104 AITL)

124 nMTCL (13 AITL)

1427 nMTCL (294 AITL)

24 MTCL (6 AITL)
46 MTCL (17 AITL)

80 nMTCL (67 AITL)

335 AITL
452 MTCL (> 70% ALCL)
25 R/R nMTCL (20 nMTCL-
TFH)

21 nMTCL (16 nMTCL-TFH)

421 MTCL

Therapeutic strategies
CHOP vs CHOEP
CHOP vs CHOEP

CHOP vs CHOEP

CHOP vs CHOEP

CHOP plus alemtuzumab
CHOP plus bevacizumab

CHOP plus lenalidomide

R-CHO(E)P vs R-CHOP

BV-CHP vs CHOP

S-azacytidine plus romidepsin

5-azacytidine plus CHOP

CHOP vs Romidepsin plus CHOP (Ro-
CHOP)

Outc

S|

3y EFS: 50.0 vs 67.5% (for AITL)
5y PFS: 23.0 vs 40.0% (for AITL)

2y PFS: 69.7 vs 25.0% (for all
nMTCL)

5y OS: 44.0 vs 64.0% (for all
nMTCL)

2y FES: 48%
1y PES: 44% (57% for AITL)

2y PFS: 42% for AITL

2y PFS: 45.0 vs 40.0%

Median PFS: 48.2 vs 20.8 months

Median PFS: 8.0 months

1y PFS: 56.8% (61.1% for AITL)

Median PFS: 10.2 vs 12.0 months

nMTCL, nodal mature T-cell lymphoma; AITL, angioimmunoblastic T-cell lymphoma; EES, event-free survival; PES, progression-free survival; OS, overall survival; FES, failure-free survival;
ALCL, anaplastic large-cell lymphoma; nMTCL-TFH, nodal mature T-cell lymphoma with follicular T-helper phenotype; CHOP, cyclophosphamide, doxorubicin, vincristine and prednisone; R,

rituximab; BV, brentuximab-vedotin;

E), etoposide; Ro, romidepsin.
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Frequency

nTFH-NOS nTFH-FL

GTPase
RHOA®?Y 50-70 25-50 60 «  GI7V specific to AITL/PTCL-TFH

. Not associated with prognosis

Epigenetic regulators

TET2 40-80 50-75 75 «  Found in other neoplasms (myeloid)
DNMT3A 20-30 7-18 25 «  TET2 co-occur w/ DNMT3 and IDH2 mutations is specific to TFH lymphomas
IDH27? 20-45 0 0 «  IDH2 mutations mostly restricted to AITL

« Presence of clear cells

«  More pronounced TFH signature

. Strong CD10 and CXCL13 expression

. Chr 5 and 21 gains

+ More aberrant genome than IDH2 negative cases
. Clinical trial: enasidenib

TCR signaling pathway

PLCy 8-14 6.25 N/A . Not specific (PTCL-NOS)

CD28 10-12 0 N/A . ‘Worse prognosis in AILT

N/A, Not available.
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WHO WHO 2017 ICC 20

WHO 2022

Nodal lymphomas of T-follicular helper Follicular helper T-cell lymphoma Nodal TFH cell lymphoma
cell origin
Angioimmunoblastic T-cell Angioimmunoblastic T-cell lymphoma Follicular helper T-cell lymphoma, Nodal TFH lymphoma,
lymphoma angioimmunoblastic type angioimmunoblastic-type
Follicular variant of PTCL, NOS Follicular T-cell lymphoma Follicular helper T-cell lymphoma, Nodal TFH lymphoma, follicular-type
follicular type
Subset of PTCL, NOS including - Nodal peripheral T-cell lymphoma with Follicular helper T-cell lymphoma, Nodal TFH lymphoma, NOS
zone variant TFH phenotype NOS

WHO, World Health Organization; ICC, International Consensus Classification; PTCL, peripheral T cell lymphoma, not otherwise specified; TFH, T-follicular helper.
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Mature T-cell and NK-cell leukemias
T-cell prolymphocytic leukemia (T-PLL)

