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Background

Immune checkpoint inhibitors (ICIs) have revolutionized the treatment of cancer patients in the last decade, but immune-related adverse events (irAEs) pose significant clinical challenges. Despite advances in the management of these unique toxicities, there remains an unmet need to further characterize the patient-level drivers of irAEs in order to optimize the benefit/risk balance in patients receiving cancer immunotherapy.



Methods

An individual-patient data post-hoc meta-analysis was performed using data from 10,344 patients across 15 Roche sponsored clinical trials with atezolizumab in five different solid tumor types to assess the association between baseline risk factors and the time to onset of irAE. In this study, the overall analysis was conducted by treatment arm, indication, toxicity grade and irAE type, and the study design considered confounder adjustment to assess potential differences in risk factor profiles.



Results

This analysis demonstrates that the safety profile of atezolizumab is generally consistent across indications in the 15 studies evaluated. In addition, our findings corroborate with prior reviews which suggest that reported rates of irAEs with PD-(L)1 inhibitors are nominally lower than CTLA-4 inhibitors. In our analysis, there were no remarkable differences in the distribution of toxicity grades between indications, but some indication-specific differences regarding the type of irAE were seen across treatment arms, where pneumonitis mainly occurred in lung cancer, and hypothyroidism and rash had a higher prevalence in advanced renal cell carcinoma compared to all other indications. Results showed consistency of risk factors across indications and by toxicity grade. The strongest and most consistent risk factors were mostly organ-specific such as elevated liver enzymes for hepatitis and thyroid stimulating hormone (TSH) for thyroid toxicities. Another strong but non-organ-specific risk factor was ethnicity, which was associated with rash, hepatitis and pneumonitis. Further understanding the impact of ethnicity on ICI associated irAEs is considered as an area for future research.



Conclusions

Overall, this analysis demonstrated that atezolizumab safety profile is consistent across indications, is clinically distinguishable from comparator regimens without checkpoint inhibition, and in line with literature, seems to suggest a nominally lower reported rates of irAEs vs CTLA-4 inhibitors. This analysis demonstrates several risk factors for irAEs by indication, severity and location of irAE, and by patient ethnicity. Additionally, several potential irAE risk factors that have been published to date, such as demographic factors, liver enzymes, TSH and blood cell counts, are assessed in this large-scale meta-analysis, providing a more consistent picture of their relevance. However, given the small effects size, changes to clinical management of irAEs associated with the use of Anti-PDL1 therapy are not warranted.
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Introduction

Immune checkpoint inhibitors (ICIs) have revolutionized the care of cancer patients, and these therapies are now the standard of care for treatment in multiple cancer indications. Treatment with ICIs may result in a unique form of toxicity related to the immunological mechanism of action and are commonly referred to as immune-related adverse events (irAEs).

The safety profile of anti-PD(L)1 therapies has been well documented (1–4). A recent systematic review found that patients treated with PD-(L)1 inhibitors developed irAEs at a rate of 74% (14% grade ≥3), those treated with CTLA-4 inhibitors at a rate of 89% (34% grade ≥3), and those treated with combination ICIs at a rate of 90% (55% grade ≥3) (5). Although treatment with ICIs is generally well-tolerated, some events are associated with significant morbidity and mortality (1, 3, 4, 6). Current guidelines for the clinical management of irAEs clearly demonstrate this severity and call for the development of predictive biomarkers to identify patients at increased risk for such toxicities (1, 5, 7). Given the morbidity, mortality, and clinical management challenges associated with irAEs, understanding the mechanisms of these immune toxicities and identifying risk factors to predict their development may help to optimize the benefit/risk balance of these therapies and improve patient outcomes. The identification of reliable predictors for risk of irAEs remains an unmet need.

The aim of the current post-hoc meta-analysis was to characterize patient-level drivers of irAEs and seek whether there are any specific baseline factors and/or subpopulations which might be at higher risk of developing ICI associated immune toxicities. Although irAEs may occur in most organ systems, we focused our analysis here on some of the most frequently occurring irAEs (rash, hepatitis, pneumonitis, hypothyroidism and hyperthyroidism) that were reported in 15 Roche sponsored clinical trials with atezolizumab across five different solid tumor types. The less frequent irAEs e.g. myocarditis, colitis and neurological events were specifically not included due to small numbers and inability to draw clear conclusions. In these trials, atezolizumab was compared to standard of care or best supportive care, in monotherapy or as part of combination. Using data from these trials, a meta-analysis was conducted to better characterize the profile of irAEs and decipher whether baseline risk factors could help determine potential drivers of irAEs. This study assessed baseline demographic, clinical, laboratory, and tumor characteristics for potential association with irAEs including any organ specificity, or any correlation with severity or differences by tumor type.

This comprehensive meta-analysis based on data from 10,344 patients enrolled in Roche sponsored trials with atezolizumab across five solid tumor indications is one of the largest such analyses to date which provides insight into risk factors for irAEs, an area of ongoing investigation and unmet need.



Methods


Patient cohorts

Retrospective meta-analysis of immune-related adverse events (irAE) using individual patient data (all patients in the safety evaluable population) from 15 previously completed randomized controlled phase II or III trials, all sponsored by F. Hoffmann–La Roche/Genentech. These trials tested atezolizumab, either as monotherapy or in combination with chemotherapies and bevacizumab, across five different cancer indications: non-small cell lung cancer (NSCLC) (n=6428; NCT01846416, NCT01903993, NCT02031458, NCT02008227, NCT02409342, NCT02367781, NCT02367794, NCT02657434, NCT02366143), small cell lung cancer (SCLC) (n=494; NCT02763579), urothelial bladder cancer (UC) (n=1331; NCT02951767 & NCT02108652, NCT02302807), advanced renal cell carcinoma (RCC) (n=1201; NCT01984242, NCT02420821), and triple-negative breast cancer (TNBC) (n=890; NCT02425891). Table 1 provides an overview of these trials.


Table 1 | Internal atezolizumab trials with number of patients (N) in the safety evaluable population.





Endpoints

For each patient, the onset of the first irAE of a specific type (rash, hepatitis, pneumonitis, hypothyroidism or hyperthyroidism) was considered, i.e. for a specific irAE type every patient was counted only once even if the patient had more than one event of the same type. The irAEs selected for this analysis are usually reported most commonly with ICIs i.e. rash, hepatitis (diagnosis and laboratory abnormalities), pneumonitis, hypothyroidism and hyperthyroidism.

The safety time-to-event endpoint was defined by the time from the first treatment administration to the onset of the first irAE or censoring due to death, completion or discontinuation, or end of AE reporting period. In the latter case, the censoring time was defined as the last treatment date plus 30 days.

The CTCAE toxicity grade was accounted for by separately analyzing the first irAE of any grade, of grade 2 or higher (2+), and of grade 3 or higher (3+). If not stated differently, the first irAE is referenced irrespective of the toxicity grade (any grade).

The present analyses did not account for different lengths of safety follow-up times between arms (e.g. in studies POPLAR, IMpower131, IMpassion130 and IMvigor211). However, to assess the impact on the risk factor estimates another analysis was performed, using the study-specific publication data cuts to align the follow-up periods between arms. The results were compared to the results presented in this publication, showing consistency, i.e. that the risk factor estimates were not affected by the different follow-up lengths (data not shown).



Adverse events

Adverse events were captured per the criteria specified in the study protocols. For the purpose of analysis of immune-related AEs, a set of comprehensive definitions comprising Sponsor defined, Standardized Medical Dictionary for Regulatory Activities (MedDRA) Queries (SMQ), High Level Terms (HLTs), and Sponsor defined AE Grouped Terms (AEGTs) were used to identify and summarize irAEs by medical concept. The definitions used to capture the medical concepts were broad in nature and were applied to capture AEs both in atezolizumab and standard of care arms irrespective of causality. The medical concepts represented are identified risks, potential risks or class effects associated with immune checkpoint inhibitors. NCI CTCAE criteria were used for the severity grading of AEs and immune-related AEs.



Data preprocessing

Numeric variables (tested risk factors and the two confounders of age and body mass index [BMI]) were preprocessed before performing the meta-analyses by identification and exclusion of extreme values (values that were 15 fold greater/smaller than the upper/lower boxplot whisker defined by the quantiles method implemented in the R ‘boxplot’ function), natural log-transformation of values (values <0 were set to 0.01 before log-transformation) and standardization to mean 0 and standard deviation (SD) of 1. Consequently, the resulting hazard ratios (HR) had the same scale enabling a direct comparison of effect sizes between different covariates. The HR could be interpreted as the change in the hazard of irAE onset per change in 1 SD unit at the log scale of a given covariate.

