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Abstract

Background: Antibody-drug conjugates (ADCs) have complex molecular structures
and have been tested in numerous clinical trials. Therefore, understanding the
mechanisms of their toxicity when applied in medical practice is of high importance.
Methods: In a systematic review and meta-analysis of data gathered from different
scientific databases (PubMed, Embase, Cochrane, and Web of Science) between
January 1, 2000, and June 7, 2022, the authors applied a random-effects model with
logit transformation and evaluated the heterogeneity between studies using 12
statistics. The primary outcome was the incidence and 95% confidence interval (Cl)
for all-grade and grade >3 treatment-related adverse events and differences be-
tween different drugs, molecular structures, and cancer types.

Results: In total, 2511 records were identified that included 169 clinical trials
involving 22,492 patients. The overall incidence of treatment-related adverse
events was 91.2% (95% Cl, 90.7%-91.7%; 12 = 95.9%) for all-grade adverse events
and 46.1% (95% Cl, 45.2%-47.0%; 1> = 96.3%) for grade >3 adverse events. The
most common all-grade adverse events were lymphopenia (53.0%; 95% Cl, 48.7%-
57.3%), nausea (44.1%; 95% Cl, 43.2%-44.9%), neutropenia (43.7%; 95% Cl, 42.6%-
44.9%), blurred vision (40.5%; 95% Cl, 37.4%-43.6%), and peripheral neuropathy
(39.6%; 95% Cl, 38.2%-41.1%); and the most common grade >3 adverse events
were neutropenia (31.2%; 95% Cl, 30.2%-32.3%), hypoesthesia (23.3%; 95% Cl,
10.6%-35.9%), thrombocytopenia (22.6%; 95% Cl, 21.3%-23.9%), febrile neu-
tropenia (21.2%; 95% Cl, 19.3%-23.1%), and lymphopenia (21.0%; 95% Cl, 18.2%-
23.7%).

Conclusions: Different ADCs appear to affect various treatment-related adverse
events and provide comprehensive data on treatment-related adverse events for
ADCs. The current results provide an important reference for clinicians and patients

on how to care for toxicities from ADCs in clinical practice.
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TRAEs OF ADCs

Lay summary

Unique anticancer drugs called antibody-drug conjugates (ADCs) have made sig-
nificant progress in oncology in recent years because of their great success, and
they are rapidly being used in the clinic as well as in hundreds of ongoing trials

exploring their further use.
The occurrence of serious side effects (adverse events) related to the receipt of

ADCs was studied using data from 169 clinical trials involving 22,492 patients to
determine the treatment-related causes of higher toxicity and adverse events in
patients who receive ADCs, because these data are crucial for informing physi-

cians how to safely treat patients using ADCs.
The results indicate that different ADCs appear to affect various adverse events

related to their use, providing comprehensive data on these ADCs that provide an

important reference for clinicians and patients on how to care for toxicities from

KEYWORDS

INTRODUCTION

Novel potential anticancer drugs of antibody-drug conjugates (ADCs)
have gathered recent attention. ADCs have made significant progress
in oncology in recent years because of their great success, and they
are rapidly being used in the clinic as well as in hundreds of ongoing
trials exploring further indications.x™* ADCs have a complex molec-
ular structure and consist of three main components, including: (1) a
monoclonal antibody (MoAb) that has highly selective action targeting
tumor-associated antigens, (2) a potent cytotoxic small molecule (also
known as the payload or warhead), and (3) a linker that connects the
two substances.)™ The clinical efficacy and toxicity of ADCs are
affected by each component. Data have established that ADCs as
anticancer therapeutics have a unique mechanism of action, which
includes the targeted delivery and release of its payload at the tumor
site through MoAb antibody components, thus exerting simultaneous
roles as both targeted therapy and chemotherapy.?®

Since 2000, several ADCs used as anticancer drugs have been
approved by the US Food and Drug Administration. Some include
gemtuzumab ozogamicin (Mylotarg; Pfizer Inc.), brentuximab vedotin
(Adcetris; Seattle Genetics), inotuzumab ozogamicin (Besponsa;
Pfizer Inc.), polatuzumab vedotin (Polivy; Genentech), trastuzumab
emtansine (T-DM1, Kadcyla; Genentech), trastuzumab deruxtecan
(T-DXd, Enhertu; Daiichi Sankyo Company Ltd.), sacituzumab govi-
tecan (Trodelvy; Gilead), enfortumab vedotin (Padcev; Astellas
Pharma US, Inc, and Seagen Inc.), and tisotoumab vedotin (Tivdak;
Seagen Inc. Genmab).*¢"? The first four ADCs have been used to
treat hematologic malignancies, and the last five have been used to
treat solid tumors, including breast cancer, gastric cancer, urothelial
cancer, and cervical cancer.*¢"? These ADCs circulate in vivo as the

ADC:s in clinical practice.

antibody-drug conjugates (ADCs), clinical trials, monoclonal antibody (MoAb), oncology,
payload, treatment-related adverse events

conjugated ADC, MoAb, and free payload.” The specific characteris-
tics associated with each ADC structure affect the relative pro-
portions of these three components, thereby determining the dose at
which the nonconjugated payload can circulate freely and induce off-
target toxicity.*'° However, although ADCs are a kind of targeted
chemotherapy, higher toxicity and adverse side effects have been
reported.* Hematotoxicity, hepatotoxicity, and gastrointestinal re-
actions may be associated with the premature release of cytotoxic
payloads into the blood. In addition, immune responses partially
induced by antibodies to ADCs may cause secondary damage.*?

Given the advent of the era of ADCs, understanding their toxi-
cologic characteristics is critical. To date, few authors have con-
ducted a meta-analysis on the clinical toxicity of ADCs, and those
results indicate that ADCs with different vectors have different
adverse reactions and that there are potential differences between
ADCs of the same vector in solid and hematologic tumors.'? There-
fore, we believe it is very important to investigate the adverse re-
actions of different effective vectors of ADCs, to adopt standardized
methods to summarize the incidence of different grades of adverse
events exerted by different ADCs and their components, and to
evaluate their toxicity profiles. Moreover, it is crucial to provide
medical specialists with the knowledge to better assess the treat-
ment risk and cope with the possible toxicity of these agents.

We performed a systematic review and meta-analysis of
treatment-related adverse events based on ADC therapy. Our
objective was to investigate the incidence and profile of different
treatment-related adverse events associated with ADCs in clinical
trials. Potential differences in the incidence of adverse events among
cancer types, drugs, and components were also summarized to pro-

vide a reference for clinicians and patients in practice. In particular,
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we compared the incidence of treatment-related adverse events
between different drugs and molecular structures in randomized
controlled trials (RCTs). Because this study was based on previously
conducted studies and did not include any new studies with human
participants or animals performed by any of the authors, it did not
require the approval of the Independent Ethics Committee.