T-cell large granular lymphocytic leukemia
NK-large granular lymphocytic leukemia

Adult T-cell leukemia/lymphoma

Sezary Syndrome

Aggressive NK-cell leukemia
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Diagnostic criteria for T-

Major criteria

=5 x 10°/L cells of with a T-PLL phenotype in the peripheral blood or bone
marrow

Evidence of T-cell clonality

Abnormalities of 14q32 or Xq28 or expression of TCL1A, TCLIB or MTCP1

Minor criteria
Abnormalities involving the chromosome 11 (11922.3; ATM)
Abnormalities in chromosome 8: idic (8)(p11), t(8:8), trisomy 8q

Abnormalities in chromosome 5, del12p, 13, 22 or a complex karyotype

Involvement of a T-PLL specific site (splenomegaly, effusions, skin and CNS)
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Epidemiology
Associations

Location

Histology

Phenotype

TCR
expression

Molecular

NK-cell
lymphoproliferative

disorder of the GI
tract

Unknown
Unknown

Stomach, small intestine,
colon

Medium to large in size,
with mild cytological
atypia.

Destruction of adjacent
glands may be present at
advanced stages.
Epitheliotropism is usually
absent.

cCD3+* CD8- CD5- CD7

+ CD4- CD56+ TIAL+
EBER(ish)-

Granzyme B+

Low Ki-67(<25%).
Increase levels of pSTATS.

Negative

TCR polyclonal. JAK3
mutations.

Indolent T cell lymphoma

of the Gl tract

Unknown
Unknown

Small intestine, colon, others

Small and monotonous
lymphocytes, with none to mild
cytological atypia. Non-
destructive.

Occasional epitheliotropism.

CD2+ CD3+ CD5+/- CD7+/-
CD8+>CD4+*** CD56- TIA1-/+
Granzyme B- EBER(ish) -

Low Ki-67 (<10%)

Alpha beta (o)

STAT3-JAK2 fusion

Northern Europe
Celiac, HLA-DQ2, HLA-DQ8

Small intestine

Pleomorphic.

Medium to large with cytological atypia.

Epitheliotropism is usually present.
Angiodestruction may be present.

CD3+ CD4- CD5- CD7+ CD8-/+***
CD56- CD103+ CD30+/-

TIA-1+, Granzyme B+

High Ki-67 (>50%)

Alpha beta (o) > gamma delta (y3)

STAT5B, JAK3, GNAI2
Gains of 1q and 5q

Asian, Hispanic
Unknown

Small intestine

Monomorphic medium cells.
Epitheliotropism usually present.

CD3+ CD5- CD8+>CD4+ CD56
+* CD30- CD103+ TIA1+
Granzyme B+ EBER(ish)-

High Ki-67 (>50%). MATK+"

Gamma delta (y8) > Alpha beta
(aB)

SETD2, STATS5B, JAK3, GNAI2
Gains of MYC

Differential diagnosis to Intestinal T cell lymphomas. *Concurrent flow cytometry analysis demonstrates that CD3 expression is cytoplasmic. **Majority of tumors (~80%) are CD8+, a
small subset of cases (9-18%) can be negative for CD56. *** Majority of the cases are CD8+ (~80%), a minority of the cases are either CD4+ or double CD4/CD8 negative in similar
proportions. **** Approximately 30% of the cases are CD8+, majority of the cases are CD4-/CD8-. “MATK/Lsk nuclear expression is detected in majority of MEITL cases and in NK/T
cell lymphomas, whereas EATL cases only feature cytoplasmic staining.
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ion proteins Translocation Localization

NPM:ALK (2;5)(p23;935) nucleus, cytoplasm (3)
TPM3:ALK t(1;2)(q25; p23) cytoplasm a1
TPM4:ALK (2;19)(p23;p13) cytoplasm (11)
TFG=ALK 1(2:3)(p23:21) cytoplasm (12)
ATIC:ALK inv(2)(p23q35) cytoplasm (13)
RNF213:ALK (2;17)(p23;q25) cytoplasm (14)
CLTC:ALK 1(2:17)(p23;q23) cytoplasm (14)
MSN:ALK I 1(X:2)(ql1; p23) cytoplasm (15)
MYH9:ALK 1(222)(p235q11) cytoplasm (15)
TRAF1:ALK 1(2;19)(p23;933) cytoplasm (16)
EEF1G:ALK t(2;11)(p23;q11) cytoplasm 17)

