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KEY MESSAGES

WHAT ISALREADY KNOWN ON THISTOPIC

o Experimental PD-1/PD-L1 blockade can lower the threshold for drug-specific T-cell priming, and
hypersensitivity to previously tolerated medications has emerged after ICI exposure. Whether this
immune rewiring systematically changes how other drugs produce toxicity across phenotypes is

unknown.

WHAT THISSTUDY ADDS

e Across 13,701,106 deduplicated FAERS reports, 71 of 147 eligible primary-suspect drug-phenotype
pairs had FDR-significant drug x ICI interactions, with amplification and attenuation differing sharply
by phenotype. Cross-organ organization and checkpoint-dependent timing provided complementary

signatures of an altered treatment state.

HOW THISSTUDY MIGHT AFFECT RESEARCH, PRACTICE OR POLICY

e The findings support a two-hit treatment-state model: checkpoint blockade may alter immune
permissiveness, while a second medication helps determine whether and how toxicity is expressed.
Individual signals require longitudinal and mechanistic validation and should not be used to estimate

incidence or justify drug avoidance from spontaneous-reporting data alone.
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Abstract

Background: Immune checkpoint inhibitors (ICIs) are usually treated as direct culprits in immune-
related adverse events, but checkpoint blockade may also reset tolerance to other medications. We tested
whether ICI exposure reshapes the organization, drug specificity and timing of reported treatment

toxicity.

M ethods: We analyzed 13,701,106 deduplicated FDA Adverse Event Reporting System reports from
2016 through 2025. Cancer-restricted reporting associations and cross-organ community detection
characterized the ICl-associated toxicity landscape. Adjusted logistic models tested primary-suspect drug
x ICl interactions for Stevens-Johnson syndrome/toxic epidermal necrolysis (SJS/TEN), drug reaction
with eosinophilia and systemic symptoms (DRESS), acute generalized exanthematous pustulosis,
interstitial nephritis, drug-induced liver injury, anaphylaxis and vomiting. Accelerated failure-time

models evaluated documented onset according to ICI exposure and checkpoint pathway.

Results: Among 2,365,278 cancer-associated reports, 256,940 contained an ICI. Of 3001 eligible
Preferred Terms, 2091 differed between ICI-containing and non-ICI reports at false discovery rate (FDR)
<0.05, and four cross-organ toxicity communities emerged. Drug-phenotype associations were
reweighted: 71 of 147 eligible pairs had FDR-significant interactions, including 56 amplifications and 15
attenuations. Signals included marked moxifloxacin-SJS/TEN amplification (interaction OR 100.51, 95%
Cl 38.58 to 261.84), a submultiplicative enfortumab vedotin-SJS/TEN interaction (0.17, 0.13 to 0.23) and
omeprazole-interstitial nephritis amplification (10.33, 7.60 to 14.04). Among 64,593 reports with
documented onset of 1-365 days, ICI exposure was associated with longer adjusted onset for five of seven
phenotypes (time ratios 1.37-1.58); 10 of 19 estimable checkpoint-phenotype coefficients remained FDR

significant.

Conclusions: Checkpoint blockade was associated not simply with additional toxicity, but with a change
in treatment context: drug-phenotype associations shifted in both directions, adverse events formed cross-
organ structure and documented onset varied by checkpoint pathway. These findings support IClIs as

modifiers of drug toxicity and identify specific signals for longitudinal and mechanistic validation.
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69 Introduction

70  Immune checkpoint inhibitors (ICIs) transform cancer therapy by releasing inhibitory signals that

71 normally constrain T-cell activation.? The same biology disrupts immune tolerance and produces

72 immune-related adverse events (irAEs).>* Yet checkpoint therapy is rarely pharmacologically isolated.
73  Patients are simultaneously exposed to cytotoxic and targeted anticancer agents, antimicrobials, acid
74 suppressants, analgesics, anticoagulants and medications introduced as treatment evolves. Most safety
75  frameworks place the ICI at the center and treat these other drugs as background exposures. But if

76  checkpoint blockade alters immune tolerance, it may do more than add another potential culprit; it may
77  change the rules under which the rest of the regimen is tolerated.

78 The two-hit hypothesis has direct experimental support. PD-1/PD-L1 blockade lowers the

79  threshold for priming naive T cells against drug-associated antigens and increases drug hypersensitivity.>®
80  Clinically, hypersensitivity to previously tolerated medications has emerged after checkpoint blockade,
81 including reactions to iodinated contrast and targeted anticancer therapies.”° In our previous analysis of
82  SIS/TEN, culprit drugs interacted with ICI exposure and latency differed across checkpoint pathways.™*
83  Together, these observations suggest a first hit that changes immune permissiveness and a second

84  exposure that helps determine whether, where and how toxicity is expressed. Crucially, this model does
85  not predict uniform amplification. The effect should depend on the drug, phenotype and checkpoint

86  pathway, while drugs dominated by direct or nonimmune toxicity may behave differently from classical

87  T-cell-mediated culprits.

88 Several checkpoint effects could widen this permissive state. Checkpoint inhibition expands or
89  reinvigorates T-cell clones, including populations recognizing antigens shared by tumor and normal

90 tissue; perturbs circulating B-cell compartments; and produces tissue-specific inflammatory programs
91  against a background of systemic immune activation.**** Intestinal microbial states are also associated
92  with ICI response and toxicity, providing another route through which antibiotics and other concomitant

93  exposures could modify immune behavior.***® Multiorgan irAEs and recognizable overlap syndromes

94  provide additional evidence that checkpoint blockade perturbs immune context beyond a single organ.**?
95  These observations make a purely additive model, in which every drug carries an unchanged toxicity

96  profile regardless of checkpoint exposure, increasingly incomplete.

