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ABSTRACT
Background  Cancer immunotherapy (CIT) often triggers 
immune-related adverse events (irAEs). Analysis of irAEs 
in large checkpoint inhibitor (CPI) trials has enhanced their 
management and demonstrated their prognostic value 
for treatment outcome. However, data on irAEs in non-
standard CITs are limited, and systematic exploration is 
lacking. Identifying predictive biomarkers for irAEs in these 
therapies is still emerging and essential for improving 
patient care.
Methods  We established a harmonized data mart from 27 
early-phase CIT trials, encompassing 14 molecules with 
diverse mechanisms across various cancer indications. 
This dataset includes 3,608 patients, both CPI-naïve and 
CPI-experienced, with detailed information on clinical data, 
tumor characteristics, soluble biomarkers, and genome-
wide genotyping. We examined the occurrence of different 
irAEs and CIT molecules concerning incidence, severity, 
and onset. A meta-analysis was conducted to assess the 
association between risk factors and the time to onset of 
irAEs. Finally, we explored the predictive value of irAEs for 
clinical outcomes, specifically measured by progression-
free survival (PFS).
Results  Our analysis reveals significant variation 
in irAE incidence and kinetics across CIT molecules. 
Common irAEs include hepatitis, rash, acute kidney 
injuries, and hypothyroidism, with hepatitis often severe 
and others mild. Hepatitis is frequently associated with 
immunocytokine treatment, while T-cell bispecifics are 
linked to organ-specific toxicities. Hepatic metastases 
correlate with hepatitis but inversely with rash; elevated 
liver enzymes are associated with hepatitis, and high 
ferritin levels with acute kidney injury risk. Higher 
myeloid cell counts are associated with reduced rash 
likelihood. No tumor microenvironment associations were 
found, and polygenic risk scores show limited utility in 
our setting. Rash correlates with improved outcomes, 
whereas hepatitis is associated with a poorer prognosis, 
independent of baseline prognostic state assessed by the 
Real World Prognostic score.
Conclusions  These findings highlight the complexity of 
immune toxicities in early-phase trials, emphasizing the 
importance of the CIT class, as well as the roles of tumor 
burden, metastasis sites, and systemic immune state 

in the development of irAEs. Additionally, the observed 
association between skin toxicities and improved PFS 
suggests that skin toxicity could serve as a marker of 
systemic immune activation across immunotherapy 
contexts.

INTRODUCTION
Checkpoint inhibitors (CPIs) have signifi-
cantly enhanced cancer treatment and are 
now the standard of care for many cancer 
indications. However, CPI treatment is often 
associated with the development of immune-
related adverse events (irAEs), which vary in 
type and severity depending on the context 
and the specific CPI drug administered.1 
Generally, the occurrence patterns of irAEs 
are known to be highly agent specific. Cyto-
toxic T-lymphocyte-associated protein 4 
(CTLA-4) inhibitors are associated with 
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high-grade irAEs (Grade 3–4) in about 30% of patients, 
more commonly manifesting as colitis, hypophysitis, and 
skin rash. In contrast, treatment with an anti-programmed 
death-ligand 1 (PD-L1) antibody or an anti-programmed 
cell death protein 1 (PD-1) antibody results in fewer severe 
irAEs, affecting about 10% of patients, with pneumonitis, 
myalgia, hypothyroidism, arthralgia, and vitiligo being 
more frequently observed.1 2 IrAEs typically occur within 
the first 12 weeks of treatment. They generally occur 
earlier with anti-CTLA-4 treatment, and distinct timing 
patterns can be observed across different irAE catego-
ries, with cutaneous and gastrointestinal events occurring 
earlier than endocrine and renal events.2 3 Additionally, 
there is evidence suggesting that the occurrence pattern 
of irAEs depends on the tumor type. It is hypothesized 
that variations in the tumor microenvironment (TME) 
may partially explain these tumor-specific differences.1 2 
In a recent study of the PD-L1 inhibitor atezolizumab, 
the most frequent irAEs of all grades were rash (22.8%), 
followed by hepatitis (12.4%), hypothyroidism (9.0%), 
pneumonitis (3.0%), and hyperthyroidism (2.4%). Hepa-
titis and pneumonitis were the most common high-grade 
irAEs observed.4 Although high-grade irAEs are undesir-
able and may lead to the discontinuation of treatment or, 
in rare severe cases, death, low-grade irAEs are predictive 
of treatment success.3 5