Missing values were not imputed. Missing data were discarded from the analysis and a complete case analysis was performed.

For laboratory parameters all available baseline data were considered in the analysis (e.g. not only elevated levels).



Competing event

When a patient died within the safety follow-up period it was considered a competing event since its occurrence stopped the safety follow-up for that patient and prevented any potential future irAE from happening.

To obtain an unbiased estimate of the irAE probability over time, death was accounted for as a competing event using the non-parametric Aalen-Johansen (AJ) estimator of the cumulative incidence function (CIF). CIF plots based on the AJ estimator and irAE frequencies per study/indication and treatment arm are used for a descriptive comparison of the toxicity profiles. The advantage of the AJ estimator over simple frequencies is that it accounts for censoring, different lengths of follow-up periods (e.g. across treatment arms), and competing events.

In the two meta-analysis approaches death was considered as a competing event for the irAE of interest by using a Cox proportional cause-specific hazards regression model. This cause-specific approach treats competing events (here: death) as censored observations (8, 9).



Identification of baseline risk factors

Baseline risk factors (demographics, clinical, laboratory parameters, and tumor characteristics) were tested for an association with the onset of irAEs based on the aggregated patient-level data from 15 trials using an individual-patient data (IPD) meta-analysis. Each irAE medical concept (rash, hepatitis, pneumonitis, hypothyroidism and hyperthyroidism) was considered separately. The data was adjusted for the following important confounders in the model: age (years), sex (female vs male), BMI (kg/m2) and treatment (atezo-mono, atezo-combo, standard of care), and multiple testing correction was applied to the list of tested factors.

The meta-analysis was conducted across all indications and separately in each indication (lung cancer [combining NSCLC and SCLC], UC and RCC), as well as across different treatment arms and separately in the atezolizumab arms (monotherapy or combination) and in the standard of care arms (SOC, chemotherapy or targeted therapy). Sub-analysis included analysis by irAE severity and comparing the results for irAEs of any grade with those of higher grade (2+ or 3+).



Individual patient data meta-analysis

To assess the association of baseline risk factors with the time to onset of irAE, a mixed-effects Cox proportional hazards regression model (implemented in the R package ‘coxme’ version 2.2-16) was used and adjusted for the selected confounders age (years), sex (female vs male), BMI (kg/m2) and treatment (atezo-mono, atezo-combo, SOC). The model equation is

	

where λ0(t) is the baseline hazard, x is the baseline risk factor of interest and β the corresponding fixed-effects coefficient, L is the design matrix for the fixed-effects of the confounding covariates and γ is the corresponding fixed-effects coefficient vector, Z is the design matrix for the study random-effects and b is the corresponding random-effects coefficient vector.

The risk factors of interest x were tested independently by adding one at a time to the model. Their prognostic effect was assessed by hazard ratios (HR) exp(β) and corresponding 95%-confidence intervals (CI), as well as Wald test p-values for hypothesis testing of β. The p-values were adjusted for multiple testing using the Benjamini and Hochberg’s (10) FDR correction and the analysis was conducted using separate multiple testing correction for each irAE medical concept and each analysis.



Study-level meta-analysis

In a first step, a separate Cox proportional hazards regression model was fitted to each study population including the baseline risk factor of interest x and adjusting for important confounders (age, sex, BMI, treatment).

In a second step, the study-level effects βi of the risk factor x (log HR and corresponding standard errors for each study) were combined using a random-effects meta-analysis to estimate the pooled effect β across all studies as follows:

	

where βi is the log HR of the risk factor for study i, εi and ξi are the within and between study residuals respectively. τ2 is the variance of the distribution of study-level effects or heterogeneity parameter. The Sidik-Jonkman’s method was used to estimate the between-study variance (τ2) and the Hartung-Knapp-Sidik-Jonkman method to estimate the variance of the meta-analysis overall effect var(β). The random-effects meta-analysis was performed with the R package ‘meta’ (version 4.11-0).




Results

The association between baseline risk factors (demographics, clinical, laboratory parameters, and tumor characteristics) and the onset of specific irAEs was examined based on patient-level data from 10,344 patients from 15 internal clinical phase II or III trials testing atezolizumab, either as monotherapy or in combination with chemotherapies and bevacizumab, across five different cancer indications (NSCLC, SCLC, UC, RCC, TNBC) (Table 1).

An overview of patient characteristics across and by indication and treatment arm is provided to understand whether there are differences in the safety risk factor profile by indication or between atezolizumab and standard of care. The timing, type (location) and severity of irAEs was also considered.


Toxicity profile by indication and treatment

Table 2 shows aggregated irAEs for the five irAE types of interest across all trials stratified by the indication and treatment arm. For each patient, only the first irAE of a specific type irrespective of the severity was considered. The most prevalent irAEs (all grades) were rash (22.77%) and hepatitis (12.35%), while hypothyroidism (8.96%), pneumonitis (3.01%), and hyperthyroidism (2.42%) occurred less frequently, which is in accordance with the most commonly affected organ systems reported in the literature (3, 11). The frequency of irAEs was higher under atezolizumab (either monotherapy or combination) than under chemotherapy, as expected based on mechanism of actions of immune checkpoint inhibitors, and lower as compared to sunitinib (targeted therapy in RCC) for rash, hepatitis and hypothyroidism.


Table 2 | Frequencies of irAEs (rash, hepatitis, pneumonitis, hypothyroidism, hyperthyroidism) of any grade per indication and treatment arm (atezolizumab monotherapy, atezolizumab combination, standard of care/control arms [chemotherapy or targeted therapy]).



We further examined the severity of each type of irAE and found that the majority of irAEs were of grade 1, except for hypothyroidism and pneumonitis where grade 2 was most frequently reported. We observed grade 3 and 4 irAEs mainly for hepatitis and pneumonitis, the frequency of grade 5 irAEs was very low. Overall the distribution of toxicity grades is consistent across indications, however, there are small indication-specific differences in the irAE type which are irrespective of the treatment: pneumonitis mainly occurred in lung cancer, whereas hypothyroidism and rash had a higher prevalence in RCC compared to all other indications (Figure 1).




Figure 1 | For the patients with irAEs the proportion of irAEs by toxicity grade are shown for each treatment arm (row panels) and indication (column panels), together with the total number of events per arm and indication (N). Toxicity grade data is not available for the POPLAR study (NSCLC).



Supplementary Figure 1 shows the cumulative incidence for each type of irAE over time, taking into account censoring, varying follow-up periods across studies and arms, timing of the events, and additionally considering death as a competing event in order to ensure an unbiased estimation of the irAE probability. The irAE probabilities under atezolizumab (either monotherapy or combination) tended to be higher compared to chemotherapy and lower compared to sunitinib in RCC. There was no clear difference in irAE risk with and without bevacizumab added to either atezolizumab alone (IMmotion150 study) or atezolizumab plus chemotherapy (IMpower150 study). The remaining studies had either atezolizumab monotherapy or a combination of atezolizumab and therefore, did not allow a direct comparison of the two arms.



Identification of baseline risk factors

The confounder-adjusted IPD meta-analysis results for each irAE type and all different analyses are summarized in Supplementary Table 1. These findings are visualized in Figure 2 in terms of effect size estimates (hazard ratios) and significance levels for all tested baseline risk factors with an FDR-adjusted p-value<0.1 in at least one of the analyses.




Figure 2 | Effect estimates from the IPD meta-analysis for the baseline risk factors (rows) with an FDR-adjusted p-value<0.1 in at least one of the analyses (columns). The color refers to the absolute hazard ratio size representing the strength of association. The symbol refers to the level of significance (FDR p-value<0.1: *, FDR p-value<0.05: **). The following different analyses were performed: “All indic.” (across different indications and arms), “Lung c.” (only lung cancer studies including all arms), “Bladder c.” (only UC studies including all arms), “RCC” (only RCC studies including all arms), “All indic. Atezo” (across different indications but only atezolizumab arms), “All indic. Chemo” (across different indications but only standard of care arms), “Grade 2-5, all indic.” (across different indications and arms, only grade 2+ irAEs), “Grade 3-5, all indic.” (across different indications and arms, only grade 3+ irAEs), “Grade 3-5, all indic. Atezo” (across different indications, only atezolizumab arms and grade 3+ irAEs). Abbreviations of risk factors: ALP, Alkaline Phosphatase; ALT, Alanine Aminotransferase; aPTT, activated Partial Thromboplastin Time; AST, Aspartate Aminotransferase; BUN, Blood Urea Nitrogen; CRP, C-Reactive Protein; ECOG, Eastern Cooperative Oncology Group performance status; LDH, Lactate Dehydrogenase; NLR, Neutrophil-Lymphocyte Ratio; SLD, Sum of the Longest Diameters; TMB, Tumor Mutational Burden; TSH, Thyroid Stimulating Hormone.



