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Purpose

Immune-mediated adverse events (imAEs) may be associated with response to immune checkpoint inhibitors. We assessed the relationship between imAE development and efficacy in metastatic non-small-cell lung cancer patients treated with durvalumab (anti-programmed cell death ligand-1 [PD-L1]) alone or in combination with tremelimumab (anti-cytotoxic T-lymphocyte-associated protein 4).



Methods

The analysis used individual patient-level data from 307 and 310 patients in the monotherapy and combination arms of MYSTIC, respectively. We evaluated the association between treatment efficacy and development of imAEs using univariate and multivariate survival analyses. Using machine learning, we built a predictive model utilizing baseline clinical and laboratory features to identify patients at risk of developing imAEs and further evaluated patient survival based on a threshold index extracted from the model.



Results

Patients who developed any grade of imAE had improved overall survival versus patients without (hazard ratio [HR] 0.51; 95% confidence interval [CI]: 0.41–0.62). imAE development was associated with improved overall survival (HR 0.54; 95% CI 0.44–0.66) in a multivariate Cox proportional hazard model considering patient demographic features and baseline characteristics. Higher odds of imAE development were observed (odds ratio 3.023; 95% CI: 1.56–5.83) in responders versus non-responders in patients treated with immunotherapy. Based on baseline characteristics, the random forest classification algorithm was used to formulate a predictive model to identify patients at increased risk of developing imAEs during treatment.



Conclusion

Post-hoc exploratory analysis found that the efficacy of immunotherapy was improved in patients who developed on-treatment imAEs. This was independent of severity of imAEs or the need for steroid treatment, which is important in allowing patients to remain on treatment and derive optimal clinical benefit. Further research is warranted to establish the correlation between incidence of imAEs and efficacy in this patient population.
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Introduction

Immune checkpoint inhibition (ICI) has revolutionized the treatment of cancer over the last decade, with multiple checkpoint inhibitors approved in solid tumors as well as for some hematologic malignancies (1, 2). The first approved checkpoint inhibitor was ipilimumab, an anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) monoclonal antibody (3). Subsequently, antibodies targeting programmed cell death-1 (PD-1; nivolumab, pembrolizumab, and cemiplimab) (4–6) or its ligand, programmed cell death ligand-1 (PD-L1; atezolizumab, avelumab, and durvalumab) (7–9) have also gained approvals and become integrated into the standard-of-care in many tumor types.

Despite significant clinical benefits, the use of immunotherapy can result in immune-mediated toxicities in up to 85% of patients, although this varies by agent and across tumor types (10). Such toxicities are commonly gastrointestinal, respiratory, endocrine, or dermatologic in nature (11). Mechanistically, this toxicity is believed to be caused by aberrant activation of autoreactive T or B cells (12), inhibition of regulatory T cells (13), and/or activation of tumor-reactive T cells that share an antigen with normal tissue (14). Frontline management includes withholding immunotherapy and starting corticosteroids (15). If response is inadequate, second-line immunosuppressive agents such as infliximab, vedolizumab, mycophenolate, and azathioprine are recommended (15). To date, there are no reliable tools to predict which patients will develop immune-mediated adverse events (imAEs) during treatment with immunotherapy. Prior studies have shown that clonal expansion of cytotoxic CD8 T cells precedes ipilimumab-related toxicity (16) and that patients with tumors characterized by a high mutational burden are at increased risk of immune-mediated toxicity (17). While these analyses investigated only single features, the role of multiple features in relation to the development of imAEs was evaluated in a proof-of concept study, which used real-world, reported adverse event (AE) data and molecular genomics to identify a bivariate regression model of lymphocyte cytosolic protein 1 (LCP1) and adenosine diphosphate dependent glucokinase (ADPGK) that could accurately predict imAEs (18). However, there remains a need for a comprehensive approach to identify patients who might experience imAEs during treatment using baseline information.

Several retrospective studies have shown an association between the development of imAEs and both treatment response and survival. This leads us to consider the fact that widespread systemic immune system activation and auto-reactivity may be simultaneously reflective of antitumor response. In a retrospective analysis combining seven trials in patients with metastatic or locally advanced urothelial carcinoma, overall survival (OS) was longer in patients with imAEs versus those without imAEs (hazard ratio [HR], 0.45; 95% confidence interval [CI], 0.39–0.52) (19). Similarly, incidence of imAEs was associated with longer relapse-free survival in patients with stage III melanoma who received pembrolizumab (HR, 0.61; 95% CI, 0.39–0.95; P = 0.03) (20).

Durvalumab is a human immunoglobulin G1 kappa monoclonal antibody that inhibits PD-L1 binding to PD-1 and CD80; tremelimumab is a monoclonal immunoglobulin G2 antibody binding to CTLA-4 which, in combination with durvalumab, has shown clinical efficacy in patients with advanced non-small-cell lung cancer (NSCLC) (7, 21). The phase III MYSTIC trial compared durvalumab alone or in combination with tremelimumab versus standard of care (SOC) chemotherapy in treatment-naïve patients with metastatic NSCLC whose tumors expressed PD-L1 in ≥25% of tumor cells (TC ≥ 25) (22). In the MYSTIC trial, durvalumab alone or in combination with tremelimumab did not meet statistical significance for OS versus SOC chemotherapy. However, a clinically meaningful improvement was observed in the durvalumab monotherapy group (HR 0.76; 97.54% CI: 0.56–1.02; p = 0.036) suggesting that some patients in MYSTIC did derive benefit from durvalumab monotherapy. Here, we report results from an analysis of MYSTIC patient data designed to better understand the effect of imAEs on treatment efficacy, allowing the development of a predictive model to identify patients with a high probability of experiencing on-treatment immune-mediated toxicity.