MATERIALS AND METHODS
Search strategy and study selection

We conducted a systematic review and meta-analysis based on the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses statement to identify published clinical trials of ADCs that
reported treatment-related adverse events.> We searched the
PubMed, Cochrane, Embase, and Web of Science databases for ar-
ticles published from January 1, 2000, to June 7, 2022. The key
search terms were “antibody-drug conjugate,” “ADC,” “cancer,” and
“clinical trial” (see Table S1). References from the searched reviews
and articles also were checked manually to avoid missing relevant
publications. The inclusion criteria for literature were as follows: (1)
prospective clinical trials of cancer treatment published before June
7, 2022; (2) participants who received treatment with ADCs; (3)
clinical trials that reported incidences and tabulated data of
treatment-related adverse events; and (4) English language was used
in the reported documents. The exclusion criteria were: (1) abstracts
of meetings; (2) older publications with incomplete adverse event
data from the same study population; (3) a number of patients in the
ADCs treatment group <10; and (4) reviews and systematic reviews,

meta-analyses, and cost-effectiveness analyses.

Data extraction

Two researchers conducted the literature search, study selection, data
extraction, and assessment of each article’s quality (Y.Z. and K.L.), and
another senior investigator of the team (H.Z.) reviewed differences
and resolved conflicts by consensus. Predetermined information data
tables were prepared (see Tables S2 and S3). Summary estimates of
incidence (number of events vs. total number of patients) were
extracted from published reports for analysis. We extracted primary
data, including authors’ names, year of publication, clinical trials name
and phase, type of cancer, name and type of ADC, the number of pa-
tients treated with ADCs, and the number of patients who had adverse
events. In addition, the numbers of adverse events in the ADC treat-
ment group and the control group were extracted from RCTs. Data
were extracted for all-grade (according to Common Terminology
Criteria for Adverse Events [CTCAE] grades 1-5) and grade 3 or 4
(CTCAE grade 3-4) adverse events, treatment-related deaths (CTCAE
grade 5), and treatment-related adverse events leading to treatment
discontinuation. Adverse event terms were coded according to the

Medical Dictionary of Regulatory Activity.

Statistical analysis

The incidence of adverse events was calculated by division, using the
number of events as the numerator and the total number of patients as
the denominator. We summarized and analyzed the final incidence and
95% confidence intervals (Cls) using a random-effects model with Logit
transformation. In addition to pooling the overall incidence of all-grade
adverse events, we also analyzed the incidence of grade >3 adverse
events. In addition, we performed subgroup analyses according to drug
types, payload types, target agents, and cancer types. Importantly, we
also analyzed the overall incidence and toxicity profiles of treatment-
related deaths and treatment-related adverse events that led to
treatment discontinuation, including the subgroup analyses, by drug
type, payload type, etc. All models were fitted using the restrictive
maximum-likelihood estimation method.

The risk of adverse events in the ADC treatment group was indi-
rectly compared using the chemotherapy control group as the inter-
mediary and the odds ratio (OR) with the 95% Cl as the effective value
using the frequentist method weighted by generic inverse variance.
We applied the random-effects model to the pooled analysis of the OR.
All p values <.05 were considered statistically significant. In addition,
an analysis of variance (ANOVA) or the nonparametric test was used to
compare differences in incidence between different cancer types,
payload types, and target agents. When the p value of the homogeneity
test of variance was <.05, the ANOVA was adopted. Otherwise, we
used the nonparametric test. When the p value of the ANOVA or the
nonparametric test was <.05, we conducted a post-hoc analysis. In the
ANOVA, we used the least significant difference method for post-hoc
analysis. In the nonparametric test, we used the Kruskal-Wallis test. In
the post-hoc analysis, when the p value adjusted by using the Bonfer-
roni correction method was <.05, we considered that there was a
difference in the incidence of adverse events between the two groups.

The 12 statistic was used to evaluate heterogeneity between
studies, and univariate regression analysis was used to explore the
effect of study-level factors on heterogeneity.** A funnel plot and the
Egger test were used to assess publication bias.'® These two results
may overstate the aggregate evidence in the meta-analysis.'®'” We
used the trim-and-fill method to draw the modified funnel plot as a
secondary evaluation of publication bias, and the visual asymmetry of
the modified funnel plot was used to indicate publication bias.'® The
Cochrane Bias of Risk tool was used to assess the risk of bias in
included studies.'? The statistical software programs STATA (version
17; StataCorp), SPSS (version 28.0.1.1; IBM Corporation), and R
(version 4.2.1 [metafor and metan packages]; R Foundation for Sta-

tistical Computing) were used for all analyses.

RESULTS
Characteristics of patients in included trials

The literature search and systematic review identified 2511 records.

After intensive screening, we identified 169 eligible clinical studies
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involving 22,492 patients, of whom 17,005 were selected for quanti-
tative analysis (Figure 1; see Table S1). In total, 115 clinical trials
involving 12,943 patients were analyzed to determine the overall
incidence of treatment-related adverse events, and 97 trials involving
10,495 patients were analyzed to determine the profile of treatment-
related adverse events. In addition, 20 randomized controlled trials
involving 7164 patients were included in the analysis comparing
treatment-related adverse events between different ADCs, and 16
trialsinvolving 2250 patients were included in the profile of treatment-
related adverse events with combination regimens. Because most of
the RCTs included were open-label, all trials had a low risk of bias,
except for blinding bias (see Table S4). The ADCs used included tras-
tuzumab emtansine (n = 17), brentuximab vedotin (n = 15), trastuzu-
mab deruxtecan (n = 12), rovalpituzumab tesirine (n = 9), sacituzumab
govitecan (n = 8), glembatumumab vedotin (n = 7), inotuzumab ozo-
gamicin (n = 5), depatuxizumab mafodotin (n = 5), lorvotuzumab
mertansine (n = 4), enfortumab vedotin (n = 4), telisotuzumab vedotin
(n = 3), pinatuzumab vedotin (n = 3), mirvetuximab soravtansine (n = 3),
lifastuzumab vedotin (n = 3), camidanlumab tesirine (n = 3), loncas-
tuximab tesirine (n = 3), coltuximab ravtansine (n = 3), TAK-264 (n = 3),
anetumab ravtansine (n = 2), RC48-ADC (n = 2), and SGN-CD70A
(n = 2). Each specific ADC agent had a corresponding payload and
target class. The trials that involved payload classes included MMAE
(n = 63), emtansine (DM1; n = 24), pyrrolobenzodiazepine (PBD;
n = 22), topoisomerase | inhibitor (DXd; n = 13), ravtansin (DM4;

n = 13), MMAF (n = 11), irinotecan derivatives (SN-38; n = 10), cal-
icheamicin (n = 8), and auristatin-0101 (n = 2). The target agents
included human epidermal growth factor receptor 2 (HER2; n = 35),
CD30 (n = 16), delta-like protein 3 (n = 10), human trophoblast cell-
surface antigen 2 (Trop-2; n = 9), CD7%9b (n = 8), CD22 (n = 8), C19
(n = 7), glycoprotein NMB (n = 7), epidermal growth factor receptor
(n = 7), nectin cell adhesion molecule 4 (n = 4), CD56 (n = 4), folate
receptor alpha (n = 4), mesothelin (n = 4), guanylyl cyclase C (n = 3),
solute carrier family 34 member 2 (n = 3), CD70 (n = 3), cellular-
mesenchymal epithelial transition factor (n = 3), tissue factor (n = 2),
ectonucleotide pyrophosphatase family member 3 (n = 2), prostate-
specific membrane antigen (n = 2), mucin 16 (n = 2), and CD33
(n = 2). In addition, the clinical trials involved the treatment of hema-
tologic malignant neoplasms (n=41) breast cancer (n=27), lung cancer
(n=21), urinary cancer (n = 12), gynecologic cancer (n = 9), melanoma
(n = 6), gastrointestinal cancer (n = 9), glioma (n = 4), melanoma (n = 3),
other cancers (n = 4), and mixed cancer types (n = 28). Those with
smaller sample sizes are not listed (see Table S2).

