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Anti-CD30 CAR-T is a potent candidate therapy for relapsed/refractory (r/r) CD30+ lymphomas with therapy limitations, and the efficacy needed to be further improved. Herein a multi-center phase II clinical trial (NCT03196830) of anti-CD30 CAR-T treatment combined with PD-1 inhibitor in r/r CD30+ lymphoma was conducted. After a lymphocyte-depleting chemotherapy with fludarabine and cyclophosphamide, 4 patients in cohort 1 and 3 patients in cohort 2 received 106/kg and 107/kg CAR-T cells, respectively, and 5 patients in cohort 3 received 107/kg CAR-T cells combined with anti-PD-1 antibody. The safety and the efficacy of CAR-T cell therapy were analyzed. Cytokine release syndrome (CRS) was observed in 4 of 12 patients, and only 1 patient (patient 9) experienced grade 3 CRS and was treated with glucocorticoid and tocilizumab. No CAR-T-related encephalopathy syndrome was observed. Only two patients in cohorts 2 and 3 experienced obviously high plasma levels of IL-6 and ferritin after CD30 CAR-T cell infusion. The overall response rate (ORR) was 91.7% (11/12), with 6 patients achieving complete remission (CR) (50%). In cohorts 1 and 2, 6 patients got a response (85.7%), with 2 patients achieving CR (28.6%). In cohort 3, 100% ORR and 80% CR were obtained in 5 patients without ≥3 grade CRS. With a median follow-up of 21.5 months (range: 3-50 months), the progression-free survival and the overall survival rates were 45 and 70%, respectively. Of the 11 patients who got a response after CAR-T therapy, 7 patients (63.6%) maintained their response until the end of follow-up. Three patients died last because of disease progression. Taken together, the combination of anti-PD-1 antibody showed an enhancement effect on CD30 CAR-T therapy in r/r CD30+ lymphoma patients with minimal toxicities.
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Introduction

Chimeric antigen receptor (CAR) T-cell therapy offers an effective therapeutic option for patients with lymphoid malignancies (1–3). CD19 antigen was commonly selected in CAR-T treatment of B cell hematologic malignancies and got a response of 80% overall response rate (ORR) in lymphomas (2, 4) and higher than 90% ORR in B acute lymphocytic leukemia (B-ALL) patients (5) with controllable toxicities. However, most patients do not have a durable response, and there remains a room for improvement (6). The use of combinatorial approaches, including immunomodulatory drugs, checkpoint inhibitors, BTK inhibitor, etc., have been tried in CAR-T cell therapy and showed a synergetic anti-tumor effect with endurable toxicities (7).

CD30 is a target universally expressed in virtually all classical Hodgkin lymphomas (cHL), anaplastic large cell lymphomas (ALCL), and in a proportion of other lymphoma types (8). Intensive chemotherapy followed by hematopoietic stem cell transplantation (HSCT) is commonly used in those r/r lymphoma patients, but a considerable proportion of patients eventually relapse after treatment (9). The CD30-specific antibody drug conjugate brentuximab vedotin treatment is an important immunotherapy option at present, with promising anti-tumor activity and manageable toxicity in cHL and CD30-positive peripheral T-cell lymphoma (10), but the long-term disease control capacity really needed to be improved. More than half of patients will eventually relapse (11), so it is imperative to develop novel effective therapeutics to improve the prognosis for patients of those lymphoma subtypes.