Materials and methods


Patients

Full eligibility criteria for the MYSTIC clinical trial (NCT02453282) have been previously reported (22). In brief, adults with stage IV NSCLC were eligible provided they had not previously received systemic therapy for advanced or metastatic NSCLC, had an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1, demonstrated measurable disease according to Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 (23), and had known tumor PD-L1 expression status prior to randomization. Patients with sensitizing epidermal growth factor receptor (EGFR) or anaplastic lymphoma kinase (ALK) genetic alterations and those with symptomatic, unstable brain metastases were excluded. With the exception of vitiligo or alopecia and hypothyroidism, patients with active or prior documented autoimmune or inflammatory disorders were also excluded from the study.

The MYSTIC study was performed in accordance with the Declaration of Helsinki and the International Conference on Harmonization Good Clinical Practice Guidelines. The protocol and all modifications were approved by the institutional review boards or ethics committees of all participating centers and the relevant regulatory authorities. All participants provided written informed consent.



Patient and public involvement statement

This study utilized patient data from the MYSTIC trial to help develop a predictive model that could identify patients at a high risk of experiencing on-treatment immune-mediated toxicity during the course of immunotherapy. Patient response and safety data were analyzed retrospectively.



Study design and treatment

Patients were randomized in a 1:1:1 ratio in a stratified manner according to PD-L1 expression (25% cutoff) and histology (squamous vs non-squamous) to receive durvalumab plus tremelimumab, durvalumab monotherapy or SOC chemotherapy (Supplemental Figure S1). Patients in the durvalumab plus tremelimumab group received durvalumab 20 mg/kg and tremelimumab 1 mg/kg via intravenous (IV) infusion every 4 weeks (q4w) for up to four doses/cycles and then continued with durvalumab 20 mg/kg q4w from week 16 until disease progression. Patients in the durvalumab monotherapy group received durvalumab 20 mg/kg via IV infusion q4w. Patients in the chemotherapy arm received 4–6 cycles of platinum-based doublet chemotherapy of the investigator’s choice.



Endpoints

The primary endpoints were OS (time from randomization to death due to any cause) for both immunotherapy arms versus chemotherapy and progression-free survival (PFS; time from randomization to objective disease progression according to blinded independent central review, or death) for durvalumab plus tremelimumab versus chemotherapy, all assessed in patients with ≥25% of TCs expressing PD-L1 (PD-L1 TC ≥25%). Secondary endpoints included PFS for durvalumab versus chemotherapy, and objective response rate and duration of response (DOR) for both immunotherapy arms versus chemotherapy (all in patients with PD-L1 TC ≥25%), as assessed using RECIST version 1.1, as well as safety and tolerability (22).



Assessment

During medical review of the MYSTIC trial, an AE consistent with an immune-mediated mechanism of action with no clear alternate etiology was adjudicated as an imAE by the sponsor. Serologic, immunologic, and histologic (biopsy) data, as appropriate, were used to support characterization of an imAE. Unless otherwise indicated, all data regarding imAEs were adjudicated. The severity of imAEs was graded according to the National Cancer Institute’s Common Terminology Criteria for Adverse Events (CTCAE version 4.03).



Statistical analysis

Kaplan–Meier analysis was used to compare patient survival outcomes (OS, PFS) based on development of imAEs in the immunotherapy arms, irrespective of PD-L1 expression and (separately) in subgroups based on PD-L1 expression (cut-off, 25%). Since imAE is an on-treatment phenomenon, landmark analysis based on imAE median time to onset was also used to account for immortal time bias. Treatment efficacy was compared between patients experiencing high-grade (grade ≥3) imAEs and patients experiencing low-grade (grade ≤2) imAEs using Kaplan–Meier analysis, as well as between the low-grade imAE patient cohort and the no imAE patient cohort. We also explored the effect of steroid use on treatment efficacy in patients experiencing imAEs using Kaplan–Meier analysis. Finally, we used the Kaplan–Meier method to compare the survival benefit for patients with imAEs in the immunotherapy arms over patients in the chemotherapy arm, employing a Restricted Mean Survival Time (RMST) analysis to overcome the violation of proportional hazards assumption (as observed in early crossing over of Kaplan–Meier curves) (24).

Demographic features (age, weight, sex, and race) and potential prognostic factors or predictive biomarkers of efficacy (baseline ECOG performance status, histology, presence of liver metastasis, PD-L1 expression, and tumor mutational burden) were considered in addition to incidence of imAEs in a step-wise multivariate Cox regression model to account for any possible confounding effect. All covariates were initially considered for selection. The significance levels for entry and for stay were set at 0.25 (suggested to be set conservatively at ≥0.15) (25). The best candidate final regression model was then identified by eliminating the covariates with a p-value of >0.05 one at a time until all regression coefficients were significantly different from 0 at the chosen alpha level of 0.05.

The association between objective response and development of imAEs was explored using a binary outcome logistic regression model. To examine the effect of exposure duration (difference in days between the treatment stop and start dates) on the development of imAEs, responder status (Yes/No; defined as those patients who achieved either a confirmed complete response [CR] or partial response [PR]), duration of exposure, and a multiplicative interaction term were included as covariates in the model.



Machine learning classification

A predictive model was developed using the random forest algorithm (26) to identify patients at risk of experiencing immune-mediated toxicities. Baseline demographic features, potential prognostic factors and predictive markers of efficacy, and several laboratory parameters were used in model building (Supplemental Table S1). The 10 most significant features in this classification problem were noted using random forest feature selection. Both “accuracy” and “Gini” importance measures were taken into consideration for feature selection (26). A simpler predictive model was then developed using only these 10 features to reduce the complexity of the original model. A baseline threshold immune toxicity index was extracted (random forest model classification cut-off) from the model to identify patients more likely to experience imAEs during the course of immunotherapy. Patient survival was evaluated based on the model-informed baseline threshold immune toxicity index. An out-of-bag (OOB) error estimate (26) was used to measure the predictive ability of the model. In random forest, cross-validation on a separate dataset is not required to obtain an unbiased estimate of prediction error (26). OOB error is estimated internally using approximately one-third of cases excluded from the bootstrap sample. All analyses were performed using R statistical software.




