Name of Journal: World Journal of Clinical Cases
Manuscript NO: 81772
Manuscript Type: MINIREVIEWS

Immune-related adverse events induced by programmed death protein-1 inhibitors from the perspective of lymphoma immunotherapy

Hou YZ et al. PD-1 inhibitor-induced irAEs in lymphoma

Yong-Zhe Hou, Qin Zhang, Hai Bai, Tao Wu, Ya-Jie Chen

Yong-Zhe Hou, Hai Bai, Tao Wu, Department of Hematology, Center of Hematologic Diseases of Chinese PLA, The 940th Hospital of Joint Logistics Support force of Chinese People's Liberation Army, Lanzhou 730050, Gansu Province, China

Yong-Zhe Hou, Qin Zhang, Ya-Jie Chen, Department of First Clinical Medical College, Gansu University of Chinese Medicine, Lanzhou 730030, Gansu Province, China

Yong-Zhe Hou, Key Laboratory of Stem Cells and Gene Drugs of Gansu Province, Lanzhou 730050, Gansu Province, China

Author contributions: Hou YZ and Zhang Q designed and performed the article. Chen YJ, Bai H and Wu T contributed to the critical revision and editing of the article.

Supported by the 2022 Project of Innovation Foundation of Outstanding Graduate Students of Gansu Province; the Graduate Innovation Foundation of Major Project of Education Department of Gansu Province, No. lccx2021001; the Gansu Provincial Science and Technology Plan Project Assignment (Innovation Base and Talent Plan), No. 21JR7RA013; the Gansu Province Innovation Base and Talent Plan (Gansu Province Leukemia Clinical Research Center), No. 21JR7RA015; and the 2022 Hospital Project of The 940th Hospital of Joint Logistics Support Force of Chinese People's Liberation Army, No. 2022yxky015.

Corresponding author: Hai Bai, Doctor, Research Scientist, Department of Hematology, Center of Hematologic Diseases of Chinese PLA, The 940th Hospital of Joint Logistics Support force of Chinese People's Liberation Army, No. 333 Nanbinhe Road, Qilihe District, Lanzhou 730050, Gansu Province, China. baihai98@tom.com

Received: November 23, 2022
Revised: January 23, 2023
Accepted: February 13, 2023
Published online: March 6, 2023

Abstract
Lymphoma, which is highly malignant, stems from lymph nodes and lymphoid tissue. Lymphoma cells express programmed death-ligand 1/2 (PD-L1/PD-L2), which binds with programmed cell death 1 protein (PD-1) to establish inhibitory signaling that impedes the normal function of T cells and allows tumor cells to escape immune system surveillance. Recently, immune checkpoint inhibitor immunotherapies such as PD-1 inhibitors (nivolumab and pembrolizumab) have been introduced into the lymphoma treatment algorithm and have shown remarkable clinical efficacy and greatly improve prognosis in lymphoma patients. Accordingly, the number of lymphoma patients who are seeking treatment with PD-1 inhibitors is growing annually, which results in an increasing number of patients developing immune-related adverse events (irAEs). The occurrence of irAEs inevitably affects the benefits provided by immunotherapy, particularly when PD-1 inhibitors are applied. However, the mechanisms and characteristics of irAEs induced by PD-1 inhibitors in lymphoma need further investigation. This review article summarizes the latest research advances in irAEs during treatment of lymphoma with PD-1 inhibitors. A comprehensive understanding of irAEs incurred in immunotherapy can help to achieve better efficacy with PD-1 inhibitors in lymphoma.
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Core Tip: Much work on immune checkpoint immunotherapy as cancer therapy has been made in recent years. In lymphoma, the immune checkpoint pathway is used to evade the host immune system and suppress immune cell function. Use of programmed cell death 1 protein (PD-1) inhibitors in lymphoma is supported by their unprecedented clinical efficacy in a range of tumors. Lymphoma patients treated with PD-1 inhibitors inevitably experience immune-related adverse events (irAEs), ranging from mild to life-threatening. Although irAEs can be managed with therapy, severe irAEs may necessitate suspension or even interruption of patient-beneficial PD-1 antibody therapy. It is essential that clinicians take adequate care when irAEs occur.

