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ABSTRACT

Background Increased understanding of how the
immune system regulates tumor growth has innovated
the use of immunotherapeutics to treat various cancers.
The impact of such therapies, including programmed

cell death protein 1 (PD-1)/programmed death-ligand 1
(PD-L1) and cytotoxic T-lymphocyte-associated protein

4 (CTLA-4) inhibitors, on the production of antidrug
antibodies (ADAs) and their impact on outcomes, is poorly
understood. This study aims to evaluate the clinical trial
evidence on ADA incidence associated with PD-1, PD-L1,
and CTLA-4 inhibitors in the treatment of cancer and to
assess associations between treatment administered, ADA
incidence, and treatment outcomes.

Methods Embase®, Medline®, and EBM Reviews were
searched via the OVID® platform on February 15, 2022.
Conference proceedings, clinical trial registries, and
global regulatory and reimbursement body websites

were also searched. Eligible publications included clinical
trials enrolling patients receiving cancer treatment

with either PD-1, PD-L1, or CTLA-4 reporting outcomes
including incidence or prevalence of ADAs and the impact
of immunogenicity on treatment safety and efficacy.
Reference lists of eligible publications were also searched.
The review was conducted and reported according to the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses and evidence quality assessment was
conducted using the appropriate Joanna Briggs Institute
Critical Appraisal tool.

Results After screening 4160 records and reviewing 97
full publications, a total of 34 publications reporting on

68 trials were included. A further 41 relevant clinical trials
were identified on ClinicalTrials.gov and a further 32 from
searches of packaging inserts. In total, 141 relevant trials
covering 15 different checkpoint inhibitors and 16 different
tumor types were included. Across the included trials,
atezolizumab was associated with the highest incidence
of ADAs (29.6% of 639 patients), followed by nivolumab
(11.2% of 2,085 patients). Combination checkpoint
inhibitor treatment appeared to increase the rate of ADAs
versus monotherapy. Only 17 trials reported on the impact
of ADAs on treatment outcomes with mixed results for

the impact of ADAs on treatment efficacy, safety, and
pharmacokinetics.

Conclusions Checkpoint inhibitors for the treatment of
cancer are immunogenic, with the incidence of treatment-

WHAT IS ALREADY KNOWN ON THIS TOPIC

= The rates of treatment-emergent antidrug antibody
(ADA) formation with cancer immunotherapies—
and their impact on treatment outcomes—are poor-
ly understood.

WHAT THIS STUDY ADDS

= We systematically reviewed the literature on ADAs
in trials of cancer immunotherapies, and assessed
associations between treatment administered, ADA
incidence rates, and treatment outcomes.

= A total of 141 trials were included, covering a total
of 15 treatment options across 16 different tumor
types. Focusing on studies with a larger sample
size, atezolizumab was associated with the highest
incidence of treatment-emergent ADAs (29.6%), fol-
lowed by nivolumab (11.2%). The effect ADAs had
on treatment outcomes remains unclear.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE, OR POLICY

= The full impact of ADAs on cancer immunotherapy
efficacy and safety requires better characterization
with larger studies conducted to permit robust sta-
tistical analyses.

emergent ADAs varying between individual therapies. It
remains unclear what impact ADAs have on treatment
outcomes.

BACKGROUND

The cell membrane proteins PD-1, PD-L1I,
and CTLA-4 play an important role in
suppressing immune responses, preventing
autoimmunity.'™ One way cancer cells
survive is by exploiting immunosuppressive
mechanisms such that they avoid detection
and destruction by the immune system. A
common feature among many cancer types
is high levels of PD-1 expression, with higher
PD-1-positive cell counts associated with more
metastases, increased disease progression,
and decreased patient survival.*"”
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Cancer immunotherapies, including CTLA-4 inhib-
itors, PD-1 inhibitors, and PD-L1 inhibitors, target the
molecular mechanisms responsible for immunosup-
pression, inducing the immune system to recognize and
target cancer cells.”'* A by-product of immunotherapies,
however, is the formation of antidrug antibodies (ADAs).
ADAs result from an immune response to the adminis-
tered drug which, once in circulation, may bind to the
immunogenic component(s) of the drug, potentially
altering its pharmacokinetics and pharmacodynamics as
well as its efficacy and safety.'” Neutralizing antibodies
(nAbs) are a subset of ADAs that bind to the specific
region of the administered drug that would otherwise
bind to its therapeutic target thereby inhibiting—or
neutralizing—its pharmacological function.'® "

The rates of treatment-emergent ADA formation with
the use of CTLA-4, PD-1, and PD-L1 inhibitors, and what
impact they may have on treatment outcomes are poorly
understood. The objective of this study was to systemati-
cally review the literature on treatment-emergent ADAs
in trials of PD-1, PD-LL1, or CTLA-4 antibodies for the
treatment of cancer, and to assess associations between
treatment administered, ADA/nAb incidence rates, and
treatment outcomes.

METHODS

The systematic literature search was performed on
February 15, 2022 and conformed with Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
guidelines.'® Electronic databases searched included
Embase®, Medline® and Medline Epub Ahead of Print
(In-process & Other Non-Indexed Citations). Searches
of health technology assessment body websites, confer-
ence proceedings from the last 3 years, clinical trial regis-
tries, registrational /regulatory websites, package inserts/
summaries of product characteristics, and reference lists
of studies included at full publication screening were also
performed.

Eligible publications were those enrolling patients
receiving treatment for cancer with either PD-1, PD-L1,
or CTLA-4 inhibitors, and which reported outcomes
including incidence or prevalence of ADAs and the
impact of immunogenicity on treatment efficacy. The full
eligibility criteria for inclusion in the systematic review
are presented in table 1.

Potentially eligible publications were first screened
based on their title and abstract. Publications still included
following the initial screen were then subject to full text
review. Screening was performed by a single analyst and
independently checked by a second analyst. Discrepan-
cies in screening results were resolved by consensus. Data
extraction was conducted by an analyst and all extracted
data were independently checked against the source
publication by a second analyst.

Quality assessment of included publications was
performed using the appropriate checklist from the
Joanna Briggs Institute."

RESULTS

Search results

The electronic database search identified a total of 4612
publications. Following the removal of 452 duplicates,
4160 publications were screened based on title and
abstract, resulting in 4063 being excluded. The remaining
97 potentially relevant publications were screened based
on their full publication of which 28 were included and
69 were excluded. Handsearching of conference proceed-
ings and reference lists of included studies yielded six
additional relevant publications for inclusion. Thus, a
total of 34 publications were included in the systematic
review.”’® These 34 publications reported data from a
total of 68 trials. An additional 41 clinical trials on Clini-
calTrials.gov reported relevant data and searches of Food
and Drug Administration (FDA) packaging inserts identi-
fied a further 32 trials. In total, therefore, data from 141
trials reporting on the incidence of treatment-emergent
ADAs or the impact of ADAs on outcomes were captured
in this review® ™ * (online supplemental figure 1 and
table 1).

Quality assessment

Quality assessment was performed on 23 of the 34
included publications. 22> 28 30-32 34-86 3842 4547 5153 \1,
quality assessment was performed on the remaining 11
publications as six were pooled analyses™ ** * 50 and
five were abstracts or posters.* 2T AN 23 publications
that underwent quality assessment were deemed to be of
high quality with low risk of bias (online supplemental
tables 2 and 3).

Characteristics of included trials

Of the 141 trials included in the systematic review, 66
were randomized controlled trials (RCTs), 30 were open-
label comparative studies, 36 were single-arm studies,
seven were open-label sequential studies, one was a retro-
spective observational study, and one did not report study
design.