CD30-directed CAR-T cell therapy offers a remarkable opportunity to these r/r CD30+ lymphoma patients. However, although well tolerated, the anti-tumor activity of CD30 CAR-Ts in r/r cHL or ALCL needed to be further improved (12, 13). In a previous phase I study, the anti-CD30 CART cell infusion just yielded a 39% ORR (12). Strategies to enhance the curative effect of CD30 CAR-T cells, including lymphodepleting chemotherapy regimen optimization (14) and combination of PD-1 inhibitor (15), have emerged as new foci on research in recent years. PD-1 was shown to be upregulated by nearly 40% in activated CAR-T cells (16). Besides this, following activation, CAR-T cells could upregulate programmed death ligand-1 (PD-L1) expression on cancer cells, which leads to the lack of clinical efficacy of CAR-T cells (17). Furthermore, PD-1 blockade was shown to improve the expansion and persistence of CAR-T cells through interrupting the PD-1/PD-L1 pathway (18). Based on the critical role of the PD-1/PD-L1 axis in the anti-CD30 CAR-T cell therapies, the combination treatment with PD-1-blocking antibody has become a work worthy of exploration in the future.

Herein, in this study, we performed a combinatorial strategy with anti-PD-1 and anti-CD30 CAR-T cell treatment in patients with r/r CD30+ lymphomas and showed a synergetic anti-tumor activity of immune checkpoint inhibitor with minimal toxicities.



Patients and Methods


Patients

A multi-center phase II clinical trial (ClinicalTrials.gov identififiers: NCT03196830) was conducted in the Affiliated Hospital of Xuzhou Medical University and the First Affiliated Hospital of Soochow University. The inclusion criteria were as follows: (1),  All the recruited relapsed or refractory lymphoma patients in this study must be confirmed CD30-positive through immunohistochemistry staining by at least two pathologists (2), Eastern Cooperative Oncology Group performance status of 2 or less (3), have ≥1 cm of measurable lesion, and (4) experienced disease progression after at least 1 line of systemic chemotherapy regimen concluded at least 1 month prior. The exclusion criteria include (1) severe organ dysfunction (2), a history of active systemic autoimmune or immunodeficiency disease, and (3) treatment history of immunosuppressive agents or glucocorticoids within the last month. All patients provided written informed consent in accordance with the Declaration of Helsinki before enrolling in the study. The study protocol and the consent forms were approved by the ethics committee of the Affiliated Hospital of Xuzhou Medical University and the First Affiliated Hospital of Soochow University.



Treatment Protocol

CD30 CAR-Ts were generated via a lentiviral vector. After a lymphocyte-depleting chemotherapy with (FC regimen (three daily doses of fludarabine, 30 mg/m², -5–3 days before infusion; one dose of cyclophosphamide, 750 mg/m², -5 days), the patients received a single dose of autologous CD30 CAR-T cell infusion intravenously (Figure 1).




Figure 1 | Flowchart for anti-CD30 CAR-T trials.



The patients enrolled in this study were divided into 3 cohorts. The patients of cohort 1 and cohort 2 received 106/kg and 107/kg of CAR-T cells, respectively. The patients of cohort 3 received additional anti-PD-1 antibody at 14 days after 107/kg CAR-T cell infusion, and this continued every 3 weeks (Figure 1). Sequential auto-HSCT was done in part of patients. A second infusion of CD30 CAR-Ts was allowed in patients who had progressive disease (PD) after the first treatment or after auto-HSCT.



Outcomes

The priority of this study was to assess the safety and feasibility of CD30 CAR-Ts. Cytokine release syndrome (CRS) was graded according to the ASBMT consensus (19). Grade 3 or higher CRS was considered to be severe. Neurotoxic effects were assessed according to the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.03. The anti-tumor activity of anti-CD30 CAR-T cells was assessed and shown as ORR, complete remission (CR), partial remission (PR), overall survival (OS), and progression-free survival (PFS). OS was defined as the time from infusion to the date of death from any cause. PFS was defined as days from CD30 CAR-T cell infusion to relapse, progression, or death.



Statistical Analysis

The sample size was based on clinical considerations. This is an exploratory study, and all analyses are descriptive in nature. Frequencies or percentages for categorical variables were used to analyze the safety and efficacy of CAR-T therapy. Follow-up time was estimated using the Kaplan–Meier method, whereas OS and PFS were estimated using the Kaplan–Meier method. Data were analyzed using Graphpad Prism version 8.