Overall incidence of treatment-related adverse

events

In our meta-analysis of the overall incidence of adverse events, we

investigated 107 studies that reported all-grade treatment-related
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FIGURE 1 Study selection process.
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adverse events and 96 studies that reported grade >3 treatment-
related adverse events. The incidence of treatment-related
adverse events was 91.2% (95% Cl, 90.7%-91.7%; 1*> = 95.5%) for
all-grade of adverse events and 46.1% (95% Cl, 45.2%-47.0%;
12 = 96.3%) for grade >3 adverse events. We pooled an overview of
the overall adverse event rate for each ADC based on the drug
agent. In the chemotherapy combinations, the ADCs that most
commonly caused all-grade adverse events were trastuzumab der-
uxtecan (98.0%; 95% Cl, 97.3%-98.8%), polatuzumab vedotin
(97.7%; 95% Cl, 96.3%-99.0%), sacituzumab govitecan (97.1%; 95%
Cl, 96.0%-98.2%), patritumab deruxtecan (96.3%; 95% Cl, 92.2%-
100.4%), tisotumab vedotin (96.0%; 95% Cl, 93.5%-98.4%), and
trastuzumab emtansine (95.7%; 95% Cl, 94.6%-96.7%). The ADCs
that most commonly caused grade >3 adverse events were bren-
tuximab vedotin (72.9%; 95% Cl, 69.9%-75.9%), inotuzumab ozo-
gamicin (68.0%; 95% Cl, 63.1%-72.9%), sacituzumab govitecan
(61.1%; 95% Cl, 57.6%-64.6%), polatuzumab vedotin (60.7%; 95%
Cl, 56.1%-65.3%), belantamab mafodotin (56.8%; 95% Cl, 46.9%-
66.8%), and glembatumumab vedotin (56.6%; 95% Cl, 51.6%-61.6%;
Figures 2 and 3).

We documented more than 600 different types of adverse
events from 169 trials. To reflect the most clinically relevant adverse
events, we mainly included >20% of all-grade adverse events and
10% of grade >3 adverse events. The most common all-grade
adverse events were lymphopenia (53.0%; 95% Cl, 48.7%-57.3%)
nausea (44.1%; 95% Cl, 43.2%-44.9%), neutropenia (43.7%; 95% Cl,
42.6%-44.9%), blurred vision (40.5%; 95% Cl, 37.4%-43.6%), and
peripheral neuropathy (39.6%; 95% Cl, 38.2%-41.1%); and the most
common grade >3 adverse events were neutropenia (31.2%; 95% ClI,
30.2%-32.3%), hypoesthesia (23.3%; 95% Cl, 10.6%-35.9%), throm-
bocytopenia (22.6%; 95% Cl, 21.3%-23.9%), febrile neutropenia
(21.2%; 95% Cl, 19.3%-23.1), and lymphopenia (21.0%; 95% ClI,
18.2%-23.7%; Figures 4 and 5).

Incidence of treatment-related adverse events leading
to discontinuation

Of 169 studies, 154 (91.1%) reported treatment-related adverse
events leading to treatment discontinuation. Among the 16,126

n N Incidence (95% CI)
Overall
ADC agent 11,237 12,315 . 0.912 (0.907, 0.917)
Individual
Trastuzumab Deruxtecan 1285 1311 W 0.980(0.973, 0.988)
Polatuzumab Vedotin 459 47 &/ 0.977(0.963, 0.990)
Sacituzumab Govitecan 841 866 &/  0.971(0.960, 0.982)
Patritumab Deruxtecan 78 81 —&— 0.963 (0.922, 1.004)
Tisotumab Vedotin 239 24 - 0.960 (0.935, 0.984)
Trastuzumab Emtansine 1454 1521 L] 0.957 (0.946, 0.967)
Mirvetuximab Soravtansine 295 30 - 0.955 (0.932, 0.978)
Glembatumumab Vedotin 353 371 - 0.951 (0.930, 0.973)
Enfortumab Vedotin 363 386 - 0.940 (0.917, 0.964)
Brentuximab Vedotin 783 83 = 0.933 (0.916, 0.950)
Trastuzumab Duocarmazine 171 185 —-— 0.924 (0.886, 0.962)
Tamrintamab Pamozirine 68 74 —8— 0.919(0.857, 0.981)
Lifastuzumab Vedotin 117 128 —_—— 0.914 (0.866, 0.963)
Praluzatamab Ravtansine 90 99 — 0.909 (0.852, 0.966)
Belantamab Mafodotin 84 93 —_— 0.884 (0.820, 0.949)
Inotuzumab Ozogamicin 330 375 —-— 0.880 (0.847, 0.913)
Other 1408 1604} - 0.878 (0.862, 0.894)
BMS-986148 110 12 —— 0.873 (0.815, 0.931)
Rovalpituzumab Tesirine 963 1109 - 0.868 (0.848, 0.888)
Cofetuzumab Pelidotin 96 112 —_— 0.857(0.792, 0.922)
Aprutumab Ixadotin 17 2 —_——————— ().850 (0.694, 1.006)
TAK-264 68 84 —_— 0.810 (0.726, 0.893)
Camidanlumab Tesirine 136 168 —_— 0.810 (0.750, 0.869)
Telisotuzumab Vedotin 76 10 —— 0.760 (0.676, 0.844)
ASG-5ME 38 50, —_— 0.760 (0.642, 0.878)
Loncastuximab Tesirine 136 180) —_— 0.756 (0.693, 0.818)
Lorvotuzumab Mertansine 218 289 — 0.754 (0.705, 0.804)
Anetumab Ravtansine 88 148 —_— 0.595 (0.515, 0.674)
Coltuximab Ravtansine 77 149 —— 0.517 (0.437, 0.597)