INTRODUCTION
Lymphoma, a malignant tumor of the lymphohematopoietic system, comprises a variety of subtypes, some of which have a complicated pathogenesis, and progression of the disease is associated with immune dysfunction.
Immune checkpoint inhibitor (ICI) immunotherapy is an effective therapeutic strategy for lymphoma patients because it can suppress tumor immune escape signaling pathways such as programmed cell death 1 protein (PD-1)[1]. Programmed death-ligand 1 (PD-L1) and programmed death-ligand 2 (PD-L2) are expressed on lymphoma cells, and binding with PD-1 on T cells invokes inhibitory signal transduction, reducing cytotoxicity and inducing T-cell exhaustion, which eventually results in immunological escape by lymphoma cells[2]. One of the representative ICI medications is a PD-1 inhibitor. PD-1 inhibitors bind to PD-1 on T lymphocytes, suppressing the PD-1/PD-L1 signaling pathway, promoting T lymphocyte activation and proliferation, and restoring the antitumor effect of T cells[3].
The United States Food and Drug Administration (FDA) approved nivolumab and pembrolizumab in 2016 and 2017, respectively, for treatment of classic Hodgkin lymphoma (cHL), showing outstanding clinical efficacy and substantially improving prognosis in patients. Although lymphoma patients do benefit from PD-1 inhibitor therapy, immune-related adverse events (irAEs) should not be neglected. Theoretically, PD-1 inhibitors block the inhibitory signaling pathway of T cells and induce T-cell activation, which might overactivate the immune system, resulting in an imbalance of immune tolerance and thus producing a unique series of toxic effects in multiple systems from T-cell tissue infiltration (Figure 1). As immunotherapy for treatment of hematologic malignancies develops quickly, the rate of irAEs related to various organ systemic toxicity brought on by PD-1 inhibitors for lymphoma is increasing. As a consequence, patients will be compelled to discontinue PD-1 inhibitor therapy early, which would compromise the benefits they receive from ICI therapy. Therefore, clinicians, especially those in hematology, need to be aware of the occurrence of irAEs during treatment of lymphoma patients with PD-1 inhibitors.

PD-1 INHIBITORS
Characteristics and mechanisms of PD-1 inhibitors
Tumor cells shape and regulate the tumor microenvironment (TME), and the prevailing view is that alterations in all immune cell lineages in the TME affect the efficacy of cancer immunotherapy[4]. A better understanding of the tumor TME will provide the necessary assistance for immunotherapy. Tumor cells in the TME aberrantly express PD-L1 and PD-L2. PD-L1 is a transmembrane protein that is abnormally expressed in both solid and hematologic tumors[5]. PD-L1 on tumor cells and the PD-1 receptor form a protein complex that acts as a pair of negative coinhibitory signals and constitutes the PD-1/PD-L1 signaling pathway, which inhibits the proliferation and activation of T cells and allows for evasion of the body's antitumor response[6]. This complex also enhances the resistance of tumor cells to proapoptotic signals, activates oncogenic signaling pathways (e.g., ERK and mTOR), and promotes tumor cell proliferation and drug resistance[7,8].
ICIs, monoclonal antibodies targeting certain immune checkpoints, for example, anti-cytotoxic T lymphocyte antigen-4 (CTLA-4) antibodies and anti-PD-1 antibodies, have essentially expanded our toolkit against cancer, including lymphoma. PD-1 inhibitors bind to PD-1 on T lymphocytes, prevent PD-1 from binding to its ligand, enhance tumor-specific central memory T lymphocyte metastasis, increase the number of CD8+ T lymphocytes in tumors, restore the cytotoxicity of T cells and enhance the T-cell-killing effect against lymphoma[9]. In addition, factors such as the TME, expression of PD-L1 and PD-L1 gene deletion need to be considered before PD-1 inhibitors are administered. cHL results in increased expression of PD-L1 Ligands on tumor cells in the TME through amplification and translocation of the 9p24.1 Locus and a high response rate to PD-1 inhibitors; in diffuse large B-cell lymphoma (DLBCL), the 9p24.1 alteration and PD-L1 expression frequency are usually low, and thus PD-1 inhibitors are not recommended[10].