One of the strongest potential risk factors that consistently came up was the association of Asian ancestry (based on self-reported ethnicity) with the development of rash (hazard ratios ranging from 1.74 to 2.03 for any [mainly lower] grade rash and from 2.00 to 3.39 for higher grade [2+ or 3+]); hepatitis (hazard ratios ranging from 1.58 to 2.21); and pneumonitis (hazard ratios ranging from 1.87 to 3.97). The direction of the effect was consistent with patients reporting Asian origin exhibiting a higher risk for the development of irAEs (rash, hepatitis, or pneumonitis) than non-Asians, except for RCC (patients of Asian origin having a lower risk of hepatitis and pneumonitis, but this effect was not significant).

Given that Asian origin was one of the strongest risk factors that was identified under all treatment arms, we sought to understand whether the elevated irAE risk in Asian patients was due to country-specific differences in reporting or potentially caused by underlying ethnic differences such as genetic factors. In the combined cohort all patients reported in Asian countries (n=397 from China and Taiwan, n=680 from Japan, n=289 from Korea, n=128 from Southeast Asia) were of Asian ancestry except for two Caucasians from Southeast Asia (based on self-reported race). Therefore, we compared the irAE risk for Asians from the different Asian countries with the irAE risk for Asians from all non-Asian countries (non-Asian countries were grouped together for sample size reasons). Figure 3 summarizes the corresponding results of this country of origin effect in Asians. Patients from all Asian countries showed a (numerically) increased risk of hepatitis (China and Taiwan: HR 4.28, 95%-CI [2.34; 7.83]; Japan: HR 2.98, 95%-CI [1.64; 5.44]; Korea: HR 1.38, 95%-CI [0.68; 2.81]; Southeast Asia: HR 2.10, 95%-CI [1.01; 4.38]) and pneumonitis (China and Taiwan: HR 1.91, 95%-CI [0.54; 6.81]; Japan: HR 3.12, 95%-CI [0.95; 10.23]; Korea: HR 2.10, 95%-CI [0.53; 8.25]; Southeast Asia: HR 2.68, 95%-CI [0.66; 10.86]) compared to the patients from non-Asian countries. However, for rash the risk was higher only in Japan (HR 1.46, 95%-CI [1.06; 2.02]) and lower in all other Asian countries (China and Taiwan: HR 0.65, 95%-CI [0.45; 0.96], Korea: HR 0.74, 95%-CI [0.49; 1.10], Southeast Asia: HR 0.86, 95%-CI [0.54; 1.38]). This effect was independent on whether confounder adjustment was performed on age, BMI, sex and treatment or not, thus, indicating a potential reporting bias for skin toxicities in Japan.




Figure 3 | Forest Plots of the country effect in patients with Asian ancestry (hazard ratio [HR] estimates and 95%-confidence intervals [CI]) adjusted for important confounders: age, BMI, sex and treatment. Each Asian country is compared against the group of all non-Asian countries (reference group). The effect estimates are obtained by combining data from all Asian patients across all studies in an individual patient data meta-analysis including country and the confounding factors as fixed effects and indication as a random effect. The sample size (N) and number of irAEs (Events) are given for patients belonging to the specific Asian country vs those who are from the reference group of non-Asian countries (these are the actual numbers used for the analysis, i.e. excluding patients with missing values in any of the above mentioned variables included in the model). (A) Rash: (B) Hepatitis; (C) Pneumonitis.



Other important demographic factors, such as age, sex, and BMI, were included as confounders in every risk factor model. Higher BMI values were consistently associated with an increased risk of rash (HR 1.09, 95%-CI [1.04; 1.13]), younger patients were more likely to develop hepatitis (HR 0.81, 95%-CI [0.77; 0.85]), and females had a higher risk of hypothyroidism (HR 1.37, 95%-CI [1.18; 1.60]) and a lower risk of pneumonitis (HR 0.66, 95%-CI [0.50; 0.86]) as compared to males (Supplementary Figure 2; Supplementary Table 2).

Further important risk factors in the overall population were baseline elevations in liver enzymes (ALT, AST, ALP) (hazard ratios ranging from 1.26 to 1.69) and liver metastasis (hazard ratios ranging from 1.38 to 2.07) for the association with hepatitis, where higher baseline values of liver enzymes and presence of liver metastasis were associated with an increased hepatitis risk. Elevated baseline TSH levels were associated with a higher risk of hypothyroidism (hazard ratios ranging from 1.62 to 2.57) and a lower risk of hyperthyroidism (hazard ratios ranging from 0.66 to 0.77).

Blood cells, such as Neutrophil-Lymphocyte Ratio (NLR) or Platelet counts, have been reported in the literature as risk factors for irAEs. We found that Platelet count was associated only with a slight decreased risk of rash (HR=0.94), whereas NLR came up as a protective factor with decreased risk of rash (HR=0.93), hepatitis (HR=0.89) and hyperthyroidism (HR=0.77), and as a risk factor with increased risk of pneumonitis (HR=1.19). In an additional analysis we assessed whether the combination of NLR and Platelet, either included as two separate risk factors in the model or combined in the new risk factor systemic immune-inflammation index (SII) (NLR x Platelet), would strengthen the association with the five irAEs of interest. SII was only associated with a slight decreased hepatitis risk (HR=0.93). When combining the two separate risk factors NLR and Platelet, only the effect of NLR remained similar (significance level and effect estimate). Thus, NLR is the dominant risk factor and the combination of NLR and Platelet does not add any prognostic value to NLR (Supplementary Table 3).

C-Reactive Protein (CRP) was associated with a decreased risk of rash of any grade (mainly G1), and an increased risk of grade 3 or higher pneumonitis irrespective of the treatment (under both atezolizumab and SOC) (rash: HR=0.81-0.92, pneumonitis: HR=1.47-1.48). We found a very similar relationship with the irAEs of interest for LDH (rash of any grade: HR=0.91-0.93, pneumonitis of grade 3+: HR=1.38-1.42), and SLD (only rash of any grade: HR=0.86-0.91). For all three risk factors (CRP, LDH, SLD) the association with rash was slightly more pronounced under SOC as compared to atezolizumab.

Tumor mutational burden (TMB) was not associated with the selected irAEs of interest, which is in line with published results (12, 13).

A similar analysis was performed using a study-level (SL) meta-analysis approach and the results of the risk factors (hazard ratios and confidence intervals) were compared to those from the IPD meta-analysis (results not shown). The results were consistent across the two different statistical approaches with hazard ratios being highly correlated. Only the confidence intervals from the SL meta-analysis approach tended to be larger due to the smaller sample size.

Overall the findings were relatively consistent across indications (lung cancer, UC and RCC) and treatment arms (atezolizumab vs SOC).The sample size in UC and RCC was relatively small, making interpretation of results difficult, however the directionality of the findings was similar to the overall analysis. In general, the identified risk factors were not unique to atezolizumab but were also associated with AEs in the SOC arms. The broad definitions used to capture the irAE medical concepts likely explains the consistency of the findings across the treatment arms. The similar associations also point to the absence of treatment-specific predictive factors among those factors investigated (Supplementary Figure 3).

With regard to irAE severity, we also obtained consistent results for any grade as compared to higher grade (2+ or 3+) with a few additional risk factors related to higher grade pneumonitis.

There were no common risk factors shared by all five irAE types, suggesting that risk factors were rather organ-specific except for the self-reported ethnic background.




Discussion

Treatment with ICIs has revolutionized cancer therapy in the last decade since their first approval. However, the irAEs associated with these treatments pose unique clinical management challenges compared to other cancer therapies (1, 3– 5). Although these irAEs are currently understood to be the sequelae of the intended restoration of immune function following ICI therapy, the underlying host-specific and tumor-specific factors have yet to be fully determined (3, 6, 14). Despite efforts to further characterize the underlying mechanisms driving these toxicities, reliable biomarkers and predictive risk factors have yet to be identified (1, 5).

