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Abstract

:

The programmed death-ligands, PD-L1 and PD-L2, reside on tumor cells and can bind with programmed death-1 protein (PD-1) on T-cells, resulting in tumor immune escape. PD-1 ligands are highly expressed in some CD30+ large cell lymphomas, including classic Hodgkin lymphoma (CHL), primary mediastinal large B-cell lymphoma (PMBL), Epstein–Barr virus (EBV)-positive diffuse large B-cell lymphoma (EBV+ DLBCL), and anaplastic large cell lymphoma (ALCL). The genetic alteration of the chromosome 9p24.1 locus, the location of PD-L1, PD-L2, and JAK2 are the main mechanisms leading to PD-L1 and PD-L2 overexpression and are frequently observed in these CD30+ large cell lymphomas. The JAK/STAT pathway is also commonly constitutively activated in these lymphomas, further contributing to the upregulated expression of PD-L1 and PD-L2. Other mechanisms underlying the overexpression of PD-L1 and PD-L2 in some cases include EBV infection and the activation of the mitogen-activated protein kinase (MAPK) pathway. These cellular and molecular mechanisms provide a scientific rationale for PD-1/PD-L1 blockade in treating patients with relapsed/refractory (R/R) disease and, possibly, in newly diagnosed patients. Given the high efficacy of PD-1 inhibitors in patients with R/R CHL and PMBL, these agents have become a standard treatment in these patient subgroups. Preliminary studies of PD-1 inhibitors in patients with R/R EBV+ DLBCL and R/R ALCL have also shown promising results. Future directions for these patients will likely include PD-1/PD-L1 blockade in combination with other therapeutic agents, such as brentuximab or traditional chemotherapy regimens.
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1. Introduction


Programmed cell death protein (PD-1), also known as CD279, is encoded by PDCD1 on chromosome 2q37.3 [1,2]. In 1992, PD-1 was discovered and was initially thought to be an apoptosis-associated molecule, but, subsequently, PD-1 was shown to be a key checkpoint molecule that participates in immune homeostasis by interacting with its ligands, PD-L1 (CD274 or B7-H1) and PD-L2 (CD273 or B7-DC) [3,4,5]. In cancers, PD-1 binds to PD-L1 or PD-L2 on the surface of tumor cells and/or tumor-associated macrophages (TAMs) in the tumor microenvironment, transducing inhibitory signals to the T-cell receptor (TCR) pathway [3,6]. As a result, TCR-mediated signaling activation and cellular proliferation are inhibited [7,8,9] (Figure 1). In this role, the PD-1/PD-L1 pathway plays a critical role in tumor immunity [10].



Blockade of the PD-1/PD-L1 pathway can release T-cells from the inhibitory effects of tumor cells and re-establish the-T-cell mediated antitumor immune response [11]. In recent years, great success has been achieved in the development of cancer immunotherapies, including PD1/PD-L1 blockade [6]. In 2018, Drs. James Allison (MD Anderson Cancer Center, Houston, Texas, U.S.A.) and Tasuku Honjo (Kyoto University, Kyoto, Japan) shared the Nobel Prize in Physiology or Medicine for their discoveries that enabled cancer immunotherapy [4]. Generally speaking, PD-L1 levels expressed by tumor cells are associated with a response to PD-1/PD-L1 inhibitor therapies that are widely used to treat patients with non-hematologic and hematologic malignancies, including lung cancers, melanoma, and lymphomas [12,13]. These inhibitors can prevent the binding of PD-1 to its ligands, restoring the T-cell immune response and leading to substantial and sustainable responses in patients [14]. In hematolymphoid neoplasms, the highest response rates have been achieved in patients with classic Hodgkin lymphoma (CHL) [6,15]. In contrast, variable responses have been observed in patients with non-Hodgkin lymphomas, including diffuse large B-cell lymphoma (DLBCL) and T-cell lymphomas that are known to have heterogeneous PD-L1/PD-L2 expression [6]. PD-L1 expression assessed by immunohistochemistry has been used as the main method to evaluate PD-L1 positivity on neoplastic cells. The cut-off values for PD-L1 positivity vary among studies. For example, a 5% cut-off was applied in an early study [16], whereas different cut-offs were employed in various studies of lymphomas [6,17,18].



CD30+ large cell lymphomas, including CHL, primary mediastinal large B-cell lymphoma (PMBL), Epstein–Barr-virus-positive (EBV+) DLBCL, and anaplastic large cell lymphoma (ALCL) show strong PD-L1 expression. In this review, we discuss the most updated studies focused on the PD-1/PD-L1 axis, as well as PD-1 blockade immunotherapy in these lymphoma types.