Classification and research status of PD-1 inhibitors in lymphoma
Current monoclonal antibody studies mainly focus on the PD-1/PD-L1 signaling pathway. Anti-PD-1 antibodies have been proven to prevent the binding of PD-1 to PD-L1 and PD-L2. This inhibition has shown promise in the treatment of a wide variety of cancers and other diseases and is an important step forward in the development of effective immunotherapies. The FDA has authorized PD-1 inhibitors (nivolumab, pembrolizumab, etc.) for treatment of cHL, non-small cell lung cancer, melanoma, and other malignancies in the past decade[11,12]. In addition, China's National Medical Products Administration approved camrelizumab in 2019 for treatment of relapsed/refractory cHL (R/R cHL)[13]. Together, these PD-1 inhibitors, which significantly boost the T-cell immune response, lead to a strong objective response rate (ORR) in the treatment of R/R HL patients, along with substantial clinical efficacy and a superior prognosis[14].
Here, we primarily focus on the research status of immunotherapy with nivolumab, pembrolizumab, and camrelizumab monoclonal antibodies in patients with lymphoma. In a multicenter phase 1/2 trial on nivolumab that enrolled 64 patients with R/R HL, Diefenbach et al[15] evaluated the safety and effectiveness of nivolumab in these patients. The ORR was 89% (95%CI 65-99) in the nivolumab group, and the complete response (CR) was 61% (95%CI 36-83) with a median follow-up of 2.4 years[15]. Kuruvilla et al[16] conducted a study among 151 patients with R/R cHL who were ineligible for autologous hematopoietic stem cell transplantation or who experienced relapse after transplantation, and the median progression-free survival with pembrolizumab was 13.2 mo (95%CI 10.9-19.4), with significant clinical improvement and safety. Decitabine with camrelizumab provided considerable antitumor efficacy and safety for patients with R/R HL according to a study by Nie et al[17] published in 2019. The median time to CR was 2.85 mo (95%CI 2.81-2.89), and the ORR and CR in the most patients were 95% and 71%, respectively. Currently, PD-1 inhibitors are mainly used to treat R/R HL patients. Despite significant clinical efficacy, sustained remission rates are unsatisfactory. Moreover, PD-1 inhibitors block the inhibitory signaling pathway of T cells, which can overactivate the immune system, unbalance immune tolerance, and lead to the occurrence of irAEs.

IRAES INDUCED BY PD-1 INHIBITORS IN LYMPHOMA
Mechanisms and characteristics
From a pathophysiological point of view, PD-1 inhibitors produce specific toxicity profiles in lymphoma. The specific pathophysiological mechanisms by which PD-1 inhibitors trigger irAEs are not fully understood but should be associated with the role played by the PD-1/PD-L1 signaling pathway in the maintenance of immune balance. The current hypothesis is that diminished autoimmune tolerance, proliferation of activated T-cell-, T-cell- and antigen-presenting cell-mediated responses, and release of other proinflammatory cytokines (e.g., IL-6 and IL-17) cause and provoke the occurrence of auto irAEs[18].
Interestingly, PD-1 inhibitors and CTLA-4 inhibitors probably produce irAEs through different mechanisms. In general, CTLA-4 antibodies enhance T-cell action at the beginning of the immune response, whereas PD-1 inhibitors act at a later step by reactivating T-cell response[19]. Notably, the incidence and characteristics of irAEs associated with PD-1 inhibitors depend on the patient's profile, baseline overall tumor burden, and high PD-L1 expression[20].
In addition, the irAEs induced by PD-1 inhibitors show a unique signature. The occurrence of irAEs predict better overall survival for patients using anti-PD-1 therapy in a manner unrelated to anti-CTLA4 therapy[21]. However, this must be clearly confirmed in prospective studies. Clinical manifestations of irAEs can vary widely, from mild to life-threatening, and occur at any time during treatment. The most common irAEs include rash, diarrhea, colitis, hepatitis, and endocrinopathies. Although most irAEs are manageable with treatment, they can be severe and even life-threatening. Notably, fatal adverse effects (especially cardiovascular and pulmonary toxicity) require urgent investigation, and early recognition and intervention are critical for severe irAEs[22]. Most irAEs are treatable with steroids, and most irAEs are reversible[23]. Depending on the type of irAE, adverse reaction remission times vary.