In this large post-hoc meta-analysis, including 10,344 patients from 15 atezolizumab clinical trials across five indications, we provide a comprehensive view of baseline risk factors associated with occurrence of irAE in patients treated with atezolizumab monotherapy and combinations, and in comparison to standard of care chemotherapy or targeted therapy. To our knowledge, such a large-scale analysis of safety risk factors has not been conducted to date. Reported baseline risk factors in the literature are usually based on analysis of a collection of various types of irAEs, either for one specific indication or combining different indications, and focusing on ICI treatment without comparing to standard of care.

In general, the safety profile of atezolizumab was consistent across the five indications presented here (NSCLC, SCLC, UC, RCC, and TNBC) except for some small differences, i.e. higher frequency of pneumonitis in lung cancer and higher frequency of hypothyroidism and rash in RCC (Table 2). Overall, 44.77% of the patients treated with atezolizumab experienced at least one irAE (all grade) and 9.29% had grade 3 or higher. The frequency of irAEs was higher under atezolizumab (either monotherapy or combination) than under chemotherapy, as expected based on mechanism of actions of immune checkpoint inhibitors, and lower as compared to sunitinib (targeted therapy in RCC) for rash, hepatitis and hypothyroidism. Overall, our analysis suggests that the reported rates of irAEs with PD-(L)1 inhibitors is nominally lower than CTLA- 4 inhibitors as cited in literature. A recent review comparing the safety profiles across multiple ICI regimens demonstrated that patients treated with PD-(L)1 inhibitors developed irAEs at a rate of 74% (14% grade ≥3), those treated with CTLA- 4 inhibitors at a rate of 89% (34% grade ≥3), and those treated with combination ICIs at a rate of 90% [55% grade ≥3 (5)]. This recent review was in concordance with publication from Michot et al. (2) that highlighted the frequency of irAEs as up to 90% with CTLA-4 inhibitors and 70% in patients treated with PD-1/PD-L1 antibodies.

The most prevalent irAEs in this analysis (all grades) were rash (22.77%), hepatitis (12.35%), and hypothyroidism (8.96%), while pneumonitis (3.01%), and hyperthyroidism (2.42%) were relatively less common. This is in accordance with the most commonly affected organ systems reported in the literature (3, 11) and prevalence of irAEs with atezolizumab appear nominally lower than CTLA- 4 inhibitors (2).

On average, the time to onset of a patient’s first irAE for the five selected irAEs of interest was 10.4 weeks (median). The irAE with shortest median time to onset was rash with 6.3 weeks. The median time to resolution for these selected irAEs of interest was 3.6 weeks (i.e. irAE duration using the patients’ first irAEs).

In this analysis, several candidate baseline risk factors, such as self-reported ethnicity, TSH, and liver enzymes, were associated with the onset of irAE in the treatment arms. The apparent similarity in associations between treatment arms may point to the absence of treatment-specific predictive factors among those factors investigated. However, the broad definitions used to capture the irAE medical concepts and the blinded nature of studies at the time when safety events were reported likely confound the irAE baseline risk factor related interpretation in the standard of care arms. Although these findings may hold potential predictive value for identifying those at risk of developing such irAEs, the effect size of each of these associations was relatively modest, and do not warrant changes to clinical management at this time. Furthermore, we did not find differences between lower and higher irAE toxicity grades nor were any indication-specific risk factors identified. However, as would be expected clinically, certain organ specific risk factors were identified, including increased liver enzymes associated with on-treatment hepatitis and abnormal TSH at baseline associated with on-treatment thyroid irAEs. Additionally, there were some differences identified in important demographic factors such as sex and ethnicity (Figure 2).


Demographic factors

Ethnicity is emerging as one of the most important demographic factors with respect to cancer diagnosis, prognosis, and the impact of healthcare disparities. These disparities in cancer incidence and outcomes by race/ethnicity result from the interplay between structural, socioeconomic, socio-environmental, behavioral and biological factors. In our meta-analysis, ethnic origin was the only relatively strong and consistent risk factor that was identified across multiple irAEs, with Asians being at higher risk of rash, pneumonitis and hepatitis.

Thompson et al. (15) suggested differences in reporting of cutaneous irAEs (cirAE) between white and non-white patients (about 51% of the non-white patients being Asians and 30% being African Americans). The authors observed that non-white patients were half as likely to be diagnosed with a cirAE and nearly six times more likely to be referred to a dermatology specialist for cirAE management than white patients. Similar country-specific-reporting differences might have confounded the interpretation in our meta-analysis as illustrated by the inconsistent rash risk between Asians from different countries of origin. Specifically, the data suggested that patients of self-reported Asian ancestry in Japan were at higher risk than patients of self-reported Asian ancestry outside Asian countries, whereas in other Asian countries the effect was going in the opposite direction, independent of confounder adjustment (Figure 3).

Asian ethnicity has also been recognized as a potential risk factor of ICI associated pneumonitis (16). Based on data from use of ICIs in patients with lung cancer, the incidence and discontinuation rate due to ICI associated pneumonitis seemed to be higher in Japanese patients vs other Asian countries. Given the high incidence of interstitial lung disease associated with EGFR TKI in the Japanese population compared with Caucasians and other Asian countries, it is possible that there might be differences in patterns of ICI associated pneumonitis between Japan and other Asian countries (17).

The incidence of ICI associated hepatotoxicity of up to 18% has been seen in some studies in Chinese patients and is an important consideration given the higher proportion of hepatitis B virus infections in Asian patients (18).

Overall, there are outstanding scientific questions to characterize the impact of ethnicity on ICI associated immune toxicities and further research is needed to progress inclusive research in order to optimize health outcomes for all patients worldwide. Pharmaceutical companies have publicly committed to advancing inclusive research and delivery of health outcomes.

Age is an important demographic factor in cancer patients. Data from NCI’s Surveillance, Epidemiology, and End-Results (SEER) program demonstrate that between 2014-2018, more than half of cancers were reported in patients 65 years of age or older. Despite the known impact of aging on immune function, and especially susceptibility to cancer, evidence for the safety and efficacy of ICIs in older patients is limited and mostly derived from subgroup analyses and meta-analyses from clinical trials (19). Nevertheless, ICIs are generally well-tolerated in older patients and have a similar overall safety profile (19–22). Similarly, our analysis showed no specific association between age and the rate or severity of irAEs except for rash and hyperthyroidism where the association was not strong. Although the majority of evidence indicates that there is no difference in the rate and severity of irAEs in older patients, the clinical management of older patients experiencing toxicity from cancer therapies poses additional challenges compared to younger patients (19, 23).

Sex is another important demographic factor with respect to risk of developing cancer, dying from cancer, and ICI tolerability. While females have a slightly lower risk of developing cancer, as well as dying from cancer, compared to males, females have been reported to be at a higher risk of several autoimmune diseases (24, 25). However, the association between sex and irAEs remains unclear with conflicting results reported in the literature. Jing et al. (26) performed a meta-analysis on published clinical study data with anti-PD-1 or anti-PD-L1 agents and demonstrated no statistically significant irAE risk difference between males and females. The findings from our meta-analysis demonstrate a higher risk of hypothyroidism and a lower risk of pneumonitis in female compared to male patients (Supplementary Figure 2, Supplementary Table 2), but does not necessarily contradict the published literature as those publications considered combined irAEs in general.

Body Mass Index (BMI) is emerging as another potential predictive factor for irAEs due to the proinflammatory state associated with obesity and its association with autoimmune disorders (27–29). We observed that higher body mass index (BMI) values were associated with an increased risk of rash (Supplementary Figure 2, Supplementary Table 2). This relationship was reported for PD-1-related irAEs by one study (30), but not by other studies in patients undergoing anti-PD-1, anti-CTLA-4 or anti-PD-L1 therapies (31, 32).



Clinical/laboratory parameters

Monitoring of liver function tests (LFTs) are critical in the diagnosis and clinical management of patients with ICI-induced hepatotoxicity. However, the potential for liver involvement with the tumor (both primary or metastatic, baseline or on-treatment) add complexity in the interpretation of baseline and on-treatment LFTs, and the corresponding impact of the tumor involvement of the liver, ICI-mediated hepatotoxicity, or both. Although most patients with significant liver disorders at baseline were excluded from the clinical trials in this analysis; patients with stable liver metastasis were included (i.e. excluding patients with baseline AST, ALT and ALP >2.5 x upper limit of normal range [ULN], or patients with baseline liver metastasis and AST, ALT, ALP >5 x ULN). This is important given that some cases of severe immune-mediated hepatotoxicity have been reported in patients with clinically silent liver metastases (33, 34). In our meta-analysis, baseline elevation in liver enzymes and presence of liver metastasis were associated with an increased risk of hepatitis (Figure 2; Supplementary Table 1).