2. Classic Hodgkin Lymphoma


CHL is characterized by a marked inflammatory infiltrate admixed with sparsely distributed (usually <10%) CD30+ large neoplastic cells, including mononuclear Hodgkin (H) cells and multinucleated Reed–Sternberg (RS) cells [19]. The inflammatory infiltrate is composed of small lymphocytes, histiocytes, eosinophils, neutrophils, and plasma cells in variable proportions and represents the tumor microenvironment [20]. HRS cells have a high-level expression of PD-L1 and PD-L2 [21]. The overexpression of PD-L1 by HRS cells has been shown by immunohistochemistry in 70–87% of CHL cases [14,22,23,24,25]. The overexpressed PD-L1 and PD-L2 on HRS cells interact with PD-1-positive cytotoxic T-cells in the microenvironment, leading to the suppression of T-cell proliferation and function [25,26]. Therefore, HRS cells take advantage of their high expression of PD-1 ligands to escape from immune surveillance [21].



An increased PD-L1 and PD-L2 expression is associated with genetic alteration on chromosome 9p24.1, where PD-L1 (CD274) and PD-L2 (PDCD1LG2) are located [21,27]. Genetic alterations such as polysomy, copy gain, and amplification on chromosome 9p24.1 play critical roles in the overexpression of PD-L1 and PD-L2 in CHL [25]. Gene fusion between the class II MHC transactivator (CIITA) and upstream of PD-L1 has also been detected in 15% CHL, placing PD-L1 under the transcriptional control of the CIITA promoter and driving PD-L1 overexpression [28].



In addition, the chromosome 9p24.1 amplification region in CHL often extends to include the Janus kinase 2 (JAK2) locus, which is located 322 kilobases upstream from PD-L1 on 9p24.1. JAK2 amplification resulting in an increased JAK2 expression and kinase activity leads to the activation of downstream molecules such as STAT1. The activation of JAK2/STAT1 induced PD-1 ligand transcription, further augmenting PD-1 ligand expression [27]. The JAK2/STAT signaling pathway in CHL is sensitive to JAK2 inhibitors [29,30,31]. Furthermore, approximately 90% of CHL cases exhibit JAK/STAT pathway dysregulation caused by alterations in multiple genes, including JAK1, JAK2, STAT3, and STAT5B, supporting a pivotal role of this pathway in CHL [32].



A subset of CHL cases are positive for EBV infection [33]. Strikingly, 40 of 41 EBV+ CHL cases showed an increased PD-L1 expression in one study [34]. EBV infection is another, not fully understood, mechanism underlying PD-L1 overexpression [35]. EBV induces PD-L1 overexpression by activating the activator protein-1 (AP-1) and JAK/STAT signaling pathways [35]. In EBV+ CHL with a normal 9p24.1 copy number, the constitutive activation of the AP-1 pathway has been detected; in these cases, AP-1 is bound to an AP-1-responsive enhancer within PD-L1, resulting in increased PD-L1 promoter activity [35].



In addition to HRS cells, PD-L1/L2 is also expressed on TAMs in CHL. TAMs suppress cytotoxic T-cells and exert tumor-promoting and immunosuppressive functions [21,36]. A high number of TAMs in CHL independently predict inferior failure-free and overall survival (OS) in CHL patients [37]. Increased TAMs are also associated with primary treatment failure, shortened progression-free survival (PFS), and an increased likelihood of disease relapse after autologous stem cell transplantation (ASCT) [36]. Immune evasion via PD-1/PD-L1 on monocyte/macrophages has been shown to be prominent in CHL [38]. PD-L1/L2 expression was elevated in monocytes co-cultured with HRS cells within one hour, but not in monocytes cultured with supernatants of HRS cells [39]. An immunofluorescence analysis of PD-L1/L2 revealed that their upregulation results in membrane transfer called “trogocytosis” from HRS cells to monocytes. In CHL patients, PD-L1 and PD-L2 are upregulated in TAMs in contact with HRS cells, but not in TAMs distant from HRS cells, suggesting that trogocytosis occurs in CHL. These findings further suggest that trogocytosis may be a mechanism that induces the rapid upregulation of PD-L1/L2 by monocytes in CHL to evade antitumor immunity. The upregulated expression of PD-L1 in TAMs is also induced by interferon-gamma [40]. PD-L1+ TAMs can interact with PD-1+ CD4+ T-cells, leading to the dysfunction of CD4+ T-cells via PD-L1/PD-1 interaction and/or preventing their direct access to HRS cells [40].



The standard therapy for newly diagnosed CHL patients in the U.S.A. has been the doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD) chemotherapy regimen, although recent studies have replaced bleomycin with brentuximab vedotin (BV), an anti-CD30 antibody linked to a toxin [41,42]. Using ABVD, relapse occurs in a subset of patients, including up to one third of CHL patients with advanced-stage disease [43]. In patients with relapsed/refractory (R/R) CHL, the standard treatment has been high-dose chemotherapy followed by ASCT [44]. In ASCT-ineligible CHL patients, BV has been shown to have activity and is approved by the U.S. Food and Drug Administration (FDA). Not all patients can tolerate BV or respond sufficiently to BV, and, therefore, novel therapies are needed for this subset of CHL patients.