I I
0 0.5 1

FIGURE 2 The overall incidence of all-grade treatment-related adverse events in ADC regimens. ADC indicates antibody-drug conjugate.
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n N Incidence (95% CI)
Overall
ADC agent 5165 11,204 . 0.461 (0.452, 0.470)
Individual
Brentuximab Vedotin 609 839 —- 0.729 (0.699, 0.759)
Inotuzumab Ozogamicin 240 353] — 0.680 (0.631, 0.729)
Sacituzumab Govitecan 460 753] —— 0.611 (0.576, 0.646)
Polatuzumab Vedotin 264 435 —— 0.607 (0.561, 0.653)
Belantamab Mafodotin 54 95 —_— 0.568 (0.469, 0.668)
Glembatumumab Vedotin 210 371 — 0.566 (0.516, 0.616)
Lorvotuzumab Mertansine 179 322 —— 0.556 (0.502, 0.610)
Lifastuzumab Vedotin 71 128 s 0.555 (0.469, 0.641)
Trastuzumab Deruxtecan 676 1311 - 0.516 (0.489, 0.543)
Patritumab Deruxtecan 38 81 —— 0.469 (0.360, 0.578)
Enfortumab Vedotin 170 369 —— 0.461 (0.410, 0.512)
Pinatuzumab Vedotin 41 91 —_— 0.451 (0.348, 0.553)
Aprutumab Ixadotin 9 20] = 0.450 (0.232, 0.668)
Rovalpituzumab Tesirine 314 715 —-— 0.439 (0.403, 0.476)
BMS-986148 55 12 —_— 0.437 (0.350, 0.523)
Depatuxizumab Mafodotin 24 60) —_— 0.400 (0.276, 0.524)
Cofetuzumab Pelidotin 44 112 —— 0.393 (0.302, 0.483)
RC48-ADC 65 168 —_— 0.387(0.313, 0.461)
TAK-264 32 34 —_— 0.381 (0.277, 0.485)
Praluzatamab Ravtansine 37 99 —_— 0.374 (0.278, 0.469)
Tisotumab Vedotin 89 24 — 0.357(0.298, 0.417)
Trastuzumab Duocarmazine 64 185 —_— 0.346 (0.277,0.414)
Anetumab Ravtansine 104 311 —— 0.334 (0.282, 0.387)
Trastuzumab Emtansine 494 1493} - 0.331(0.307, 0.355)
Other 364 1141 - 0.319 (0.292, 0.346)
Camidanlumab Tesirine 11 35 —_— 0.314 (0.160, 0.468)
Mirvetuximab Soravtansine 61 243 — 0.251 (0.197, 0.306)
Telisotuzumab Vedotin 28 123 —_— 0.228 (0.154, 0.302)
Losatuxizumab Vedotin 8 45 —— 0.178 (0.066, 0.289)
Coltuximab Ravtansine 5 52| ——a—— 0.096 (0.016, 0.176)

[ [
0 0.5 1

FIGURE 3 The overall incidence of grade >3 treatment-related adverse events in ADC regimens. ADC indicates antibody-drug conjugate.

patients involved, there were 2132 treatment-related discontinua-
tions. The overall incidence of treatment-related discontinuation was
13.2% (95% Cl, 12.7%-13.7%; 12 = 86.4%). The ADCs that most
commonly caused treatment-related adverse events leading to
treatment discontinuation were BMS-936561 (42.3%; 95% ClI,
23.3%-61.3%), SC-002 (37.1%; 95% Cl, 21.1%-53.2%), and
DCDS0780A (35.0%; 95% Cl, 22.9%-47.1%; see Figure S1). The
payload agents that most commonly caused treatment-related
adverse events leading to treatment discontinuation were MMAW
(25.0%; 95% Cl, 6.0%-44.0%), MSTP2109A (22.1%; 95% Cl, 12.8%-
31.3%), and seco-DUBA (20.5%; 95% Cl, 14.7%-26.4%; see
Figure S2). The target agents that most commonly caused treatment-
related adverse events leading to treatment discontinuation were
CD25 (66.6%; 95% Cl, 61.4%-71.7%), CD70 (30.6%; 95% Cl, 22.1%-
39.2%), and CD33 (26.0%; 95% Cl, 18.4%-33.5%; see Figure S2).
There were 132 types of adverse events reported in the studies, and
1030 events were not reported in detail. After excluding unknown
adverse events, we identified the most common causes of treatment-
related adverse events leading to treatment discontinuation

(n = 1113) as peripheral sensory neuropathy (n = 161; 14.5%),
thrombocytopenia (n = 125; 11.2%), and peripheral neuropathy
(n = 122; 11.0%; see Table S5).

Incidence of treatment-related deaths

Of the 169 studies, 153 (90.5%) reported treatment-related
adverse events leading to death. Among the 15,340 patients
involved, 204 treatment-related deaths occurred. The overall inci-
dence of treatment-related deaths was 1.3% (95% ClI, 1.1%-1.5%;
I2 = 68.2%). The ADCs that most commonly caused treatment-
related deaths were SGN-CD70A (13.2%; 95% Cl, 2.4%-23.9%),
DMUC5754A (6.5%; 95% CI, 1.0%-12.0%), and pinatuzumab
vedotin (5.8%; 95% Cl, 2.1%-9.5%; see Figure S3). There were 59
types of adverse events leading to death reported in the study, and
22 were not reported in detail. After excluding unknown adverse
events, we identified the most common causes of treatment-related
death (n = 169) as pneumonitis (n = 21; 12.4%), pneumonia (n = 17,
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n N Incidence (95% CI)