97 Testing that model requires interaction analysis, not simply a longer catalogue of irAEs. A two-

98  hit process should leave several complementary footprints: the overall distribution of toxicity should shift

99  with ICI exposure; the association between an individual drug and a specific phenotype should change in
100 the presence of an ICI; and the timing of toxicity may vary with ICI exposure or checkpoint pathway.
101  Cross-organ organization provides a separate view of the altered state, but no single signature is sufficient

102  because each can reflect reporting behavior, case mix or regimen composition. We therefore analyzed
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103  13.7 million deduplicated FAERS reports from 2016 through 2025 to construct a pharmacovigilance atlas
104  of drug-ICl interactions, moving from the broader toxicity landscape to drug-specific interactions and

105 finally to checkpoint-dependent temporality.
106 Methods

107  Study design, data sour ce and preprocessing

108  We performed a cross-sectional study of FAERS reports from 2016 through 2025, using the report as the
109  unit of analysis. Data were imported and deduplicated using the faers R/Bioconductor package.?* Drug
110 labels were standardized to canonical ingredients; ICI exposure was assigned with a curated checkpoint-
111  target dictionary and was considered present in any reported drug role unless otherwise specified.

112 Adverse events used Medical Dictionary for Regulatory Activities (MedDRA) v29.0 Preferred Terms
113  (PTs) and Higher Level Terms (HLTs). Cancer-associated reports were identified from manually

114  reviewed malignant-indication and cancer-specific drug-proxy dictionaries. Detailed preprocessing, drug
115  adjudication, cancer assignment, phenotype definitions, age imputation, and software specifications are
116  provided in eM ethods. Because FAERS contains publicly available, deidentified reports, institutional

117  review board approval was not required.

118 The analyses were aligned to complementary predictions of an ICl-altered treatment state. The
119  reporting-association analysis asked whether the overall adverse-event distribution shifted with ICI

120  exposure; the network analysis asked whether events co-reported with ICIs formed reproducible cross-
121  organ structure; and the interaction models asked whether the association between a primary-suspect drug
122  and a focal phenotype differed according to ICI exposure. Reporting ORs and interaction ORs are

123  measures of relative reporting, not estimates of incidence.?>?®* Temporal models supplied an independent

124  dimension by testing documented onset rather than reporting frequency.

125

126  ICl-associated adver se-event landscape and cr 0ss-or gan communities

127  The primary PT association analysis was restricted to cancer-associated reports and compared any-role
128  ICI exposure with no ICI exposure. PTs reported in at least 50 cancer-associated reports overall and at
129  least 10 ICI-containing reports were eligible. Reporting ORs and 95% Cls were calculated from 2 x 2
130 tables; likelihood-ratio P values and Benjamini-Hochberg adjustment used 256-bit arbitrary-precision log-

131  space arithmetic (eTable5; eFigure 3).

132 Within all ICI-containing reports, PTs were collapsed to HLTs and HLTs reported in at least 50
133  ICl-containing reports were retained. Network edges required prespecified support, lift, phi, normalized

134  pointwise mutual information, and equal-report-weight sensitivity criteria; contextual nonbiological
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135 MedDRA system organ classes were excluded. Communities were identified using the Leiden algorithm
136  and retained as cross-organ when they met prespecified size, organ-system diversity, and cross-system
137  connectivity criteria. Full network definitions and thresholds are provided in eMethods (eT ables 6-9;
138  eFigure4). The network was constructed only within ICI-containing reports so that communities

139 represented the internal organization of reported ICI toxicity rather than separation between exposed and
140  unexposed reports. Multiple edge criteria were required because raw co-report counts favor common
141  events, whereas lift and normalized pointwise mutual information can overemphasize rare pairs. The
142  equal-report-weight sensitivity analysis reduced the influence of reports containing many adverse-event
143  terms.

144

145  Drugx ICl interaction analysis

146  We evaluated 7 focal phenotypes: Stevens-Johnson syndrome/toxic epidermal necrolysis (SJS/TEN), drug
147  reaction with eosinophilia and systemic symptoms (DRESS), acute generalized exanthematous pustulosis
148  (AGEP), interstitial nephritis, drug-induced liver injury (DILI), anaphylaxis, and vomiting. Anaphylaxis
149  was included as an immune-mediated but non-T-cell-dominant comparator and vomiting as a nonimmune
150  control. For each phenotype, non-ICI primary-suspect ingredients were eligible if at least 15 phenotype
151  reports contained the drug and at least 5 also contained an ICI. The primary analysis used adjusted logistic
152  regression with primary-suspect drug exposure, any-role ICI exposure, and their interaction, adjusting for
153  age, original age missingness, sex, geographic region, calendar year, number of reported drugs, and

154  cancer status. The exponentiated interaction coefficient estimates how the drug-phenotype reporting

155  association differs between ICI-containing and non-I1Cl reports. FDR adjustment was performed

156  separately within phenotype. Robustness was assessed using complete-case age models and 5000 repeated
157  80% subsamples, summarized by directional recovery and coefficient stability; detailed model and

158  subsampling specifications are provided in eMethods (€T ables 10-11; eFigure 5; Figure5).

159 The focal phenotypes were selected before modeling to span severe T-cell-mediated reactions,
160  organ-specific immune injury, a predominantly immediate hypersensitivity comparator and a common
161  nonimmune symptom. Eligibility thresholds were applied before model fitting to exclude drug-phenotype
162  cells too sparse for interpretable interaction estimates. The primary-suspect drug was treated as the

163  putative phenotype-specific exposure, whereas ICI exposure was role agnostic because reporters may
164  assign an ICI as primary suspect, secondary suspect, concomitant or interacting depending on their causal

165 interpretation.
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Temporal analyses

Temporal analyses included phenotype-positive reports with a complete event date and at least 1 exact-
date primary-suspect treatment start. The closest positive primary-suspect treatment start preceding the
event was selected, and intervals of 1 to 365 days were retained for the primary analysis. Phenotype-
specific accelerated failure-time models compared reports with and without any-role ICI exposure and
adjusted for age, age missingness, sex, region, year, number of drugs, and cancer status; the best-fitting
parametric distribution was selected by Akaike information criterion. A sensitivity analysis removed the
365-day upper bound (eTable 12; eFigure 6). Checkpoint-pathway models simultaneously included
supported PD-1, PD-L1, CTLA-4, LAG-3, TIGIT, and TIM-3 indicators, with global Benjamini-
Hochberg adjustment across estimable coefficients (eTable 13). Full temporal modeling details are
provided in eM ethods.