Biomarkers that predict the occurrence and severity of 
irAEs would be invaluable in clinical settings. Despite the 
extensive data available on CPIs to date, general biomarkers 
remain elusive and appear to be context-specific.6 7 Never-
theless, several emerging categories of biomarkers have 
demonstrated predictive power in various contexts. For 
example, a larger T-cell receptor repertoire at baseline, 
along with increased on-treatment clonality and rich-
ness, has been associated with the development of irAEs 
in patients treated with CTLA-4 and PD-1/PD-L1 inhibi-
tors.8–10 Additionally, elevated levels of effector memory 
CD4+ T cells at baseline have been observed as predictive 
markers for irAEs in these treatments. A meta-analysis 
of 15 Roche-sponsored clinical trials involving atezoli-
zumab assessed baseline risk factors and identified organ-
specific risk factors, such as elevated liver enzyme levels 
for hepatitis and elevated thyroid-stimulating hormone 
(TSH) for thyroid toxicities. Asian origin was also iden-
tified as a risk factor for developing rash, hepatitis, and 
pneumonitis.4 Germline genetic biomarkers have been 
explored as predictors of irAEs. A recent genome-wide 
association study involving 1,751 patients receiving CPI 
treatment identified a variant in the IL7 gene that predis-
poses individuals to irAEs, which was validated in an 
independent cohort.11 12 Similarly, a polygenic risk score 
(PGS) for hypothyroidism has been associated with the 
development of hypothyroidism following atezolizumab 
treatment.13 The impact of pre-existing autoantibodies 
on irAEs has also been investigated. Several studies report 
an association between increased antithyroid antibodies 
and thyroid dysfunction.14–16 In conclusion, while general 
biomarkers for predicting irAEs are still lacking, several 

promising context-specific biomarkers have been identi-
fied for CPI.

In addition to CPIs, T cell engaging bispecific anti-
bodies (TCBs), immunocytokines, and immune modu-
lators have also emerged as promising strategies for the 
treatment of solid tumors, with several agents rapidly 
advancing towards clinical application. These inno-
vative cancer immunotherapies (CITs) are associated 
with unique adverse event profiles. For instance, two 
currently approved TCBs for the treatment of solid 
tumors, tarlatamab and tebentafusp, are primarily linked 
to cytokine release syndrome (CRS) and skin-related 
events.17 18 More broadly, TCBs often encounter chal-
lenges such as on-target off-tumor toxicity and CRS.19 20 
Furthermore, immunocytokines are another promising 
class of CITs, with high-dose interleukin-2 (IL-2) being 
the first Food and Drug Administration-approved treat-
ment for renal cell carcinoma and melanoma. While 
these first-generation immunocytokines were associated 
with a substantial side effect burden, the development 
of second-generation immunocytokines has focused on 
enhancing their efficacy while reducing or controlling 
toxicity.21

Although new patterns of irAEs have been identified 
in individual clinical trials of non-standard CITs, compre-
hensive aggregated clinical data remain scarce. The 
exploration of biomarkers predictive of irAEs is still in 
its early stages. Therefore, understanding the context 
and patterns of irAE occurrence, along with identifying 
biomarkers that can predict these events in novel agents, 
is crucial for enhancing patient care. To further our 
understanding of factors influencing irAE risk secondary 
to non-standard CITs, we have examined both the rela-
tionship between tumor characteristics, specific soluble 
biomarkers, germline genetics and irAEs, as well as the 
relationship of irAEs with patient outcomes. This analysis 
is based on harmonized data from 27 Roche-sponsored 
early-phase clinical trials encompassing 14 molecules in 
3,608 patients.

METHODS
Patient cohort
A harmonized data mart was developed from 27 early-
phase CIT trials (26 phase I, 1 phase II) sponsored 
by F Hoffmann–La Roche to assess the occurrence of 
irAEs, identify associated risk factors, and examine their 
relationship with progression-free survival (PFS). This 
comprehensive dataset includes information from 3,608 
patients across trials involving 14 distinct therapeutic 
molecules. These molecules encompass a range of 
modalities, including agents targeting the PD-1/PD-L1 
axis (PDL1 Ab, PD1/TIM3 bsAb); T-cell bispecific 
antibodies (CEACAM5-TCB, CEA-TCB, TYRP1-TCB); 
immunocytokines (CEA-IL2v, FAP-IL2v); a costimula-
tory bispecific antibody (FAP-41BBL); and immunomod-
ulators (TLR7 agonist prodrug, CSF1R Ab, agonistic 
CD40 Ab, CD25 Ab, BET inhibitor, agonistic OX40 Ab), 
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where Ab denotes antibody and bsAb denotes bispe-
cific antibody. The trials span various cancer indica-
tions, with a primary focus on gastrointestinal cancers 
(n=725), urinary system cancers (n=504), and lung 
cancers (n=498). The patient cohort comprises both 
CPI-naïve and CPI-experienced individuals (n=756), 
as well as 2,176 patients receiving anti-PD-L1 combina-
tion therapies. The dataset offers detailed information 
on tumor characteristics, including clinical assessments 
and gene expression profiles, along with data on soluble 
biomarkers and genome-wide genotyping (see figure 1 
and online supplemental table 1).