Results


Patient Characteristics

From July 1, 2017 to July 31, 2021, 13 patients including 9 cHL, 2 angioimmunoblastic T-cell lymphoma (AITL), and 2 gray zone lymphoma patients were enrolled. Finally, a total of 12 patients were evaluated for response because 1 AITL patient was lost to follow-up. The patient characteristics are summarized in Table 1. The median age was 25 years old (range: 19–64 years), and 7 patients were male patients. Most of them have complex pretreatment histories, including chemotherapy, radiotherapy, anti-PD-1 antibody, or even HSCT. At the time of enrollment into the CD30 CAR-T cell protocol, 9 of the 12 patients have extranodal invasion, including lung, bone, liver, muscle, etc. The disease status of all patients was PD before CD30 CAR-T infusion. Three patients received two cycles of CD30 CAR-T treatment. All the patients received FC lympho-depleting chemotherapy prior to CD30 CAR-T infusion. Sequential auto-HSCT and allo-HSCT were conducted in 5 and 1 patient, respectively. In total, in cohort 1, 4 patients received 106/kg CAR-T cells; in cohort 2, 3 patients received 107/kg CAR-T cells; and in cohort 3, 5 patients received 107/kg CAR-T cells combined with anti-PD-1 antibody (Figure 2).


Table 1 | Baseline characteristics of patients.






Figure 2 | Clinical response and duration for patients after anti-CD30 CAR-T cell infusion. The color and the length of each bar indicate the response to the anti-CD30 CART treatment and the duration of response, respectively. CR, complete remission; PR, partial remission; PD, progressive disease. The black triangle indicates the start time of the second cycle of CAR-T cell infusion. The arrow indicates a sustained response. The star indicates the start time of anti-PD-1 antibody therapy. The original point and the downward pointing arrow represent the death and the start time of hematopoietic stem cell transplantation.





Safety

The CD30 CAR-T infusions were well tolerated, and no treatment-related deaths occurred during the study. CRS was the most common non-hematological adverse event after CD30 CAR-T infusion. In total, 4 patients (33.3%) experienced CRS, and severe CRS occurred in one patient (patient 5). Fever occurred in all the 4 CRS patients, hypoxia occurred in 1 patient (patient 9), and hypotension occurred in 1 patient (patient 5) (Table 2). Only patient 9 was treated with glucocorticoid and tocilizumab. Patient 5 experienced obviously elevated plasma levels of IL-6 and ferritin immediately after CD30 CAR-T cell infusion. Intriguingly, delayed IL-6 peak occurred at 1 month after cell infusion in patient 9 and was sustained for 1 week (Figure 3). Six patients (50%) experienced cytopenias, including neutropenia, thrombocytopenia, or anemia, among which grade 3 or higher hematological toxicities happened in 5 cases (41.7%). Transient elevation of ALT/AST was observed in 3 patients (25%). Fatigue, nausea/vomiting, diarrhea, and skin rash were observed in 4 patients (33.3%), 2 patients (16.7%), 1 patient (8.3%), and 1 patient (8.3%), respectively. No neurotoxicity was observed during this study (Table 2).


Table 2 | Adverse events of patients after anti-CD30 CAR-T cell infusion.






Figure 3 | Changes in the patients’ serum cytokine levels after anti-CD30 CAR-T cell infusion. The serum IL-6 and ferritin levels of each patient were assessed before and at serial time points after anti-CD30 CAR-T cell infusion. The red and the blue lines, respectively, represent patient 5 and patient 9 with higher IL-6 and ferritin levels than the others.