Results

Checkpoint blockade redistributes adver se-event reporting

Among 13,701,106 deduplicated reports, 2,365,278 were classified as cancer associated, including
256,940 containing an ICI (eFigures 1-2; eT ables 1-4). Median age among cancer reports with observed
age was 66 years (IQR, 56-75 years). PD-1 agents were most frequently represented, followed by PD-L1
and CTLA-4 agents; pembrolizumab and nivolumab were the most frequently reported individual ICls.
The annual number of ICI-agent report records increased from 10,717 in 2016 to 49,046 in 2025, while
LAG-3, TIGIT, and TIM-3 exposure remained sparse. The cancer-restricted analysis included 3001
eligible PTs, of which 2091 differed between ICI-containing and non-ICI reports at FDR < .05: 1032 had
higher reporting odds with ICI exposure and 1059 had lower reporting odds (Figure 1; eTable 5). A full-
FAERS sensitivity analysis showed a similar overall distribution (eFigure 3). Higher-reporting PTs
included hypothyroidism (OR, 13.84; 95% ClI, 13.27-14.44), colitis (OR, 6.97; 95% Cl, 6.72-7.24),
pneumonitis (OR, 6.11; 95% CI, 5.91-6.33), myocarditis (OR, 22.58; 95% Cl, 21.00-24.29), and
tubulointerstitial nephritis (OR, 13.60; 95% CI, 12.55-14.73). Lower-reporting PTs included hair disorder
(OR, 0.02; 95% CI, 0.01-0.03), madarosis (OR, 0.02; 95% CI, 0.01-0.03), blood count abnormal (OR,
0.05; 95% ClI, 0.04-0.07), and injection-site pain (OR, 0.06; 95% CI, 0.04-0.07). These estimates describe

relative reporting and do not indicate protection.

Four cross-organ communities emer ge within I Cl-containing reports

Within the 256,940 ICI-containing reports, 4 communities met prespecified cross-organ criteria (Figure
2; eTables 6-9; eFigure 4). The largest gastrointestinal-systemic-neurologic community contained 24

HLTs spanning 7 system organ classes; 55 of 70 internal edges (78.6%) crossed system organ classes. Its
7
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199  highest-support HLTs included asthenic conditions, diarrhea, nausea and vomiting symptoms, colitis,

200  appetite disorders, and breathing abnormalities. A second neuromuscular-cardiac inflammatory

201  community contained 8 HLTSs spanning 4 system organ classes, with 5 of 9 internal edges crossing system
202  organ classes. It included noninfectious myocarditis, muscle inflammation, myopathies, neuromuscular
203  junction dysfunction, cardiac conduction disorders, heart failure, visual disorders, and eyelid movement
204  disorders.

205 The cutaneous-systemic-neurologic community contained 10 HLTs from 4 system organ classes;
206 4 of 9 internal edges crossed system organ classes. It included rashes, pruritus, erythema, exfoliative and
207 other dermal conditions, fever, abnormal sensations, tremor, and peripheral vascular disorders. The

208  endocrine-vascular-renal community contained 9 HLTs from 4 system organ classes; 3 of 9 internal edges
209  were cross-organ. Thyroid, adrenal, and pituitary disorders clustered with hypertension, urinary

210 abnormalities, and dermatitis attributed to a specific agent.

211

212  DrugxICl interactions differ sharply by phenotype

213  Across 147 eligible drug-phenotype pairs, 71 had FDR-significant drug x ICI interactions: 56

214  amplifications and 15 attenuations (Table 1; Figure 3; eTable 10). In SIS/TEN, 15 of 27 eligible pairs
215  were significant, including 13 amplified and 2 attenuated interactions. Moxifloxacin showed the largest
216  amplified estimate (interaction OR, 100.51; 95% ClI, 38.58-261.84; 9 jointly exposed cases), whereas
217 enfortumab vedotin showed a submultiplicative interaction (interaction OR, 0.17; 95% CI, 0.13-0.23; 72
218  jointly exposed cases). In DRESS, 8 of 10 eligible pairs were significant and all 8 were amplified.

219  Apixaban had the largest estimate (interaction OR, 117.82; 95% CI, 44.89-309.20; 5 jointly exposed
220  cases); additional signals included lansoprazole (15.87; 95% CI, 8.00-31.48; 10 jointly exposed cases)
221  and esomeprazole (17.08; 95% ClI, 7.71-37.85; 7 jointly exposed cases). Interstitial nephritis had 18
222 significant interactions among 27 eligible pairs, including 11 amplified and 7 attenuated interactions.
223  Omeprazole was amplified (10.33; 95% CI, 7.60-14.04; 89 jointly exposed cases), whereas pemetrexed
224 was attenuated (0.44; 95% ClI, 0.29-0.68; 128 jointly exposed cases).

225 For AGEP, the single eligible pair, carboplatin, was amplified (interaction OR, 2.39; 95% ClI,
226  1.08-5.30; 13 jointly exposed cases). For DILI, 10 of 18 eligible interactions were significant and all 10
227  were amplified. The largest estimate involved venlafaxine (127.31; 95% ClI, 34.38-471.48; 5 jointly
228  exposed cases); signals with greater joint support included mycophenolate mofetil (9.77; 95% CI, 5.58-
229  17.08; 15 cases) and metformin (6.75; 95% CI, 2.93-15.58; 6 cases). Anaphylaxis had 6 significant
230 interactions among 8 eligible pairs, including 2 amplified and 4 attenuated interactions. Paclitaxel (0.22;
231  95% CI, 0.16-0.32; 32 jointly exposed cases) and carboplatin (0.30; 95% CI, 0.24-0.37; 93 cases) were
232  attenuated, whereas ondansetron was amplified (3.16; 95% CI, 1.56-6.38; 9 cases). Vomiting had 13

8
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233  significant interactions among 56 eligible pairs, including 11 amplified and 2 attenuated interactions.
234 Gabapentin (5.65; 95% ClI, 2.99-10.69; 11 cases) and fentanyl (5.34; 95% CI, 2.49-11.46; 8 cases) were
235  amplified, whereas lenvatinib was attenuated (0.47; 95% ClI, 0.42-0.54; 357 cases).