Lymphopenia 275 519 —— ().530 (0.487, 0.573
ausea 6246 14,179 L] 0.441 (0.432, 0.449
Neutropenia 3185 7282 - 0.437 (0.426, 0.449
Vision blurred 382 943 —— 0.405 (0.374, 0.436
Peripheral neuropathy 1846 4656 - 0.396 (0.382,0.411
Fatigue 5325 13,565 - 0.393(0.384, 0.401
Alopecia 2220 6291 - 0.353 (0.341, 0.365
Diarrhoea 3181 9328 - 0.341 (0.331, 0.351
Conjunctivitis 146 434 —_—— 0.336 (0.292, 0.381
Nasopharyngitis 31 93] o 0.333(0.238, 0.429
Anaemia 2325 7025 - 0.331(0.320, 0.342
Pruritus ) 322 981 —— 0.328 (0.299, 0.358
Thrombocytopenia 2165 6602 - 0.328 (0.317,0.339
Hypoesthesia 85 262 —— 0.324 (0.268, 0.381
Keratitis 289 892 —— 0.324(0.293, 0.355
Rash . 653 2089 —— 0.313(0.293, 0.332
Decreased appetite 1876 6021 - 0.312(0.300, 0.323
Creatinine increased 35 113 —— 0.310 (0.224, 0.395
GGT increased 202 653 —— 0.309 (0.274, 0.345
Vomiting 2271 7368 = 0.308 (0.298, 0.319
AST increased 1225 4024 - 0.304 (0.290, 0.319
Leukopenia, 321 1058 —— 0.303 (0.276, 0.331
Hypoalbuminemia 31 103 —— 0.301 (0.212, 0.390
Respiratory infections 54 181 ——— 0.298 (0.232, 0.365
Nasal hemorrhage 726 2441 =l 0.297 (0.279, 0.316
D{s cusia 186 634 —— 0.293 (0.258, 0.329
ALT increased 851 2929 - 0.291 (0.274, 0.307
Asthenia 271 936 —— 0.290 (0.260, 0.319
Hypokalemia 228 809 —— 0.282(0.251,0.313
ALP increased 190 677 —— 0.281 (0.247,0.314
Photosensitization 351 1251 —— 0.281 (0.256, 0.305
Headache 845 3018 - 0.280 (0.264, 0.296
Pyrexia 1178 4247 - 0.277 (0.264, 0.291
Peripheral oedema 485 1758 —— 0.276 (0.255, 0.297
Constipation 1713 6213 = 0.276 (0.265, 0.287
WBC count decreased 439 1595 —— 0.275 (0.253, 0.297
Malaise . 107 389 —— 0.275(0.231, 0.319
Febrile neutropenia 251 914 e 0.275 (0.246, 0.304
Cough 265 975 —— 0.272 (0.244, 0.300
Pleural effusion 451 1685 —l— 0.268 (0.247, 0.289
Hypotension 17 64 = 0.266 (0.157,0.374
Dry eye 287 1085 —— 0.265 (0.238, 0.291
Proteinuria 18 69| - 0.261 (0.157, 0.364
Hypertension 17 60 i 0.258 (0.152, 0.363
Chills 168 653 el 0.257 (0.224, 0.291
Abnormal liver function 148 578 —— 0.256 (0.220, 0.292
Anorexia 174 682 e 0.255(0.222, 0.288
Dyspnea 346 1364 —r— 0.254(0.231, 0.277
Dry skin 36 142] —— 0.254 (0.182, 0.325
Back pain 60 237, e ] 0.253 (0.198, 0.309
Pneumonia 46 182 —— 0.253(0.190, 0.316
Abdominal pain 448 1854 - 0.242(0.222, 0.261
Hyperglycemia 26 108 e 0.241 (0.160, 0.321
ucosal inflammation 24 102 —— 0.235(0.153,0.318
Oropharyngeal pain 15 64 o 0.234(0.131, 0.338
Hypomagnesemia 80 345 —— 0.232(0.187, 0.276
eight decreased 230 1005 —f— 0.229 (0.203, 0.255
Eye pain 24 105 . ] 0.229 (0.148, 0.309
Pericardial effusion 129 569 —— 0.227(0.192, 0.261
Hypophosphatemia 12 54 = 0.222 (0.111, 0.333
Stomatitis 194 895 —— 0.217(0.190, 0.244
Myalgia 59 275 —— 0.215(0.166, 0.263
Dry mouth 38 179 e ] 0.212 (0.152,0.272
Arthralgia 391 1845 - 0.212(0.193,0.231
Dizziness 30 143 e ] 0.210(0.143, 0.277
Lacrimation increased 51 249 e 0.205 (0.155, 0.255
Insomnia 155 767 —— 0.202 (0.174, 0.231
Chest pain 42 208 —_—l 0.202 (0.147, 0.256
Bone pain 135 707 —— 0.191 (0.162, 0.220
Hyponatremia 6 56| —— 0.107 (0.026, 0.188
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FIGURE 4 The incidence of most common all-grade adverse events. ALP indicates alkaline phosphatase; ALT, aspartate
aminotransaminase; AST, alanine aminotransferase; GGT, gamma-glutamyl transpeptidase; WBC, white blood cell.

10.1%), sepsis (n = 13; 7.7%), and respiratory failure (n = 11; 6.5%;
Table 1).

Subgroup analysis of the incidence of treatment-
related adverse events

We also pooled 15 different payload agents from 115 clinical trials.
The payload agents that most commonly caused all-grade adverse
events were DXd (97.9%; 95% Cl, 97.2%-98.7%), SN-38 (97.2%; 95%
Cl, 96.1%-98.3%), AS269 (97.1%; 95% Cl, 93.1%-101.1%), DM1
(95.5%; 95% Cl, 94.7%-96.3%), and eribulin (95.5%; 95% Cl, 86.8%-
104.2%). The payload agents that most commonly caused grade >3

adverse events were MMAW (90.0%; 95% Cl, 71.4%-108.6%), cal-
icheamicin (61.3%; 95% Cl, 56.7%-65.8%), SN-38 (61.1%; 95% Cl,
57.6%-64.6%), MMAE (53.4%; 95% Cl, 51.7%-55.1%), and DXd
(50.6%; 95% C1,48.0%-53.2%; see Figure S4). We pooled 38 different
target agents from 115 trials. The target agents that most commonly
caused all-grade adverse events were Trop-2 (97.2%; 95% Cl, 96.1%-
98.3%), HER2 (96.9%; 95% Cl, 96.4%-97.5%), and CD79b (96.8%;
95% Cl, 95.3%-98.3%); and the target agents that most commonly
caused grade >3 adverse events were CD30 (72.9%; 95% Cl, 69.9%-
75.9%), CD22 (63.3%; 95% Cl, 58.8%-67.8%), and CD79b (60.7%;
95% Cl, 56.1%-65.3%,; see Figure S5).

To focus on the adverse events most associated with payload and

target agents, we mainly included >20% of all-grade adverse events
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n N Incidence (95% CI)
Neutropenia 2371 7593 - 0.312 (0.302, 0.323)
Hypoesthesia 10 43 = 0.233 (0.106, 0.359)
Thrombocytopenia 864 3826 --— 0.226 (0.213, 0.239)
Febrile neutropenia 388 1829 —— 0.212 (0.193, 0.231)
Lymphopenia 180 859 —— 0.210 (0.182, 0.237)
Vomiting 13 63] = 0.206 (0.106, 0.306)
Oral hemorrhage 5 25 = 0.200 (0.043, 0.357)
Nausea 35 186 —_— 0.188 (0.132, 0.244)
Abnormal liver function 15 80) = 0.188 (0.102, 0.273)
Decreased appetite 30 162 —— 0.185 (0.125, 0.245)
Mucosal inflammation 4 22 = 0.182 (0.021, 0.343)
WBC count decreased 108 637 —— 0.170 (0.140, 0.199)
GGT increased 99 589 —_— 0.168 (0.138, 0.198)
Peripheral neuropathy 36 216 —_—— 0.167 (0.117, 0.216)
Anaemia 627 3783 - 0.166 (0.154, 0.178)
Pleural effusion 10 64 = 0.156 (0.067, 0.245)
Rash 51 330 —_— 0.155 (0.116, 0.194)
AST increased 72 468 —— 0.154 (0.121, 0.187)
Abdominal pain 16 109 —— 0.147 (0.080, 0.213)
ALT increased 57 399 —— 0.143 (0.109, 0.177)
Hypoalbuminemia 4 29 = 0.138 (0.012, 0.263)
Hypertension 9 66 = 0.136 (0.054, 0.219)
Leukopenia 157 1161 —— 0.135(0.116, 0.155)
Keratitis 14 105 — 0.133 (0.068, 0.198)
Bilirubin increased 8 60) = 0.133 (0.047, 0.219)
Hypokalemia 21 168 —— 0.125 (0.075, 0.175)
Sepsis 20 165 —— 0.121 (0.071, 0.171)
Diarrhoea 35 289 —_—— 0.121 (0.083, 0.159)
Dehydration 13 108 —_— 0.120 (0.059, 0.182)
Fatigue 86 739 —— 0.116 (0.093, 0.139)
Dyspnea 11 99 —_— 0.111 (0.049, 0.173)
Vision blurred 10 90 ——— 0.111 (0.046, 0.176)
Hyponatremia 8 75 —— 0.107 (0.037, 0.177)
Hypophosphatemia 18 1724 —_— 0.105 (0.059, 0.150)
Pericardial effusion 4 42 = 0.095 (0.006, 0.184)
Pneumonia 4 44 = 0.091 (0.006, 0.176)
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FIGURE 5 The incidence of most common grade >3 adverse events. ALT indicates aspartate aminotransaminase; AST, alanine
aminotransferase; GGT, gamma-glutamyl transpeptidase; WBC, white blood cell.