Overall, the 141 trials covered a total of 15 different
treatment options (online supplemental figure 1) and
16 different tumor types (online supplemental table 1).
Most studies (131/141) reported data for solid tumors,
with only eight studies (390 patients) reporting data in
liquid tumors and two including both solid and liquid
tumors (patient numbers not consistently reported by
tumor type) (online supplemental table 1). Most of the
included trials were reported in trial registries (Clini-
calTrials.gov) and FDA packaging inserts as opposed to
in peerreviewed journals. The definition of ADA varied
across the included studies (online supplemental table
4). Across the 141 included studies, the incidence of
treatment-emergent ADAs among enrolled patients
ranged from 0% to 100% depending on the study and
the treatment being administered (online supplemental
figure 2A,table 1).

The study sample size varied considerably from six
to 2085 patients when considering pooled data (online
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Table 1 Eligibility criteria for inclusion in the systematic review
Criteria Include
Population Subjects receiving treatment for cancer with no restriction on patient characteristics,

indication (including tumor type, ie, solid vs liquid tumors), or line of therapy
(Papers reporting relevant ADA-related data in other indications, eg, rheumatoid arthritis,
multiple sclerosis, lupus were tagged but were not eligible for inclusion)

» PD-1 inhibitors
» PD-L1 inhibitors
» CTLA-4 inhibitors

Intervention and comparator(s)

No restriction on treatment regimen and may be administered as monotherapy or in

combination

Outcomes
— Pharmacokinetics

Anaphylaxis
Infusion reactions

- Efficacy
— Target binding
— Drug clearance

v

patient outcome

Study design

VVVVVYVY VVYVYY

» Impact of immunogenicity on:

Safety/tolerability, including hypersensitivity reactions

Immune-complex mediated diseases

Incidence and prevalence of ADAs/nAbs (no restriction on assay employed) and link to

Type of antibody, that is, IgM vs IgG

Predictors of ADA production

Mechanisms underlying ADA formation

Impact of assay used to detect ADAs on outcomes of interest

Randomized controlled trials (all phases)

Long-term extensions to randomized controlled trials
Non-randomized clinical studies

Observational studies (prospective and retrospective)
Post hoc analysis of clinical studies

SR and meta-analysis publications

(Single patient case studies were tagged but not extracted)

Geography No restriction

Date of publication No restriction

Language of publication

No restriction. The primary focus was English language publications or non-English language

publications with an English abstract

ADA, antidrug antibody; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; Ig, immunoglobulin; nAb, neutralizing antibody; PD-1,
programmed cell death protein 1; PD-L1, programmed cell death-ligand 1; SR, systematic review.

supplemental table 1). Focusing on the studies/datasets
with the largest samples sizes (table 2), atezolizumab
treatment (PD-L1 inhibitor) was observed to induce
the highest incidence of ADAs with 29.6% of enrolled
patients affected (NCT02031458; sample size of 639
patients with hepatocellular carcinoma),** * followed by
nivolumab (PD-1 inhibitor) with 11.2% of patients exhib-
iting antibodies (pooled data from FDA packaging leaflet;
sample size of 2085 patients with advanced tumors).”’
The remaining treatments were associated with lower
levels of ADAs, ranging from 0.52% (in 381 patients) with
sintilimab treatment (PD-1 inhibit0r97) to 4.4% (in 1609
patients) with avelumab.*

Trials in which PD-1, PD-L1, or CTLA-4 inhibitors were
administered in combination appeared to show higher
incidence of ADAs than when these treatments were
administered alone (table 2). The same effect was not

obvious when these treatments were coadministered with
other chemotherapy or targeted drugs (online supple-
mental figure 2B).

Incidence of treatment-emergent nAbs

The incidence of nAbs was highest in atezolizumab trials
compared with those of the other treatments of interest,
with up to 27.5% of atezolizumab-treated subjects exhib-
iting nAbs (table 2) M50 The highest proportions of ADAs
that were nAbs (23.1%-100%) were in patients treated
with atezolizumab compared with other treatments
(online supplemental figure 2C).

Impact of assay on incidence of ADAs

The assay used to detect treatment-emergent ADAs was
poorly reported across trials. Of the 141 included trials,
only 54 identified the assay used to evaluate the presence
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Table 2 Summary of treatment-emergent ADA incidence by treatment (in trials with largest sample sizes)

Reported incidence (%) of ADAs Range (%)
of reported
No of trials Incidence in largest  Incidence in FDA incidence of
Treatment identified Range sample size (n) (ref) package insert (n) (ref) nAbs
CTLA-4 inhibitors
Ipilimumab 12 0-26 1.1 (1024)%" 1.1 (1024)% 0-1.6
5.4 (499)
8.5 (483)
Tremelimumab 4 3.98-71.4  3.98 (377)% NA NR
PD-1 inhibitors
Avelumab 13 0-39.9 4.4 (1609)*° 4.1 (1558)%° 0-3.6
15 (453)
Cemiplimab 6 0-2.6 2.6 (39)° 2.2 (823)%8 0
Dorsalimab 1 2.5-3.7 3.7 (349)*° 2.5 (315)%° 2.0
JTX-4014 1 0 0(18)* NA NR
Nivolumab 27 0-42.9 12.7 (1086)%° 11.2 (2085)*’ 0-2.8
Pembrolizumab 31 0-20 1.8 (2000)* 2.1 (1289)°* 1.8 (2034) 0-0.7
Pucotenlimab 1 3.3 3.3 (30)* NA NR
Sasanlimab 1 8.6 8.6 (35)% NA 0
Sintilimab 4 0-1.05 0.52 (381)% NA 0-1.05
PD-1 inhibitors
Atezolizumab 31 0-54.1 29.6 (639)**° 28 (241)%® 4.3-27.5
Durvalumab 14 0-74 0 (416)%® 2.9 (1,570)%° 0-0.9
LY3415244 1 100 100 (12)% NA NR
Lodapolimab 1 17 17 (65)*2 NA 11
Combination therapies
Durvalumab+tremelimumab 6 0-9.6 9.6 (293)% NA 0.4-1.0
0-18.5 18.5 (293)% 11.4-17.1
Ipilimumab-+nivolumab 2 2.4-93 2.4 (86)"° NA 0
27.3-39.4  27.3 (154)%® 1.95
Durvalumab+MEDI0680 1 5.1 5.1 (39)% NA NR
5.1 5.1 (39)%

ADA, antidrug antibody; FDA, Food and Drug Administration; NA, not applicable; nAb, neutralizing antibody; NR, not reported; PD-1,

programmed cell death protein 1.

of ADAs in their trial population (online supplemental
table 1). Of these, 47 trials used electrochemilumines-
cence (ECL), three used enzyme-linked immunosor-
bent assay (ELISA), and the remaining four trials used
one each of: Luminex bead-based assay, elution bridged
immunoassay, a “binding assay,” and a “validated assay.”
There was no apparent association between trial inter-
vention and ADA assay used. The low number of trials
using alternative assays to ECL precluded any consider-
ation of links between assay type used and ADA incidence
rates. Worth noting is the fact that only one out of the
31 included atezolizumab trials and only two out of the
14 included durvalumab trials reported the assay used to
evaluate ADAs as compared with around 50% of trials for
the other treatments.

Impact of ADAs on treatment outcomes

A total of 17 of 141 studies reported data related to the
impact of ADAs on patient efficacy and safety outcomes
and/or drug pharmacokinetics (table 3). Fourteen of
these studies were manufacturer sponsored.