236 Across SIS/ITEN, DRESS, AGEP, interstitial nephritis, and DILI, 52 of 83 eligible pairs were
237  significant. Interaction-effect distributions were right-shifted for SJIS/TEN, DRESS, interstitial nephritis,
238  and DILI, left-shifted for anaphylaxis, and closer to the null for vomiting; AGEP was excluded from the
239  density display because only 1 pair was eligible (Figure 4). Of the 71 significant interactions, 61

240  remained FDR significant in complete-case age analyses and 70 retained the same direction (eFigure5).
241  Median directional stability across 5000 repeated 80% subsamples was 98.5% (IQR, 75.6%-100%); 46
242  signals retained direction in at least 90% of subsamples and 52 in at least 80% (eTable 11). Figure 5
243  relates jointly exposed phenotype-case support to coefficient stability, a complementary measure of

244 estimate dispersion. The lowest directional recovery was observed for several signals including vomiting-

245  gemcitabine, SJS/TEN-prednisone, and interstitial nephritis-pemetrexed.

246  Documented onset differsby I Cl exposure

247  Atotal of 64,593 unique reports contributed to the primary 1- to 365-day temporal cohort. Median

248  documented onset was 20 days with ICI exposure vs 13 days without ICI exposure for SJIS/TEN, 49.5 vs
249  14.5 days for interstitial nephritis, 29 vs 19 days for DILI, and 26 vs 16 days for vomiting. For DRESS,
250  the unadjusted median was 17 days with ICI exposure vs 21 days without ICI exposure; the ICl-exposed
251  distribution had a wider upper tail, while the covariate-adjusted association was in the opposite direction.
252  The temporal comparisons included 692 ICI-exposed and 3439 non-IC1 SJS/TEN reports, 133 and 4376
253  DRESS reports, 528 and 1164 interstitial nephritis reports, 684 and 4227 DILI reports, and 2117 and
254 42,048 vomiting reports (Table 1; eTable 12). After adjustment, ICI exposure was associated with longer
255  documented onset from the selected primary-suspect treatment start for 5 of 7 phenotypes (Figure 6):
256  SJS/TEN (time ratio, 1.37; 95% Cl, 1.21-1.54), DRESS (1.43; 95% Cl, 1.21-1.69), interstitial nephritis
257  (1.51; 95% CI, 1.19-1.90), DILI (1.58; 95% Cl, 1.39-1.80), and vomiting (1.37; 95% ClI, 1.26-1.48).

258  AGEP (0.99; 95% CI, 0.67-1.45) and anaphylaxis (1.23; 95% CI, 0.97-1.57) were not significant.

259  Removing the 365-day upper bound retained significant associations for SJS/TEN (1.44; 95% CI, 1.25-
260  1.65) and DILI (1.55; 95% ClI, 1.34-1.79). The interstitial nephritis estimate remained similar (1.42; 95%
261  CI, 1.05-1.92) but narrowly missed the FDR threshold (FDR = .051) (eFigure 6).

262

263  Documented onset also differs by checkpoint pathway

264  Nineteen checkpoint pathway-phenotype coefficients met estimability criteria; 10 remained significant

265  after global FDR correction (Figure 7; eTable 13). PD-1 exposure was associated with longer onset for

9
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266  SJS/TEN (time ratio, 1.38; 95% ClI, 1.21-1.57; 605 pathway-positive reports), DRESS (1.52; 95% ClI,
267 1.23-1.87; 108 reports), interstitial nephritis (1.62; 95% CI, 1.27-2.07; 420 reports), DILI (1.26; 95% ClI,
268  1.08-1.49; 422 reports), and vomiting (1.35; 95% ClI, 1.23-1.49; 1586 reports). PD-L1 exposure was
269  associated with longer SIS/TEN (1.54; 95% CI, 1.18-1.99; 85 reports), DILI (1.83; 95% Cl, 1.52-2.22;
270 258 reports), and anaphylaxis onset (1.74; 95% CI, 1.18-2.55; 84 reports). CTLA-4 inhibition was

271  associated with shorter interstitial nephritis onset (0.59; 95% CI, 0.41-0.84; 70 reports) and longer DILI
272 onset (1.35; 95% ClI, 1.07-1.70; 176 reports). Estimable CTLA-4 associations for SJS/TEN, DRESS,
273  anaphylaxis, and vomiting were not significant, nor were PD-L1 associations for DRESS, interstitial
274 nephritis, and vomiting. AGEP had only 1 estimable pathway coefficient, for PD-1, which was not

275  significant. LAG-3, TIGIT, and TIM-3 exposure was too sparse for phenotype-specific estimation.

276

277 Discussion

278  The central finding is a change in relationships, not simply an increase in toxicity. Across 13.7 million
279  reports, checkpoint blockade was associated with an altered treatment state in which the reported effects
280  of other drugs depended on the phenotype and checkpoint context. In a mechanistic two-hit model, the
281  ICl need not be the final tissue-damaging exposure: the first hit may change immune permissiveness,
282  while a second medication helps determine whether and how toxicity is expressed. That state left several
283  independent signatures — drug-phenotype associations moved in both directions, the adverse-event

284  landscape was redistributed, toxicities formed cross-organ structure, and documented onset varied by
285  checkpoint pathway. None establishes mechanism alone; together, they define a pattern that is difficult to

286  reduce to a single generic reporting tendency.

287 The global landscape and network analyses act as stress tests of that interpretation rather than as
288  the primary mechanistic claim. Nearly equal numbers of eligible Preferred Terms had higher and lower
289  reporting odds with ICI exposure, arguing against indiscriminate inflation of adverse-event reporting.
290  Within ICI-containing reports, the unsupervised network recovered a neuromuscular-cardiac community

291  containing the recognized myocarditis-myositis-myasthenia overlap syndrome™®%

without specifying that
292  syndrome in advance. That recovery provides useful face validity, consistent with prior work showing
293  that FAERS co-reporting networks can recover clinically meaningful structure.? The less familiar

294  gastrointestinal-systemic-neurologic, cutaneous-systemic-neurologic and endocrine-vascular-renal

295  communities are better treated as hypotheses about co-occurring clinical states than as hew syndromes.
296  Their edges may reflect shared inflammation, diagnostic cascades, treatment complications, or

297  preferential reporting of complex cases. The network does not establish shared pathogenesis — its

298  narrower contribution is to show that the ICl-associated treatment state has structure beyond the

299 individual drug-phenotype pairs that motivated the analysis.
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300 Mechanistically, the shortest path from checkpoint blockade to altered drug toxicity is a lowered
301  threshold for drug-specific T-cell priming. PD-1/PD-L1 blockade can make naive T cells responsive to
302  drug-associated antigens at exposures that would otherwise remain below the priming threshold,>® while
303  hypersensitivity to previously tolerated contrast media and sequential targeted therapies provides a human
304  analogue.” Other checkpoint effects could widen that permissive state through expansion or

305  reinvigoration of T-cell clones, recognition of shared tumor and tissue antigens, early B-cell perturbation,
306 tissue-specific inflammatory programs, and microbiome-associated immune modulation.'?*>*"*® These
307  mechanisms are not mutually exclusive. What they share is a falsifiable prediction: checkpoint blockade
308  should amplify some drug-phenotype relationships, leave others comparatively unchanged, and

309 potentially attenuate others when the underlying toxicity is driven by different biology. That is much
310  closer to the pattern observed here than a model in which every co-medication simply inherits the

311  background toxicity of the ICI.