Some serum chemistry parameters and measurements of specific organ function have been associated with the pathophysiology of irAEs, and are also important in the diagnosis and management of specific irAEs. ICI-associated thyroiditis is a distinct clinical entity and its mechanistic basis is not well understood (35). Baseline thyroid function has emerged as a potential biomarker of response to ICI therapy. The typical pattern of immune-mediated thyroid dysfunction associated with ICI therapy is an initial hyperthyroidism followed by eventual hypothyroidism due to permanent destruction of the gland and the need for potentially lifelong thyroid replacement (35, 36). Multiple studies have demonstrated a correlation between elevated TSH at baseline and increased risk of anti-PD(L)-1-induced thyroid dysfunction (mainly thyrotoxicosis followed by hypothyroidism) in solid tumors (37–40). In our analysis, elevated TSH levels at baseline were consistently associated with a lower risk of hyperthyroidism and a higher risk of hypothyroidism (Figure 2; Supplementary Table 1). Additionally, our findings showed an increased risk of hypothyroidism in females as compared to males (Supplementary Figure 2, Supplementary Table 2). For hyperthyroidism the direction of this effect was the same but the effect size was smaller.

Several blood cell parameters have been reported to be associated with the development of irAEs. In particular, the neutrophil-to-lymphocyte ratio (NLR) and the systemic immune-inflammation index (SII) have been associated with increased risk of irAE, as well as improved response; however, there are conflicting reports regarding this association. In our meta-analyses, we did not find strong or consistent associations between the different types of blood cell counts, such as basophils, eosinophils, lymphocytes, monocytes, neutrophils, NLR, leukocytes, erythrocytes and platelets, measured at baseline and the onset of irAEs (see Figure 2; Supplementary Table 1). NLR was associated with a decreased risk of rash, hepatitis and hyperthyroidism, and an increased risk of pneumonitis (Supplementary Table 3). This was confirmed by the literature for overall ICI-related irAEs and in particular skin toxicities (30, 41–43). However, other publications did not find that baseline NLR was significantly associated with irAEs (44, 45). Combining NLR and platelet in SII did not add any prognostic value to NLR, and NLR remained the dominant risk factor (Supplementary Table 3).

Several other serum chemistry parameters initially suspected of having a potential correlation with risk of irAEs have not been confirmed. In particular, Valpione et al. (46) and Yamaguchi et al. (47) found that LDH and C-reactive protein (CRP) at baseline were not associated with irAEs in patients with melanoma and NSCLC receiving ICIs. Likewise, our results did not show consistent relationships between baseline LDH or CRP across different irAEs.



Tumor mutational burden

Tumor mutational burden (TMB) has emerged as a potential novel biomarker for response to ICI therapy; however, there have been conflicting findings on the association of TMB with irAEs. While a high number of tumor neoantigens is associated with increased tumor immunogenicity, this has not consistently translated into an increased risk for the subsequent loss of tolerance to healthy tissues. Although there is limited evidence demonstrating high TMB association with increased risk of irAE in the post-approval surveillance setting (48), several reports from clinical trial experience demonstrate no correlation of TMB with the risk of irAE (12, 13). Similarly, we did not find that tumor mutational burden (TMB) was significantly associated with irAEs (Figure 2; Supplementary Table 1). Given almost 67% of patients in our analysis had lung cancer, and clinically these patients are at higher risk of pulmonary complications, we also evaluated any relation between baseline TMB levels and the occurrence of irAE pneumonitis in patients with lung cancer. The results did not demonstrate any significant association.



Study limitations

In addition to the retrospective nature of our meta-analysis, there are other limitations that should be considered while interpreting the findings. In particular, the impact of concomitant medications, such as corticosteroids and other immunosuppressive therapies, on toxicities from ICI therapy were not analyzed. The broad definitions used to capture the irAE medical concepts and the blinded nature of studies when the safety events were reported could have likely confounded the interpretation of data for risk factors between atezolizumab and comparator arms. Furthermore, we only assessed baseline values; an interesting extension of the analyses could be to evaluate the values prior to and after any ICI infusion such as the monitoring of laboratory parameters after treatment start and prior to the occurrence of an irAE. Lastly, as the findings of this meta-analysis are based on clinical trial patients, caution should be exercised while extrapolating the applicability of these findings in a real-world setting.



Conclusion

This comprehensive meta-analysis based on data from 10,344 patients enrolled in 15 Roche sponsored clinical trials with atezolizumab across 5 solid tumor indications is one of the largest analyses to date that provides insights into patient-level drivers of irAEs, an area of ongoing investigation. Overall, findings from our analysis corroborates with prior reviews and suggests that the reported rate of irAEs with PD-(L)1 inhibitors are nominally lower than CTLA- 4 inhibitors. In our analysis, candidate risk factors were associated with the onset of irAE but the effect size was relatively modest. These results do not necessarily imply that changes to clinical practice with regard to safety monitoring of specific patient populations are needed. In our meta-analysis, ethnic origin was the only relatively strong and consistent risk factor identified across multiple irAEs, with Asians being at higher risk of rash, hepatitis and pneumonitis. Country specific reporting differences may be a significant confounder and limit the interpretation of these findings in Asian patients. However, in line with the principles of inclusive research, there is need for additional data to address outstanding questions to characterize the impact of ethnicity and genetic ancestry on ICI associated immune toxicities.
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Supplementary Table 1 | Confounder-adjusted results from the IPD meta-analysis for all tested baseline risk factors (rows). Columns report the results for the association with each irAE type of interest in terms of hazard ratios, 95%-confidence intervals (CI, lower and upper bound), (unadjusted) p-values and FDR-adjusted p-values (p). A separate table sheet is provided for each sub-analysis performed: “Overall” (all indications, all treatment arms and any irAE grade), “Lung c.” (only lung cancer studies, all treatment arms and any irAE grade), “UC” (only UC studies, all treatment arms and any irAE grade), “RCC” (only RCC studies, all treatment arms and any irAE grade), “Atezo arms” (all indications, only atezolizumab arms and any irAE grade), “SOC arms” (all indications, only standard of care arms and any irAE grade), “AE grade 2-5” (all indications and all arms, only grade 2+ irAEs), “AE grade 3-5” (all indications and all arms, only grade 3+ irAEs), “AE grade 3-5 Atezo arms” (all indications, only atezolizumab arms and grade 3+ irAEs). Abbreviations of risk factors: ALP=Alkaline Phosphatase, ALT=Alanine Aminotransferase, aPTT=activated Partial Thromboplastin Time, AST=Aspartate Aminotransferase, BUN=Blood Urea Nitrogen, CRP=C-Reactive Protein, ECOG=Eastern Cooperative Oncology Group performance status, LDH=Lactate Dehydrogenase, NLR=Neutrophil-Lymphocyte Ratio, PD-L1 IC/TC=PD-L1 immunohistochemistry staining intensity scores for immune cells (IC) and tumor cells (TC) (IC neg including values IC0 and neg, IC pos including IC1-3 and pos), SLD=Sum of the Longest Diameters, T3 free=free Triiodothyronine, TMB=Tumor Mutational Burden, TSH=Thyroid Stimulating Hormone.

Supplementary Table 2 | Results of the IPD meta-analysis for the demographic factors used as confounders in the model for each risk factor. This IPD meta-analysis model included the following fixed effects: sex (female vs male), BMI (kg/m2), age (years) and treatment (Atezolizumab-monotherapy, Atezolizumab-combination, standard of care) and study as a random effect. The analysis was performed across all indications, treatment arms and for any irAE grade. Results are reported in terms of hazard ratios, 95%-confidence intervals (CI, lower and upper bound), and (unadjusted) p-values.

Supplementary Table 3 | Confounder-adjusted results from the IPD meta-analysis to assess the association between Neutrophil-Lymphocyte Ratio (NLR) and Platelet either as separate risk factors or in combination (either simultaneous inclusion of both risk factors in the model, or combined in the new variable systemic immune-inflammation index [SII=NLRxPlatelet]) with the onset of irAEs (any grade) of interest. Results are reported in terms of hazard ratios (HR), 95%-confidence intervals (CI, lower and upper bound), and unadjusted/nominal p-values. Additionally, the number of patients (N) and irAEs (Events) is shown, based on the patients without any missing values in the variables included for each model.