Eleven studies examined the effect of treatment-emergent
ADAs on treatment efficacy. Of these, one study (not
manufacturersponsored) reported that anti-ipilimumab
ADA-positive  patients reported a statistically signifi-
cantly shorter median overall survival (OS) (p=0.03) and
progression-free survival (PFS) (p=0.08) compared with
ADA-negative patients.” Another study (not manufacturer
sponsored) reported that ADA-positive patients following
6 months of treatment with nivolumab or pembrolizumab
had earlier disease progression than ADA-negative patients

Galle P, et al. J Immunother Cancer 2024;12:¢008266. doi:10.1136/jitc-2023-008266


https://dx.doi.org/10.1136/jitc-2023-008266
https://dx.doi.org/10.1136/jitc-2023-008266

Table 3 Summary of studies reporting impact of ADAs on safety/efficacy

Impact on
Author Drug Efficacy Safety PK
Agrawal et al (2017)%° Nivolumab
Antonia et al (2016)?" Durvalumab+tremelimumab NA
Fukudo et al (2019)%° Nivolumab or pembrolizumab NA
Hellman et al (2021)*' LY3415244 NA
Johnson et al (2019)* Sasanlimab NA
Kelley et al (2021)%® Tremelimumab+durvalumab NA
Kverneland et al (2018)% Ipilimumab NA
Lu et al (2021)* Dostarlimab
Ma et al (2021)*' Ipilimumab NA NA
Patnaik et al (2021)% Lodapolimab NA NA
Peters et al (2022)** Atezolizumab NA
Sasson et al (2021)* Pembrolizumab NA
Shemesh et al (2019)*® Atezolizumab NA
van Vugt et al (2019)*® Pembrolizumab
Wang et al (2019)*’ Sintilimab NA NA
Wilkins et al (2019)* Avelumab NA NA
Wu et al (2022)*° Atezolizumab
Gray: no effect. Green: positive effect. Red: negative effect.
ADA, antidrug antibody; NA, not applicable; PK, pharmacokinetics.
(median PFS: 46 vs 119 days; logrank p=0.0827).* Of  DISCUSSION/CONCLUSION

the remaining nine studies that examined the association
between ADAs and treatment efficacy, eight reported no
measurable effect, and one study had insufficient ADA-
positive patients to support correlation analyses.

Twelve of 141 studies examined the effect of treatment-
emergent ADAs on safety outcomes. One study reported
that all 12 patients who received LY3415244 (a PD-1
and TIM-3 inhibitor) developed treatment-emergent
ADAs and two patients experienced anaphylactic reac-
tions resulting in study termination for safety reasons.”
A second study reported that of four patients who were
ADA-positive at baseline, three experienced drug-induced
fever after their initial drug infusion.*® Of the remaining
10 studies, no impact of ADAs on treatment safety was
reported in nine and one study reported having too few
ADA-positive patients to conduct correlation analyses.

Thirteen studies examined the effect of treatment-
emergent ADAs on pharmacokinetics. Of these, 10 studies
reported that ADAs had no impact on the pharmacoki-
netics of the administered drug. One pembrolizumab
study reported that at the first assessment time point the
presence of ADAs was associated with a statistically signifi-
cantly higher (p<0.05) level of circulating pembrolizumab
than when ADAs were not detected.”” One atezolizumab
study reported a trend toward lower circulating atezoli-
zumab in ADA-positive patients compared with ADA-
negative patients which was even more pronounced in
ADA-positive/nAb-positive patients.”

While the impact of immunotherapy-induced ADAs on
treatment outcomes of psoriasis or rheumatoid arthritis
is well characterized,”™ """ research examining the immu-
nogenicity of ADAs in the treatment of cancer is at an
early stage.

Of the 141 trials captured in this review, covering a total
of 15 treatment options across 16 different tumor types,
only the PD-L1 inhibitor atezolizumab returned robust
data on the incidence of ADAs in cancer immunotherapy,
corroborated by multiple phase 3 RCTs conducted in
several hundred patients across multiple cancer types.
This is an important consideration because the immuno-
stimulatory mechanism of action of checkpoint inhibitors
may lead to higher ADA rates than other cancer immu-
notherapies. Previous evidence on treatment-emergent
ADAs across 81 trials testing a wide variety of immuno-
therapies for cancer revealed that the highest frequency
(10%) of ADAs was seen with nivolumab monotherapy,
with this rate increasing to 21.9% with nivolumab ipilim-
umab combination therapy."

While not all ADAs have drug-neutralizing potential,
data on treatment-emergent nAb in cancer immuno-
therapy are even more scarce. A 2020 review by Chen
et al confirmed the poor correlation between ADA and
nAb incidence. When considering forerunner PD-1/
PD-L1 inhibitors such as nivolumab, durvalumab, and
pembrolizumab, ADA incidence rates of 12.9%, 3.1% and
1.8%, respectively, were mirrored by nAb incidence rates
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of 0.7% for nivolumab and 0.4% for durvalumab and
pembrolizumab, highlighting the difficulty in drawing
conclusions as to the functional meaning of ADAs.'"?

The data identified in this systematic review suggest
that, of the various treatments considered, and when
focusing only on those studies with a larger sample size,
atezolizumab is associated with the highest incidence
of treatmentemergent ADAs (29.6%), followed by
nivolumab (11.2%). While there was no obvious correla-
tion between ADA and nAb rates across the included
trials, atezolizumab was also associated with the highest
incidence of nAbs, although it was not possible to deter-
mine if there was a dose-dependent effect due to the small
number of studies included. The higher immunogenicity
of atezolizumab relative to other treatments could be due
to the isotype structure of the antibody—atezolizumab
has a humanized fragment crystallizable (fc) region that
other PD-L1 inhibitors do not have.'” However, higher
ADA incidence could also be the result of the more exten-
sive evidence base for atezolizumab compared with other
immunotherapies.

Our study presents compelling evidence to suggest that
emergence of ADA is not exclusively dependent on the
characteristics of the therapeutic antibody but may be a
function of immunologic synergy between coinhibitory
pathway blockade. Although the data were suggestive of
increased ADA with PD-L1 inhibitors compared with other
drug classes, it was not clear if this was a true effect or an
artifact due to the large number of studies that included
atezolizumab as an intervention. However, combina-
tion treatment with PD-1, PD-L1, or CTLA-4 inhibitors
appeared to be associated with an increased incidence of
treatment-emergent ADAs compared with monotherapy.
Durvalumab plus tremelimumab, for instance, was asso-
ciated with an ADA incidence of up to 18.5%,” and
combination therapy with ipilimumab plus nivolumab, a
rate of 27.8%.” In contrast, use of any of these agents
as monotherapy was associated with lower ADA incidence
rates ranging from 0% with durvalumab'™ to 12.7%
with nivolumab.”” A recently published phase 3 trial of
durvalumab plus tremelimumab versus durvalumab in
hepatocellular carcinoma reinforces this view through
evidence from randomized cohorts of a higher incidence
of antidurvalumab antibodies (4.6%) when durvalumab
was coadministered with tremelimumab compared with
only 2.5% in the durvalumab monotherapy arm.'” While
crucial in regulating T cell exhaustion, a cardinal feature
underlying the progression of malignancy, the PD-1 and
CTLA-4 pathways have been identified as regulators of B
cell biology, being involved in the downregulation of B
cell proliferation and antibody production.' ' It is, there-
fore, plausible that concomitant inhibition of both path-
ways might lead to increased ADA production through
selective enhancement of antibody production.

We found no apparent trend for increased ADAs in
trials in which PD-1, PD-L1, or CTLA-4 inhibitors were
administered in combination with other chemotherapy
drugs, suggesting that combination with cytotoxics does

not modulate ADA production through inhibition of
humoral immunity.

Another important finding of our review is the lack
of apparent correlation between the type of cancer
treated and the incidence of treatment-emergent ADAs,
including no evidence of a difference between solid and
liquid tumors.