312 A two-hit model worth taking seriously must make differential predictions; it cannot merely

313  predict that two exposures are worse than one. The interaction screen did exactly that. SIS/TEN, DRESS,
314  interstitial nephritis and DILI shifted predominantly toward amplification, whereas anaphylaxis more
315  often showed attenuation and vomiting remained closer to the null. SIS/TEN and DRESS are drug-

316  specific T-cell-mediated syndromes, while anaphylaxis is rapid and largely mast-cell driven and vomiting
317  is common, nonspecific and tightly coupled to the underlying cancer regimen. Interstitial nephritis and
318  DILI occupy a more heterogeneous middle ground that can include checkpoint autoimmunity, classical
319  drug hypersensitivity, direct toxicity or mixtures of these mechanisms. The left-shifted anaphylaxis

320  distribution and comparatively null vomiting distribution are therefore important negative contrasts: they
321  argue against a trivial process in which any drug recorded beside an ICI acquires an amplified interaction
322 signal.

323 The individual signals also show why an interaction term cannot be separated from the biology of

324  the drug. Moxifloxacin showed marked SJS/TEN amplification. Fluoroquinolones are established, if

325 uncommon, SJS/TEN culprits,25 and a recent report described moxifloxacin-associated TEN after PD-1

326  blockade with causality assessments implicating moxifloxacin as the principal trigger.?® Enfortumab

327  vedotin produced a qualitatively different signal. It has substantial intrinsic cutaneous toxicity and can

328  cause severe and fatal SJIS/TEN,? but that injury may not depend on the same checkpoint-enabled

329  hypersensitivity mechanism. ICl-associated epidermal necrolysis itself can show a strongly inflammatory

330  immune program, including macrophage-derived CXCL10,?® whereas enfortumab vedotin may produce

331  on-target cutaneous injury through nectin-4 expression in the skin.?” Combination studies reported more

332 frequent cutaneous adverse events with enfortumab vedotin plus pembrolizumab, but these were broad

333  skin-toxicity categories rather than specifically desquamative reactions or SCAR.*® Earlier enfortumab

334  studies also enrolled patients after PD-1/PD-L1 therapy, so FAERS reports without a concurrently listed
11
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335  ICI may still include remote checkpoint exposure.® The submultiplicative interaction can therefore
336  coexist with substantial severe cutaneous risk: it may reflect strong independent enfortumab toxicity
337  without additional checkpoint-mediated amplification, compounded by incomplete exposure history,

338  rather than protection.

339 DRESS produced perhaps the cleanest phenotype-level amplification pattern: eight of ten eligible
340 interactions were significant, and every one pointed in the same direction. That coherence is striking for a
341  syndrome fundamentally driven by drug-specific T-cell responses. Several amplified drugs already have
342  independent evidence as DRESS culprits. Proton pump inhibitor-associated DRESS has been reported
343  across esomeprazole, pantoprazole, omeprazole and lansoprazole, including an omeprazole case

344  supported by drug-specific ELISpot testing;** apixaban-associated DRESS has also been reported.* The
345  more interesting interpretation is therefore not that checkpoint blockade creates an entirely new set of
346  culprit drugs, but that it may amplify pre-existing hypersensitivity liability. The apixaban estimate

347  remains imprecise because only five jointly exposed cases supported it, but its direction is concordant
348  with the broader DRESS pattern and with experimental evidence that PD-1/PD-L1 blockade lowers the
349  threshold for drug-specific T-cell priming.>®

350 The omeprazole-interstitial nephritis interaction is one of the strongest signals with external

351  clinical coherence. Proton pump inhibitor exposure repeatedly appears among patients with I1CI-

352  associated acute kidney injury, and acute tubulointerstitial nephritis is the dominant biopsy pattern in

353  reported series.*** A biologically attractive explanation is that checkpoint blockade releases drug-

354  specific T cells previously held in check during exposure to a medication capable of causing interstitial
355  nephritis on its own. FAERS cannot distinguish that mechanism from alternatives: proton pump inhibitors
356  are common in patients with cancer, may mark comorbidity or healthcare exposure, and may be assigned
357  different suspect roles when an ICI is present. The signal therefore argues for a denominator-based

358 longitudinal cohort with medication timing and adjudicated kidney injury — not immediate avoidance of a

359  widely used drug class.

360 The altered treatment state also appeared to change the clock. ICI-containing reports had longer
361  documented onset from the selected primary-suspect drug start for five of seven phenotypes in the

362  prespecified 1-365-day analysis. This is deliberately different from the usual question of latency after ICI
363 initiation: it asks whether a drug-associated event unfolds on a different timescale when checkpoint

364  therapy is also present. Longer intervals could reflect immune evolution, sequential exposure, or altered
365 attribution, and the weakening of several estimates after removing the 365-day ceiling shows how

366  strongly the reporting tail can matter. Delayed irAEs after treatment discontinuation are recognized, and
367  organ-specific onset varies substantially in trial and observational data.>”* Pathway models added

368  another layer: interstitial nephritis had opposing PD-1 and CTLA-4 associations, whereas DILI onset was

12
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369  longer with PD-1, PD-L1 and CTLA-4 exposure. Distinct checkpoint biology is plausible, but these

370  coefficients also encode the tumors, combinations and treatment lines in which each pathway is used.****

371 Clinically, the two-hit framework argues for relational rather than single-drug culprit assessment.
372  When a patient receiving an ICI develops hepatitis, nephritis or a severe eruption, the checkpoint inhibitor
373  isthe obvious suspect — but it may not be the only relevant exposure. Exclusive attribution can obscure a
374  recently added antimicrobial, acid suppressant or targeted therapy; the converse is equally important,

375  because a large FAERS interaction OR is not sufficient to label a co-medication unsafe. Medication start
376  dates, prior tolerance, dechallenge, rechallenge, phenotype-specific latency and alternative causes should
377  be reviewed alongside established irAE algorithms.**** This matters most when attribution determines
378  permanent ICI discontinuation, high-dose immunosuppression or avoidance of a medication important for

379 cancer care.