Based on strong PD-L1 expression by HRS cells and TAMs in CHL, CHL patients were treated with PD-1/PD-L1 inhibitors, and this approach has been proven to be highly successful. The PD-1 inhibitors, nivolumab and pembrolizumab, were approved by the United States Food and Drug Administration (FDA) in 2016 and 2017, respectively, as therapies for transplant-ineligible R/R CHL patients [21]. Nivolumab was the first PD-1 inhibitor used in patients with R/R CHL [45]. In a phase I study, nivolumab was highly effective in heavily treated R/R CHL patients, with an overall response rate (ORR) of 87% and a PFS rate of 86% at 24 weeks [45]. In another multicenter, multicohort, single-arm phase II trial study, nivolumab resulted in frequent responses with an acceptable safety profile in CHL patients who progressed after ASCT and BV [22]. Pembrolizumab, another PD-1 inhibitor, was reported to induce good responses in R/R CHL patients in a phase II, multicenter, single-arm study [46,47]. In this study, 210 heavily pretreated patients were treated with pembrolizumab, with an ORR of 71.9%, a complete response rate (CRR) of 27.6%, and a median duration of response of 16.5 months [46,47].



In a multi-center, phase III study of patients aged 18 years or older with R/R CHL who were ineligible for ASCT or who had relapsed after ASCT, 151 patients were randomly assigned to pembrolizumab and 153 to BV [48]. After a median follow-up time of 25.7 months, the median PFS was 13.2 months for the pembrolizumab group, significantly higher than the 8.3 months in the BV group. These data suggest pembrolizumab as a preferred treatment option for patients with R/R CHL who have relapsed after ASCT or who are ineligible for ASCT.



Other PD-1 inhibitors, such as intilimab, camrelizumab, and tislelizumab, and PD-L1 inhibitors such as avelumab may also be used in R/R CHL patients [49,50]. In a phase II study of camrelizumab, 76% of R/R CHL patients had an objective response, including 28% who underwent a complete remission [51]. In the JAVELIN Hodgkins study, avelumab was used to treat R/R CHL patients. The ORR in all randomized patients was 49.1%, with a CRR of 19.4% [52]. These findings indicate that these PD-1/PD-L1 inhibitors have strong antitumor activity in R/R CHL patients and that some patients have a durable response.



PD-1 blockade has also been investigated in combination with chemotherapy for the treatment of newly diagnosed or R/R CHL. In patients ≥ 18 years of age with newly diagnosed, untreated, early, unfavorable, or advanced-stage disease, brief pembrolizumab monotherapy followed by AVD was highly effective and safe [53]. In a phase I/II study in which nivolumab was administered in combination with BV as an initial salvage treatment in patients with R/R CHL, the ORR was 82% and the CRR was 61% [54]. These findings suggest that the combination of PD-1/PD-L1 inhibitors with other therapies is a potential alternative to traditional chemotherapy.



The high response rates of PD-1 blocking antibodies in R/R CHL patients confirm the critical role of PD-1/PD-1 ligand interactions in this disease. The data from a recent study indicate that blocking PD-L1 reverse signaling may be another mechanism of high response with PD-1/PD-L1 inhibitors in CHL patients. PD-L1 on CHL cell lines could be stimulated by an agonistic monoclonal antibody, resulting in increased cell growth and decreased apoptosis [5]. Interestingly, soluble PD-1 levels in the serum of CHL patients were significantly elevated compared with healthy people. PD-1, both membrane-bound and soluble forms, induced PD-L1 reverse signaling in CHL cell lines, which could be inhibited by nivolumab [5].



In summary, frequent genetic alterations of the chromosome 9p24.1 locus (amplification, copy gain, polysomy, rearrangement), constitutive activation of the JAK/STAT pathway, and EBV infection lead to PD-L1/L2 overexpression in CHL and resultant tumor evasion from immune surveillance (Table 1). These mechanisms provide a scientific rationale for treating R/R CHL patients with PD-1/PD-L1 inhibitors, which has become a standard of care for this patient population [15]. Furthermore, synergistic effects of PD-1/PD-L1 inhibitors and chemotherapy or BV have been observed in newly diagnosed or R/R CHL patients, respectively, indicating that PD-1/PD-L1 blockade in combination with other therapeutic agents may be a future strategy.




3. Diffuse Large B-Cell Lymphoma (DLBCL)


DLBCL is a biologically and clinically heterogeneous group of neoplasms [19]. In 2000, gene expression profiling analysis was used to subdivide cases of DLBCL into germinal center B-cell-like (GCB), activated B-cell (ABC), and unclassified subtypes [20,55]. As gene expression profiling is not widely available, others subsequently used surrogate immunohistochemistry algorithms to subdivide DLBCL cases into GCB and non-GCB groups. Although this system contributed to the understanding of DLBCL, these approaches were too simplistic to capture the true heterogeneity of DLBCL. More recent studies from the National Institutes of Health, Harvard, and the United Kingdom have divided DLBCL cases into up to six groups [56,57]. Although these studies differ in methods and somewhat in their results, there is also similarity between these studies, indicating that consensus on various molecular subsets of DLBCL is emerging. To date, the expression of PD-L1 has been shown in 11–31% of DLBCL cases [16,17,18,24,58,59,60], being more frequent in the ABC type (up to 45%) than in the GCB type (15%) [61]. PD-L1 expression is also more commonly detected in EBV+ DLBCL compared with EBV-negative cases [6].