The effect of treatment-emergent ADAs on cancer
patient treatment outcomes remains unclear. A recent
publication, not identified in the current review as the
data were presented at a congress held after this review’s
search date, showed that high levels of ADAs were inde-
pendently associated with shorter progression-free survival
and overall survival in patients with hepatocellular carci-
noma treated with atezolizumab plus bevacizumab.'”” Of
the seventeen studies this review identified that reported
on the impact of the presence of ADAs on efficacy, safety,
or pharmacokinetics, only two reported a significant or
numerically negative effect of the presence of ADAs on
progression-free survival and overall survival,**® and only
two studies reported a negative impact of ADAs on safety
outcomes.”*" A further two studies reported conflicting
effects of ADAs on drug pharmacokinetics.* >

The type of assay used to detect treatment-emergent
ADAs was poorly reported across trials. No clear rela-
tionship between ADA assay type and reported ADA inci-
dence was identified; however, firm conclusions could
not be drawn because assay-type data were missing from
a large number of studies. It is interesting to note that
very few trials of atezolizumab and durvalumab treat-
ments reported the ADA assay type (n=1/31 and 2/14,
respectively).

As ADAs are increasingly recognized as putative modu-
lators of efficacy in cancer therapy, lack of harmoniza-
tion in ADA assay type and in reporting of ADA data is
concerning, as it might constitute an unmeasured source
of bias in the interpretation of pharmacokinetic and effi-
cacy data in clinical trials.

There are several limitations to this systematic review.
First, only studies that reported ADAs were included,
meaning that the list of included studies could be subject
to reporting bias. Robust assessment of treatment-
emergent ADAs/nAbs and any relationship to PD-1,
PD-L1, or CTLA-4 checkpoint inhibitors were hampered
by the often small sample sizes of the included trials.
There was also considerable heterogeneity between
studies in terms of their patient population characteris-
tics, line of therapy, tumor type, treatment dosages, study
follow-up time points, and assay used for detecting ADASs;
this may explain the wide variation in ADA incidence that
was reported even between studies of the same drug. We
did not restrict the literature searches by clinical trial
phase, and a future analysis could be conducted to assess
the impact of trial phase on ADA production (eg, from
phase 1/2 to observational studies).

Since the time points at which the levels of ADAs
were assessed were not consistent between trials, inter-
study comparisons were challenging. Many trials did
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not even report the time point at which ADAs were
tested for and this has implications for measuring the
effect of ADAs on efficacy outcomes. The definitions
of treatment-emergent ADAs and nAbs also varied
across studies, with some reporting detailed meth-
odology of the definition, time points at which ADAs
were measured, and the assay employed, while others
simply presented results without indicating how the
data were measured or defined. There may also be
inherent differences between the assays employed to
measure ADAs; the development of a standardized
assay to measure ADAs may be beneficial for routine
clinical practice.

Despite these limitations, this systematic review high-
lights some important trends such as the increased
incidence of treatment-emergent ADAs with atezoli-
zumab and nivolumab when compared with other
PD-1, PD-L1, or CTLA-4 checkpoint inhibitors, as well
as the increased incidence of ADAs with combination
therapy versus monotherapy. The full impact of ADAs
and nAbs on the long-term efficacy and safety of these
immunotherapies warrants further exploration in
larger studies enrolling sufficient patients with ADAs
to permit robust statistical analyses. The findings also
have wider implications for other immunotherapeutic
agents, including bispecific antibodies or antibodies
targeting novel checkpoints (eg, LAG-3, TIM, TIGIT,
BTLA)'" as they may be subject to the development
of ADAs and nAbs.

Another issue this systematic review highlights is the
lack of consistency in the reporting of cancer immu-
notherapy clinical trials, particularly in terms of how
ADAs are defined, and at which time point(s), and
by what assay method, they are tested for. There is a
need for an ad hoc committee that would issue recom-
mendations for better consistency in cancer immu-
notherapy clinical trial reporting. Along with larger
clinical trials, standardized reporting of ADAs in clin-
ical trials is certainly necessary to advance our under-
standing of the relationship between PD-1, PD-L1, or
CTLA-4 checkpoint inhibitors, treatment-emergent
ADAs, and treatment outcomes. We recommend that
ADAs are reported from phase 1 to phase 3 of the drug
development process to achieve these goals. This will
aid understanding of whether other therapies, such
as corticosteroids, may be introduced to mitigate the
effects of ADAs. The potential production of ADAs is
pertinent not only to the drug development process
but also to clinical decision-making (eg, treatment
sequencing) now that multiple immune checkpoint
inhibitor regimens are available; this further empha-
sizes the need for standardized ADA assays that can be
used in clinical practice.

Immune checkpoint inhibitors are a therapeutic
advance in the treatment of cancer, but they are
potentially undermined by treatment-emergent ADAs.
Whereas the impact of immunotherapy-induced
ADAs on treatment outcomes in non-oncological

indications is well characterized, the impact of
treatment-emergent ADAs on cancer patient treat-
ment outcomes is poorly understood. This systematic
review, the largest such review of ADA incidence rates
in checkpoint inhibitors to date, suggests agents such
as atezolizumab and nivolumab are associated with an
increased incidence of treatment-emergent ADAs and
nAbs. Immunotherapy but notimmuno-chemotherapy
combinations are associated with higher ADA levels,
suggesting emergence of ADAs to be a true immune-
mediated effect from treatment. Larger clinical trials
investigating the immunogenicity of PD-1, PD-L1, or
CTLA-4 inhibitors for the treatment of cancer, and
more consistency in clinical trial reporting, specifi-
cally in relation to ADAs, is required.

Acknowledgements We thank James Woolnough and Helen Lilley (Mtech Access)
who provided medical writing services in the preparation of this manuscript. DJP
is supported by grant funding from the Wellcome Trust Strategic Fund (PS3416)
and from the Associazione Italiana per la Ricerca sul Cancro (AIRC MFAG Grant

ID 25697) and acknowledges support by the NIHR Imperial Biomedical Research
Centre (BRC), the Imperial Experimental Cancer Medicine Centre (ECMC), and the
Imperial College Tissue Bank.

Contributors KN and ZR conceived of the study, and provided strategic input into
the design and interpretation of the results. CRM and GSR designed the systematic
review search strategy, ran the systematic reviews (searches and screening),
extracted data, and interpreted the results. PG, RSF, and DJP provided expert
clinical advice, strategic input, and performed data interpretation and supervision.
All authors read and provided approval of the final manuscript. KN is the author
guarantor and accepts full responsibility for the work and conduct of the study, has
access to the data, and controlled the decision to publish.

Funding The research was funded by Eisai, USA.

Competing interests KN and ZR were an employee of Eisai, USA. CRM and GSR
of Mtech Access were paid consultants to Eisai. PG has received lecture fees and
honoraria from BMS, Adaptimmune, AstraZeneca, Sirtex, MSD, Eisai, Ipsen, Bayer,
Roche, Lilly, Boston Scientific, and Guerbet. DJP has received lecture fees from ViiV
Healthcare, Bayer Healthcare, BMS, Roche, Eisai, Falk Foundation; travel expenses
from BMS and Bayer Healthcare; consulting fees from Mina Therapeutics, Eisai,
Roche, Ipsen, Mursla, Starpharma, Avamune, DaVolterra, and Astra Zeneca; and
research funding (to institution) from MSD, GSK, and BMS. RSF has acted as a
consultant to AstraZeneca, Bayer, BMS, CStone, Exelixis, Eisai, Merck, Pfizer, Roche/
Genentech, and has received grants (to institution) from Bayer, BMS, Eisai, Merck,
Pfizer, and Roche/Genentech.

Patient consent for publication Not applicable.
Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement No data are available. Not applicable.