PABPCI:ALK 1(2:9)(p23:933) cytoplasm (18)
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ORR (PTCL, NOS)

ORR (non-PTCL,
NOS)

Bendamustine (97)
Gemcitabine (98)
5-azacytidine (99)

Guadecitabine (100)

Pralatrexate (90)

Fenretinide (101)

Belinostat (102)

Romidepsin (91)

| Tucidinostat (103)

Alkylating agent
Nucleoside analog
Nucleoside analog

Hypomethylating agent

Dihydrofolate reductase inhibitor

Synthetic retinoid

Histone deacetylase (HDAC) inhibitor

Histone deacetylase (HDAC) inhibitor

Histone deacetylase (HDAC) inhibitor

30/60 (50%)**
11/20 (55%)
N/A (not eligible)

072 (0%)
8/20 (40%)*

19/59 (32%)

0/1 (0%)

18/77 (23%)

20/69 (29%)

12/34 (35%)

AITL 22/32 (69%)
ME 9/19 (48%)
AITL 9/12 (75%)

TFH 7/16 (44%)

AITL 1/13 (8%)
ALCL 6/17(35%)

AITL 2/3 (66%)

CTCL 2/6 (33%)
Gamma-Delta TCLs 0/
1(0%)

AITL 10/22 (46%)
ALK- ALCL 2/13
(15%)

ALK+ ALCL 0/2 (0%)

AITL 8/27 (30%)
ALK- ALCL 5/21
(24%)

AITL 7/8 (87%)
ALK- ALCL 1/3 (33%)
EATL 1/1 (100%)

Chidamide (104)

Duvelisib (105)
Linperlisib (106)
Tenalisib (107)
Copanlisib (108)
Enzastaurin (109)
Alisertib (110)

Everolimus (111)

ib (112)

Golidocitinib (113)

Cerdulatinib (114)
Cpi-818 (115)
Bortezomib (116)

Ixazomib (117)

Tolinapant (118)

Forodesine (119)
Ibrutinib (120)
Valemetostat (121)
Imatinib mesylate (122)

Tipifarnib (123)

Alemtuzumab (124)

Brentuximab vedotin for
CD30+ (83)

Camidanlumab tesirine
(125)

Mogamulizumab (126)

Pembrolizumab (127)

Histone deacetylase (HDAC) inhibitor

PI3K inhibitor

PI3K inhibitor

PI3K inhibitor

PI3K inhibitor

Serine/threonine kinase inhibitor
Aurora A kinase inhibitor
mTORCI inhibitor

Janus Kinase (JAK) inhibitor

Janus Kinase (JAK) inhibitor

SYK/JAK inhibitor
Interleukin-2-Inducible T-cell Kinase (ITK) inhibitor
Proteasome inhibitor

Proteasome inhibitor

Antagonist of the cellular and X-linked inhibitor of apoptosis
proteins (cIAP1/2 and XIAP)

Purine nucleoside phosphorylase inhibitor
Bruton Tyrosine Kinase (BTK) inhibitor
EZH1/EZH2 inhibitor

Platelet derived growth factor inhibitor

Farnesyltransferase inhibitor

CD52 monoclonal antibody

CD30 monoclonal antibody-drug conjugate

CD25 monoclonal antibody-drug conjugate

CCR4 monoclonal antibody

PD-1 monoclonal antibody

6/27 (22%)

8/16 (50%)***
6/12 (50%)
7/15 (46%) ***
5/10 (50%)***
0/13 (0%)***
34/102 (33%)"
3/4 (75%)

2/11 (18%)

5/19 (26%)

9/38 (35%) *
1/4 (25%)
1/2 (50%)

1/2 (50%)