Similar to CHL, an increased PD-L1 expression in a subset of DLBCL cases is associated with alterations of chromosome 9p24.1, such as copy number gains, amplification, and translocation, but these alterations are present at a much lower frequency than in CHL [14,61]. Structural variations (SVs) that commonly disrupt the 3’ region of PD-L1 were found in 8% of DLBCL cases in one study [62]. Kataoka et al. found that these SVs consistently led to elevated aberrant PD-L1 transcripts that were stabilized by truncation of the 3’-untranslated region (UTR). The disruption of the PD-L1 3’-UTR in an animal model facilitated the immune evasion of EG7-OVA tumor cells, with an increased PD-L1 expression in vivo, which was effectively blocked by a PD-1/PD-L1 inhibitor [62].



Gene alterations and PD-L1 protein expression have been closely linked with phosphorylated STAT3 (pSTAT3) expression in DLBCL [63]. Phosphorylated STAT3 has been observed in 16% of DLBCL and was associated with the non-GCB/ABC subtype [64,65], suggesting that the JAK/STAT pathway may play a role in upregulating PD-L1 expression in DLBCL. Elevated serum IL-10 levels seen in some DLBCL patients can also induce JAK/STAT activation [66].



The standard treatment of DLBCL patients is currently rituximab, cyclophosphamide, doxorubicin, vincristine, and prednisolone (R-CHOP) [67,68]. However, new therapeutic approaches are needed for R/R DLBCL patients who generally have a poor prognosis. Unlike the situation in CHL patients, the efficacy of PD-1 blockade in trials of DLBCL patients has been disappointing. For example, among 121 patients with R/R DLBCL who were ineligible for ASCT and received nivolumab, the response rate was only 10%, and the median duration was less than 1 year [69]. The authors concluded that nivolumab monotherapy is associated with a low ORR among patients with DLBCL who are ineligible for or had failed ASCT [69]. The low response rate of PD-1/PD-L1 inhibitors in DLBCL patients may be explained by the heterogeneity in the prevalence of PD-L1 expression [7]. Although the monotherapy of PD-1/PD-L1 inhibitors is not adequate, the potential combination of PD-1/PD-L1 inhibitors with other therapies may be an effective approach to treat R/R DLBCL patients [70,71].



3.1. Primary Mediastinal Large B-Cell Lymphoma


Although PD-L1 expression is generally low in unselected cases of DLBCL, PD-L1 expression is high in some subtypes of DLBCL, such as PMBL, which accounts for approximately 10% of DLBCL cases [72]. There are overlapping morphological and immunophenotypic features between PMBL and CHL. Gene expression profiling has shown that PMBL is closely related to CHL [73,74]. The biologic hallmarks of PMBL are reminiscent of CHL, including the activation of the JAK/STAT and NF-kB signaling pathways, as well as an immune evasion phenotype through multiple converging genetic aberrations [75]. Similar to CHL, PMBL shows an overexpression of PD-L1/L2 and usually CD30, but PMBL has a stronger PD-L2 expression and variable CD30 expression compared with CHL.



PD-L1 expression in PMBL as assessed by immunohistochemistry is high, ranging from 36% to 100% of cases [14,16,24,59]. Similar to CHL, amplification and copy number gain are the major mechanisms that upregulate the expression of PD-L1 and PD-L2 in PMBL. An amplification of the 9p24.1 locus is detected in up to 70% of PMBL cases [27,76]. Copy number gains of chromosome 9p24.1 are observed in 29–55% of PMBL cases [27,76]. In addition, translocations involving 9p24.1 are found in 20% of PMBL cases [77,78]. A relatively high frequency of 9p24.1 translocation is a unique feature of PMBL. Gene fusions involving CIITA and upstream of PD-L1 are also commonly detected in PBML (38%) [28]. PMBL with 9p24.1/JAK2 copy gain is sensitive to JAK2 inhibition in in vitro and in vivo, supporting the activation of the JAK/STAT pathway in PMBL [29]. The JAK/STAT pathway in PMBL is also activated by several other mechanisms, including activating mutations of STAT6 and IL-4R, inactivating mutations of negative regulators of the JAK/STAT pathway (such as SOCS-1 and PTPN1), and paracrine activation by IL-13 [79].



Refractory disease can occur in up to 10% of patients with PMBL and correlates with poor outcomes. Emerging data support the high efficacy of PD-1 inhibitors in PMBL patients. Two studies reported good response rates in R/R PMBL patients treated with pembrolizumab, with an ORR of 41% and 45%, respectively [80,81]. Soon after these reports, pembrolizumab was approved by the FDA for treating patients with R/R PMBL. Studies to investigate the possible role of PD-1 inhibitors as a frontline therapy in PMBL patients are currently underway.