Supplemental material This content has been supplied by the author(s). It

has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have
been peer-reviewed. Any opinions or recommendations discussed are solely
those of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability
and responsibility arising from any reliance placed on the content. Where the
content includes any translated material, BMJ does not warrant the accuracy and
reliability of the translations (including but not limited to local regulations, clinical
guidelines, terminology, drug names and drug dosages), and is not responsible
for any error and/or omissions arising from translation and adaptation or
otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
David J Pinato http://orcid.org/0000-0002-3529-0103

Galle P, et al. J Immunother Cancer 2024;12:¢008266. doi:10.1136/jitc-2023-008266


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-3529-0103

REFE
1

20
21
22

23

RENCES

Thibult M-L, Mamessier E, Gertner-Dardenne J, et al. PD-1

is a novel regulator of human B-cell activation. Int Immunol
2013;25:129-37.

Han'Y, Liu D, Li L. PD-1/PD-L1 pathway: Current researches in
cancer. Am J Cancer Res 2020;10:727-42.

Santarpia M, Gonzalez-Cao M, Viteri S, et al. Programmed cell
death Protein-1/programmed cell death Ligand-1 pathway inhibition
and predictive biomarkers: understanding transforming growth
factor-beta role. Trans/ Lung Cancer Res 2015;4:728-42.

Sun S, Fei X, Mao Y, et al. PD-1+ immune cell infiltration inversely
correlates with survival of operable breast cancer patients. Cancer
Immunol Immunother 2014;63:395-406.

Muenst S, Soysal SD, Gao F, et al. The presence of programmed
death 1 (PD-1)-Positive tumor-infiltrating lymphocytes is associated
with poor prognosis in human breast cancer. Breast Cancer Res
Treat 2013;139:667-76.

Sfanos KS, Bruno TC, Meeker AK, et al. Human Prostate-Infiltrating
Cd8+ T lymphocytes are Oligoclonal and PD-1+. Prostate
2009;69:1694-703.

French JD, Kotnis GR, Said S, et al. Programmed Death-1+ T cells
and regulatory T cells are enriched in tumor-involved lymph nodes
and associated with aggressive features in papillary thyroid cancer.
J Clin Endocrinol Metab 2012;97:E934-43.

Ahmadzadeh M, Johnson LA, Heemskerk B, et al. Tumor antigen—
specific Cd8 T cells infiltrating the tumor express high levels of
PD-1 and are functionally impaired. Blood 2009;114:1537-44.
Chapon M, Randriamampita C, Maubec E, et al. Progressive
upregulation of PD-1 in primary and metastatic Melanomas
associated with blunted TCR signaling in infiltrating T lymphocytes.
J Invest Dermatol 2011;131:1300-7.

Matsuzaki J, Gnjatic S, Mhawech-Fauceglia P, et al. Tumor-
infiltrating NY-ESO-1-specific Cd8+ T cells are negatively regulated
by LAG-3 and PD-1 in human ovarian cancer. Proc Natl Acad Sci U
S A 2010;107:7875-80.

Thompson RH, Dong H, Lohse CM, et al. PD-1 is expressed

by tumor-infiltrating immune cells and is associated with poor
outcome for patients with renal cell carcinoma. Clin Cancer Res
2007;13:1757-61.

Zhang Y, Huang S, Gong D, et al. Programmed Death-1
upregulation is correlated with dysfunction of tumor-infiltrating
Cd8+ T lymphocytes in human non-small cell lung cancer. Cell Mol
Immunol 2010;7:389-95.

Shi F, Shi M, Zeng Z, et al. PD-1 and PD-L1 upregulation

promotes Cd8+ T-Cell apoptosis and postoperative recurrence in
hepatocellular carcinoma patients. Int J Cancer 2011;128:887-96.
Cancer Research UK. Types of cancer Immunotherapy. Available:
https://www.cancerresearchuk.org/about-cancer/cancer-in-general/
treatment/immunotherapy/types [Accessed 21 Oct 2022].

van Brummelen EMJ, Ros W, Wolbink G, et al. Antidrug antibody
formation in oncology: clinical relevance and challenges. Oncologist
2016;21:1260-8.

Gunn GR, Sealey DCF, Jamali F, et al. From the bench to clinical
practice: understanding the challenges and uncertainties in
Immunogenicity testing for Biopharmaceuticals. Clin Exp Immunol
2016;184:137-46.

Shankar G, Arkin S, Coceal L, et al. Assessment and reporting of
the clinical Immunogenicity of therapeutic proteins and peptides-
Harmonized terminology and tactical recommendations. AAPS J
2014;16:658-73.

Moher D, Shamseer L, Clarke M, et al. Preferred reporting items for
systematic review and meta-analysis protocols (PRISMA-P) 2015
statement. Syst Rev 2015;4:1.

Joanna Briggs Institute (JBI). Critical appraisal tools. Available:
https://jbi.global/critical-appraisal-tools [Accessed 5 Oct 2022].
Agrawal S, Statkevich P, Bajaj G, et al. Evaluation of
Immunogenicity of Nivolumab monotherapy and its clinical
relevance in patients with metastatic solid tumors. J Clin Pharmacol
2017;57:394-400.

Antonia S, Goldberg SB, Balmanoukian A, et al. Safety and
Antitumour activity of Durvalumab plus Tremelimumab in non-small
cell lung cancer: a Multicentre, phase 1B study. Lancet Oncol
2016;17:299-308.

Creelan BC, Yeh TC, Kim S-W, et al. A phase 1 study of Gefitinib
combined with Durvalumab in EGFR TKIl-naive patients with EGFR
Mutation-positive locally advanced/metastatic non-small-cell lung
cancer. Br J Cancer 2021;124:383-90.

Doi T, Muro K, Ishii H, et al. A phase | study of the anti-CC
Chemokine receptor 4 antibody, Mogamulizumab, in combination
with Nivolumab in patients with advanced or metastatic solid
tumors. Clin Cancer Res 2019;25:6614-22.

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Falchook GS, Peeters M, Rottey S, et al. A phase 1A/1B trial of
CSF-1R inhibitor Ly3022855 in combination with Durvalumab or
Tremelimumab in patients with advanced solid tumors. Invest New
Drugs 2021;39:1284-97.

Fujiwara Y, Iguchi H, Yamamoto N, et al. Tolerability and efficacy
of Durvalumab in Japanese patients with advanced solid tumors.
Cancer Sci 2019;110:1715-23.

Fukudo M, Mishima K, Kimura N, et al. Long-term follow-up of
pharmacokinetics (PK) and Immunogenicity of the anti-PD-1
antibodies Nivolumab (Nivo) and Pembrolizumab (Pembro) in real-
world practice. JCO 2019;37(15_suppl):3120.

Galle PR, Finn RS, Cheng A-L, et al. Assessment of the

impact of anti-drug antibodies on PK and clinical outcomes

with Atezolizumab + Bevacizumab in HCC. Cancer Res
2021;81(13_Supplement):CT185.

Gerds AT, Scott BL, Greenberg P, et al. Atezolizumab alone or in
combination did not demonstrate a favorable risk-benefit profile in
myelodysplastic syndrome. Blood Adv 2022;6:1152-61.

Goldman JW, Piha-Paul SA, Curti BD, et al. Safety and tolerability
of Medi0562 in combination with Durvalumab or Tremelimumab in
patients with advanced solid tumors. JCO 2020;38(15_suppl):3003.
Gutierrez M, Moreno V, Heinhuis KM, et al. Ox40 agonist BMS-
986178 alone or in combination with Nivolumab and/or Ipilimumab
in patients with advanced solid tumors. Clin Cancer Res
2021;27:460-72.

Hellmann MD, Bivi N, Calderon B, et al. Safety and Immunogenicity
of Ly3415244, a Bispecific antibody against TIM-3 and PD-L1.
Clinical Cancer Research 2021;27:2773-81.