Type and treatment
As irAEs occur prior to regular response assessment and can be very heterogeneous in clinical presentation, it is important for clinicians to identify irAEs early and formulate effective treatment regimens, which are vital to optimize the efficacy of PD-1 inhibitors in lymphoma.

Dermatologic irAEs: Skin toxicity is the most frequent irAE induced by anti-PD-1 antibodies. Pruritus and rash are the most common skin-related adverse effects of PD-1 inhibitors. Compared to anti-CTLA-4 inhibitors, skin damage due to anti-PD-1 inhibitors for lymphoma seems less prevalent and of lower severity, but combining the two medications increases the incidence of dermatologic toxicity[24].
Armand et al[25]'s 2016 study on pembrolizumab for patients with R/R cHL found xerosis in 2% of patients and skin-related toxicity in a few patients. Recently, Armand et al[26] reported that the most common irAE in lymphoma patients treated with nivolumab was rash (12%). Moreover, in patients receiving nivolumab for lymphoma, there were 9 cases (21%) of pruritus and 14 (34%) of skin rash. All of these cases were grade 1-3, and one patient even experienced grade 4 Stevens-Johnson syndrome[15]. Among patients with cHL treated with decitabine-plus-camrelizumab, rash occurred in 5 (12%)[27].
Topical corticosteroids and antihistamines should be administered symptomatically for grade 1 and 2 cutaneous adverse effects. Systemic glucocorticoid treatment is used for grade 3 and grade 4 cutaneous adverse effects, and PD-1 inhibitors are interrupted until ≤ grade 1[28]. Skin complications are often mild and manageable. However, early recognition and management of dermatologic irAEs are critical to ensure the best possible outcome for patients.

Pulmonary irAEs: One of the common side effects of anti-PD-1 antibodies is pulmonary toxicity, which can manifest as reactive airway disease, pneumonitis, or pulmonary fibrosis. Pneumonitis manifestations entail coughing, dyspnea, chest discomfort, and shortness of breath, and the diagnostic method is a high-resolution CT scan[29]. Only in the absence of clinically substantial new lung infection or tumor progression should immune-associated pneumonitis be considered. Interestingly, the incidence of pneumonitis is higher in patients receiving anti-PD-1 antibodies (3%-5%) than in those receiving anti-CTLA-4 antibodies (< 1%)[30]. Pneumonitis can occur at any point during oncologic immunotherapy.
Bonhomme-Faivre et al[31] described a patient with refractory HL who developed interstitial pneumonitis following nivolumab therapy and experienced remission of pneumonia after discontinuing nivolumab for eight months. Four percent of cHL patients who receive nivolumab monotherapy experience grade 1-2 pneumonia[26]. Liu et al[27] found pneumonitis in 10% of patients treated with camrelizumab for the R/R cHL Phase II Study, among whom 5% had grade ≥ 3. Moreover, Maruyama et al[32] first reported a case of emergence of late-onset pulmonary toxicities in lymphoma patients treated with PD-1 inhibitors (nivolumab).
Usually, close monitoring is adequate for grade 1 pneumonitis, glucocorticoid treatment for grades 2 and 3, and steroid pulse therapy for grade 4 pneumonitis. For steroid-refractory pneumonitis, medications such as infliximab and mycophenolate mofetil are available[29]. In the presence of grade 3-4 pneumonitis, withdrawing PD-1 inhibitors is suggested, but clinicians should consider reintroducing PD-1 inhibitors depending on the patient's state.