Despite the expression of CD30 in ~80% of PMBL cases, BV has been ineffective as a single agent in patients with this disease [82]. However, nivolumab combined with BV demonstrated high antitumor activity in patients with R/R PMBL. In a phase I/II study of 30 patients with R/R PMBL who were previously treated with either ASCT or ≥ two prior chemotherapy regimens, if ineligible for ASCT, nivolumab combined with BV resulted in an ORR of 73% with a 37% CRR at a median follow-up of 11.1 months [83]. Therefore, the combination of nivolumab plus BV may represent a promising option for patients with R/R PMBL.




3.2. EBV+ Diffuse Large B-Cell Lymphoma, NOS


EBV+ DLBCL not otherwise specified (NOS) accounts for <5%–15% of DLBCL cases [19]. EBV+ DLBCL is most common in elderly patients (≥50 years of age) but can occur in younger patients. EBV+ DLBCL of the elderly and in young patients may be considered as two different pathogenic types: the former being related to physiological immunosenescence and the latter being related to immune escape [84]. Elderly patients with EBV+ DLBCL NOS usually have a gradual deterioration in their immune functions due to aging, which accelerates the imbalance between the inflammatory and anti-inflammatory process. As a result, this imbalance leads to a chronic pro-inflammatory status, which can facilitate lymphomagenesis [84]. In contrast, immune escape is observed in younger patients with EBV+ DLBCL NOS. The mechanisms involved in the neoplasms include the recruitment of regulatory T-cells and production of immunosuppressive cytokines, as well as the expression of immune checkpoint proteins, such as PD-L1. Elderly patients with EBV+ DLBCL have a significantly shorter OS than younger patients [85]. Studies have shown that the genomic features of EBV+ DLBCL cases are distinct from EBV-negative DLBCL cases. There are relatively fewer genomic alterations in EBV+ DLBCL compared with EBV-negative DLBCL [86]. Others have reported that the host immune response is a crucial molecular signature and that genes associated with the B-cell receptor signaling pathway are downregulated in EBV+ DLBCL [86]. EBV+ DLBCL cases also exhibit a genetic profile different from EBV-negative DLBCL, characterized by frequent mutations in TET2 and DNMT3A and infrequent mutations in CD79B, MYD88, CDKN2A, and FAS [87].



EBV+ DLBCL and CHL show overlapping histologic features [19]. Morphologically, these neoplasms are composed of large transformed cells, namely immunoblast-like cells and/or Hodgkin/Reed–Sternberg-like cells [19]. EBV+ DLBCL cases are frequently positive for CD30, much more often than EBV-negative cases [88,89]. One study reported CD30 positivity in almost all EBV+ DLBCL cases (98%) assessed [90]. In another study, CD30 expression was found in 43% of EBV+ DLBCL cases, but only in 16% of EBV-negative DLBCL cases [89]. Given the high expression of CD30, BV may be a potential treatment for EBV+DLBCL patients. In a small phase II study, the clinical activity of BV in R/R EBV+ and CD30+ non-Hodgkin lymphomas (22 mature NK/T cell and 3 mature B-cell lymphoma cases) was substantial and durable, with an ORR of 48% and a duration of response of 10.1 months, suggesting BV as a promising therapy for patients with EBV+ DLBCL [91].



EBV+ DLBCL cases often show higher levels of PD-L1 expression (77–100%) compared with EBV-negative cases [16,63,85]. The expression of PD-L1 in both the neoplastic cells and the microenvironment (mPD-L1) in DLBCL is significantly associated with EBV positivity. PD-L1 and mPD-L1 expression were noted in 16% and 41%, respectively, of patients with EBV+ DLBCL [17,92]. PD-L1/PD-L2 aberrations were detected in 19% of EBV+ DLBCL cases [87]. The chromosome 9p24.1 locus was one of the most frequent sites of copy number alterations (>30%) in EBV+ DLBCL, and PD-L2 is a key target of the gains detected at the chromosome 9p24.1 locus. Chromosomal gains at 9p24.1 have been associated with a poorer OS in EBV+ DLBCL patients, suggesting that the upregulation of PD-L2 promotes immune evasion [86].



At least three cellular signaling pathways are upregulated in EBV+ DLBCL: AP-1, JAK/STAT, and NF-kB [16,89,93,94]. The EBV infection of DLBCL cell lines induces a high activation of the JAK/STAT and NF-κB pathways [94]. An enhanced activation of the AP-1 and JAK/STAT pathways also likely contributes to the overexpression of PD-L1. EBV+ HIV-associated DLBCL has been reported to be enriched for STAT3 mutations [95]. EBV+ DLBCL also showed a significantly lower expression of CIITA, MHC II, and B-cell receptor (BCR), but an overexpression of PD-L1, compared with EBV-negative DLBCL. Genetic aberrations involving CIITA were also more common in EBV+ DLBCL, with 23% break-apart and 6% deletion events, compared with 2% break-apart and 0% deletion events in EBV-negative DLBCL [96]. These findings suggest that antigen capture and presentation are disrupted, and that T-cell inhibitory molecules are hijacked in EBV+ DLBCL, possibly contributing to the immune escape of this disease.