Horinouchi H, Yamamoto N, Fujiwara Y, et al. Phase | study of
Ipilimumab in phased combination with paclitaxel and carboplatin
in Japanese patients with non-small-cell lung cancer. Invest New
Drugs 2015;33:881-9.

Jacobs CR, Rapoport BL, Cohen GL, et al. Pembrolizumab
Bioavailability after subcutaneous administration: analysis from
the KEYNOTE-555 cohort A in metastatic Melanoma. Cancer Res
2021;81(13_Supplement):CT143.

Johnson ML, Braiteh F, Grilley-Olson JE, et al. Assessment of
subcutaneous vs intravenous administration of anti-PD-1 antibody
PF-06801591 in patients with advanced solid tumors: A phase 1
dose-escalation trial. JAMA Oncol 2019;5:999-1007.

Kelley RK, Negro A, Chen C, et al. 32p low Immunogenicity and
favorable safety seen with novel regimen of Tremelimumab (T) plus
Durvalumab (D) in patients (Pts) with Unresectable hepatocellular
carcinoma (UHCC). Annals of Oncology 2020;31:51429.

Kitano S, Shimizu T, Koyama T, et al. Dose exploration results from
phase 1 study of Cemiplimab, a human Monoclonal programmed
death (PD)-1 antibody, in Japanese patients with advanced
malignancies. Cancer Chemother Pharmacol 2021;87:53-64.

Kudo M, Finn RS, Ikeda M, et al. n.d. A phase 1B study of
Lenvatinib plus Pembrolizumab in patients with Unresectable
hepatocellular carcinoma: study 116 follow-up analysis. Liver
Cancer:1-7.

Kverneland AH, Enevold C, Donia M, et al. Development of
anti-drug antibodies is associated with shortened survival in
patients with metastatic Melanoma treated with Ipilimumab.
Oncoimmunology 2018;7:e1424674.

Liu R, Li W, Meng Y, et al. Phase | study of Pucotenlimab (Hx008),
an anti-PD-1 antibody, for patients with advanced solid tumors.
Ther Adv Med Oncol 2021;13:17588359211020528.

Lu S, Bowsher RR, Clancy A, et al. An integrated analysis of
Dostarlimab Immunogenicity. AAPS J 2021;23:96.

MaY, Fang W, Zhao H, et al. A phase | dose escalation study of
the safety, tolerability, and pharmacokinetics of Ipilimumab in
Chinese patients with select advanced solid tumors. Oncologist
2021;26:€549-66.

Mitchell TC, Hamid O, Smith DC, et al. Epacadostat plus
Pembrolizumab in patients with advanced solid tumors: phase |
results from a multicenter, open-label phase I/l trial (ECHO-202/
KEYNOTE-037). J Clin Oncol 2018;36:3223-30.

Papadopoulos KP, Autio K, Golan T, et al. Phase | study of MK-
4166, an anti-human glucocorticoid-induced Tnf receptor antibody,
alone or with Pembrolizumab in advanced solid tumors. Clin Cancer
Res 2021;27:1904-11.

Peters S, Galle PR, Bernaards CA, et al. Evaluation of Atezolizumab
Immunogenicity: efficacy and safety (part 2). Clin Transl Sci
2022;15:141-57.

Sasson SC, Wilkins LE, Watson RA, et al. Identification of
Neutralising Pembrolizumab anti-drug antibodies in patients with
Melanoma. Sci Rep 2021;11:19253.

Shemesh CS, Chanu P, Jamsen K, et al. Population
pharmacokinetics, exposure-safety, and Immunogenicity of

Galle P, et al. J Immunother Cancer 2024;12:¢008266. doi:10.1136/jitc-2023-008266


http://dx.doi.org/10.1093/intimm/dxs098
http://dx.doi.org/32266087
http://dx.doi.org/10.3978/j.issn.2218-6751.2015.12.04
http://dx.doi.org/10.1007/s00262-014-1519-x
http://dx.doi.org/10.1007/s00262-014-1519-x
http://dx.doi.org/10.1007/s10549-013-2581-3
http://dx.doi.org/10.1007/s10549-013-2581-3
http://dx.doi.org/10.1002/pros.21020
http://dx.doi.org/10.1210/jc.2011-3428
http://dx.doi.org/10.1182/blood-2008-12-195792
http://dx.doi.org/10.1038/jid.2011.30
http://dx.doi.org/10.1073/pnas.1003345107
http://dx.doi.org/10.1073/pnas.1003345107
http://dx.doi.org/10.1158/1078-0432.CCR-06-2599
http://dx.doi.org/10.1038/cmi.2010.28
http://dx.doi.org/10.1038/cmi.2010.28
http://dx.doi.org/10.1002/ijc.25397
https://www.cancerresearchuk.org/about-cancer/cancer-in-general/treatment/immunotherapy/types
https://www.cancerresearchuk.org/about-cancer/cancer-in-general/treatment/immunotherapy/types
http://dx.doi.org/10.1634/theoncologist.2016-0061
http://dx.doi.org/10.1111/cei.12742
http://dx.doi.org/10.1208/s12248-014-9599-2
http://dx.doi.org/10.1186/2046-4053-4-1
https://jbi.global/critical-appraisal-tools
http://dx.doi.org/10.1002/jcph.818
http://dx.doi.org/10.1016/S1470-2045(15)00544-6
http://dx.doi.org/10.1038/s41416-020-01099-7
http://dx.doi.org/10.1158/1078-0432.CCR-19-1090
http://dx.doi.org/10.1007/s10637-021-01088-4
http://dx.doi.org/10.1007/s10637-021-01088-4
http://dx.doi.org/10.1111/cas.14003
http://dx.doi.org/10.1200/JCO.2019.37.15_suppl.3120
http://dx.doi.org/10.1158/1538-7445.AM2021-CT185
http://dx.doi.org/10.1182/bloodadvances.2021005240
http://dx.doi.org/10.1200/JCO.2020.38.15_suppl.3003
http://dx.doi.org/10.1158/1078-0432.CCR-20-1830
http://dx.doi.org/10.1158/1078-0432.CCR-20-3716
http://dx.doi.org/10.1007/s10637-015-0243-5
http://dx.doi.org/10.1007/s10637-015-0243-5
http://dx.doi.org/10.1158/1538-7445.AM2021-CT143
http://dx.doi.org/10.1001/jamaoncol.2019.0836
http://dx.doi.org/10.1016/j.annonc.2020.10.519
http://dx.doi.org/10.1007/s00280-020-04161-6
http://dx.doi.org/10.1159/000535154
http://dx.doi.org/10.1159/000535154
http://dx.doi.org/10.1080/2162402X.2018.1424674
http://dx.doi.org/10.1177/17588359211020528
http://dx.doi.org/10.1208/s12248-021-00624-7
http://dx.doi.org/10.1002/onco.13577
http://dx.doi.org/10.1200/JCO.2018.78.9602
http://dx.doi.org/10.1158/1078-0432.CCR-20-2886
http://dx.doi.org/10.1158/1078-0432.CCR-20-2886
http://dx.doi.org/10.1111/cts.13149
http://dx.doi.org/10.1038/s41598-021-98700-7

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

Atezolizumab in pediatric and young adult patients with cancer. J
Immunother Cancer 2019;7:314.

Shimizu T, Seto T, Hirai F, et al. Phase 1 study of Pembrolizumab
(MK-3475; anti-PD-1 Monoclonal antibody) in Japanese patients
with advanced solid tumors. Invest New Drugs 2016;34:347-54.
van Vugt MJH, Stone JA, De Greef RHIMM, et al. Immunogenicity
of Pembrolizumab in patients with advanced tumors. J Immunother
Cancer 2019;7:212.

Wilkins JJ, Brockhaus B, Dai H, et al. Time-varying clearance

and impact of disease state on the pharmacokinetics of

Avelumab in Merkel cell carcinoma and urothelial carcinoma. CPT
Pharmacometrics Syst Pharmacol 2019;8:415-27.