Efficacy

Of the 12 evaluable patients, 6 patients had CR and 5 patients had PR after infusion, with 91.7% ORR and 50% CR rate (Figure 2, Table 1). In cohort 1, 3 of 4 patients achieved PR. In cohort 2, 2 of 3 patients achieved CR and 1 achieved PR, while in cohort 3, 100% ORR and 80% CR rate were achieved. Among 3 patients receiving a second CAR-T cell infusion, 2 patients achieved CR and 1 patient achieved PR. In the 11 patients responding to CAR-T treatment, 7 patients (7/11) continued to have responses until October 31, 2021. Of the 6 patients achieving CR, 4 patients continued to sustain a CR status until now. Among the 9 patients with cHL, 8 patients had response and 5 patients achieved CR (55.6%). Five of six (83.3%) cHL patients receiving 107/kg CAR-T cells ± PD-1-blocking antibody achieved CR, while no CR was obtained in patients receiving 106/kg CAR-T cells (cohort 1). Of 5 patients receiving HSCT after CAR-T cell infusion, 4 had CR and 1 had PR, with 100% ORR and 80% CR rate (Figure 2, Table 1). In particular, patient 8 in cohort 3, who received auto-HSCT and secondary CD30 CAR-T treatment immediately after achieving PR of the first CD30 CAR-Ts infusion, finally obtained CR and sustained remission until now (Figure 4). At a median follow-up of 21.5 months (range: 3–50 months), the PFS and OS were 45 and 70%, respectively (Figure 5). In total, 3 patients died lastly because of PD. Patient 1 (cohort 1) did not benefit from CAR-T and died 11 months after cell infusion. Patient 5 (cohort 2) and patient 9 (cohort 3) had PR and CR and died at 8 and 12 months post-CAR-T cell infusion, respectively.




Figure 4 | Representative clinical response images of the patient after anti-CD30 CAR-T cell infusion (patient 8). The second cycle of anti-CD30 CAR-T cells was infused 2 weeks after the autologous stem cell transplantation (ASCT). Positron emission tomography–computed tomography scans demonstrated a significant shrinkage of masses after the first cycle of anti-CD30 CAR-T cell infusion and complete disappearance of abnormal lymph nodes after ASCT and the second cycle of anti-CD30 CAR-T treatment.






Figure 5 | Overall survival and progression-free survival of patients after anti-CD30 CAR-T cell infusion.






Discussion

CD30 CAR-T is an important treatment option for r/r CD30+ lymphoma, but the efficacy requires further improvement. In our multi-center study, based on the strategy of combinatorial treatment, anti-PD-1 antibody combined with CD30 CAR-T achieved encouraging results of 100% ORR and 80% CR rate with minimal toxicities.

For CD19 CAR-T, nearly 1/3 B-ALL patients and up to 13% of B-cell lymphoma patients were shown to undergo grade 3 or higher CRS (20, 21). While CAR-T targeting CD30 was shown to be well tolerated clinically, with rare cases of CRS and neurological toxicity (12, 13). In this study, based on the dosage explorations of CAR-T cells and the combinatorial strategy of PD-1 blockade, 3 cohorts of patients were conducted. In total, 8.3% severe CRS reaction was observed, and no neurotoxicity was found, and only 2 patients had significantly high plasma levels of IL-6 and ferritin after CAR-T treatment, which was consistent with the previous CD30 CAR-T studies of low toxicity characteristics (12, 13). Notably, our study showed that both 107/kg dose level of CAR-Ts and the combinatorial treatment of anti-PD-1 antibody were safe with acceptable toxicities. The most probable related adverse event was hematologic events, which happened in about 50% of patients and may be partly attributed to lymphodepletion. Severe cytopenia was common (41.7%) but recoverable with proper management. Other toxicities, including nausea, rash, and diarrhea, were transient and endurable in our study.

It was hard for CD30 CAR-Ts alone to get a satisfactory clinical response in the previous studies (12, 13). The strategy of combining with PD-1 inhibitor to refuel the CAR-T cells was being tried, and this obtained a gratifying initial result (18). In our study of evaluable patients, CD30 CAR-Ts have a significant clinical activity in heavily pretreated r/r CD30+ lymphoma patients with ORR of 91.7% and CR rate of 50%. However, the clinical efficacy of 106/kg CAR-T is not exciting because no patient obtained CR in cohort 1. In cohorts 2 and 3, a high dose of CAR-T and a combinatorial strategy of anti-PD-1 antibody significantly improved the therapeutic response of CAR-T, especially in cohort 3, of which 80% CR and 100% ORR was achieved. Furthermore, bridging HSCT after CAR-T treatment was done in 6 patients and got responses of 100% ORR and 66.7% CR rate, indicating a potential beneficial role of HSCT in improving the efficacy of CAR-T therapy. Notably, at a median follow-up of 21.5 months, nearly two-thirds of patients maintained their response until the end of follow-up.