PD-1 blockade has been shown to restore functions of T-cells in EBV+ DLBCL in vitro [97]. Targeting the PD-1/PD-L1 pathway may represent a potential therapeutic approach for EBV+DLBCL patients. A patient with refractory EBV+ DLBCL associated with secondary hemophagocytic syndrome has been successfully treated by a sequential combination regimen of PD-1 blockade and chimeric antigen receptor T-cells [98]. In a phase II study of nivolumab in R/R EBV+ DLBCL patients, preliminary data showed an ORR of 50% (1/2) and a CRR of 50% (1/2) [99].



In summary, genetic alterations and the expression of PD-L1 are low in non-selected cases of DLBCL but are frequent in some CD30+ types, such as PMBL and EBV+ DLBCL (Table 1). Both genetic aberrations of chromosome locus 9p24.1 and activation of the JAK/STAT pathway upregulate the expression of PD-L1 in PMBL and EBV+ DLBCL. Currently available data on blocking PD-1/PD-L1 in non-selected DLBCL patients have been disappointing so far, but PD-1 inhibitors have been very successful in treating patients with R/R PMBL, leading to their rapid approval by the FDA. Studies that investigate the possible role of PD-1 inhibitors as an up-front treatment in PMBL patients are underway. Preliminary data also suggest that PD-1 blockade is a promising therapy for EBV+ DLBCL patients.





4. Anaplastic Large Cell Lymphoma


ALCL is a systemic CD30+ peripheral T-cell lymphoma characterized by large pleomorphic lymphoma cells with horseshoe-shaped nuclei (so-called hallmark cells) [19]. ALCL is further classified into ALK+ and ALK-negative types. The most common translocation in ALK+ ALCL, i.e., t(2;5)(p23;q35), was discovered in the 1980s and, in 1994, Morris and Look identified the involved genes, ALK and NPM1, which form an NPM1::ALK fusion [100,101,102]. This fusion leads to an increased ALK expression and activation of downstream signaling pathways, such as JAK/STAT [103]. ALK-negative ALCL is more heterogeneous, with 20–30% of cases associated with DUSP22 rearrangement and approximately 5–8% of cases associated with TP63 rearrangement [104,105].



The expression of PD-L1 in ALCL ranges from 50% to 80% [59,106,107], with a higher positivity rate in ALK+ ALCL [59,106,107,108]. PD-L1 expression is associated with ALK positivity in ALCL patient specimens [107,109]. Using a 5% cut-off for PD-L1 positivity, PD-L1 expression was found in 76% of ALK+ ALCL cases versus 42% of ALK-negative ALCL cases in one large study [107]. Among ALK-negative ALCL, DUSP22-rearranged ALK-negative ALCL cases usually lack pSTAT3 and PD-L1 expression [110,111,112]. In addition, these cases also show a high expression of the costimulatory molecules CD58 and HLA class II, suggesting that ALK-negative ALCL may be more immunogenic when associated with DUSP22 rearrangement [112].



An earlier study showed that the most significant gain in ALCL was at the chromosome 9p24.1 locus [113], but a later study reported no PD-L1 amplification in ALK+ or ALK-negative ALCL by FISH analysis [114]. FISH studies that assessed PD-L1/2 were performed in 25 ALCL cases: 5 cases showed polyploidy (three to four copies); but there was no evidence of rearrangements, deletions, gains, nor amplification of the PD-L1 locus, suggesting that PD-L1 expression in ALCL may not be related to PD-L1 amplification or rearrangement [108].



At least two signaling pathways are involved in regulating PD-L1 expression in ALCL. First, JAK/STAT3 signaling is the central pathway in ALCL pathogenesis [107]. The constitutive activation of this pathway has been observed in both ALK+ and ALK-negative ALCL [107]. Nuclear pSTAT3 expression is elevated in approximately 85% of ALK+ ALCL cases and in half of ALK-negative ALCL cases [115]. The overexpression of ALK activates the downstream transcription factor STAT3 and thus increases PD-L1 expression in ALK+ALCL tumor cells [106]. Activating mutations of JAK1 and/or STAT3 have been reported in approximately 20% of ALK-negative ALCL [103]. Rearrangements of other STAT3-activating kinases, such as ROS1 or TYK2, were also identified in approximately 20% of ALK-negative ALCL. STAT3 mutations have been associated with STAT3 activation in ALK-negative ALCL [116]. Another possible pathway regulating PD-L1 expression in ALCL is the MEK/ERK signaling pathway [117]. The activation of the MEK/ERK pathway can promote ALCL cell proliferation and survival [118]. NPM1::ALK fusion has been shown to activate the STAT3 pathway and signalosome (GRB2/SOS1), resulting in the activation of the MEK/ERK pathway and inducing PD-L1 expression [12].