Results

Data from 902 patients (307 randomized to monotherapy, 310 to combination therapy, and 285 to chemotherapy) who participated in the trial were included in the analysis. Due to restrictions on secondary usage of data, the number of patients in each treatment arm in our analysis differs from the actual number of patients in the MYSTIC trial (374 randomized to monotherapy, 372 to combination therapy, and 372 to chemotherapy) (22). Patient demographics and baseline characteristics of these 902 patients were well balanced across treatment arms (Supplemental Table S2).

imAEs were observed in 215/617 patients (35%) from the immunotherapy arms, including 84/307 patients (27%) from the durvalumab arm and 131/310 patients (42%) from the durvalumab plus tremelimumab arm. In univariate analysis of both immunotherapy arms combined and irrespective of PD-L1 status, patients with imAEs had improved OS (HR 0.51; 95% CI: 0.41–0.62) (Figure 1A) and PFS (HR 0.54; 95% CI: 0.44–0.66) (Figure 1B), compared with patients without imAEs. Median time to onset of imAES was 34 days and the landmark analysis accounting for immortal time bias, which excluded patients who died (OS) or progressed (PFS) before Day 34, also reported improved OS (HR 0.55; 95% CI: 0.44–0.67) and PFS (HR 0.60; 95% CI: 0.49–0.74) in patients who had imAEs versus those who did not (Supplemental Figure S2). We also assessed survival benefit associated with incidence of imAEs in each immunotherapy arm separately. A similar improvement in treatment efficacy was seen in each arm for patients with imAEs versus patients without immune-mediated toxicity both for OS (durvalumab arm: HR 0.44; 95% CI: 0.31–0.61 and durvalumab plus tremelimumab arm: HR 0.52; 95% CI: 0.40–0.68) and for PFS (durvalumab arm: HR 0.49; 95% CI: 0.36–0.68 and durvalumab plus tremelimumab arm: HR 0.54; 95% CI: 0.42–0.71) (Figure 2). Furthermore, when considering only patients with imAEs, there was no significant difference in OS between the two immunotherapy arms, with HR 0.70 (95% CI: 0.49–1.01) for patients in the durvalumab arm versus those in the combination arm (Supplemental Figure S3). Therefore, patients in both immunotherapy arms were grouped together for subsequent analyses.




Figure 1 | Kaplan–Meier plots for (A) overall survival and (B) progression-free survival by imAE development in patients treated with immunotherapy (n = 617). Data from patients randomized to durvalumab (n = 307) were combined with those from patients randomized to durvalumab plus tremelimumab (n = 310). imAE, immune-mediated adverse event.






Figure 2 | Kaplan–Meier plots for overall survival and progression-free survival based on imAE development in the durvalumab arm (panels A, C for OS and PFS, respectively) and the durvalumab plus tremelimumab arm (panels B, D for OS and PFS, respectively). imAE, immune-mediated adverse event; OS, overall survival; PFS, progression-free survival.



In total, 269/617 patients (44%) treated with immunotherapy had PD-L1 TC ≥25%. The incidence of any-grade imAEs was 37% (100/269 patients) in patients with PD-L1 TC ≥25% and 33% (115/348 patients) in patients with PD-L1 <25%. The association between immune-mediated toxicity and improved OS and PFS was observed regardless of PD-L1 expression (Figure 3). For OS and PFS, respectively, the HRs for patients with imAEs versus those lacking imAEs were 0.46 (95% CI: 0.33–0.64) and 0.55 (95% CI: 0.40–0.76) in the PD-L1 TC ≥25% subgroup (Figures 3A, C) and 0.55 (95% CI: 0.42–0.71) and 0.53 (95% CI: 0.41–0.68) in the PD-L1 TC <25% subgroup (Figures 3B, D).




Figure 3 | Kaplan–Meier plots for overall survival and progression-free survival based on imAE development in patients with PD-L1 TC ≥25% (panels A, C for OS and PFS, respectively) and in patients with PD-L1 TC <25% (panels B, D for OS and PFS, respectively). Data from patients randomized to durvalumab (n = 307) were combined with those from patients randomized to durvalumab plus tremelimumab (n = 310) before analyzing by PD-L1 subgroup. imAE, immune-mediated adverse event; OS, overall survival; PD-L1, programmed cell death ligand-1; PFS, progression-free survival; TC, tumor cell.



As previously reported, neither durvalumab alone nor durvalumab plus tremelimumab improved survival outcomes compared with chemotherapy in the MYSTIC trial in patients with PD-L1 TC ≥25% (22). In the present analysis, although median OS was longer in patients with imAEs treated with immunotherapy than in those receiving chemotherapy, the Kaplan–Meier curves for these two patient groups crossed over at an early timepoint, thus violating the proportional hazards assumption (Supplemental Figure S4). An RMST analysis of OS also showed improved treatment efficacy in patients with imAEs from the immunotherapy arms compared with patients treated with chemotherapy (Supplemental Figure S5 and Supplemental Table S3).

The baseline covariates listed in Supplemental Table S2 were all considered in a multivariate analysis to further assess the relationship between treatment efficacy and incidence of imAEs. Development of imAEs was associated with improved OS (HR 0.54; 95% CI: 0.44–0.66) in the multivariate Cox regression model (where covariates were chosen in the final model by a stepwise variable selection procedure), with a similar outcome for PFS (HR 0.57; 95% CI: 0.47–0.70) (Table 1).


Table 1 | Multivariate analysis for overall survival and progression-free survival in the immunotherapy arms combined.



Of 215 patients experiencing imAEs in the immunotherapy arms, 173 patients (80%) had low-grade (grade ≤2) imAEs, including 68/84 patients (81%) in the durvalumab arm and 105/131 patients (80%) in the durvalumab plus tremelimumab arm. OS and PFS did not differ between patients with high-grade versus low-grade imAEs (Supplemental Figure S6). However, OS and PFS were both improved (Supplemental Figure S7) in patients with only low-grade imAEs (both immunotherapy arms grouped together) compared with patients who didn’t experience any imAEs (OS: HR 0.50; 95% CI: 0.40–0.62; PFS: HR 0.56; 95% CI: 0.45–0.69).