21/98 (21%) ***

5/22 (23%)
0/3 (0%)
24/44 (55%) ***

0/12 (0%)

4/10 (40%) Note: PTCL CXCL12

chemokine receptor +

3/6 (50%)

7/21 (33%) Note: CD30+ PTCL NOS

2/6 (33.3%)

3/16 (19%)

1/5 (20%)

ENKL 3/16 (18%)
ALK- ALCL 5/11
(45%)

ALK+ ALCL 2/6 (33%)
AITL 5/10 (50%)

CTCL 6/19 (31.6%)
AITL 8/10 (80%)

CTCL 9/20 (45%)

CTCL 1/11 (9%)

CTCL 3/7 (43%)

TPLL 3/8 (37%)

TFH 3/9 (33%)
T-LGL 2/5 (40%)
ALCL 1/4 (25%)

ME 1/7 (14%)
Gamma-Delta TCLs 1/
4(25%)

AITL 13/20 (65%)
ALK- ALCL 2/4 (50%)
NKTCL 1/4 (25%)

AITL 12/22 (55%)
CTCL 1/7 (14%)
ME 7/10 (70%)

CTCL 0/5 (0%)
ALK- ALCL 0/2 (0%)
TEH 0/3 (0%)

CTCL 13/50 (26%)

AITL 6/18 (33%)
ME 1/6 (16%)

ATLL 8/14 (57%)

AITL 18/32 (56%)

CTCL 3/4 (75%)

CD30+ AITL 7/13
(54%)

ATLL 3/7 (43%)

AITL 6/12 (50%),
ALK- ALCL 1/1
(100%)

CTCL 3/8 (38%)

ALCL 1/1(100%)
ME 1/3 (33%)

FICL 2/4 (50%)
HSTCL 0/1(0%)
MEITL 0/1 (0%)

Nivolumab (128)

TTI-621 (SIRPa-IgG1 Fe)
(129)

Lenalidomide (130)
Doublets:

Romidepsin + Pralatrexate
(131)

Romidepsin + 5-Azacytidine

(132)

Romidepsin + Duvelisib
(133)

Romidepsin +Tenalisib
(134)

Romidepsin + Lenalidomide

(135)

Duvelisib + Bortezomib
(133)

PD-1 monoclonal antibody

Binds CD47

Immunomodulation

“Response among all non-AITL subtypes.
**Response among all T-cell lymphomas (PTCL/CTCL).
***Response among all PTCL subtypes.

2/5 (40%) ***

2/11 (18%)***

4120 (20%)

10/14 (71%) **

14/23 (61%) ***

12/22 (55%) ***

4/5 (80%)

5/10 (50%)

5/14 (36%) ***

MF 2/13 (15%)

CTCL 6/29 (21%)

AITL 8/26 (31%)

TEH 12/15 (80%)

CTCL 6/13 (46%)

CTCL 8/15 (53%)

AITL 4/5 (80%)

CTCL 5/9 (56%)

CTCL 4/14 (29%)

AITL, Angioimmunoblastic T-cell lymphoma; ALCL, Anaplastic large cell lymphoma; ALK, Anaplastic Lymphoma Kinase; ATLL, Adult T-cell leukemia/lymphoma; CTCL, Cutaneous T-cell
Iymphoma; EATL, Enteropathy-associated T-cell Lymphoma; ENKL, Extranodal Natural Killer/T-cell lymphoma, nasal type; FTCL, Follicular T-cell lymphoma; Gamma-Delta TCL, Gamma-Delta T-
cell lymphoma; HSTCL, Hepatosplenic T-cell lymphoma; MOA, Mechanism of Action; MEITL, Monomorphic epitheliotropic intestinal T-cell lymphoma; MF, Mycosis Fungoides; NKTCL, Natural
Killer/T-cell Lymphoma; ORR, Overall response rates; PTCL, NOS, Peripheral T-cell lymphoma not otherwise specified; TFH, Nodal peripheral T-Cell lymphoma, T-follicular helper phenotype;
TLGL, T-cell large granular lymphocytic leukemia; T-PLL, T-cell prolymphocytic leukemia.
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