Limited studies have been performed to investigate the efficacy and safety of PD-1/PD-L1 blockade in ALCL patients. However, a few case reports have shown the effectiveness of PD-1 blockade in patients with R/R ALCL [14]. In these case reports, all patients with R/R ALCL disease responded well to PD-L1 inhibitors [119,120,121]. In the report by Chan and colleagues, a patient with stage IV ALK-negative ALCL and unknown PD-L1 expression status relapsed after being treated with multiple lines of therapy, including chemotherapy, BV, and SCT. The patient was treated with pembrolizumab and achieved complete remission. The patient remained asymptomatic 18 weeks after the initiation of pembrolizumab therapy [119]. In a report by Rigaud and colleagues, a patient with relapsed ALK+ ALCL who was strongly positive for PD-L1 positivity did not respond to chemotherapy or ALK inhibitors. After starting on nivolumab, the patient had a dramatic clinical improvement and remained in complete remission for at least 18 months [120]. Hebart et al. reported a patient with R/R ALK+ ALCL (PD-L1+) who received multiple therapies (chemotherapy, BV, ALK inhibitor, and SCT). The patient relapsed with macrophage activation syndrome and did not respond to an ALK inhibitor or BV. After starting on nivolumab, the patient rapidly improved, with the disappearance of the macrophage activation syndrome. The patient was negative for the disease 8 months after the start of nivolumab [121]. Further, preliminary data of a phase II study of pembrolizumab in combination with romidepsin in patients with R/R T-cell lymphomas, including ALCL, showed an ORR of 50% that was durable and had an acceptable safety profile. Patients achieving complete remission included those patients whose neoplasms had higher levels of PD-L1 expression. Moreover, these patients also maintained a longer duration of response compared with prior therapies. This study was presented at the American Society of Hematology 2020 meeting [122]. A clinical trial of nivolumab for pediatric and adult relapsing/refractory ALK+ ALCL patients is currently being performed, and results are not yet available (NCT03703050).



PD-1/PD-L1 blockade can overcome PD-1/PD-L1-mediated T-cell anergy and promote the proliferation of anti-tumor T-cells and restore T-cell immunity. On the other hand, PD-1/PD-L1 blockade may also activate neoplastic T-cells when treating T-cell neoplasms. Two patients with R/R T-cell lymphomas experienced hyperprogression within the first 10 days of treatment with pembrolizumab and romidepsin [122]. Hyperprogression is a rare syndrome characterized by a rapidly progressing tumor volume and early fatality, quite different from pseudo-progression, which is a short-term increase in tumor size attributable to a successful anti-tumor immune response (NCT02631746) [123]. Nivolumab has led to the rapid progression of disease in patients with adult T-cell leukemia/lymphoma (31467059). In addition, peripheral T-cell lymphoma, NOS, has been reported in a patient with a metastatic epithelial neoplasm after being treated with pembrolizumab [124]. According to the FDA Adverse Event Reporting System (FAERS) from 2012–2018, 12 cases of T-cell lymphoma have been reported in patients after PD-1 inhibitor treatment [109,124]. The frequency of T-cell lymphoma secondary to immune checkpoint inhibitors (pembrolizumab, nivolumab, and ipilimumab) was 0.02%, with a 17% mortality rate; the probability of the risk of T-cell lymphoma compared with other drugs in a pharmacovigilance database was increased at 1.91 [124]. A long-term follow-up of patients who receive checkpoint inhibitors and further investigation into T-cell lymphoma risk are needed.



Breast Implant-Associated ALCL


Breast-implant-associated ALCL (BI-ALCL) is a rare type of ALCL arising around textured-surface breast implants. Although BI-ALCL is morphologically and immunophenotypically indistinguishable from systemic ALCL [19], BI-ALCL does not have genomic alterations typically seen in systemic ALCL, such as rearrangements of ALK, DUSP22, and TP63 [125]. Outcomes of the patients with BI-ALCL are generally favorable, with most patients presenting with an isolated periprosthetic effusion. However, a small subset of patients developed disseminated disease [126,127]. The JAK/STAT pathway is important in the pathogenesis of BI-ALCL. All BI-ALCL cases tested have been positive for pSTAT3 [125,128], supporting the activation of the JAK/STAT signaling pathway. The constitutive activation of the JAK/STAT3 pathway in some BI-ALCL cases is associated with recurrent somatic mutations of JAK1 and/or STAT3. Sequence variants leading to JAK/STAT activation were identified in 10 of 11 BI-ALCL cases in one study [129]. In another study, 59% of BI-ALCL cases showed mutations in ≥ one member of the JAK/STAT pathway, including STAT3 (38%), JAK1 (18%), and STAT5B (3%), and in negative regulators of this pathway, such as SOCS3 (6%), SOCS1 (3%), and PTPN1 (3%) [128]. A STAT3-JAK2 fusion has also been identified in a case of BI-ALCL [130]. A recent study showed PD-L1 expression and PD-L1 copy number alterations in 56% and 33% of BI-ALCL cases, respectively [131]. The activation of the JAK/STAT pathway in BI-ALCL likely contributes to PD-L1 expression. Given this high expression, PD-1 blockade is a potential therapeutic strategy for these patients. At the time of writing, there are no published studies in which PD-1 blockade was evaluated in BI-ALCL patients.