Immune-related adverse events
irAEs are summarized by medical concept using a 
comprehensive set of definitions, including Stan-
dardized MedDRA Queries, High Level Terms, and 
Sponsor-defined Adverse Event Grouped Terms.4 
Time to the first adverse event was considered for 
each irAE category and patient. Safety follow-up times 
varied across studies (see online supplemental table 
3). Competing risks cumulative incidences compared 
irAE occurrences across studies and molecules, 
accounting for censoring and varying follow-up times. 
The National Cancer Institute’s Common Termi-
nology Criteria for Adverse Events were used to grade 
irAE severity. We recorded the most severe event per 
patient for each irAE category and compared high-
grade (grades 3–5) to low-grade (grades 1–2) events 
both on an individual molecule basis and in aggre-
gate, descriptively without statistical comparisons.

Risk factors
We evaluated tumor metrics, soluble biomarkers, 
previous CPI usage, and PGS as potential risk factors 
for irAEs. Among the tumor metrics, we assessed liver 
and lung metastasis status, the number of metastases, 
the sum of the largest diameter of target lesions 
(SLD), and TME features, such as the level of CD8+ 
T cell infiltration, and immune-related patterns char-
acterized by specific gene signatures (see online 
supplemental figure 2 and table 4). TME features 
were derived from genome-wide RNA expression 
data (n=1,900), as previously described.22 The soluble 
biomarkers measured include various liver enzymes, 
blood cell counts, lymphocyte subsets, C-reactive 
protein (CRP), ferritin, and TSH. All were treated as 
continuous variables. Detailed information on their 
ranges and measurement units is provided in the 
online supplemental figures 6-9. PGS were selected 
from the EBI PGS Catalog23 through a systematic 
search. This process involved mapping irAEs to 
related traits and filtering scores based on quality 
criteria, source study, and development method, as 
detailed in the online supplemental material. This 
yielded a total of 16 scores: 7 for hepatitis, 5 for rash, 
1 for acute kidney injury, and 3 for hypothyroidism. 
The selected scores were then calculated for all 1,929 
patients with available genotyping data.

Statistical analysis
The median follow-up time was estimated using 
the reverse Kaplan-Meier method.24 Cumulative 

Figure 1  Overview of the harmonized data mart from early-phase CIT trials. The figure illustrates the heterogeneity in 
CIT treatments and cancer indications, highlighting the depth of data coverage per patient. Note: For each molecule, (X/
XX) indicates X number of studies and XX number of patients. CIT, cancer immunotherapy; CPI, checkpoint inhibitor; IL2v, 
interleukin-2 variant; PD1, programmed cell death protein-1; PDL1, programmed death-ligand 1.

https://dx.doi.org/10.1136/jitc-2025-012891
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incidences of competing risks were calculated, and 
incidence proportions were compared descriptively 
without performing statistical comparisons. A two-
stage meta-analysis, selected for its robustness and 
simplicity, was used to identify irAE risk factors for 
the four most frequent irAEs. At the study level, Cox 
regression adjusted for age and sex was applied to 
assess associations with time-to-event endpoints. A 
random-effects meta-analysis of log hazard ratios 
(HRs) was then used to evaluate the combined effect 
across all studies. Time-dependent Cox regression 
was used for time-varying soluble biomarker measure-
ments up to 1 week from treatment start. To ensure 
robustness, our analyses required at least six events for 
Cox regression and three log HRs for meta-analysis. 
Continuous risk factors were log-transformed and 
standardized at the study level, except for immune-cell 
proportions, which were logit-transformed. Similarly, 
two-stage meta-analysis was used to evaluate the asso-
ciation between irAEs and PFS. Cox regression used 
PFS as the endpoint and irAE as a time-dependent 
covariate (“event”, “no event”, “censored”). Log HRs 
contrasting “event” and “no event” were summa-
rized with a random-effects meta-analysis. To adjust 
the effect of irAEs for the general prognostic state 
at baseline, a multivariate two-stage meta-analysis 
was performed, treating PFS as the endpoint and 
including irAE and the Real World Prognostic score 
(ROPRO)25 as covariates in the Cox regression. 
Finally, to determine the “variance explained” by 
polygenic scores (PGS) developed for liver enzymes26 
in relation to corresponding protein measurements, 
linear regression was performed on standardized base-
line enzyme measurements against PGS, stratified by 
liver metastasis. The regression slopes were combined 
across studies via meta-analysis and then squared. 
Only studies with at least 10 samples available in each 
stratum and at least 40 in total were included. All anal-
yses were performed using R Statistical Software.27