380 The atlas is therefore a map of mechanistic priorities, not a prescribing table. High-support

381  signals with external coherence, such as proton pump inhibitors and interstitial nephritis, can move first
382  into longitudinal oncology cohorts with treatment denominators, time-varying exposures, tumor type and
383  stage, regimen, renal or hepatic function and adjudicated outcomes. Large estimates supported by few
384  joint cases require replication before mechanistic investment. Validated pairs can then be interrogated
385  with HLA typing, drug-specific T-cell assays, tissue profiling and perturbation models to separate

386  checkpoint-enabled loss of tolerance from direct injury or confounding by treatment ecology. That

387  sequence — from interaction signal, to longitudinal validation, to mechanism — is the most direct test of

388  whether the two-hit model is biologically real.

389

390 Limitations

391  FAERS is a spontaneous-reporting system without treatment denominators; reporting ORs cannot

392  estimate incidence, absolute risk or causal effects.???#*44 Reports are influenced by publicity, indication,
393  disease severity, treatment era, surveillance and polypharmacy. Drug-role assignment is supplied by the
394  reporter and may be particularly unreliable for medications started to treat early symptoms of an evolving
395  toxicity, creating protopathic or reverse-causation signals. The primary-suspect restriction improves

396  phenotype attribution but can also exclude true contributors assigned another role. Conversely, role-

397  agnostic ICI exposure maximizes capture of checkpoint therapy but cannot determine whether the ICI
398  preceded the drug or event in every report. The interaction term is therefore a measure of departure from
399  multiplicative reporting odds, not biological synergy. Cancer ascertainment from indications and

400 treatment proxies is imperfect, and residual differences in tumor type, stage, treatment line, regimen,

401  performance status and supportive care may remain despite covariate adjustment. These factors are
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particularly relevant to checkpoint-pathway comparisons because pathway use is not exchangeable across

cancers or eras.

Although the source data were deduplicated, duplicate reporting remains a recognized challenge
in FAERS.* Some interaction estimates were based on small numbers of jointly exposed cases and
consequently had wide Cls; repeated subsampling assesses internal directional stability but does not
correct bias or provide external replication. Age was frequently missing and required imputation,
although complete-case estimates were highly directionally concordant. The temporal analyses selected
the closest preceding exact-date primary-suspect start and excluded partial dates, so they describe
documented reporting intervals in a selected subset rather than prospective latency from ICI initiation.
The 365-day primary window influenced some estimates, as shown by the unrestricted sensitivity
analysis. Co-reporting networks are also descriptive: edges can arise from shared pathogenesis, diagnostic
cascades, treatment of one event leading to another, or preferential reporting of complex cases. Finally,
multiple-testing control limits false discoveries within the specified analyses but does not remove
selection, measurement or reporting bias. These limitations make the findings appropriate for signal

prioritization and hypothesis testing, not direct prescribing rules.

Conclusions

Immune checkpoint blockade was associated with more than an additional layer of toxicity: it changed the
reported relationships between other drugs and specific adverse phenotypes, while toxicity organization
and documented onset varied with checkpoint exposure. These convergent findings support a two-hit
treatment-state model in which ICls may reset immune permissiveness and thereby change the toxicity
liability of subsequent or concomitant medications. Longitudinal and mechanistic validation is needed
before individual signals can guide prescribing, but the framework provides a testable way to ask how

cancer immunotherapy reshapes drug tolerance.
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Supplement 1. Supplementary M ethods, Tables, and Figures

eMethods. Detailed FAERS import and deduplication, canonical drug mapping, GPT-5.6 Sol-assisted
candidate assignment and manual adjudication, cohort construction, exposure and phenotype definitions,
missing-age imputation, network construction, interaction modeling, temporal modeling, software

packages, and sensitivity analyses.

eTable 1. Cohort Flow Counts for Main and Temporal Analyses.

eTable 2. Checkpoint Inhibitor Agent Reports by Year, 2016-2025.

eTable 3. Checkpoint Target Reports by Year, 2016-2025.

eTable 4. Checkpoint Inhibitor Dictionary and Target Mapping.

eTable 5. Complete Cancer-Restricted Preferred-Term Association Results Underlying Figure 1.
eTable 6. Cross-Organ HLT Community Membership Underlying Figure 2.

eTable 7. Cross-Organ Community Audit Metrics Underlying Figure 2.

eTable 8. Primary HLT Edges Retained in Figure 2.

eTable 9. Figure 2 Edge-Threshold Sensitivity Analysis.

eTable 10. Complete Primary-Suspect Drug x ICI Interaction Results Underlying Figure 3.

eTable 11. Interaction Robustness, Directional Stability, and Coefficient Stability Underlying Figures 3
and 5.

eTable 12. Figure 6 Temporal Summary, AFT Results, and Unrestricted-Time Sensitivity.
eTable 13. Complete Figure 7 Checkpoint-Pathway Temporality Results.

eFigure 1. Cohort and Analysis Flow Diagram.

eFigure 2. Checkpoint Inhibitor Agents and Reports by Year.

eFigure 3. Full-FAERS Preferred-Term Association Sensitivity Analysis.

eFigure 4. Community-by-System-Organ-Class Heatmap.

eFigure 5. Complete-Case Age Sensitivity Analysis for Drug x ICI Interactions.

eFigure 6. Documented Time-to-Event Distributions and Sensitivity to the 365-Day Analysis Window.
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497  Table 1. Phenotype-Specific Drug x I CI Interactions and Temporal Associations.