Wu B, Sternheim N, Agarwal P, et al. Evaluation of Atezolizumab
Immunogenicity: clinical pharmacology (part 1). Clin Trans/ Sci
2022;15:130-40.

Zucali PA, Lin C-C, Carthon BC, et al. Targeting Cd38 and PD-1
with Isatuximab plus Cemiplimab in patients with advanced solid
malignancies: results from a phase I/ll open-label, multicenter study.
J Immunother Cancer 2022;10:e003697.

Patnaik A, Yap TA, Chung HC, et al. Safety and clinical activity

of a new anti-PD-L1 antibody as monotherapy or combined with
targeted therapy in advanced solid tumors: the PACT phase IA/IB
trial. Clin Cancer Res 2021;27:1267-77.

Papadopoulos KP, Lakhani N, Falchook GS, et al. Phase |, first-in-
human trial of programmed cell death Receptor-1 (PD-1) inhibitor,
JTX-4014, in adult patients with advanced, refractory, solid tumors.
Cancer Immunol Immunother 2021;70:763-72.

U.S. Food and Drug Administration. KEYTRUDA® (pembrolizumab)
Highlights of prescribing information. 2019. Available: https://
www.accessdata.fda.gov/drugsatfda_docs/label/2019/
1255140rig1s054Ibl.pdf

U.S. Food and Drug Administration. TECENTRIQ®(Atezolizumab):
highlights of prescribing information. 2022. Available: https://www.
gene.com/download/pdf/tecentriq_prescribing.pdf

U.S.Food Drug Administration. BAVENCIO® (Avelumab):

highlights of prescribing information. 2019. Available: https://www.
accessdata.fda.gov/drugsatfda_docs/label/2019/761049s006Ibl.pdf
U.S. Food and Drug Administration. OPDIVO (Nivolumab):
highlights of prescribing information. 2018. Available: https://www.
accessdata.fda.gov/drugsatfda_docs/label/2018/125554s058Ibl.pdf
U.S. Food and Drug Administration. LIBTAYO® (Cemiplimab-Rwlc):
highlights of prescribing information. 2021. Available: https://www.
accessdata.fda.gov/drugsatfda_docs/label/2021/761097s007Ibl.pdf
U.S. Food and Drug Administration. JEMPERLI (Dostarlimab-Gxly):
highlights of prescribing information. 2021. Available: https://www.
accessdata.fda.gov/drugsatfda_docs/label/2021/761174s000Ibl.pdf
U.S. Food and Drug Administration. IMFINZI® (Durvalumab):
highlights of prescribing information. 2017. Available: https://www.
accessdata.fda.gov/drugsatfda_docs/label/2018/761069s002Ibl.pdf
U.S. Food and Drug Administration. YERVOY® (Ipilimumab):
highlights of prescribing information. 2011. Available: https://
packageinserts.bms.com/pi/pi_yervoy.pdf

Medicine USNLO. NCT03043872 (CASPIAN). 2022. Available:
https://clinicaltrials.gov/ct2/show/NCT03043872

Medicine USNLO. NCT02395172 (JAVELIN lung 200). 2020.
Available: https://clinicaltrials.gov/ct2/show/NCT02395172
Medicine USNLo. NCT02951156 (Javelin DLBCL), . 2020Available:
https://clinicaltrials.gov/ct2/show/NCT02951156

Medicine USNLO. NCT02603419 (JAVELIN HODGKINS). 2020.
Available: https://clinicaltrials.gov/ct2/show/NCT02603419
Medicine USNLO. NCT02458638. 2021. Available: https://
clinicaltrials.gov/ct2/show/NCT02458638

Medicine USNLo. NCT02108652. 2022. Available: https://
clinicaltrials.gov/ct2/show/NCT02108652

Medicine USNLo. NCT02631577. 2022. Available: https://
clinicaltrials.gov/ct2/show/NCT02631577

Medicine Usnlo. Nct03125902 (Impassion131). 2022. Available:
https://clinicaltrials.gov/ct2/show/NCT03125902

Medicine USNLo. NCT02718417 (JAVELIN OVARIAN 100). 2020.
Available: https://clinicaltrials.gov/ct2/show/NCT02718417
Medicine USNLo. NCT03792750. 2022. Available: https://
clinicaltrials.gov/ct2/show/NCT03792750

Medicine USCLo. NCT02220894 (MK-3475-042/KEYNOTE-042).
2021. Available: https://clinicaltrials.gov/ct2/show/NCT02220894
Medicine USNLo. NCT01024231. 2021. Available: https://www.
clinicaltrials.gov/ct2/show/NCT01024231

Medicine USNLo. NCT03158272. 2020. Available: https://
clinicaltrials.gov/ct2/show/NCT03158272

Medicine USNLo. NCT02253992. 2020. Available: https://
clinicaltrials.gov/ct2/show/NCT02253992

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

Medicine USNLo. NCT00730639. 2021. Available: https://
clinicaltrials.gov/ct2/show/NCT00730639

Medicine USNLo. NCT02179918 (B1641003/KEYNOTE-0036).
2019. Available: https://clinicaltrials.gov/ct2/show/NCT02179918
Medicine USNLo. NCT02596971. 2021. Available: https://
clinicaltrials.gov/ct2/show/NCT02596971

Medicine USNLo. NCT02133742. 2021. Available: https://
clinicaltrials.gov/ct2/show/NCT02133742

Medicine USNLo. NCT02528357 (ENGAGE-1). 2021. Available:
https://www.clinicaltrials.gov/ct2/show/NCT02528357

Medicine USNLo. NCT02318277 (ECHO-203). 2022. Available:
https://clinicaltrials.gov/ct2/show/NCT02318277

Medicine USNLo. NCT02792192. 2021. Available: https://
clinicaltrials.gov/ct2/show/NCT02792192

Medicine USNLo. NCT02118337. 2021. Available: https://
clinicaltrials.gov/ct2/show/NCT02118337

Medicine USNLo. NCT03178851. 2021. Available: https://
clinicaltrials.gov/ct2/show/NCT03178851

Medicine USNLo. NCT01984242 (IMmotion150). 2019. Available:
https://clinicaltrials.gov/ct2/show/NCT01984242

Medicine USNLo. NCT02409342 (IMpower110). 2022. Available:
https://clinicaltrials.gov/ct2/show/NCT02409342

Medicine USNLo. NCT02788279 (COTEZO IMblaze370). 2019.
Available: https://clinicaltrials.gov/ct2/show/NCT02788279
Medicine USNLo. NCT03197935 (IMpassion031). 2022. Available:
https://clinicaltrials.gov/ct2/show/NCT03197935

Medicine USNLo. NCT02729896. 2020. Available: https://www.
clinicaltrials.gov/ct2/show/NCT02729896

Medicine USNLo. NCT02685826. 2020. Available: https://
clinicaltrials.gov/ct2/show/NCT02685826

Medicine USNLo. NCT02583477. 2019. Available: https://
clinicaltrials.gov/ct2/show/NCT02583477

Medicine USNLo. NCT02453282 (MYSTIC). 2021. Available: https://
clinicaltrials.gov/ct2/show/NCT02453282

Medicine USNLo. NCT02516241. 2022. Available: https://
clinicaltrials.gov/ct2/show/NCT02516241

Medicine USNLo. NCT02558894. 2018. Available: https://
clinicaltrials.gov/ct2/show/NCT02558894

Medicine USNLo. NCT01621490. 2019. Available: https://
clinicaltrials.gov/ct2/show/NCT01621490

Medicine USNLo. NCT02105636 (CheckMate 141). 2022. Available:
https://clinicaltrials.gov/ct2/show/NCT02105636

Wang J, Fei K, Jing H, et al. Durable blockade of PD-1 signaling
links Preclinical efficacy of Sintilimab to its clinical benefit. MAbs
2019;11:1443-51.