RESULTS
Occurrence of irAEs
Among a total of n=3,573 safety-evaluable patients, n=973 
experienced at least one instance of hepatitis, n=967 had 
rash, n=366 had acute kidney injury, n=159 had hypo-
thyroidism, n=81 had pneumonitis, n=59 had colitis, 
n=55 had pancreatitis, and n=43 had hyperthyroidism 
(of whom 16 also experienced a hypothyroidism event). 
A large percentage of hepatitis (45.2%), pneumonitis 
(39.0%), colitis (48.3%), and pancreatitis (50.9%) cases 
were severe (grades 3–5). In contrast, rash (7.6%), acute 
kidney injury (14.0%), hypothyroidism (2.6%), and 
hyperthyroidism (4.9%) were rarely severe (see table 1). 
The severity of irAEs appears to be influenced mainly by 
the irAE category and, to a lesser extent, by the CIT treat-
ment (see online supplemental figure 1).

Next, we assessed the incidences of irAEs for different 
molecules. To account for varying study follow-up times, 
we examined the incidence proportion over a 6-month 
period (figure  2A). The incidence proportion substan-
tially varies across different CIT molecules, with the most 
prevalent irAE being hepatitis (21.4–34.9%), rash (19.2–
42.6%), acute kidney injury (7.9–13.5%), and hypothy-
roidism (0.5–7.9%), all reported as 25th–75th percentiles. 
Hepatitis occurs more frequently with systemic immuno-
cytokines CEA-IL2v and FAP-IL2v (46.2% and 60.2%, 
respectively) and related immune stimulators FAP-41BBL 
and TLR7 (38.8% and 35.0%, respectively). Targeted 
treatments with TCBs are linked to organ-specific toxic-
ities, such as rash and colitis for CEA-TCB (42.7% and 
4.4%, respectively), rash for TYRP1-TCB (61.4%), and 
pancreatitis for CEACAM5-TCB (29.2%). CD25 anti-
body treatment is associated with high incidences of rash 
(59.5%), while BET inhibitors are linked to higher inci-
dences of acute kidney injury (18.6%).

Finally, we assessed the kinetics of different irAEs and 
CIT molecules by categorizing them into instant (<1 week), 
rapid (1 week to 1 month), moderate (1–3 months), and 

Table 1  Summary of irAEs: n represents the number of patients experiencing at least one irAE; N denotes the total number of 
patients evaluated for safety; n (low grade) indicates the number of patients with at least one low-grade event (grades 1–2); n 
(high grade) refers to the number of patients with at least one high-grade event (grades 3–5)

Total events High versus low grade events

n N Incidence (%) n (low grade) n (high grade) Proportion Severe (%)

Hepatitis 973 3,573 27.2 527 435 45.2

Rash 967 3,573 27.1 865 71 7.6

Acute kidney injury 366 3,573 10.2 313 51 14

Hypothyroidism 159 3,573 4.5 151 4 2.6

Pneumonitis 81 3,573 2.3 47 30 39

Colitis 59 3,573 1.7 30 28 48.3

Pancreatitis 55 3,573 1.5 26 27 50.9

Hyperthyroidism 43 3,573 1.2 39 2 4.9

irAEs, immune-related adverse events.

https://dx.doi.org/10.1136/jitc-2025-012891
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Figure 2  Incidence and onset of irAEs. (A) 6-month incidence proportions of irAEs for various CIT molecules, with cumulative 
incidences represented by numbers and colors. (B) Onset timing of irAEs categorized by CIT molecules, showing cumulative 
incidences up to 6 months: instant (<1 week), rapid (1 week to 1 month), moderate (1–3 months), and delayed (3–6 months), 
along with the number of events in each category. CIT, cancer immunotherapy; IL2v, interleukin-2 variant; irAEs, immune-related 
adverse events; PD1, programmed cell death protein-1; PDL1, programmed death-ligand 1; TCB, T cell engaging bispecific 
antibody.
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delayed onset (3–6 months). The onset of irAEs varies 
greatly across treatments and irAE types. Notably, early 
onset appears to be characteristic of hepatitis, specifi-
cally for IL-2 immunocytokines where the onset occurs 
instantly in the majority of cases, whereas late onset seems 
to be associated with hypothyroidism (see figure 2B).