and 10% of grade >3 adverse events. Therefore, we selected mo-
lecular structure-related adverse events in a population sample of
>200. In the MMAE-based ADCs, the most common all-grade
adverse events were decreased white blood cell count (53.6%; 95%
Cl, 46.0%-61.1%) and neutropenia (45.3%; 95% Cl, 43.1%-47.5%),
and the most common grade >3 adverse events were neutropenia
(37.0%; 95% Cl, 34.9%-39.2%) and thrombocytopenia (28.8%; 95%
Cl, 16.5%-41.2%). In the DM1-based ADCs, the most common all-
grade adverse events were liver function test abnormalities (72.7%;
95% Cl, 46.4%-99.0%) and peripheral neuropathy (56.3%; 95% Cl,
48.2%-64.5%), and the most common grade >3 adverse events were
neutropenia (29.9%; 95% Cl, 25.1%-34.8%) and lymphopenia (27.3%;
95% Cl, 19.7%-24.6%). In the anti-HER2-based ADCs, the most
common all-grade adverse events were liver function test abnor-
malities (72.7%; 95% Cl, 46.4%-99.0%) and increased gamma-
glutamyl transferase (48.3%; 95% Cl, 30.1%-66.5%), and the most

common grade >3 adverse events were thrombocytopenia (23.2%;
95% Cl, 25.1%-34.8%) and hypoesthesia (23.3%; 95% Cl, 10.6%-
35.9%). In the anti-delta-like protein 3 MoAb-based ADCs, the most
common all-grade adverse events were thrombocytopenia (46.4%;
95% Cl, 41.6%-51.1%) and increased aspartate transaminase (41.4%;
95% Cl, 23.5%-59.3%); and the most common grade >3 adverse
events were neutropenia (13.8%; 95% Cl, 1.2%-26.3%), increased
aspartate transaminase (13.8%; 95% Cl, 1.2%-26.3%), and hypo-
albuminemia (13.8%; 95% Cl, 1.2%-26.3%). Other molecular
structure-related adverse events are listed in Tables S6 and S7 and in
Figures Sé6 and S7.

Based on the type of cancer treated in the clinical trials, 115
clinical trials were divided into 12 groups: breast and lung cancers,
lymphoma, leukemia, urinary cancer, gynecologic cancer, melanoma,
gastrointestinal cancer, glioma, melanoma, other cancers, and mixed

cancer types. The highest mean incidence of all-grade adverse events
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TABLE 1 Spectrum of treatment-related deaths TABLE 1 (Continued)
ADC therapy: ADC therapy:
Cause of death® No. (%), N = 169 Cause of death? No. (%), N = 169
Pulmonary Cardiac death 1 (0.6)
Pneumonitis 21 (12.4) Renal
Pneumonia 17 (10.1) Acute kidney injury 4 (2.4)
Respiratory failure 11 (6.5) Renal failure 2(1.2)
Interstitial lung disease 5(3.0) Renal dysfunction 1 (0.6)
Pulmonary infection 4 (2.4) Urinary tract obstruction 1 (0.6)
Acute respiratory distress syndrome 3(4.1) Gastrointestinal
Aspiration pneumonia 2(1.2) Intestinal perforation 2(1.2)
Bronchopneumonia 1 (0.6) Intracranial hemorrhage 2(1.2)
Bronchopulmonary hemorrhage 1 (0.6) Ascites 2(1.2)
Hemoptysis 1 (0.6) Hepatic dysfunction 2(1.2)
Pneumothorax 1 (0.6) Ischemic colitis 1 (0.6)
Atypical pneumonia 1 (0.6) Pancreatitis 1 (0.6)
Pulmonary edema 1 (0.6) Drug-induced liver injury 1(0.6)
Pulmonary cavitation 1 (0.6) Hepatic failure 1 (0.6)
Pneumonitis chemical 1 (0.6) IPEX 1 (0.6)
Pleural effusion 1 (0.6) Other
Pulmonary arrest 1 (0.6) VOD/SOS 6 (3.6)
Other 1 (0.6) Multiorgan failure 4 (2.4)
Infectious Multiple organ dysfunction syndrome 3 (4.1)
Sepsis 13 (7.7) Diabetic ketoacidosis 1 (0.6)
Septic shock 8 (4.7) Generalized edema 1(0.6)
Neutropenic sepsis 3(4.1) Sudden death 1 (0.6)
Clostridium difficile sepsis 1 (0.6) Device related infection 1 (0.6)
Other 1 (0.6) General physical health deterioration 1 (0.6)
Hematologic Disseminated intravascular coagulation 1(0.6)
Neutropenia 8 (4.7) Metabolic acidosis 1 (0.6)
Febrile neutropenia 5(3.0) Abbreviations: IPEX, immune-dysregulation polyendocrinopathy
Disseminated intravascular coagulation 1(0.6) zr;t;:jf;Z:ys);;I;:I;?I;.VOS/SOS, veno-occlusive disease/sinusoidal
Neurologic 2Unknown were not included (22 cases).
Encephalopathy 2(1.2)
Hepatic encephalopathy 2(1.2)
Progressive polyneuropathy 1(0.6) was observed in breast cancer (97.2%; 95% Cl, 96.7%-97.7%), fol-
lowed by urinary cancer (93.9%; 95% Cl, 92.0%-95.7%), and lym-
Subarachnoid hemorrhage 100 phoma (91.0%; 95% Cl, 89.9%-92.3%). The highest mean incidence of
Metabolic encephalopathy 1(0.6) grade >3 adverse events was observed in lymphoma (65.4%; 95% Cl,
Cardiovascular 63.0%-67.7%), followed by leukemia (62.4%; 95% Cl, 56.3%-68.5%),
Myocardial infarction 2(12) and lung cancer (51.8%; 95% Cl, 49.0%-54.5%; see Figure S8).
Statistical analysis demonstrated that the mean incidence of
Cardiac arrest 2(12) grade >3 adverse events was similar across cancer types (p = .0004),
Ventricular fibrillation 1 (0.6)

Heart attack

1(0.6)

payload types (p = .032), and target agents (p = .006). However,

except for breast cancer, there was no significant difference in the
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overall incidence of treatment-related adverse events for the
remaining cancer types. There was no significant difference in the
overall incidence of grade >3 treatment-related adverse events be-
tween different payload types and target agents (see Figures S4, S5,
and S8).