Significant / eligible pairs Adjusted timeratio

Phenotype (amplified / attenuated) Representative interaction ORs (95% Cl)
SJS/ITEN 15/27 (13/2) Moxifloxacin, 100.51; enfortumab vedotin, 0.17 1.37 (1.21-1.54)
DRESS 8/10(8/0) Apixaban, 117.82; esomeprazole, 17.08 1.43 (1.21-1.69)
AGEP 1/1(1/0) Carboplatin, 2.39 0.99 (0.67-1.45)
Interstitial nephritis 18/27 (11/7) Omeprazole, 10.33; pemetrexed, 0.44 1.51 (1.19-1.90)
DILI 10/18 (10/0) Venlafaxine, 127.31; mycophenolate mofetil, 9.77 1.58 (1.39-1.80)
Anaphylaxis 6/8(2/4) Ondansetron, 3.16; paclitaxel, 0.22 1.23(0.97-1.57)
Vomiting 13/56 (11/2) Gabapentin, 5.65; lenvatinib, 0.47 1.37 (1.26-1.48)
498 Abbreviations: AGEP, acute generalized exanthematous pustulosis; DILI, drug-induced liver injury; DRESS, drug reaction with eosinophilia and
499 systemic symptoms; ICI, immune checkpoint inhibitor; OR, odds ratio; SIS/TEN, Stevens-Johnson syndrome/toxic epidermal necrolysis.
500 Interaction ORs compare the drug-phenotype reporting association in ICI-containing vs non-1Cl reports. Time ratios compare documented onset
501 in reports with vs without any-role ICI exposure; values greater than 1 indicate longer onset.

502 Figurel. Adverse-Event Reporting Patterns Associated With | mmune Checkpoint I nhibitor

503  Exposure. Cancer-restricted Preferred-Term (PT) association analysis comparing 256,940 ICI-containing
504  reports with 2,108,338 reports without ICI exposure among 2,365,278 cancer-associated FAERS reports.
505  Each point represents an eligible MedDRA Preferred Term reported in at least 50 cancer-associated

506  reports overall and at least 10 ICI-containing reports. The x-axis represents the log reporting OR for any-
507 role ICI exposure; the y-axis represents -log10 Benjamini-Hochberg FDR displayed on a logarithmic
508 scale. FDR correction was performed across all 3001 eligible PTs using arbitrary-precision log-space

509 calculations. Reporting associations do not estimate incidence or causal risk.
510

511 Figure2. Cross-Organ Organization of Adverse Events Within I Cl-Containing Reports. Four HLT
512  communities meeting prespecified cross-organ criteria among 256,940 ICI-containing reports. Panels
513  show the gastrointestinal-systemic-neurologic, neuromuscular-cardiac inflammatory, cutaneous-systemic-
514  neurologic, and endocrine-vascular-renal communities. Nodes represent MedDRA Higher-level Terms
515  (HLTSs); node size reflects ICI report support, color denotes primary system organ class, and shape

516  distinguishes organ/pathophysiologic HLTs from systemic/general HLTs. Edges represent co-reporting
517  relationships meeting prespecified thresholds for support, lift, phi, normalized pointwise mutual

518 information, and equal-report-weight sensitivity; edge width reflects phi.
519

520 Figure 3. Primary-Suspect Drug x I CI Interactions Are Phenotype-Specific. Adjusted interaction
521  analyses for SJIS/TEN, DRESS, AGEP, interstitial nephritis, DILI, anaphylaxis, and vomiting among
522 13,701,106 FAERS reports. Each point represents an eligible non-ICI primary-suspect drug ingredient
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523  with at least 15 phenotype reports overall and at least 5 ICI-containing phenotype reports. Positive

524  interaction coefficients indicate amplification of the drug-phenotype reporting association in ICI-

525  containing reports; negative values indicate attenuation. Models adjusted for age, original age

526  missingness, sex, region, calendar year, number of reported drugs, and cancer status. FDR correction was

527  performed separately within phenotype.
528

529  Figure4. Interaction-Effect Distributions Differ by Phenotype. Density of log interaction ORs across
530 all eligible estimable drug-phenotype pairs, stratified by phenotype. AGEP is omitted because only one

531  drug pair met eligibility criteria. The vertical line at zero denotes no interaction on the log scale.
532

533  Figureb5. Evidence-Stability Map of Drug x | Cl Interactions. Jointly exposed phenotype-case support
534  versus coefficient stability for FDR-significant drug x ICI interactions. Coefficient stability was defined
535 as -logl0(relative beta IQR), where relative beta IQR was the interquartile range of the crude interaction
536  coefficient across 5000 random 80% subsamples divided by the absolute value of the observed crude

537 interaction coefficient. Upper-right signals combine greater case support with greater stability.
538

539 Figure6. Documented Timeto Onset Accordingto I Cl Exposure. Temporal analyses among

540  phenotype-positive reports with complete event and primary-suspect treatment-start dates and

541  documented onset of 1 to 365 days. Panel A shows empirical cumulative distributions for SIS/TEN,

542  DRESS, AGEP, interstitial nephritis, DILI, anaphylaxis, and vomiting according to any-role ICI

543  exposure. Panel B shows unadjusted and adjusted accelerated failure-time model estimates. The temporal
544  anchor was the closest positive primary-suspect treatment start preceding the event and does not

545  necessarily represent ICI initiation. Time ratios greater than 1 indicate longer documented time to onset.
546  Adjusted models included age, original age missingness, sex, region, calendar year, number of reported

547 drugs, and cancer status.
548

549  Figure 7. Checkpoint Pathway-Specific Temporal Associations. Adjusted accelerated failure-time
550 models evaluating PD-1, PD-L1, CTLA-4, LAG-3, TIGIT, and TIM-3 pathway exposure using the
551  Figure 6 temporal substrate. Supported checkpoint indicators were entered simultaneously within each
552  phenotype-specific model; combination regimens could therefore contribute to multiple pathway

553 coefficients. Nineteen coefficients were estimable; LAG-3, TIGIT, and TIM-3 did not meet support
554  requirements for phenotype-specific estimation. Time ratios greater than 1 indicate longer documented

555  time to onset associated with a pathway-positive vs pathway-negative report, conditional on the other
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556  supported pathway indicators and covariates. FDR correction was applied across all estimable

557  checkpoint-phenotype coefficients.
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Figure 1. Ad verse—event repor ting patterns associated with ICl e  xposure
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Figure 3. Primary—suspect drug x IClI interactions are phenotype—specific
Adjusted primary-suspect drug x any-role ICl interaction models; BH correction within phenotype
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Case support and resampling stability of significant drug x ICI interactions
Upper-right signals combine greater case support with greater coefficient stability
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Figure 6. Documented time to onset according to ICI exposure
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Figure 7. Checkpoint pathway—-specific temporal associations
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N = 405,683