Abbreviations

AJ, Aalen-Johansen (estimator); ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; CI, confidence intervals; CIF, cumulative incidence functionCRP, C-reactive protein; CTCAE, Common Terminology Criteria for Adverse Events; FDR, false discovery rate; HR, hazard ratio; ICI, immune checkpoint inhibitors; IPD, individual-patient data (meta-analysis); irAE, immune-related adverse events; LDH, lactate dehydrogenase; LFT, liver function test; NLR, neutrophil-lymphocyte ratio; (N)SCLC, (non-)small cell lung cancer; RCC, (advanced) renal cell carcinoma; SD, standard deviation; SII, systemic immune-inflammation index; SL, study-level (meta-analysis); SLD, sum of the longest diameters; SOC, standard of care; TMB, tumor mutational burden; TNBC, triple-negative breast cancer; TSH, thyroid stimulating hormone; UC, urothelial bladder cancer; ULN, upper limit of normal range.



References

1. 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

2. Michot, JM, Bigenwald, C, Champiat, S, Collins, M, Carbonnel, F, Postel-Vinay, S, et al. Immune-related adverse events with immune checkpoint blockade: a comprehensive review. Eur J Cancer. (2016) 54:139–48. doi: 10.1016/j.ejca.2015.11.016

3. Postow, MA, Sidlow, R, and Hellmann, MD. Immune-related adverse events associated with immune checkpoint blockade. N Engl J Med (2018) 378(2):158–68. doi: 10.1056/NEJMra1703481

4. Dougan, M, and Pietropaolo, M. Time to dissect the autoimmune etiology of cancer antibody immunotherapy. J Clin Invest. (2020) 130(1):51–61. doi: 10.1172/JCI131194

5. Brahmer, JR, Abu-Sbeih, H, Ascierto, PA, Brufsky, J, Cappelli, LC, Cortazar, FB, et al. Society for immunotherapy of cancer (sitc) clinical practice guideline on immune checkpoint inhibitor-related adverse events. J immunother cancer. (2021) 9(6):e002435. doi: 10.1136/jitc-2021-002435

6. Morad, G, Helmink, BA, Sharma, P, and Wargo, JA. Hallmarks of response, resistance, and toxicity to immune checkpoint blockade. Cell (2021) 184(21):5309–37. doi: 10.1016/j.cell.2021.09.020

7. Hussaini, S, Chehade, R, Boldt, RG, Raphael, J, Blanchette, P, Vareki, SM, et al. Association between immune-related side effects and efficacy and benefit of immune checkpoint inhibitors – a systematic review and meta-analysis. Cancer Treat Rev (2021) 92:102134. doi: 10.1016/j.ctrv.2020.102134

8. Wolbers, M, Koller, MT, Stel, VS, Schaer, B, Jager, KJ, Leffondré, K, et al. Competing risks analyses: objectives and approaches. Eur Heart J (2014) 35(42):2936–41. doi: 10.1093/eurheartj/ehu131

9. Stegherr, R, Schmoor, C, Beyersmann, J, Rufibach, K, Jehl, V, Brückner, A, et al. Survival analysis for AdVerse events with VarYing follow-up times (SAVVY)–estimation of adverse event risks. Trials (2021) 22(1):420. doi: 10.1186/s13063-021-05354-x

10. Benjamini, Y, and Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J R Stat Soc Ser B (Methodological). (1995) 57(1):289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

11. Manson, G, Norwood, J, Marabelle, A, Kohrt, H, and Houot, R. Biomarkers associated with checkpoint inhibitors. Ann Oncol (2016) 27(7):1199–206. doi: 10.1093/annonc/mdw181

12. Wells, KR, Amato, CM, Hintzsche, J, and Robinson, W. Identification of somatic mutations and neoantigens to predict development of autoimmune adverse events to immune therapy in melanoma. JCO (2017) 35(7_suppl):19. doi: 10.1200/JCO.2017.35.7_suppl.19

13. Osipov, A, Lim, SJ, Popovic, A, Azad, NS, Laheru, DA, Zheng, L, et al. Tumor mutational burden, toxicity, and response of immune checkpoint inhibitors targeting PD(L)1, CTLA-4, and combination: A meta-regression analysis. Clin Cancer Res (2020) 26(18):4842–51. doi: 10.1158/1078-0432.CCR-20-0458

14. Chen, DS, and Mellman, I. Elements of cancer immunity and the cancer–immune set point. Nature (2017) 541(7637):321–30. doi: 10.1038/nature21349

15. Thompson, LL, Pan, CX, Chang, MS, Krasnow, NA, Blum, AE, and Chen, ST. Impact of ethnicity on the diagnosis and management of cutaneous toxicities from immune checkpoint inhibitors. J Am Acad Dermatol (2021) 84(3):851–4. doi: 10.1016/j.jaad.2020.09.096

16. Naidoo, J, Nishino, M, Patel, SP, Shankar, B, Rekhtman, N, Illei, P, et al. Immune-related pneumonitis after chemoradiotherapy and subsequent immune checkpoint blockade in unresectable stage III non–Small-Cell lung cancer. Clin Lung Cancer (2020) 21(5):e435–44. doi: 10.1016/j.cllc.2020.02.025

17. Lee, J, Sun, JM, Lee, SH, Ahn, JS, Park, K, and Ahn, MJ. Are there any ethnic differences in the efficacy and safety of immune checkpoint inhibitors for treatment of lung cancer? J Thorac Dis (2020) 12(7):3796–803. doi: 10.21037/jtd.2019.08.29

18. Peng, L, and Wu, YL. Immunotherapy in the Asiatic population: any differences from Caucasian population? J Thorac Dis (2018) 10(Suppl 13):S1482–93. doi: 10.21037/jtd.2018.05.106

19. Bhandari, S, Gill, AS, Perez, CA, and Jain, D. Management of immunotherapy toxicities in older adults. Semin Oncol (2018) 45(4):226–31. doi: 10.1053/j.seminoncol.2018.09.001

20. Helissey, C, Vicier, C, and Champiat, S. The development of immunotherapy in older adults: New treatments, new toxicities? J Geriatric Oncol (2016) 7(5):325–33. doi: 10.1016/j.jgo.2016.05.007

21. Nishijima, TF, Muss, HB, Shachar, SS, and Moschos, SJ. Comparison of efficacy of immune checkpoint inhibitors (ICIs) between younger and older patients: A systematic review and meta-analysis. Cancer Treat Rev (2016) 45:30–7. doi: 10.1016/j.ctrv.2016.02.006

22. Friedman, CF, and Wolchok, JD. Checkpoint inhibition and melanoma: Considerations in treating the older adult. J Geriatric Oncol (2017) 8(4):237–41. doi: 10.1016/j.jgo.2017.04.003

23. Extermann, M. Interaction between comorbidity and cancer. Cancer Control. (2007) 14(1):13–22. doi: 10.1177/107327480701400103

24. Klein, SL, and Flanagan, KL. Sex differences in immune responses. Nat Rev Immunol (2016) 16(10):626–38. doi: 10.1038/nri.2016.90

25. Schwinge, D, and Schramm, C. Sex-related factors in autoimmune liver diseases. Semin Immunopathol (2019) 41(2):165–75. doi: 10.1007/s00281-018-0715-8

26. Jing, Y, Zhang, Y, Wang, J, Li, K, Chen, X, Heng, J, et al. Association between sex and immune-related adverse events during immune checkpoint inhibitor therapy. JNCI: J Natl Cancer Institute. (2021) 113(10):1396–404. doi: 10.1093/jnci/djab035

27. Harpsøe, MC, Basit, S, Andersson, M, Lee, J, Cha, HS, Koh, EM, et al. Body mass index and risk of autoimmune diseases: a study within the Danish national birth cohort. Int J Epidemiol (2014) 43(3):843–55. doi: 10.1093/ije/dyu045

28. Guzman-Prado, Y, Ben Shimol, J, and Samson, O. Body mass index and immune-related adverse events in patients on immune checkpoint inhibitor therapies: a systematic review and meta-analysis. Cancer Immunol Immunother. (2021) 70(1):89–100. doi: 10.1007/s00262-020-02663-z

29. Versini, M, Jeandel, PY, Rosenthal, E, and Shoenfeld, Y. Chapter 35 - obesity in autoimmune diseases: Not a passive bystander. In:  C Perricone, and Y Shoenfeld, editors. Mosaic of autoimmunity. Academic Press (2019). p. 343–72. doi: 10.1016/B978-0-12-814307-0.00035-9