Indirect comparison of treatment-related adverse
events

We focused on 20 RCTs to evaluate the correlation between 12
types of ADCs, 8 payload categories, and 10 target agents and the
mean incidence of treatment-related adverse events. Among the
specified drugs, sacituzumab govitecan had a higher mean incidence
of all-grade adverse events (OR, 10.94; 95% Cl, 4.59-26.04;
p < .0001), and lorvotuzumab mertansine had a higher mean inci-
dence of grade >3 adverse events (OR, 3.20; 95% Cl, 1.32-7.77;
p =.0101) compared with the other ADCs. We observed that, among
all payload categories, DXd-based ADCs had a higher mean incidence
of all-grade adverse events (OR, 27.76; 95% Cl, 12.00-63.78;
p < .0001), whereas SN-38-based ADCs had a higher mean incidence
of grade >3 adverse events (OR, 2.05; 95% Cl, 1.42-2.95; p = .0001)
compared with the other payload categories. Among the ADC tar-
gets, HER2-expressing ADCs had a higher mean incidence of all-
grade adverse events (OR, 7.53; 95% Cl, 5.92-9.58; p < .0001), and
CD30-expressing ADCs had a higher mean incidence of grade >3
adverse events (OR, 2.74; 95% Cl, 2.18-3.44; p < .0001) compared
with the other target agents (see Table S8).

Study heterogeneity

The heterogeneity between studies was statistically quantified using
a metaregression model, and the sources of heterogeneity were
investigated, including the ADC agent, the payload type, the target
agent, and the cancer type. The factors listed are significant sources
of heterogeneity (p < .05; see Table S9). There was no obvious
asymmetry between the classical funnel plot and the revised funnel
plot, indicating that there was no evidence of significant publication
bias (if the revised funnel plot showed asymmetry using the scissor-
supplement method, it would indicate publication bias), and the Egger
test confirmed that there was no publication bias at all caused by
reporting the incidence of grade >3 adverse events (p > .05; see
Table S9 and Figures S9 and S10).

DISCUSSION

The relatively high incidence of adverse events and their main causes
need to be assessed very thoroughly because these data are crucial
for determining the safety and efficacy of ADC-associated medica-
tion approaches. Therefore, the detailed study of all treatment-

related adverse events in clinical trials is crucial. This information

represents a significant orientation for medical practitioners. A global
review of the incidence of adverse events from ADCs provides op-
portunities and breakthroughs for the wide application of ADCs to
clinical practice, supplements the management guidelines for ADC-
induced adverse events, and provides information for clinical prac-
tice guidelines.

In the current literature review, we performed a meta-analysis of
169 studies that examined the incidence and profile of treatment-
related adverse events in ADC therapy. To the best of our knowl-
edge, this systematic review is the largest and the most complete to
date. There are previous reports that focus on certain treatment-
related adverse events like neutropenia, thrombocytopenia, leuko-
penia, hepatic toxicity, peripheral neuropathy, and ocular toxicity, but
they analyzed a limited number of literature sources.’> Moreover,
those studies on ADC treatment-related adverse events mainly re-
ported on the types of payload molecular structures, with less atten-
tion to the payload types themselves.'?

Frequently, the dose-limiting toxicities for most ADCs in medical
practice currently appear to be off-target.!° This is because the
payloads are small molecules, which exploit the typical mechanisms
of action of standard chemotherapeutics. Therefore, once released
from the MoAbs, the payloads may drive toxicity.**'° Furthermore,
the influence of the expression level of the molecular target and its
biologic distribution of the target also causes relevant clinical
toxicity.2>2! For example, efficient and toxic payloads may be the
preferred choice for tumor-specific targets (clean targets); however,
conversely, they could be bad payloads for targets that present in
healthy tissues.’? The reason for this is the difficulty in mitigating the
toxicity inevitably associated with the target.'? Therefore, when
discussing clinical safety, it is of great importance to pay close
attention to the payloads and molecular targets and their in-
teractions with MoAbs and connectors. This may provide a more
useful idea of the complete map of ADC toxicity drivers.

The current meta-analysis demonstrated that the toxicity char-
acteristics of ADC-associated therapy were significant across the
incidence of treatment-related adverse events for all-grade (91.2%)
and grade >3 (46.1%) events. Among the studied ADCs, those that
caused side effects for all-grade and grade >3 events were trastuzu-
mab deruxtecan and brentuximab vedotin, respectively. These com-
mon adverse events included hematologic events (neuropathy,
thrombocytopenia, febrile neutropenia, lymphopenia, anemia, etc.),
gastrointestinal effects, ocular toxicities, peripheral neuropathy, fa-
tigue, and hepatic dysfunction. However, some of the adverse events
were significant and were associated only with the ADC agents. Close
monitoring and early recognition of associated symptoms and signs
may help in their proper management and diagnosis. In the case of
trastuzumab emtansine and inotuzumab ozogamicin, thrombocyto-
penia arose as the most recurrent adverse events.??2° The key reason
was that DM1 and MMAF ADCs caused the apoptosis of megakaryo-
cyte progenitors.>#?> For patients receiving brentuximab vedotin,
neutropenia presented as the predominant adverse event, which was
largely attributed to the disruption of microtubule function caused by

MMAE during bone marrow mitosis.?%2%?7 Therefore, we advise
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clinicians to take exceptional care with routine blood tests during
treatment with MMAE or MMAF ADCs. ABT-414 and SGN-75 most
commonly caused ocular toxicities, which seemed to be related to the
accumulation of DM4 or MMAF ADCs within cells.2%2%2? Therefore,
steroid eye drops may be used in the event of ocular toxicity caused by
these medications. Notably, with brentuximab vedotin, peripheral
neuropathy was also the most frequent adverse event, which seemed
to occur because of disruption of the interphase microtubule func-
tion.2%2627:30 |t s particularly associated with MMAE ADCs.?° For
peripheral neuropathy events, we have needed to choose neurotrophic
drugs for symptomatic treatment in clinical practice. For patients
receiving bivatuzumab mertansine and cantuzumab mertansine ther-
apy, hepatic dysfunction events presented as the predominant adverse
events of DM1-nased ADCs by mannose receptors on the surface of
hepatic sinusoidal cells.3*~3® Therefore, we recommend that, during
ADC-associated treatment, special attention should be paid to liver
enzyme levels by the appropriate use of drugs that lower the liver
enzymes and protect them. Furthermore, we also need to pay attention
to the adverse events caused by ADC target types. For example, anti-

34-37 anti-

HER2 ADCs cause pulmonary toxicities and cardiotoxicity,
CD33 ADCs induce neutropenia,®® antiepidermal growth factor re-
ceptor ADCs may be particularly susceptible to ocular and skin toxic-

ities, 2039

and anti-CD44vé6 ADCs can also induce very severe skin
toxicities.*° Obviously, to better understand the adverse events driven
by ADCs, it is essential that we include the target information of
different drugs, payload types, and target agents in the drug safety
models.