Overall, 47/215 patients (22%) had immune-mediated toxicity requiring steroid use. Survival outcomes were unaffected by steroid use in patients with imAEs; for patients receiving steroids, the HR for OS was 1.27 (95% CI: 0.85–1.89) and the HR for PFS was 0.93 (95% CI: 0.62–1.41) compared with those patients who did not require steroid treatment (Figure 4).




Figure 4 | Kaplan–Meier plots for (A) overall survival and (B) progression-free survival based on steroid usage in patients with imAEs from the immunotherapy arms combined (n = 215). imAE, immune-mediated adverse event.



Among the 617 patients treated with immunotherapy included in our analysis, 152 patients (25%) had an objective response (CR or PR). The incidence of imAEs was higher in responders (79/152 patients; 52% [95% CI: 44–59]) than in non-responders (136/465 patients; 29% [95% CI: 25–33]) (Table 2). The association between development of imAEs and objective response was evaluated through a logistic regression model adjusted for the duration of exposure. Higher odds of imAE development were observed (odds ratio 3.023; 95% CI: 1.56–5.83) in responders versus non-responders (Table 2). The interaction term between response and duration of exposure was significant in the model, indicating that responders and non-responders had a differential proclivity for development of imAEs given the same duration of exposure.


Table 2 | Relationship between imAE development and objective response.



Using patient baseline characteristics (Supplemental Table S1), a random forest predictive model (R script; Supplementary File) was developed to identify patients with a higher likelihood of experiencing imAEs during treatment with immunotherapy. Patients with immune toxicity index above the reference level of 0.5 (≥0.5 vs <0.5) were classified (OOB error estimate 12.28%) as patients who would experience imAEs during the course of immunotherapy. The top 10 features associated with imAE development were identified (Supplemental Figure S8) from the entire feature-space (Supplemental Table S1) using random forest feature selection (26). The simpler model, developed using these 10 features, was able to classify patients with imAEs with an OOB error estimate of 14.3% (Supplemental Figure S9). The model-informed immune toxicity index was then assessed with other baseline covariates from Supplemental Table S2 in a multivariate Cox regression model for treatment efficacy. Based on this analysis, immune toxicity index ≥0.5 versus <0.5 was associated with improved OS (HR 0.57; 95% CI: 0.46–0.71), with a similar outcome for PFS (HR 0.60; 95% CI: 0.48–0.74) (Supplemental Table S4).



Discussion


Association between imAEs and clinical outcome

The primary analysis of the MYSTIC trial found no statistically significant difference in OS between immunotherapy (either durvalumab or durvalumab plus tremelimumab) and chemotherapy (22). The aim of this retrospective analysis was to improve our understanding of the survival benefit associated with imAE development in the immunotherapy arms of the phase III MYSTIC trial. Using both univariate and multivariate analysis, we found that both OS and PFS tended to be improved in patients who experienced imAEs on immunotherapy when compared with those who did not develop imAEs. Landmark analysis using imAE median time to onset (taking into account the time-dependent nature of imAE) further confirmed the survival benefit associated with imAEs – this is also in alignment with the results presented by Haratani et al. (27) Subgroup analysis showed that survival outcomes were independent of PD-L1 status (above or below a threshold of TC 25%), grade of imAE, and corticosteroid usage. Although overall rates of imAEs in MYSTIC were low, we also demonstrated that patients who experienced imAEs during immunotherapy had noticeably longer OS than patients randomized to SOC chemotherapy. Substantial association between development of imAEs and objective response was seen in patients treated with immunotherapy in a multivariate analysis adjusted for duration of exposure. The significant interaction term between response and duration of exposure in the logistic regression model suggests that, given the same duration of exposure, immunotherapy responders and non-responders have different likelihoods of developing imAEs. However, these analyses were limited by their retrospective and exploratory nature.

Survival benefit associated with incidence of imAEs has been previously reported in the literature across various tumor types; however, most had relatively small cohorts and significant limitations adjusting for confounders. However, recent examples of larger-scale analyses reflect the findings reported here. For example, one such analysis looked at pooled safety and efficacy data from 1783 patients with various solid tumors, including NSCLC, treated with avelumab in the JAVELIN Solid Tumor and JAVELIN Merkel 200 trials (28). Patients experiencing imAEs (overall incidence 16.5%), had a greater improvement in OS than those who did not. In exploratory analyses including 1747 patients with urothelial cancer who received a PD-1/PD-L1 inhibitor across seven clinical trials, patients experiencing on-treatment imAEs also demonstrated improved OS versus those with no imAEs (19). We also highlight that much of the current literature has considered only a single immunotherapy mode-of-action, thus our analysis of imAEs in patients receiving a combination of PD-(L)1 and CTLA-4 agents is of particular note.

The exact mechanism for the association between development of imAEs and ICI-triggered response is not entirely clear. It is postulated that there is a shared antigen between the tumor and otherwise normal surrounding tissue from which the tumor arises, with toxicity a byproduct of T-cell stimulation and activation at the site of the tumor. Several clinical observations support this notion, including an increase in response for patients with metastatic melanoma who develop vitiligo after treatment with immunotherapy (14, 20), the association between acute interstitial nephritis and clinical response in renal cell carcinoma (29), and the high incidence of pneumonitis in patients with NSCLC receiving immune checkpoint inhibitors (30). It has also been shown that there is an association between tumor-tissue similarity and frequency of autoimmune toxic effects on a molecular level. Using advanced sequencing techniques, researchers demonstrated that several T-cell clonotypes present in NSCLC tumors were also present at the site of skin toxicity (31), providing evidence to support the theory that shared antigenicity in two separate organ systems is one potential mechanism for the observed toxicity.