After encountering a tumor-specific antigen in vivo, CARs could transmit an activation signal to T cells through the intracellular domain and cause T cell activation and expansion, which is dependent on the antigen density of tumor cells (22). For B-ALL, a dose of 105/kg CAR-T cells is enough to obtain a satisfactory curative effect (23), while at least 106/kg of CAR-T cells is needed in multiple myeloma (MM) and lymphoma (21, 24). Moreover, under the condition of 106/kg CAR-T cell treatment, B-ALL showed significantly more severe adverse events than MM and B-cell lymphoma (20, 21, 24). In our study, 106/kg of CD30 CAR-T cells failed to obtain a satisfactory response, which may be related to the special pathological characteristics of cHL. cHL is characterized by small numbers of large CD30+ Reed–Sternberg cells surrounded by a mixed infiltration of inflammatory and immune cells, which will show a low antigen density of CD30+ tumor cells. Therefore, CAR-T cell of a larger order of magnitude was tried in this study, and an exciting effect was obtained. The above-mentioned studies show that tumor load may be the key factor determining the dose level of CAR-T cell infusion, which will be further explored in the follow-up study.

PD-1 is an important negative costimulatory regulatory molecule to maintain T cell immune tolerance, and its ligand is commonly detected on cHL and NK/T lymphoma, etc. (8). Furthermore, upregulation of PD-1 could be seen in activated CAR-T cells (16). PD-1 blockade seems to be an ideal partner for CAR-T cell therapies. Therefore, immune checkpoint blockade in overcoming T cell exhaustion, including PD-1 gene knockout in CAR-T cells, engineering CAR-T cells to secrete anti-PD-1 and combinatorial treatment of anti-PD-1, etc., is continuously tried to be applied to CD30 CAR- T cells (15, 25, 26). Studies of PD-1 blockade enhancing the eradication of tumor cells of CAR-Ts revealed the potentially critical role of the PD-1/PD-L1 pathway in CAR-T cell immunotherapy (18). Similarly, our combinatorial treatment of PD-1 inhibitor also showed an encouraging result of 100% ORR. Moreover, in four CR patients in cohort 3, all of whom were previously resistant to the checkpoint inhibitor, the combinatorial treatment of anti-PD-1 antibody was still shown to be effective. CAR-T cell expansion improvement and activity enhancement by PD-1 blockade may be the potential reasons (17, 18). The above-mentioned study suggests that the synergistic effect of PD-1 blockade seems to be unaffected by the previous PD-1 resistance status. The anti-PD-1 antibody was added with the aim of improving the expansion and reducing the exhaustion of CAR-T cells and also have the potential risk of triggering or exacerbating a CRS reaction. Acute and severe CRS mostly occurred within 2 weeks after CAR-T cell infusion. Therefore, we add anti-PD-1 antibody at 14 days after CAR-T cell infusion and continued such every 3 weeks in our study. Further optimization of the administration time of the anti-PD-1 antibody needs to be further explored.

In summary, our study suggested that PD-1 blockade yields a high clinical benefit to some extent for r/r CD30 lymphoma patients receiving anti-CD30 CAR-T therapy, and minimal toxicities were observed. These results are exciting and further support the combination of PD-1 inhibitor with anti-CD30 CAR-T therapy. In view of the small cohort in this study, larger clinical studies with more participants are required in the future to further confirm the critical role of the PD-1/PD-L1 axis in anti-CD30 CAR-T cell therapies.
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