Ourresults also suggest that the ADC regimens continued to cause
fatal toxic events, with treatment-related deaths occurring in 1.3% of
all treated patients (204 of 15,340). In all ADC categories, 5 of 38
patients (13.2%) receiving SGN-CD70A experienced treatment-
related deaths. Respiratory diseases (pneumonitis, 12.4% incidence)
were the most common cause of treatment-related death in patients
treated with ADCs. In addition, infection-related (sepsis, 7.7%) and
blood-related (neutropenia, 4.7%) diseases were the most likely causes
of fatally related adverse events. ADC regimens also resulted in a
higher incidence of serious toxic events leading to treatment cessation,
with treatment-related discontinuation occurring in 13.2% of all
treated patients (2132 of 16,126). Among all ADC categories, 11 of 26
patients (42.6%) receiving BMS-936561 experienced treatment-
related treatment discontinuation. Neurologic diseases (peripheral
sensory neuropathy, 14.5% incidence) were the most common cause of
treatment-related death in patients treated with ADCs. In addition,
infection-related (sepsis, 11.2%) and blood-related (thrombocyto-
penia, 11.2%) diseases were the most likely causes of adverse events
leading to treatment discontinuation. Because treatment-related
deaths and events leading to treatment discontinuation were impor-
tant factors for physicians and patients to consider when using inno-
vative drugs, it is crucial to improve clinicians’ awareness and vigilance
of routine screening and early treatment.

In the subgroup analysis based on cancer type, ADC therapy was
associated with a higher risk of all-grade adverse events in breast

cancer compared with lymphoma, leukemia, and mixed tumors. For the

subgroup analysis based on payload type, ADC treatment with DXd-
based ADCs was associated with a higher risk of all-grade adverse
events compared with PBD-based ADCs. For the subgroup analysis
based on target type, anti-HER2 ADCs were associated with a greater
danger of all-grade adverse events compared with anti-CD19 ADCs.
There was no significant difference in the risk of grade >3 adverse
events for the subgroups studied. We further investigated whether
specific adverse events were associated with specific payload and
target types. All-grade neurotoxicities and ocular toxicities were
associated most with MMAE-based ADCs; whereas constitutional ef-
fects, gastrointestinal effects, hematotoxicities, and hematotoxicity
were linked with SN-38-based ADCs. DM4-based ADCs were linked
with abnormalities in hepatorenal responses and skin reactions,
whereas pulmonary adverse events were linked with PBD-based
ADCs. Grade >3 gastrointestinal effects, hematotoxicities, hep-
atorenal responses, ocular toxicities, and pulmonary effects were
associated most with MMAE-based ADCs; and neurotoxicities and
constitutional effects were associated with DM1-based ADCs. All-
grade ocular toxicities and skin reactions were associated most with
antifolate receptor alpha MoAb ADCs, pulmonary effects were asso-
ciated most with anti-HER2 ADCs, gastrointestinal effects were
associated most with anti-Trop-2 ADCs, neurotoxicities were associ-
ated most with anti-CD56 ADCs, hematotoxicities and hepatorenal
responses were associated most with anti-CD19 ADCs, and constitu-
tional effects were associated most with anti-CD22 ADCs. Grade >3
neurotoxicities and hepatorenal responses were associated most with
anti-HER2 ADCs, hematotoxicities and constitutional effects were
associated most with anti-CD30 ADCs, and gastrointestinal effects
were associated most with anti-CD22 ADCs. In addition, we also
observed that most ADCs (any payload type and any target ADC)
produce some degree of hematotoxicities (all-grade and grade >3
adverse events); thus we pay attention to the examination of patients’
routine blood screenings in clinical practice, and those results also
provide guidance for symptomatic treatment.

In this meta-analysis, we conducted indirect comparisons of
different drugs, payload types, and target drugs based on RCTs to
determine whether the differences were statistically significant, which
included much smaller samples but provided the most unbiased results.
Sacituzumab govitecan had a higher mean incidence of all-grade
adverse events, and lorvotuzumab mertansine had a higher mean
incidence of grade >3 adverse events compared with other ADCs.
DXd-based ADCs had a higher mean incidence of all-grade adverse
events, and SN-38-based ADCs had a higher mean incidence of grade
>3 adverse events compared with other payload categories. HER2-
expressing ADCs had a higher mean incidence of all-grade adverse
events, and CD30-expressing ADCs had a higher mean incidence of
grade >3 adverse events compared with other target agents. The main
reason for the significant differences in these results was the variety of
ADCs and the diversity of molecular structures. We recommend the
drugs included in the RCTs, and we recommend AGS-16C3F, MMAF-
based ADCs, and ectonucleotide pyrophosphatase family member 3-
expressing ADCs. Therefore, in future clinical work, we should

choose a treatment plan with a balance of efficacy and safety.
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Our study has several limitations. First, the Medical Dictionary of
Regulatory Activity was used to record adverse events in clinical trials,
but there was overlap in the pooled adverse events in different clinical
trials. For example, patients who had increased alanine transaminase
and aspartate transaminase levels may have been recorded with
elevated liver enzymes or rigid dysfunctions, and keratitis and blurred
vision may be directly recorded as ocular toxicities. We suggest
establishing more standardized and practical guidelines for recording
adverse events. Second, all of our current analyses were based on
published clinical trials; however, we observed a small study effect
when single-drug, payload, and target studies had a higher incidence of
adverse events and a wider Cl. These errors may be caused by the small
sample sizes, and the results which should be interpreted with caution.
Third, the current study was also affected by any bias or error by the
original study investigator, and the results applied only to the group of
patients eligible for the included trial. In future work, we need to
conduct large, real-world studies with large populations to verify our
results. Fourth, we did not perform computational analyses or classical
continuity correction for zero cells and corresponding sample sizes,
which may overestimate the incidence. Fifth, we used an indirect
comparison method based on RCTs to investigate the differences in
ADCs and the adverse events caused by their molecular structures. We
assumed that there were no differences in patient characteristics
among studies, so there was potential uncertainty about accuracy.
However, head-to-head comparisons were not conducted, and these
results should be interpreted with caution. Finally, the linker, as the
driving factor, is the key to ADC toxicity, but we did not perform a
separate subgroup analysis for payload linkers. As more and more
ADCs with various combinations of payload and linker are used in
clinical practice, the key driver of ADC toxicity needs to be explored in

the future.

CONCLUSIONS

In the absence of consistency in safety data reporting on oncology
drugs, this meta-analysis summarizes the incidence of all common
treatment-related adverse events for ADC therapy and details the
treatment-related causes of treatment cessation and death. As
the published clinical data on ADCs increase in quantity and quality,
the drivers of ADC toxicity need to be further investigated. Payload-
related toxicity and molecular target-related toxicity have different
toxicity characteristics. We can also select patient groups for optimal
ADC dose and management based on drug and payload types, mo-
lecular target expression and distribution, and cancer type by sub-
group analysis. This global overview of ADC adverse events serves as
a reference for clinicians and may guide clinical practice.
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