In the following sections, we will focus on the most 
frequent irAEs: hepatitis, rash, acute kidney injury, and 
hypothyroidism.

Identification of irAE risk factors
Next, we assessed tumor metrics, soluble biomarkers, 
previous CPI usage, and PGSs as potential risk factors for 
irAEs. Each factor was tested for association with irAEs 
using a confounder-adjusted two-stage meta-analysis. 
Specifically, for each irAE category and potential risk 
factor, the association was assessed at the study level using 
Cox regression adjusted for age and sex. The obtained 
HRs and 95% CIs were then summarized using a random-
effects meta-analysis, displayed in figures 3–5.

Tumor metrics
Among the tumor metrics, we assessed liver and lung 
metastasis status, the number of metastases, the SLD, and 
TME features, such as the level of CD8+ T cell infiltration 

and immune-related patterns characterized by specific 
gene signatures.22 Meta-analysis reveals that patients with 
liver metastases have an increased risk of hepatitis (HR 
1.99, 95% CI (1.45 to 2.74)). The same group exhibits 
a reduced risk of rash (HR 0.75, 95% CI (0.62 to 0.91)), 
as do patients with larger SLD at baseline (HR 0.80, 95% 
CI (0.74 to 0.87)) (see figure 3). We found no evidence 
suggesting that tumor metrics influence other irAE cate-
gories, such as acute kidney injury and hypothyroidism. 
Additionally, after analyzing nine gene expression-based 
TME features, we found no convincing association with 
irAE development, suggesting that irAE development is 
relatively independent of the TME. The strongest asso-
ciation was observed between the B cell signature and 
rash (unadjusted p value: 0.01; HR 1.14; 95% CI (1.03 to 
1.26)). For detailed gene signature results, please refer to 
online supplemental table 9.

Soluble biomarkers
For soluble biomarkers, data were available both at base-
line and during treatment, although sampling frequency 
and data coverage varied significantly across studies 
(see online supplemental figure 6). To distinguish base-
line effects from on-treatment effects, we conducted 

Figure 3  Association of tumor metrics with irAEs. Tumor metrics include the presence of Liver/Lung Mets, the number of 
metastases (log2-transformed), the SLD (log2-transformed), and the level of CD8+ T cell infiltration (TME CD8 inflammation 
score as described22). HRs and 95% CIs were obtained through a confounder-adjusted two-stage meta-analysis. #(number) 
indicates the number of studies included in the meta-analysis. ** indicates results with a p value<0.01, and *** indicates results 
with a p value<0.001. irAEs, immune-related adverse events; Liver/Lung Mets, liver and lung metastases; SLD, sum of the 
largest diameters of target lesions; TME, tumor microenvironment.

https://dx.doi.org/10.1136/jitc-2025-012891
https://dx.doi.org/10.1136/jitc-2025-012891
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the meta-analysis twice: once using baseline data only 
and once incorporating on-treatment data as a time-
dependent covariate. Our results on baseline data align 
with expectations and are consistent with previous find-
ings (see figure  4). Elevated levels of liver enzymes are 
associated with an increased risk of hepatitis diagnosis, 
as indicated by an HR of 1.56 for aspartate aminotrans-
ferase (AST) with a 95% CI of (1.38 to 1.76). Similarly, 
TSH shows an increased risk of hypothyroidism, with an 
HR of 1.61 and a 95% CI of (1.36 to 1.91). Higher levels 
of myeloid cells and CRP (eg, HR for CRP 0.82, 95% CI 
(0.73 to 0.91)) are associated with a reduced risk of rash, 
whereas elevated ferritin levels (HR 1.38, 95% CI (1.19 to 
1.60)) correspond to a higher risk of acute kidney injury. 
Including on-treatment data particularly strengthens the 

observed association for hepatitis, as exemplified by the 
increase in the HR for AST from 1.56 to 1.73 (see figure 4). 
Given liver enzymes and TSH are used to diagnose hepa-
titis and thyroid toxicities, respectively, the consistent 
associations we observe are expected. Since liver enzymes 
and liver metastases were associated with hepatitis risk, 
we investigated their interplay. First, as expected, patients 
with liver metastases had higher baseline liver enzymes 
(see online supplemental figure 3). Adjusting for AST (as 
a representative of liver enzymes) in our analysis attenu-
ated the association between liver metastases and hepa-
titis (effect size decreased from 1.99 to 1.57), though it 
remained significant (see online supplemental table 6). 
This finding suggests that elevated baseline AST only 
partially mediates the increased hepatitis risk in this 