An important unanswered clinical question is the effect of glucocorticoid use on immunotherapy efficacy. While it has been shown through in vivo studies that corticosteroids inhibit effector T-cell proliferation and promote regulatory T-cell expansion (32), it is unclear how this may affect efficacy in the context of imAEs. This is particularly important given the need for effective management of imAEs to ensure that patients can remain on treatment and derive optimal clinical benefit. In our analysis, the improvement in PFS and OS related to imAEs was independent of steroid exposure. This is consistent with data presented in the context of urothelial cancer, which showed that use of corticosteroids did not negatively affect either the chance of developing a response to PD-1/PD-L1 inhibitors or the DOR (19). Analysis of data from patients with NSCLC is also in alignment, reporting that receipt of corticosteroids for imAEs did not affect OS (33). Our ability to make definitive conclusions based on the dataset presented is limited due to a small sample size, with only 47 patients receiving immunotherapy requiring steroid administration. Future, prospective, and biological studies are warranted to better address this question.



Developing a predictive tool for imAEs

We developed a machine learning predictive model to identify patients who might experience imAEs during treatment with immunotherapy using only baseline characteristics. A model immune toxicity index was created for this purpose. We also evaluated patient survival based on this index. In our model, in which prediction was limited by the available data, patients with a higher immune toxicity index score (≥0.5; i.e. those with a higher chance of developing imAEs on immunotherapy), had a noticeable survival benefit. However, more comprehensive predictive model development using a larger database and validation using different studies is required for patient benefit.

Various baseline patient characteristics, such as differences in peripheral cytokine levels (34, 35) and differences in B-cell abundance (36), have been correlated with immune-mediated toxicity; however, these findings are preliminary and as yet there are no validated predictive biomarkers for imAE development. As immunotherapy is incorporated into earlier stages where surgical and radiotherapy treatment alone has curative potential, the risks and benefits of additional immunotherapy treatment need to be considered with a different benefit-risk perspective to that in the metastatic context. Our hope is that a comprehensive predictive model may ultimately be available to clinicians to improve risk stratification of patients and to help guide treatment decisions.

In conclusion, our analysis demonstrated improved survival outcomes in patients experiencing imAEs during immunotherapy, regardless of the severity of imAE or the need for steroid treatment, which is important in allowing patients to remain on treatment and derive optimal clinical benefit. Further analyses across different tumor types and with different combination regimens are required to investigate this relationship in greater detail. If imAE development is confirmed to be correlated with survival benefit, a comprehensive predictive model (using only baseline characteristics) that identifies patients with a greater likelihood of experiencing immune-related toxicity during treatment would significantly aid clinicians in careful monitoring and counseling of these patients.




Data availability statement

Data underlying the findings described in this manuscript may be obtained in accordance with AstraZeneca’s data sharing policy described at https://astrazenecagrouptrials.pharmacm.com/ST/Submission/Disclosure.



Ethics statement

Please refer to the primary publication for this trial: Rizvi et al. JAMA Oncol. 2020;6 (5):661-674. doi:10.1001/jamaoncol.2020.0237. The patients/participants provided their written informed consent to participate in this study.



Author contributions

AD was involved in the study concept, the collection and analysis of the data, contributed to the development of the analysis plan and modeling, and was heavily involved in the writing, reviewing, and editing of the manuscript. MA was involved in the writing, reviewing, and editing of the manuscript. HMK contributed to the development of the analysis plan and was involved in reviewing and editing the manuscript. NT contributed to the development of the analysis plan and was involved in reviewing and editing the manuscript. HM contributed to the development of the analysis plan and was involved in reviewing and editing the manuscript. NS was involved in reviewing and editing the manuscript. CM contributed to the development of the analysis plan and was involved in reviewing and editing the manuscript. DZ contributed to the development of the analysis plan and was involved in the writing, reviewing, and editing of the manuscript. GMM was involved in the study concept, contributed to the development of the analysis plan, and was involved in reviewing and editing the manuscript. AD, MA, HMK, NT, HM, NS, CM, DZ, and GMM have provided consent for the analyses detailed in this manuscript to be published.



Acknowledgments

This study was funded by AstraZeneca. Editorial support was provided by Rachel Cicchelli, PhD, of Ashfield MedComms (Macclesfield, UK), an Inizio company, and was funded by AstraZeneca.



Conflict of interest

AD and GMM were employees of AstraZeneca at the time this work was conducted. NT, HM, NS, CM, and DZ are all employees of AstraZeneca and hold or have the option to hold stock. HMK declares receipt of institutional research grants directly to institute from Merck, Bristol-Myers Squibb, and Apexigen, personal fees outside of the work under consideration from Nektar, Immunocore, Celldex, Array Biopharma, Merck, Elevate Bio, Instil Bio, Bristol-Myers Squibb, Clinigen, Shionogi, Chemocentryx, Calithera, and Signatero, and personal fees not outside of the work under consideration from Iovance.

The remaining author declares 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 authors declare that this study received funding from AstraZeneca. The funder of thestudy participated in study design, data collection, data analysis,data interpretation, and writing of the report.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.1026964/full#supplementary-material



References

1. Zam, W, and Ali, L. Immune checkpoint inhibitors in the treatment of cancer. Curr Rev Clin Exp Pharmacol (2022) 17(2):103–13. doi: 10.2174/1574884716666210325095022

2. Institute CR. Fda approval timeline of active immunotherapies . Available at: https://www.cancerresearch.org/en-us/scientists/immuno-oncology-landscape/fda-approval-timeline-of-active-immunotherapies (Accessed July 2022).

3. Fellner, C. Ipilimumab (Yervoy) prolongs survival in advanced melanoma: Serious side effects and a hefty price tag may limit its use. P t (2012) 37(9):503–30. Available at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3462607/.