In summary, the expression of PD-L1 in ALCL is associated with ALK positivity and JAK/STAT3 activation (Table 1). In contrast to the other CD30+ large B-cell lymphomas, genomic aberrations of the 9p24.1 chromosome locus are rare in ALCL. Therefore, PD-L1 expression is mainly upregulated by constitutive action of the JAK/STAT pathway. Preliminary studies have shown the promising efficacy of PD-1 inhibitors in R/R ALCL patients. At the same time, there is a concern that PD-1 pathway blockade could accelerate the growth of T-cell lymphomas in rare cases. The benefits and safety of PD-1 inhibitors in ALCL patients require further investigation.





5. Conclusions


Large cell lymphomas are traditionally treated with intensive chemotherapy, with or without ASCT. The past decades have witnessed significant advances in tumor immunotherapy; in particular, in the recognition and understanding of PD-1/PD-L1 axis blockade. The efficacy of PD-1/PD-L1 inhibitors is highly associated with the expression levels of PD-L1 and PD-L2 by tumor cells. Understanding the mechanisms of the PD-1/PD-L1 pathway is critical for the appropriate and selective application of PD-1 inhibitors in patients who may respond well. CHL, PMBL, EBV+ DLBCL, and ALCL share common features, such as CD30 positivity, PD-L1 and/or PD-L2 expression, chromosome 9p24.1 alterations, JAK/STAT activation, and EBV infection (Table 1; Figure 1). Therefore, patients with these neoplasms may need to be evaluated for PD-L1 expression, as they may be good candidates for PD-1/PD-L1 inhibitors, alone or in combination with BV or other therapies. PD-1 inhibitors have also proven to be very successful in treating R/R CHL and R/R PMBL patients. Additional studies are currently underway or will be needed to investigate the role of these inhibitors in the treatment of patients with other types of R/R lymphomas, as well as newly diagnosed patients.
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Figure 1. The PD-1/PD-L1 pathway in tumor cells, tumor-associated macrophages (TAMs), and T-cells in tumor microenvironment. PD-L1 expression in tumor cells is upregulated by: (1) chromosome locus 9p24.1 alterations (polysomy, copy gain, amplification, translocation, etc.); (2) activation of JAK/STAT pathway due to chromosome locus 9p24.1 alterations, kinases (such as ALK and non-ALK), JAK/STAT mutations; (3) EBV infection; (4) MEK/ERK pathway. PD-L1 on tumor cells and/or TAMs interact with PD-1 on T-cells, leading to inhibition of T-cell receptor (TCR) signaling pathway and subsequent T-cell “exhaustion”. Blockade of the PD-1/PD-L1 pathway can release T-cells from the inhibitory effects by tumor cells and/or TAMs and re-establish the T-cell-mediated antitumor immune response. 
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Table 1. PD-1/PD-L1 pathway and its blockade in CD30+ large cell lymphomas.
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	CD30+ Large Cell Lymphoma
	CHL
	PMBL
	EBV+ DLBCL
	Systemic ALCL/

BI-ALCL





	PD-L1/PD-L2 Protein Expression on Tumor Cells
	High
	High, particularly PD-L2
	High
	Higher in ALK+ than ALK-cases;

Negative in DUSP22-R cases



	9p24.1 Alterations (Amplification, Copy Gain, Polysomy, Translocation)
	Yes
	Yes (mainly PD-L2)
	Yes (mainly PD-L2)
	Rare



	Activation of JAK/STAT Pathway
	Yes
	Yes
	Yes
	Yes



	JAK/STAT Mutation
	Yes
	Yes
	Yes
	Yes



	JAK Rearrangement
	
	
	
	Yes (BI-ALCL)



	Non-JAK Tyrosine Kinase Alteration
	
	
	
	ROS1-R, TYK-R



	EBV-Induced AP-1 Activation
	Yes (EBV+ cases)
	
	Yes
	



	Activation of MEK/ERK Pathway
	
	
	
	Yes



	PD-1/PD-L1 Blockade Therapy
	
	
	
	



	Single Agent
	Approved for R/R disease
	Approved for R/R disease;

Investigation going on in up-front setting
	Promising in R/R disease (preliminary studies)
	Promising in R/R systemic ALCL disease (preliminary studies)



	Combined with BV
	Effective in R/R disease
	Effective in R/R disease
	
	



	Combined with Chemotherapy
	Effective in newly diagnosed patients
	
	
	







ALCL, anaplastic large cell lymphoma; BI-ALCL, breast-implant-associated ALCL; BV, brentuximab vedotin; CHL, classic Hodgkin lymphoma; DLBCL, diffuse large B-cell lymphoma; PMBL, primary mediastinal large B-cell lymphoma; R, rearrangement; R/R, relapsed/refractory; EBV, Epstein–Barr virus.
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