\%

Figures 6—7 temporal cohort
complete event/start dates; TTE 1-365 days
N = 64,593
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Distinct reports

A. ICI-containing FAERS reports by checkpoint target and year
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B. Individual checkpoint inhibitors represented by year

PEMBROLIZUMAB - _ 3333 4969 6000 6738 8285 11168 14967 16388 18366

NIVOLUMAB - 6197 8119 9339 10693 9907 9969 10270 7838 8037 8650

ATEZOLIZUMAB A

IPILIMUMAB +
DURVALUMARB -+
TISLELIZUMAB 4
TREMELIMUMAB -
AVELUMAB 4
CEMIPLIMAB 4
DOSTARLIMAB 4
TORIPALIMAB 4
SINTILIMAB 4
RELATLIMAB 4
CAMRELIZUMAB A
QUAVONLIMAB A
ZIMBERELIMAB 4
SERPLULIMAB 4
RETIFANLIMAB A
VUDALIMAB
DOMVANALIMAB -

VIBOSTOLIMAB A
log10(reports + 1)

CADONILIMAB -
PENPULIMAB 4
SASANLIMAB 4 3
OCIPERLIMAB -
BUDIGALIMAB - 2

FAVEZELIMAB +

SABATOLIMAB 4

IERAMILIMAB

FIANLIMAB

LORIGERLIMAB -

ADEBRELIMAB A

CETRELIMAB 4

ACASUNLIMAB -

ENVAFOLIMAB A

TEBOTELIMAB 4

SUGEMALIMAB A

TUVONRALIMAB -

IPAROMLIMAB 4

PUCOTENLIMAB -

EZABENLIMAB 4
COBOLIMAB A
SOCAZOLIMAB A
IZURALIMAB -

BALSTILIMAB

BOTENSILIMAB -

NOFAZINLIMAB -

ZELUVALIMAB A

T T T T T T T T T
2016 2017 2018 2019 2020 2021 2023 2024 2025

Year



https://doi.org/10.64898/2026.08.31.26361880
http://creativecommons.org/licenses/by-nd/4.0/

-logs1o(BH FDR)

1le+04 A

1e+02 A

1e+00 4

1le-02 ~

Full-FAERS ICI adverse—event associations
All deduplicated 2016—2025 reports; role—agnostic ICI versus no ICI

Wrong technique in product usage process

Injection site pain

Drug dependence O*erdose

]
©0g®
&

° o
ee

Product dose omission issue

(] (]
LA

m&) @ dmi
I ct‘iqea i
)

Drug ineffectiv

® Pain

Malignant neoplasm progression

T
1
! °
i
I Hypothyroidism
|
d Myelosuppression ~ Colitis " Pneumonitis °
1 ° 0% 8 e . Immune-mediated enterwﬂtis °
1 Interstitial lung diseasg ~ Adrenal insufficiency °
1 ° ) e o ® ° o ° °
! ° .' ] ® o ° )
1 o 6g ° ® o °
| ° ' 0® ©
! R o o o
! ° ° ° e °®
| ° ° °
! @ o § e ° .
i S &% e’ ee °
: g% 27 ® °° o o
1 o®
i
1
|
1
!
I
1

O —==f === - == GO

Log reporting odds ratio (ICI vs non-IClI)

ICl-depleted © ICl-enriched Not FDR-significant



https://doi.org/10.64898/2026.08.31.26361880
http://creativecommons.org/licenses/by-nd/4.0/

Primary MedDRA SOC

MedDRA organ-system composition of emergent HLT communities
* = community displayed in Figure 2
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Complete—case interaction coefficient

Observed—age complete—case sensitivity of PS drug x ICI interactions
Primary hot-deck age model versus complete cases using observed age
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eFigure 6. Documented time—-to—event distributions and sensitivity to the 365—day analysis window

Cumulative proportion

A. Empirical documented time—to—event distributions
All positive intervals from the selected primary—suspect start; no 365—day upper restriction

SJS/TEN DRESS AGEP Interstitial nephritis
1.00 4 e = —— yemmm
v L =" g
‘r i i ’_l'
‘4’ - - .' :
0.75 1 - . ; v
,‘ vl 1 l‘
." |" |- 4"
medRxiv preprint doi: https://doi.org/10/64898/2026.08.31.26361880; this version posted|September 19, 2026,’The copyright holder for this - ;
preprint (whichOa&3 ot certified by peet.review) is the author/funder, who has granted medRxiv a license t? display the preprint in perpetuity. 1 ‘,‘
lt,’l‘s made available under a CC-BY-ND 4.0 International license . ." I-' ,'.
0.25 1 4 4 1-
-Il [~ .r‘l
-t _.I
0.00 — R
Drug-induced liver injury Anaphylaxis Vomiting 30 901803652y Sy10y20y0y
1.00 A O e '__,-----
0.751 < ‘/
0’ P 'l
0.50 & - J
l‘ 1 :
[} 1 ’-
] 1 (]
4- ' -'
0.25 A x - ot
’ Il -. ‘_‘
0.001 - P
30 901803652y 5y10y20 W0y 1 7 30 901803652y 5yl10y20W0y 1 7 30 901803652y 5y10y20 W0y
Documented time to event, days (log scale)
NoICl ==+ AnyICI
B. Sensitivity of the adjusted ICI time ratio to the upper time window
The unrestricted model uses the same phenotype-specific AFT family selected in the primary analysis
1
1
- [}
SJS/TEN ] PY
]
1
: "
DRESS A 1
]
1
1
A 1
- 1
AGEP @
1
]
1
Interstitial nephritis A :
1
]
1
1
Drug-induced liver injury - 1
| @
]
1
— A
Anaphylaxis E °
1
]
L A
Vomiting - 1
9 | L
1
T : T
0.7 1.0 2.0
Adjusted time ratio for any ICI vs no ICI
@® Primary: 1-365 days A Sensitivity: all positive TTEsS



https://doi.org/10.64898/2026.08.31.26361880
http://creativecommons.org/licenses/by-nd/4.0/