Figure 4  Association of soluble biomarkers with irAEs. HRs and 95% CIs were obtained through a confounder-adjusted 
two-stage meta-analysis. Red lines represent results obtained from baseline samples only, while blue lines represent results 
including on-treatment samples. #(number) indicates the number of studies included in the meta-analysis. ** indicates results 
with a p value<0.01, and *** indicates results with a p value<0.001. ALP, alkaline phosphatase; ALT, alanine aminotransferase; 
AST, aspartate aminotransferase; BILI, bilirubin; CRP, C-reactive protein; GGT, gamma-glutamyl transpeptidase; irAEs, immune-
related adverse events; LYM, lymphocytes; MONO, monocytes; NEUT, neutrophils; NK, natural killer; NLR, neutrophil-to-
lymphocyte ratio; TSH, thyroid-stimulating hormone; WBC, white blood cells.

https://dx.doi.org/10.1136/jitc-2025-012891
https://dx.doi.org/10.1136/jitc-2025-012891
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population. Furthermore, an additional analysis suggests 
an interaction between liver metastases and treatment 
type on hepatitis risk. Specifically, immunocytokines 
appeared to elevate AST particularly in patients without 
liver metastases, whereas for CEA-TCB, elevations were 
more pronounced in patients with liver metastases (see 
online supplemental figure 4).

Previous CPI treatment
We assessed whether previous treatment with CPI 
impacted the risk of developing irAEs. Out of 3,608 
patients, 756 were CPI-experienced. The meta-analysis 
highlighted moderate evidence for a reduced risk of 
hepatitis (HR 0.71, 95% CI (0.55 to 0.91)) and hypothy-
roidism (HR 0.38, 95% CI (0.19 to 0.76)) associated with 
prior CPI exposure (see online supplemental table 10). 
However, these findings must be interpreted with caution, 
as they may be driven by the selection bias detailed in the 
Discussion.

Polygenic risk scores
To assess the presence of germline genetic components 
predisposing to irAEs, PGS matching irAE categories (see 
Methods section for details) were calculated for patients 
with available genotyping data from blood (n=1,929). 
We tested the association between irAEs and relevant 
PGS using the aforementioned two-stage meta-analysis 
approach. The observed associations were generally 
weak, with only one liver disease score demonstrating a 

positive association with hepatitis (unadjusted p value: 
0.05; HR 1.09, 95% CI (1.00 to 1.19)) (see figure 5A and 
online supplemental table 19 for details). Notably, the 
PGS developed for liver enzymes—alkaline phosphatase, 
alanine aminotransferase, aspartate aminotransferase, 
and gamma-glutamyl transpeptidase—did not show an 
association with hepatitis, despite strong signals observed 
at the protein level. We therefore sought to directly assess 
the association of PGS with soluble biomarkers and the 
impact of cancer-induced variability by conducting the 
analysis for patients with and without liver metastasis. As 
expected, liver enzymes showed a significant association 
with their corresponding PGS. Interestingly, the variance 
explained tended to be larger in patients without liver 
metastasis, exemplifying the impact of cancer-induced 
variability. Overall, the maximal observed variance 
explained was no greater than 4% (see figure 5B).

Relationship of irAEs with clinical outcome
To assess the relationship between irAEs and PFS, we first 
employed a two-stage meta-analysis. This initial analysis 
revealed that rash was associated with slower progres-
sion (HR 0.78, 95% CI (0.70 to 0.87)), while hepatitis 
was associated with faster progression (HR 1.43, 95% CI 
(1.26 to 1.62)). We noted that known prognostic markers 
(like the neutrophil-to-lymphocyte ratio) were associated 
with the risk of rash, and we hypothesized that the poor 
prognosis with hepatitis was driven by liver metastases. To 