4. Bradford, D, Demko, S, Jin, S, Mishra-Kalyani, P, Beckles, AR, Goldberg, KB, et al. Fda accelerated approval of pembrolizumab for recurrent locally advanced or metastatic merkel cell carcinoma. Oncologist (2020) 25(7):e1077–e82. doi: 10.1634/theoncologist.2020-0184

5. Raedler, LA. Opdivo (Nivolumab): Second pd-1 inhibitor receives fda approval for unresectable or metastatic melanoma. Am Health Drug Benefits (2015) 8(Spec Feature):180–3. Available at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4665056/.

6. Sezer, A, Kilickap, S, Gümüş, M, Bondarenko, I, Özgüroğlu, M, Gogishvili, M, et al. Cemiplimab monotherapy for first-line treatment of advanced non-small-cell lung cancer with pd-L1 of at least 50%: A multicentre, open-label, global, phase 3, randomised, controlled trial. Lancet (2021) 397(10274):592–604. doi: 10.1016/s0140-6736(21)00228-2

7. Antonia, SJ, Villegas, A, Daniel, D, Vicente, D, Murakami, S, Hui, R, et al. Durvalumab after chemoradiotherapy in stage iii non-small-cell lung cancer. N Engl J Med (2017) 377(20):1919–29. doi: 10.1056/NEJMoa1709937

8. Ning, YM, Suzman, D, Maher, VE, Zhang, L, Tang, S, Ricks, T, et al. Fda approval summary: Atezolizumab for the treatment of patients with progressive advanced urothelial carcinoma after platinum-containing chemotherapy. Oncologist (2017) 22(6):743–9. doi: 10.1634/theoncologist.2017-0087

9. Powles, T, Park, SH, Voog, E, Caserta, C, Valderrama, BP, Gurney, H, et al. Avelumab maintenance therapy for advanced or metastatic urothelial carcinoma. N Engl J Med (2020) 383(13):1218–30. doi: 10.1056/NEJMoa2002788

10. Haanen, J, Carbonnel, F, Robert, C, Kerr, KM, Peters, S, Larkin, J, et al. Management of toxicities from immunotherapy: ESMO clinical practice guidelines for diagnosis, treatment and follow-up. Ann Oncol (2017) 28(suppl_4):iv119–iv42. doi: 10.1093/annonc/mdx225

11. Remon, J, Mezquita, L, Corral, J, Vilariño, N, and Reguart, N. Immune-related adverse events with immune checkpoint inhibitors in thoracic malignancies: Focusing on non-small cell lung cancer patients. J Thorac Dis (2018) 10(Suppl 13):S1516–s33. doi: 10.21037/jtd.2017.12.52

12. Weinmann, SC, and Pisetsky, DS. Mechanisms of immune-related adverse events during the treatment of cancer with immune checkpoint inhibitors. Rheumatol (Oxford) (2019) 58(Suppl 7):vii59–67. doi: 10.1093/rheumatology/kez308

13. Kumar, P, Saini, S, and Prabhakar, BS. Cancer immunotherapy with check point inhibitor can cause autoimmune adverse events due to loss of treg homeostasis. Semin Cancer Biol (2020) 64:29–35. doi: 10.1016/j.semcancer.2019.01.006

14. Johnson, DB, Balko, JM, Compton, ML, Chalkias, S, Gorham, J, Xu, Y, et al. Fulminant myocarditis with combination immune checkpoint blockade. N Engl J Med (2016) 375(18):1749–55. doi: 10.1056/NEJMoa1609214

15. Brahmer, JR, Lacchetti, C, Schneider, BJ, Atkins, MB, Brassil, KJ, Caterino, JM, et al. Management of immune-related adverse events in patients treated with immune checkpoint inhibitor therapy: American society of clinical oncology clinical practice guideline. J Clin Oncol (2018) 36(17):1714–68. doi: 10.1200/jco.2017.77.6385

16. Subudhi, SK, Aparicio, A, Gao, J, Zurita, AJ, Araujo, JC, Logothetis, CJ, et al. Clonal expansion of Cd8 T cells in the systemic circulation precedes development of ipilimumab-induced toxicities. Proc Natl Acad Sci U.S.A. (2016) 113(42):11919–24. doi: 10.1073/pnas.1611421113

17. Kerepesi, C, Bakacs, T, Moss, RW, Slavin, S, and Anderson, CC. Significant association between tumor mutational burden and immune-related adverse events during immune checkpoint inhibition therapies. Cancer Immunol Immunother (2020) 69(5):683–7. doi: 10.1007/s00262-020-02543-6

18. Jing, Y, Liu, J, Ye, Y, Pan, L, Deng, H, Wang, Y, et al. Multi-omics prediction of immune-related adverse events during checkpoint immunotherapy. Nat Commun (2020) 11(1):4946. doi: 10.1038/s41467-020-18742-9

19. Maher, VE, Fernandes, LL, Weinstock, C, Tang, S, Agarwal, S, Brave, M, et al. Analysis of the association between adverse events and outcome in patients receiving a programmed death protein 1 or programmed death ligand 1 antibody. J Clin Oncol (2019) 37(30):2730–7. doi: 10.1200/jco.19.00318

20. Eggermont, AMM, Kicinski, M, Blank, CU, Mandala, M, Long, GV, Atkinson, V, et al. Association between immune-related adverse events and recurrence-free survival among patients with stage iii melanoma randomized to receive pembrolizumab or placebo: A secondary analysis of a randomized clinical trial. JAMA Oncol (2020) 6(4):519–27. doi: 10.1001/jamaoncol.2019.5570

21. Johnson, M, Cho, BC, Luft, A, Alatorre-Alexander, J, Geater, SL, Laktionov, K, et al. Pl02.01: Durvalumab ± tremlimumab + chemotherapy as first-line treatment for mnsclc: Results from the phase 3 poseidon study. J Thorac Oncol (2021) 16:S844–943. doi: 10.1016/j.jtho.2021.08.029