30. Eun, Y, Kim, IY, Sun, JM, Lee, J, Cha, HS, Koh, EM, et al. Risk factors for immune-related adverse events associated with anti-PD-1 pembrolizumab. Sci Rep (2019) 9(1):14039. doi: 10.1038/s41598-019-50574-6

31. Kartolo, A, Sattar, J, Sahai, V, Baetz, T, and Lakoff, JM. Predictors of immunotherapy-induced immune-related adverse events. Curr Oncol (2018) 25(5):403–10. doi: 10.3747/co.25.4047

32. Richtig, G, Hoeller, C, Wolf, M, Wolf, I, Rainer, BM, Schulter, G, et al. Body mass index may predict the response to ipilimumab in metastatic melanoma: An observational multi-centre study. PloS One (2018) 13(10):e0204729. doi: 10.1371/journal.pone.0204729

33. Suzman, DL, Pelosof, L, Rosenberg, A, and Avigan, MI. Hepatotoxicity of immune checkpoint inhibitors: An evolving picture of risk associated with a vital class of immunotherapy agents. Liver Int (2018) 38(6):976–87. doi: 10.1111/liv.13746

34. Jennings, JJ, Mandaliya, R, Nakshabandi, A, and Lewis, JH. Hepatotoxicity induced by immune checkpoint inhibitors: a comprehensive review including current and alternative management strategies. Expert Opin Drug Metab Toxicol. (2019) 15(3):231–44. doi: 10.1080/17425255.2019.1574744

35. Muir, CA, Menzies, AM, Clifton-Bligh, R, and Tsang, VHM. Thyroid toxicity following immune checkpoint inhibitor treatment in advanced cancer. Thyroid (2020) 30(10):1458–69. doi: 10.1089/thy.2020.0032

36. Olsson-Brown, A, Lord, R, Sacco, J, Wagg, J, Coles, M, and Pirmohamed, M. Two distinct clinical patterns of checkpoint inhibitor-induced thyroid dysfunction. Endocr Connect. (2020) 9(4):318–25. doi: 10.1530/EC-19-0473

37. Osorio, JC, Ni, A, Chaft, JE, Pollina, R, Kasler, MK, Stephens, D, et al. Antibody-mediated thyroid dysfunction during T-cell checkpoint blockade in patients with non-small-cell lung cancer. Ann Oncol (2017) 28(3):583–9. doi: 10.1093/annonc/mdw640

38. Kimbara, S, Fujiwara, Y, Iwama, S, Ohashi, K, Kuchiba, A, Arima, H, et al. Association of antithyroglobulin antibodies with the development of thyroid dysfunction induced by nivolumab. Cancer Science. (2018) 109(11):3583–90. doi: 10.1111/cas.13800

39. Ma, C, Hodi, FS, Giobbie-Hurder, A, Wang, X, Zhou, J, Zhang, A, et al. The impact of high-dose glucocorticoids on the outcome of immune-checkpoint inhibitor–related thyroid disorders. Cancer Immunol Res (2019) 7(7):1214–20. doi: 10.1158/2326-6066.CIR-18-0613

40. Muir, CA, Clifton-Bligh, RJ, Long, GV, Scolyer, RA, Lo, SN, Carlino, MS, et al. Thyroid immune-related adverse events following immune checkpoint inhibitor treatment. J Clin Endocrinol Metab (2021) 106(9):e3704–13. doi: 10.1210/clinem/dgab263

41. Nakamura, Y, Tanaka, R, Maruyama, H, Ishitsuka, Y, Okiyama, N, Watanabe, R, et al. Correlation between blood cell count and outcome of melanoma patients treated with anti-PD-1 antibodies. Japanese J Clin Oncol (2019) 49(5):431–7. doi: 10.1093/jjco/hyy201

42. Pavan, A, Calvetti, L, Dal Maso, A, Attili, I, Bianco Del, P, Pasello, G, et al. Peripheral blood markers identify risk of immune-related toxicity in advanced non-small cell lung cancer treated with immune-checkpoint inhibitors. Oncol. (2019) 24(8):1128–36. doi: 10.1634/theoncologist.2018-0563

43. Lee, PY, Oen, KQX, Lim, GRS, Hartono, JL, Muthiah, M, Huang, DQ, et al. Neutrophil-to-Lymphocyte ratio predicts development of immune-related adverse events and outcomes from immune checkpoint blockade: A case-control study. Cancers (2021) 13(6):1308. doi: 10.3390/cancers13061308

44. Khoja, L, Atenafu, EG, Templeton, A, Qye, Y, Chappell, MA, Saibil, S, et al. The full blood count as a biomarker of outcome and toxicity in ipilimumab-treated cutaneous metastatic melanoma. Cancer Med (2016) 5(10):2792–9. doi: 10.1002/cam4.878

45. Matsukane, R, Watanabe, H, Minami, H, Hata, K, Suetsugu, K, Tsuji, T, et al. Continuous monitoring of neutrophils to lymphocytes ratio for estimating the onset, severity, and subsequent prognosis of immune related adverse events. Sci Rep (2021) 11(1):1324. doi: 10.1038/s41598-020-79397-6

46. Valpione, S, Pasquali, S, Campana, LG, Piccin, L, Mocellin, S, Pigozzo, J, et al. Sex and interleukin-6 are prognostic factors for autoimmune toxicity following treatment with anti-CTLA4 blockade. J Trans Med (2018) 16(1):94. doi: 10.1186/s12967-018-1467-x

47. Yamaguchi, T, Shimizu, J, Hasegawa, T, Horio, Y, Inaba, Y, Yatabe, Y, et al. Pre-existing pulmonary fibrosis is a risk factor for anti-PD-1-related pneumonitis in patients with non-small cell lung cancer: A retrospective analysis. Lung Cancer. (2018) 125:212–7. doi: 10.1016/j.lungcan.2018.10.001

48. Bomze, D, Hasan Ali, O, Bate, A, and Flatz, L. Association between immune-related adverse events during anti–PD-1 therapy and tumor mutational burden. JAMA Oncol (2019) 5(11):1633–5. doi: 10.1001/jamaoncol.2019.3221


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

Copyright © 2023 Madjar, Mohindra, Durán-Pacheco, Rasul, Essioux, Maiya and Chandler. 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/fonc-13-1138305-g001.jpg
im-Rash
im-Hepatitis
im-Pneumonitis
im-Hypothyroidism

im-Hyperthyroidism

im-Rash
im-Hepatitis
im-Pneumonitis
im-Hypothyroidism

im-Hyperthyroidism

im-Rash
im-Hepatitis
im-Pneumonitis
im-Hypothyroidism

im-Hyperthyroidism

0.0 02 04 06 08 1.0

0.0 02 04 06 08 1.0
Proportion

0.0 02 04 06 08 1.0

0.0 02 04 06 08 1.0

0UOW-0Z8)y

=
N
S
8
3
g

Tox Grade
Grade 1

. Grade 2

Grade 3

L]
. Grade 4
L]

Grade 5





OEBPS/Images/M2.jpg
B=Bi+ea+E& &~ N0, 1)





OEBPS/Images/fonc.2023.1138305_cover.jpg
& frontiers | Frontiers in Oncology

Baseline risk factors associated
with immune related adverse
events and atezolizumab





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Baseline risk factors associated with immune related adverse events and atezolizumab

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Methods

        

          		

            Patient cohorts

          



          		

            Endpoints

          



          		

            Adverse events

          



          		

            Data preprocessing

          



          		

            Competing event

          



          		

            Identification of baseline risk factors

          



          		

            Individual patient data meta-analysis

          



          		

            Study-level meta-analysis

          



        



        



        		

          Results

        

          		

            Toxicity profile by indication and treatment

          



          		

            Identification of baseline risk factors

          



        



        



        		

          Discussion

        

          		

            Demographic factors

          



          		

            Clinical/laboratory parameters

          



          		

            Tumor mutational burden

          



          		

            Study limitations

          



          		

            Conclusion

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Treatme Rash Hepatitis Pneumonitis Hypothyroi Hyperthyroid.
Lung C. Atezo-mono 350 (19.12%) 206 (11.25%) 68 (3.71%) 112 (6.12%) 29 (1.58%) 1831
‘ Atezo-combo 669 (26.21%) 418 (16.38%) 155 (6.07%) 309 (12.11%) 104 (4.08%) 2552
‘ Chemo 371 (14.61%) 216 (8.51%) 34 (1.34%) 51 (2.01%) 25 (0.98%) 2539
RCC Atezo-mono 40 (38.83%) 10 (9.71%) 1(0.97%) 24 (23.3%) 2 (1.94%) 103
Atezo-combo 193 (34.96%) 74 (13.41%) 13 (2.36%) 141 (25.54%) 34 (6.16%) 552
‘ Sunit 317 (58.06%) 115 (21.06%) 0 (0%) 169 (30.95%) 22 (4.03%) 546
uc Atezo-mono 181 (20.38%) 94 (10.59%) 20 (2.25%) 42 (4.73%) 14 (1.58%) 888
Chemo 49 (11.06%) 26 (5.87%) 3 (0.68%) 0 (0%) 0 (0%) 443
TNBC Atezo-combo 98 (22.02%) 62 (13.93%) 15 (3.37%) 64 (14.38%) 15 (3.37%) 445
Chemo 87 (19.55%) 57 (12.81%) 2 (0.45%) 15 (3.37%) 5 (1.12%) 445
Total 2355 (22.77%) 1278 (12.35%) 311 (3.01%) 927 (8.96%) 250 (2.42%) 10344

For each patient only the first irAE of each type was considered.