Digestive system irAEs: Gastrointestinal (GI) irAEs are a common side effect of anti-PD-1 antibody treatment. The most common symptoms include abdominal pain, diarrhea, and colitis. Colitis is more likely to occur with anti-CTLA-4 antibodies and combination therapy than with anti-PD-1 antibodies, with incidences of 10%-25%, 20%, and 1%-5%, respectively[33]. Most GI irAEs occur within the first few weeks of treatment, but they can occasionally occur later.
Phase 2 found that 6% of patients treated with nivolumab experience any grade of diarrhea[32]. Among patients with cHL treated with decitabine-plus-camrelizumab, diarrhea occurred in 4 (12%). Furthermore, typhlitis, colitis, and enteritis can occur with nivolumab, and pembrolizumab can cause colitis, duodenitis, and pancreatitis[34]. No grade 5 GI irAEs have been reported thus far.
Prompt treatment of GI irAEs is essential to minimize the risk of serious complications. Therapy for diarrhea, such as loperamide and electrolyte replacement, is sufficient. Steroid treatment is possible for other GI irAEs, such as prednisolone or budesonide. In steroid-refractory cases, infliximab and vedolizumab are recommended[34].
Another digestive system irAE induced by PD-1 inhibitors is liver-related dysfunction. Immune-related hepatitis is uncommon, but when hepatitis occurs, patients experience high alanine aminotransferase (ALT), aspartate aminotransferase (AST), and total bilirubin levels, along with fever and fatigue.
Diefenbach et al[15] found a 47%/32% ALT/AST elevation rate in the nivolumab+brentuximab vedotin (BV) group in a phase 1/2 clinical study for R/R cHL patients, with all treatment-related hepatotoxicity of grade 1-2 severity. Seventeen cHL patients were enrolled in Japanese phase II research on nivolumab; by the end of the trial, all had adverse drug responses, with two having grade 1-2 abnormal hepatic function and one having grade 3-4 Liver dysfunction and temporary medication withdrawal[32]. In the study by Armand et al[26] of nivolumab for R/R cHL, the incidence of hepatitis was approximately 5%. A phase II study of pembrolizumab for R/R mature T-cell lymphoma reported grade 1-2 abnormal hepatic function in 6% of patients[35].
Hepatitis induced by PD-1 inhibitors is treated routinely with steroids. Mycophenolate mofetil is an excellent choice if the patient's symptoms have not improved after three days. Weekly AST, ALT, and bilirubin tests are also needed[36].

Endocrine irAEs: PD-1 inhibitors can cause endocrine toxicity, which is a type of side effect that can occur when the body's hormones are disrupted. The most common side effects of PD-1 inhibitors are hypothyroidism and thyroiditis. Other endocrine side effects include adrenal insufficiency, hypophysitis, and diabetes.
Pembrolizumab was used to treat 31 individuals with R/R cHL in a phase 2 trial, and the most frequent adverse event was hypothyroidism (16%)[25]. Nivolumab induces 29% of grade 1-2 hypothyroidism in R/R cHL, according to Maruyama et al[32]. Furthermore, nivolumab, pembrolizumab, and camrelizumab for lymphoma are associated with less hyperthyroidism, adrenal insufficiency, and diabetic endocrine irAEs[34].
Endocrine disruption during PD-1 inhibitor treatment is usually mild to moderate (grade 1 and 2). Thyroid hormone replacement therapy or beta-blockers are typically effective treatments for thyroid toxicity[37]. In rare cases, patients may require surgery to remove the thyroid gland. However, treatment of endocrine toxicity usually involves managing symptoms and monitoring the patient's hormone levels.

Rare irAEs: Rare adverse reactions can be severe. Some of the rare toxicities of PD-1 inhibitors include cardiotoxicity, nephrotoxicity, and neurotoxicity[38].
Following treatment with nivolumab and an allogeneic stem cell transplant, Charles et al[39] described a case of a cHL patient who had severe and eventually fatal multisystem organ failure, including acute pneumonia, widespread rash, myositis, colitis, hepatic cytolysis, acute renal failure, pancreatitis, and complete heart block. In a case study, Bonhomme-Faivre et al[31] described a refractory HL patient who, upon therapy with nivolumab, experienced global cardiac hypokinesis. However, the patient's cardiopathy recovered after interruption of nivolumab for eight months[31]. Ansell et al[40] found that 4% of DLBCL patients develop grade 3 to 4 nephritis and renal dysfunction after treatment with nivolumab. Rare irAEs induced by PD-1 inhibitors include rheumatic irAEs, peripheral sensory neuropathy, hemophagocytic lymphohistiocytosis, and Guillain‒Barré syndrome[34].
These side effects can be serious, and patients should be monitored closely for them. Additionally, there are no guidelines or sizable clinical trials to direct how patients should utilize PD-1 inhibitors to restart therapy after recovering from severe irAEs. There is still much to learn about irAEs, and more research is needed in this area.