22. Rizvi, NA, Cho, BC, Reinmuth, N, Lee, KH, Luft, A, Ahn, MJ, et al. Durvalumab with or without tremelimumab vs standard chemotherapy in first-line treatment of metastatic non-small cell lung cancer: The mystic phase 3 randomized clinical trial. JAMA Oncol (2020) 6(5):661–74. doi: 10.1001/jamaoncol.2020.0237

23. Eisenhauer, EA, Therasse, P, Bogaerts, J, Schwartz, LH, Sargent, D, Ford, R, et al. New response evaluation criteria in solid tumours: Revised recist guideline (Version 1.1). Eur J Cancer (2009) 45(2):228–47. doi: 10.1016/j.ejca.2008.10.026

24. Uno, H, Claggett, B, Tian, L, Inoue, E, Gallo, P, Miyata, T, et al. Moving beyond the hazard ratio in quantifying the between-group difference in survival analysis. J Clin Oncol (2014) 32(22):2380–5. doi: 10.1200/jco.2014.55.2208

25. Hu, F-C. My.Stepwise: Stepwise variable selection procedures for regression analysis. R Package Version 0.1.0 (2017). Available at: https://CRAN.R-project.org/package=My.stepwise.

26. Breiman, L. Random forests. Mach Learn (2001) 45(1):5–32. doi: 10.1023/A:1010933404324

27. Haratani, K, Hayashi, H, Chiba, Y, Kudo, K, Yonesaka, K, Kato, R, et al. Association of immune-related adverse events with nivolumab efficacy in non-small-cell lung cancer. JAMA Oncol (2018) 4(3):374–8. doi: 10.1001/jamaoncol.2017.2925

28. Kelly, K, Manitz, J, Patel, MR, D'Angelo, SP, Apolo, AB, Rajan, A, et al. Efficacy and immune-related adverse event associations in avelumab-treated patients. J Immunother Cancer (2020) 8(2):e001427. doi: 10.1136/jitc-2020-001427

29. Patel, V, Elias, R, Formella, J, Schwartzman, W, Christie, A, Cai, Q, et al. Acute interstitial nephritis, a potential predictor of response to immune checkpoint inhibitors in renal cell carcinoma. J Immunother Cancer (2020) 8(2):e001198. doi: 10.1136/jitc-2020-001198

30. Wu, J, Hong, D, Zhang, X, Lu, X, and Miao, J. Pd-1 inhibitors increase the incidence and risk of pneumonitis in cancer patients in a dose-independent manner: A meta-analysis. Sci Rep (2017) 7:44173. doi: 10.1038/srep44173

31. Berner, F, Bomze, D, Diem, S, Ali, OH, Fässler, M, Ring, S, et al. Association of checkpoint inhibitor-induced toxic effects with shared cancer and tissue antigens in non-small cell lung cancer. JAMA Oncol (2019) 5(7):1043–7. doi: 10.1001/jamaoncol.2019.0402

32. Cari, L, De Rosa, F, Nocentini, G, and Riccardi, C. Context-dependent effect of glucocorticoids on the proliferation, differentiation, and apoptosis of regulatory T cells: A review of the empirical evidence and clinical applications. Int J Mol Sci (2019) 20(5):1142. doi: 10.3390/ijms20051142

33. Skribek, M, Rounis, K, Afshar, S, Grundberg, O, Friesland, S, Tsakonas, G, et al. Effect of corticosteroids on the outcome of patients with advanced non-small cell lung cancer treated with immune-checkpoint inhibitors. Eur J Cancer (2021) 145:245–54. doi: 10.1016/j.ejca.2020.12.012

34. Chaput, N, Lepage, P, Coutzac, C, Soularue, E, Le Roux, K, Monot, C, et al. Baseline gut microbiota predicts clinical response and colitis in metastatic melanoma patients treated with ipilimumab. Ann Oncol (2017) 28(6):1368–79. doi: 10.1093/annonc/mdx108

35. Tarhini, AA, Zahoor, H, Lin, Y, Malhotra, U, Sander, C, Butterfield, LH, et al. Baseline circulating il-17 predicts toxicity while tgf-β1 and il-10 are prognostic of relapse in ipilimumab neoadjuvant therapy of melanoma. J Immunother Cancer (2015) 3:39. doi: 10.1186/s40425-015-0081-1

36. Liudahl, SM, and Coussens, LM. B cells as biomarkers: Predicting immune checkpoint therapy adverse events. J Clin Invest (2018) 128(2):577–9. doi: 10.1172/jci99036



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 © 2022 Dey, Austin, Kluger, Trunova, Mann, Shire, Morgan, Zhou and Mugundu. 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.


OEBPS/Images/fimmu-13-1026964-g003.jpg
Overall survival probability

Overall survival probability

Strata

1.00-

0.75-

0.25-

0.00-

]

Number at risk

noimas] 169 91 57 26 0
imAE{ 100 yal 62 29 0

0

B
1.00-
0.75-
0.50-
0.25-
0.00-

0

Number at risk

NOImAE{ 233 105 51 24 Q
imAE] 115 80 50 21 0

o

Strata —+ NOIMAE =~ imAE

300

300

Strata ~+~ NOIMAE =+~ imAE

300

300

600
Time in days

600
Time in days

600
Time in days

600
Time in days

900

900

900

900

1200

1200

1200

1200

Progression-free survival probability

Strata

Progressicn-free survival probability

Strata

Strata —+ NOIMAE = imAE

1.00-
0.75-
0.50-
0.25-
0.00-
0 160 200 300 400 500
Time in days

Number at risk

NOImAES 169 84 46 26 12 5
imat{ 100 66 53 43 10 Q
0 100 200 300 400 500
Time in days
D

Slrata ~+ NOIMAE = imAE

1.00-

0.75-

0.50-

0.25-

0.00-
0 200 400 600
Time in days
Number at risk
NOmAE 4 233 33 8 1
imAE{ 115 34 8 0
o 200 400 500
Time in days





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Association between immune-mediated adverse events and efficacy in metastatic non-small-cell lung cancer patients treated with durvalumab and tremelimumab

      

        		

          Purpose

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Patients

          