Figure 5  Association with PGS linked to irAEs. (A) HRs and 95% CIs from a confounder-adjusted, two-stage meta-analysis 
are shown for each PGS and corresponding irAE category. The PGS were selected through a systematic search of the EBI 
Polygenic Risk Score Catalog, which involved mapping irAEs to related traits and filtering scores based on quality criteria, 
source study, and development method. Each PGS is identified by its trait, data source (UKB or GWAS), and development 
method (in parentheses). #(number): the number of studies included in the meta-analysis. (B) Variance explained by PGS 
developed for liver enzymes with corresponding protein measurements, stratified by liver metastasis status. Variance explained 
and 95% CI were obtained through univariate two-stage meta-analysis. #(number) indicates the number of studies included 
in the meta-analysis. ** indicates results with a p value<0.01, and *** indicates results with a p value<0.001. ALP, alkaline 
phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase; GWAS: 
Genome-wide association study; irAEs, immune-related adverse events; PGS, polygenic risk score; SNPs, single-nucleotide 
polymorphisms; UKB: UK Biobank.
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disentangle these effects, we conducted a more rigorous 
bivariate meta-analysis that included both the irAE and 
the ROPRO25 as covariates. ROPRO is a validated prog-
nostic score that predicts overall survival in patients with 
cancer by integrating routine clinical variables related 
to lifestyle (body mass index, smoking), host factors (eg, 
albumin, Eastern Cooperative Oncology Group, age), 
and tumor characteristics (stage, number of metastatic 
sites). Interestingly, our analysis reveals that irAEs and 
ROPRO are independent predictors of PFS. While higher 
ROPRO values are associated with an increased hazard 
of progression, rash and hepatitis remain linked to 
slower and faster progression, respectively (see figure 6). 
As a further supplemental analysis, we reevaluated the 
hepatitis association after excluding patients with liver 
metastases. The link to poorer PFS remained significant, 
although with a smaller effect (HR 1.28 vs 1.43), with the 
caveat that occult hepatic metastases may still be present 
in these patients (see online supplemental table 7).

DISCUSSION
To the best of our knowledge, this analysis of 27 Roche-
sponsored trials represents the first systematic investi-
gation of irAEs associated with non-standard CITs in 
early-phase trials for advanced solid tumors. Under-
standing these adverse events is crucial for optimizing 
treatment strategies and improving patient outcomes. As 
expected, the incidence patterns of irAEs differ among 

CIT molecules and often align with anticipated trends 
based on their modes of action. Reassuringly, our inci-
dence rates for treatments targeting the PD(L)1 axis are 
consistent with those reported in large anti-PD(L)1 trials. 
The findings on incidence proportions, severity, and 
onset can serve as a valuable resource for clinicians and 
drug developers to assess and compare the risk profiles of 
newly investigated immunotherapies, as well as to refine 
treatment regimens and the design of future trials.

Our analysis of risk factors is complicated by the signif-
icant heterogeneity among the included studies, particu-
larly regarding molecule classes, study designs (eg, varying 
dosing regimens or schedule of assessment), included 
indications, concomitant treatments, and sample sizes 
(ranging from 20 to 660). This stands in stark contrast to 
similar investigations conducted in large phase 3 trials for 
standard CPI treatments. To manage differences across 
studies and avoid reporting associations valid in only a 
single study, we used a robust statistical approach based 
on meta-analysis. This method appropriately weights each 
study’s contribution and includes quality criteria that 
protect against statistical instabilities arising from small 
sample sizes. This approach helped us find reliable asso-
ciations that are valid pan-immunotherapy. Liver metas-
tases correlate positively with hepatitis but conversely 
were associated with reduced risk of rash. Elevated liver 
enzyme levels are linked to hepatitis, higher ferritin levels 
are associated with an increased risk of acute kidney 

Figure 6  Association of irAEs with PFS, both with and without adjustment for ROPRO (introduced in25). HRs and 95% CIs 
were obtained through multivariate two-stage meta-analysis treating PFS as the time-to-event endpoint and irAE as covariate, 
with ROPRO as a potential control covariate. #(number) indicates the number of studies included in the meta-analysis. ** 
indicates results with a p value<0.01, and *** indicates results with a p value<0.001. irAEs, immune-related adverse events; PFS, 
progression-free survival; ROPRO, Real World Prognostic score.
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injury, and higher myeloid cell counts and elevated CRP 
levels are associated with lower risk of rash. Notably, 
several of these markers were also identified as the stron-
gest risk factors in a recent systematic review of atezoli-
zumab trials.4 Interestingly, we found moderate evidence 
suggesting that prior CPI exposure is associated with a 
reduced risk of hepatitis and hypothyroidism. Although 
this unexpected finding lacks a complete explanation, 
one likely reason is selection bias; indeed, the protocols 
for several trials excluded patients with a history of severe 
irAEs from prior CPI treatment (see online supplemental 
table 2). Furthermore, patients with pre-existing hypothy-
roidism are likely receiving long-term thyroxine therapy 
and so could not experience a subsequent hypothy-
roidism event, even if they were not explicitly excluded 
from a trial.