IMPACT OF COVID-19
A current study suggests that cancer patients treated with PD-1 inhibitors may have an increased incidence of cutaneous toxic irAEs after coronavirus disease 2019 (COVID-19) vaccination[41]. Qi et al[42] indicated that cancer patients treated with PD-1 inhibitors had an increased incidence of grade 1 and 2 irAEs after COVID-19 vaccination.
Until now, there are few data regarding the implications of COVID-19 vaccination on the safety and efficacy of PD-1 inhibitor treatment against lymphoma. However, many patients with hematologic malignancies risk not producing antibodies after vaccination with mRNA SARS-CoV-2 vaccines, and considerable populations of vaccinated blood cancer patients (including lymphoma) are at high risk of COVID-19[43]. Additionally, in the context of the ongoing COVID-19 pandemic, immunocompromised lymphoma patients are more vulnerable to infection. It is unclear whether COVID-19 impacts irAEs, though risk of death is higher in tumor patients with COVID-19.
Therefore, further studies are needed to corroborate whether COVID-19 vaccination or infection with COVID-19 in lymphoma patients treated with PD-1 inhibitors impacts irAEs and establish immunotherapy regimens for protecting this vulnerable population of patients with hematologic malignancies.

PREVENTION AND MANAGEMENT OF IRAES
In recent years, our understanding of recognizing and treating irAEs has increased along with use of immunotherapeutic drugs such as PD-1 inhibitors in hematologic malignancies. However, irAEs induced by PD-1 inhibitors are different in hematologic and solid tumors. PD-1 inhibitors may increase risk of concurrent irAEs in hematologic malignancies. Therefore, it is imperative for patients and their caregivers to be aware of the signs and symptoms of irAEs and to know when to seek medical help. There is no one-size-fits-all approach to managing irAEs, and treatment will vary depending on the individual patient's situation. Nevertheless, common management concepts include early detection and treatment of irAEs, frequent patient monitoring, and personalized treatment strategies[44].
First, corticosteroid therapy and immunosuppressive drugs such as tacrolimus, infliximab, and mycophenolate mofetil should be administered. Additionally, the doctor should decide whether to stop using PD-1 inhibitors based on the severity of the disease. Second, although severe cases of irAEs are rare, they do occur and are usually treated with high-dose corticosteroids or other immunosuppressive agents while PD-1 inhibitors are permanently discontinued. Finally, as PD-1 inhibitor monotherapy and PD-1 inhibitor combination therapy are applied more frequently in hematologic cancers, irAEs will increase in frequency. Early detection is critical for better treating irAE patients and increasing quality of life.
There is still much to learn about why and how irAEs develop. Identifying biomarkers that can predict who is most likely to experience irAEs and how severe they may be is an important area of future research. In addition, developing immunosuppressive treatments that address toxicity without interfering with the therapeutic benefits of anti-PD-1 antibody immunotherapy is a key goal.

CONCLUSION
Altogether, PD-1 inhibitors exhibit good overall efficacy with few adverse effects for lymphoma treatment. However, given the nonspecific activation of the PD-1/PD-L1 signaling pathway in vivo by PD-1 inhibitors, PD-1 inhibitors for lymphoma can lead to irAEs. A deeper understanding of the pathophysiology of PD-1 inhibitors and identifying reliable biomarkers to predict the efficacy and toxicity of treatment are crucial goals. Such knowledge would enable clinicians to select patients who may respond to treatment more accurately and to tailor treatment plans to individual patients. There is still room for more investigation and discussion on the safe and efficient use of PD-1 inhibitors in lymphoma and ways to avoid and mitigate irAEs.
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Figure Legends
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Figure 1 Immune-related adverse events induced by programmed cell death 1 protein inhibitors in lymphoma. PD-1: Programmed cell death 1 protein; irAEs: Immune-related adverse events. Created with BioRender.com.
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