          		

            Patient and public involvement statement

          



          		

            Study design and treatment

          



          		

            Endpoints

          



          		

            Assessment

          



          		

            Statistical analysis

          



          		

            Machine learning classification

          



        



        



        		

          Results

        



        		

          Discussion

        

          		

            Association between imAEs and clinical outcome

          



          		

            Developing a predictive tool for imAEs

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-1026964-g001.jpg
Strata ~+ NOIMAE = imAE Strata —+ NOImMAE — imAE
1.00- 1.00-
z
=1
0.75- 2 0.75-
8
5
g 3
= z
2 050- % 050
] @®
2 @
2 ~
g s
g @
0.25- 2 0.25-
g
a
0.00- 0.00-
0 300 600 900 1200 [ 200 400 600
Time in days Time in days
Number at risk Number at risk
£ oAby 402 196 108 50 0 g oA {402 79 20 1
& me{215 151 112 50 0 & me|215 87 18 0
] 300 500 50 1200 3 200 450 500

Time in days Time in days





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Odds of imAE development

OR 95% CI p-value

Response (Yes/No)* 3.023 1.56-5.83 0.0009
Interaction between response and imAE development

Coefficient SE p-value
Response (Yes/No) * L10 0.33 o
Exposure duration 0.002 0.0005 et
Interaction (response x exposure duration) -0.001 0.0007 ¥
Patients with imAE stratified by response
Patients treated with immunotherapy Responders (n = 152) Non-responders (n = 465)
Incidence of imAEs: n (%) 79 (52) 136 (29)
95% CI 44-59 25-33

CI, confidence interval; imAE, immune-mediated adverse event; OR, odds ratio; SE, standard error.

“Responder status “No” is the reference level.

OR calculated after adjusting for duration of exposure.

Responders have higher odds of developing imAEs after adjusting for duration of exposure. A significant interaction term indicates different inclination towards imAE development among
responders versus non-responders, given the same duration of exposure.

p-value significance: *, p < 0.05; ***, p < 0.001.





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2022.1026964_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Association between
immune-mediated adverse
events and efficacy in
metastatic non-small-cell lung
cancer patients treated with
durvalumab and tremelimumab





OEBPS/Images/fimmu-13-1026964-g002.jpg
Strata ~+ NOIMAE =~ ImAE Strata ~+ NOIMAE =~ ImAE
1.00- 1.00-
)
0.75- g 0.75-
g g
®
& £
T o.50- 3 0.50-
2 @
3 e
@ ”
T kS
[ @
3 0.25- g 0.25-
3
o
0.00- 0.00-
0 300 600 900 1200 0 200 400 600
Time in days Time in days
Number at risk Number at risk
S o 223 119 64 27 0 fronacfoes 47 14 i
& mAE{ 84 63 49 23 0 5 mE{ B4 40 8 0
D 300 600 $00 1200 0 200 400 600
Time in days Time in days
B D
Strata ~+ NOIMAE —~ imAE Strata ~+ NOIMAE —— ImAE
1.00- 1.00-
z
= 2
£ 0.75- £ 0.75-
3 a
E k]
T os0- 3 050-
2 @
3 2
& <
T 8
& o02s- £ o02s-
g
o
0.00- 0.00-
0 360 600 960 1200 0 100 260 300 400 500
Time in cays Time in days
Number at risk Number at risk
g noimae] 179 77 44 23 0 gromael179 63 32 14 6 2
& mE{131 88 63 27 0 & imAE{131 74 47 37 10 2
[ 500 500 900 1200 ] 100 260 300 400 500

Time in days Time in days





OEBPS/Images/table1.jpg
Covariate HR 95% Cl

Overall survival

imAE (Yes vs No%) 0.54 (0.44-0.66)
ECOG performance status (=1 vs 0%) 1.55 (1.28-1.89)
PD-LI (TC 225% vs TC <25%") 0.71 (0.59-0.86)
Histology (Squamous vs Non-squamous") 1.36 (1.11-1.65)
Liver metastasis (Yes vs No®) 1.27 (1.01-1.60)
TMB (=20 mut/Mb vs <20 mut/Mb") 0.66 (0.51-0.86)
Progression-free survival
imAE (Yes vs No®) 0.57 (0.47-0.70)
ECOG performance status (=1 vs 0%) 1.34 (1.10-1.62)
PD-LI (TC 225% vs TC <25%") 0.63 (0.52-0.77)
Liver metastasis (Yes vs No®) 1.29 (1.02-1.62)
TMB (=20 mut/Mb vs <20 mut/Mb?) 0.68 (0.53-0.89)

CI, confidence interval; ECOG, Eastern Cooperative Oncology Group; HR, hazard ratio;
imAE, immune-mediated adverse event; mut/Mb, mutations/megabase; PD-LI,
programmed cell death ligand-1; TC, tumor cell; TMB, tumor mutational burden.
imAE development was assessed along with other significant covariates chosen by the
stepwise multivariate Cox regression model.

“Indicates reference level. For example, HR = 0.54 favors imAE = Yes.





OEBPS/Images/fimmu-13-1026964-g004.jpg
Overall survival probability

‘atients with imAE without stero)

Strata

A

Strata <+ patients with [MAE without steroid ~f= patients with IMAE requiring sterold

Time in days

1.00-
0.75-
0.50- ---------ooooooTT | TP
0.25- Lo
0.00- o
o 300 600 900 1200
Time in days
Number at risk
168 123 89 41 0
S with mAE requiing steroid | 47 28 23 o o
o 300 600 900 1200

Progression-free survival probability

Strata

Strata - patients with ImAE without sterid ~- patients with ImAE requiring sterol

1.00-

0.75-

0.25-

0.00-

patients with ImAE without steroid.

patients with ImAE reauiring

eroid.

[ 100 200 300 400 500
Time in days
Number at risk
168 97 71 54 15 4
47 29 16 14 3 0
] T80 200 350 %0 S50
Time in days