OEBPS/Images/fonc-13-1138305-g002.jpg
Rash

Tumor stage 2
Liver metastasis
T™B

No. metastatic sites

SLD [*

Caucasian origin
Asian origin
Current smokers
ECOG

Weight

Height

TSH

Thyroxine free
Potassium
Magnesium
Phosphorus
Platelet

CRP

LDH

Glucose

ALP ¥

CD4 cells fraction
CD19 cells fraction

Leukocyte total ¥

NLR
Neutrophils
Eosinophils

Basophils

x
XX

All Indlc.

KX

x KX

kX%

23
xX
XX

*X
*X

X
X
®X

x

*

Lung c.

Bladder c.

1=
o
o

All Indlc. Atezo

All Indlc. Chemo

Grade 2-5, all Indlc.

Grade 3-5, all Indlc.

Grade 3-5, all Indlc. Atezo

Hepatitis

Sittng &

Tumor stage 4
Tumorf &
Lung meftastasjs

Liver metastasis

No. metastatic sites

LD

Caucasjan orjgjn

Asian origin

Current smokers
Previous sm,

ystolic Bloo pressure
astolic pressure

femociaiis

H
Thyroxine ﬁ';ee

A
Chiori
Magn orum

Phosp °|§’f’-?

arbonate

Urine speaﬁc graevdﬁ

Protelv t ta

Ibu;
CcD8 cells%ra o

Neutrophils
Monocytjs

S38Bhile

L
®

XK KX
X

£

All Indlc.

g
g
<
<
<
=
o

Ugg
Q

3 s
g C
-
o .
s U
c s
— £
< =
<

Y
=
£
®
g
~
@
<
<
ot
Q

LY
=]
£
]
g
™
@
=1
]
s
(U]

o
N
2
<
©
=]
£
©
&
™M
@
=]
<
ot
o

Pneumonitis

T™B
No. metastatic sites
SLD

Caucasian origin [/

Asian origin
Sitting systolic blood pressure

x

Sitting diastolic blood pressure X% %%

Weight
Height
Sodium

Potassium [ %

Magnesium

Calcium [X %
Erythrocytes %%
Hemoglobin X

Hematocrit *:

CRP

LDH

Glucose
Creatinine

ALP

Albumin

CD4 cells fraction
NLR
Lymphocytes

* * oK K

All Indlc.

Lung c.
Bladder c.

*

RCC

All Indlc, Atezo
All Indlc. Chemo

XX

*

5]
=
=
=
0
{
~N
e
=
il
o

; ©
L w
@
-
=«
R
~ T
n c
n =
v ©
By
G ™
@
=
ol
Q

Hypothyroidism

m
c w
= &
*
*
. I
*
*

RCC
All Indic. Chemo

All Indlc.

Lung ¢
Bladder ¢

All Indic. Atezo

Grade 2-5, all Indic

Grade 3-5, all Indlc.

Hyperthyroidism

Tumor stage TX
ToH XX xx

Thyroxine free *

Erythrocytes [ *
BUN *¥ %
Albumin
NLR %%
Lymphocytes g

RCC
All Indlc. Atezo
All Indlc. Chemo

All Indlc.
Lung ¢
Grade 2-5, all Indic.

Bladder c.

Color code

Hazard Ratio

[1/1.5, 1.5]
e [1/2, 1/1.5) or (1.5, 2]
— [1/3, 1/2) or (2, 3]

w— <1/30r >3

xXK

*

Grade 3-5, all Indlc. Atezo

Grade 3-5, all Indic,

Grade 3-5, all Indlc. Atezo





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/M1.jpg
A1) = Ag(t) - exp(xB +Ly + Zb), b ~N(0,0)





OEBPS/Images/fonc-13-1138305-g003.jpg
Effect N Events Hazard Ratio HR 95%-Cl

China&Taiwan vs non-Asia 378 vs 160 68 vs 46 ———+——— 0.65 [0.45; 0.96]
Japan vs non-Asia 638 vs 160 229 vs 46 —— 1.46 [1.06; 2.02]
Korea vs non-Asia 249vs 160 53vs 46 ——F—71— 0.74 [0.49;1.10]
Southeast Asia vs non-Asia 113 vs 160 29 vs 46 S o E— 0.86 [0.54; 1.38]

T 1

0.5 1 2

Lower imAE risk Higher imAE risk

Effect N Events Hazard Ratio HR 95%-Cl
China&Taiwan vs non-Asia 378 vs 160 114 vs 12 —+—— 4.28 [2.34;7.83]
Japan vs non-Asia 638 vs 160 122 vs 12 ——— 2.98 [1.64; 5.44]
Korea vs non-Asia 249 vs 160 23vs 12 1.38 [0.68; 2.81]
Southeast Asia vs non-Asia 113vs 160 18 vs 12 2.10 [1.01; 4.38]

02 05 1 2 5
Lower imAE risk Higher imAE risk

Effect N Events Hazard Ratio HR 95%-CI
China&Taiwan vs non-Asia 378 vs 160 14 vs 3 1.91 [0.54; 6.81]
Japan vs non-Asia 638 vs 160 41vs 3 3.12 [0.95; 10.23]
Korea vs non-Asia 249vs 160 7vs3 2.10 [0.53; 8.25]
Southeast Asia vs non-Asia 113 vs 160 6vs 3 : 2.68 [0.66; 10.86]
[ I 1
0.1 05 1 2 10

Lower imAE risk Higher imAE risk





OEBPS/Images/table1.jpg
NCT number Study Indicatio Experimental Arm Comparator Arm N
NCT01846416 FIR 2 NSCLC Atezo - 137
NCT01903993 POPLAR 2 NSCLC Atezo D I 277
NCT02031458 BIRCH 2 NSCLC Atezo - 659
NCT02008227 OAK 3 NSCLC Atezo D 1187
NCT02409342 IMpowerl10 3 NSCLC Atezo (C/Cis)+(Pem/G)

NCT02367781 IMpowerl30 3 NSCLC A+CHP C+NabP

NCT02367794 IMpowerl31 3 NSCLC A+C+P | A+C+NabP C+NabP 1000
NCT02657434 IMpowerl32 3 NSCLC A+(C/Cis)+Pem (C/Cis)+Pem 727
NCT02366143 IMpowerl50 3 NSCLC A+C+P | A+C+P+B C+P+B 1187
NCT02763579 IMpowerl33 3 SCLC A+CHE C+E 194
NCT02951767

NCT02108652 IMvigor210 2 uc Atezo - 429
NCT02302807 IMvigor211 3 uc Atezo V|P|D 902
NCT01984242 IMmotion150 2 RCC A+B | Atezo Sunit 304
NCT02420821 IMmotion151 3 RCC A+B | Atezo Sunit 897
NCT02425891 IMpassion130 3 TNBC A+NabP NabP 890

NSCLC, non-small cell lung cancer; RCC, renal cell carcinoma; SCLC, small cell lung cancer; TNBC, triple negative breast cancer; UC, urothelial bladder cancer.
Atezo, atezolizumab monotherapy; A, atezolizumab; B, bevacizumab; C, carboplatin; Cis, cisplatin; D, docetaxel; E, etoposide; G, gemcitabine; NabP, Nab-paclitaxel; P, paclitaxel; Pem,
pemetrexed; Sunit, sunitinib; V, vinflunine.