Several recent studies involving large trials of stan-
dard CPIs have reported promising associations between 
genetic features and irAE risk. Consequently, we explored 
polygenic scores as potential risk factors. However, the 
observed effect sizes were small, and their predictive utility 
was limited in this early-phase trial setting, likely due to 
the heterogeneity of our study population, influenced by 
varying diseases and cancer types, as exemplified by our 
analysis of liver enzymes and corresponding PGSs. In our 
analysis, we deliberately adopted a stringent approach to 
PGS selection. We focused on traits specific to our irAEs 
and chose scores developed with the most relevant data 
and methods. While this strategy effectively reduced the 
burden of multiple testing, it may have excluded some 
potentially promising, recently developed scores.28 29

It was hypothesized that variations in the TME might 
explain the risk of irAEs. However, our analysis of the 
TME using RNA sequencing data did not reveal any such 
association. This is in keeping with irAE development 
being more linked to features of systemic immunity rela-
tive to those of the TME.

We further evaluated irAEs as predictors of patient 
outcomes. Despite the heterogeneity of our cohort, we 
observed a consistent association between rash and 
improved PFS. Interestingly, our analysis suggests that 
this effect is independent of other baseline prognostic 
factors. These findings align with observations in the 
CPI setting,30 31 supporting the notion that skin toxicities 
may reflect a response at the tumor site and suggesting a 
broad immunotherapy benefit given the distinct mech-
anisms of action of CPIs and the drugs in this cohort. 
Conversely, other toxicities show no association with PFS 
or are prognostically unfavorable. Understanding the 
common features of skin toxicity and treatment response 
may offer insights for improved therapeutics.

Our study has several limitations that should be consid-
ered. First, the safety follow-up duration across studies 
was both limited and variable, with a median follow-up 
time ranging from 2 to 15 months. This constraint 
restricted our investigation of the dynamics of irAEs to 
a 6-month period, thereby excluding the assessment of 
long-term and chronic events. Additionally, our analysis 

was confined to evaluating the time to the first occur-
rence of irAEs. Analyzing recurrent events, as well as 
the duration and resolution of these events, could have 
provided deeper insights into the overall safety profile 
of irAEs.

The studies included in our data mart exhibit signif-
icant heterogeneity across various aspects. For instance, 
exploring the impact of specific indications on the 
pattern of irAEs would have been insightful. However, 
the uneven distribution of indications across the studies 
could lead to misleading conclusions if irAE rates were 
compared naively by indication. Similarly, limited sample 
sizes restricted our ability to identify context-specific risk 
factors. Further, despite our attempt to focus our inves-
tigation on the most relevant factors, the analysis still 
involved a large number of statistical tests. Therefore, 
the results should be interpreted with care, taking into 
account what is known from other studies and the biolog-
ical understanding of the mechanisms.

Our study included biomarkers of the main immune-
cell populations, such as CD4 and CD8 T cells, B cells, 
and natural killer cells. Evaluating more fine-grained 
immune-cell subsets in the periphery would be of high 
interest; for example, CD4+ T effector memory cells have 
been reported to be predictive of irAEs. Similarly, a stan-
dardized cytokine panel would have been another inter-
esting biomarker to investigate.

An interesting aspect of our evaluation of soluble 
biomarkers as predictors of irAE risk was the impact 
of including on-treatment samples. This is important 
because such data can guide patient monitoring. Our 
results indicate that on-treatment data significantly 
strengthens the association between liver enzymes 
and hepatitis. This finding is not surprising, as liver 
enzymes are used to diagnose hepatitis in the first 
place. However, we did not observe similar associa-
tions for other biomarkers. A notable limitation of 
our data mart was the substantial variation in on-treat-
ment sampling and, consequently, data coverage 
across studies and biomarkers. Our analysis inves-
tigated the association of one risk factor at a time, 
with the aim of identifying a robust association. This 
can be seen as the first step in developing a prog-
nostic or predictive score.32 33 Development of such 
a score involves several steps of validation and might 
ultimately involve a combination of more than one 
factor. To our knowledge, no such validated score has 
been developed for irAEs, and admittedly, our work 
does not address this gap.7

Finally, irAEs are not the only “unwanted” immune 
responses associated with immunotherapies. Several of 
the molecules we investigated also encountered issues 
such as CRS and the development of antidrug anti-
bodies.34 Our data mart provides an excellent starting 
point for exploring these topics further, though we note 
that consistently captured CRS data is limited. A system-
atic investigation of antidrug antibodies in relation to 
non-standard CITs, with a particular focus on the role of 
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the human leukocyte antigen region, offers an especially 
interesting avenue for future research.35 36

Overall, our findings highlight the complexity of 
immune toxicities in the early-phase setting, empha-
sizing the importance of the CIT class, tumor burden, 
involved sites of metastases, and systemic immune state 
in the development of irAEs. These insights could guide 
future research and clinical strategies to mitigate risks 
and enhance therapeutic efficacy.
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