Hsu L, Snodgrass BT, Armstrong AW. Antidrug antibodies in
psoriasis: a systematic review. Br J Dermatol 2014;170:261-73.
Thomas LW, Lee EB, Wu JJ. Systematic review of anti-drug
antibodies of IL-17 inhibitors for psoriasis. J Dermatolog Treat
2019;30:110-6.

Moots RJ, Xavier RM, Mok CC, et al. The impact of anti-drug
antibodies on drug concentrations and clinical outcomes in
rheumatoid arthritis patients treated with Adalimumab, Etanercept,
or Infliximab: results from a multinational, real-world clinical
practice, non-Interventional study. PLoS One 2017;12:e0175207.
Quistrebert J, Hassler S, Bachelet D, et al. Incidence and risk
factors for Adalimumab and Infliximab anti-drug antibodies in
rheumatoid arthritis: A European retrospective Multicohort analysis.
Semin Arthritis Rheum 2019;48:967-75.

Chen Y, Pei Y, Luo J, et al. Looking for the optimal PD-1/PD-L1
inhibitor in cancer treatment: A comparison in basic structure,
function, and clinical practice. Front Immunol 2020;11:1088.
Davda J, Declerck P, Hu-Lieskovan S, et al. Immunogenicity of
immunomodulatory, antibody-based, oncology Therapeutics. J
Immunother Cancer 2019;7:105.

Medicine USNLo. NCT02775435 (MK-3475-407/KEYNOTE-407).
2022. Available: https://clinicaltrials.gov/ct2/show/NCT02775435
Abou-Alfa GK, Lau G, Kudo M, et al. Tremelimumab plus
Durvalumab in Unresectable hepatocellular carcinoma. NEJM
Evidence 2022;1.

Sage PT, Paterson AM, Lovitch SB, et al. The Coinhibitory receptor
CTLA-4 controls B cell responses by Modulating T follicular
helper, T follicular regulatory, and T regulatory cells. Immunity
2014;41:1026-39.

Kim C, Yang H, Kim |, et al. Association of high levels of antidrug
antibodies against Atezolizumab with clinical outcomes and T-cell
responses in patients with hepatocellular carcinoma. JAMA Oncol
2022;8:1825-9.

Borgeaud M, Sandoval J, Obeid M, et al. Novel targets for immune-
Checkpoint inhibition in cancer. Cancer Treat Rev 2023;120:102614.

Galle P, et al. J Immunother Cancer 2024;12:¢008266. doi:10.1136/jitc-2023-008266


http://dx.doi.org/10.1186/s40425-019-0791-x
http://dx.doi.org/10.1186/s40425-019-0791-x
http://dx.doi.org/10.1007/s10637-016-0347-6
http://dx.doi.org/10.1186/s40425-019-0663-4
http://dx.doi.org/10.1186/s40425-019-0663-4
http://dx.doi.org/10.1002/psp4.12406
http://dx.doi.org/10.1002/psp4.12406
http://dx.doi.org/10.1111/cts.13127
http://dx.doi.org/10.1136/jitc-2021-003697
http://dx.doi.org/10.1158/1078-0432.CCR-20-2821
http://dx.doi.org/10.1007/s00262-020-02730-5
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/125514Orig1s054lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/125514Orig1s054lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/125514Orig1s054lbl.pdf
https://www.gene.com/download/pdf/tecentriq_prescribing.pdf
https://www.gene.com/download/pdf/tecentriq_prescribing.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/761049s006lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/761049s006lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/125554s058lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/125554s058lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/761097s007lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/761097s007lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/761174s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/761174s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/761069s002lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/761069s002lbl.pdf
https://packageinserts.bms.com/pi/pi_yervoy.pdf
https://packageinserts.bms.com/pi/pi_yervoy.pdf
https://clinicaltrials.gov/ct2/show/NCT03043872
https://clinicaltrials.gov/ct2/show/NCT02395172
https://clinicaltrials.gov/ct2/show/NCT02951156
https://clinicaltrials.gov/ct2/show/NCT02603419
https://clinicaltrials.gov/ct2/show/NCT02458638
https://clinicaltrials.gov/ct2/show/NCT02458638
https://clinicaltrials.gov/ct2/show/NCT02108652
https://clinicaltrials.gov/ct2/show/NCT02108652
https://clinicaltrials.gov/ct2/show/NCT02631577
https://clinicaltrials.gov/ct2/show/NCT02631577
https://clinicaltrials.gov/ct2/show/NCT03125902
https://clinicaltrials.gov/ct2/show/NCT02718417
https://clinicaltrials.gov/ct2/show/NCT03792750
https://clinicaltrials.gov/ct2/show/NCT03792750
https://clinicaltrials.gov/ct2/show/NCT02220894
https://www.clinicaltrials.gov/ct2/show/NCT01024231
https://www.clinicaltrials.gov/ct2/show/NCT01024231
https://clinicaltrials.gov/ct2/show/NCT03158272
https://clinicaltrials.gov/ct2/show/NCT03158272
https://clinicaltrials.gov/ct2/show/NCT02253992
https://clinicaltrials.gov/ct2/show/NCT02253992
https://clinicaltrials.gov/ct2/show/NCT00730639
https://clinicaltrials.gov/ct2/show/NCT00730639
https://clinicaltrials.gov/ct2/show/NCT02179918
https://clinicaltrials.gov/ct2/show/NCT02596971
https://clinicaltrials.gov/ct2/show/NCT02596971
https://clinicaltrials.gov/ct2/show/NCT02133742
https://clinicaltrials.gov/ct2/show/NCT02133742
https://www.clinicaltrials.gov/ct2/show/NCT02528357
https://clinicaltrials.gov/ct2/show/NCT02318277
https://clinicaltrials.gov/ct2/show/NCT02792192
https://clinicaltrials.gov/ct2/show/NCT02792192
https://clinicaltrials.gov/ct2/show/NCT02118337
https://clinicaltrials.gov/ct2/show/NCT02118337
https://clinicaltrials.gov/ct2/show/NCT03178851
https://clinicaltrials.gov/ct2/show/NCT03178851
https://clinicaltrials.gov/ct2/show/NCT01984242
https://clinicaltrials.gov/ct2/show/NCT02409342
https://clinicaltrials.gov/ct2/show/NCT02788279
https://clinicaltrials.gov/ct2/show/NCT03197935
https://www.clinicaltrials.gov/ct2/show/NCT02729896
https://www.clinicaltrials.gov/ct2/show/NCT02729896
https://clinicaltrials.gov/ct2/show/NCT02685826
https://clinicaltrials.gov/ct2/show/NCT02685826
https://clinicaltrials.gov/ct2/show/NCT02583477
https://clinicaltrials.gov/ct2/show/NCT02583477
https://clinicaltrials.gov/ct2/show/NCT02453282
https://clinicaltrials.gov/ct2/show/NCT02453282
https://clinicaltrials.gov/ct2/show/NCT02516241
https://clinicaltrials.gov/ct2/show/NCT02516241
https://clinicaltrials.gov/ct2/show/NCT02558894
https://clinicaltrials.gov/ct2/show/NCT02558894
https://clinicaltrials.gov/ct2/show/NCT01621490
https://clinicaltrials.gov/ct2/show/NCT01621490
https://clinicaltrials.gov/ct2/show/NCT02105636
http://dx.doi.org/10.1080/19420862.2019.1654303
http://dx.doi.org/10.1111/bjd.12654
http://dx.doi.org/10.1080/09546634.2018.1473552
http://dx.doi.org/10.1371/journal.pone.0175207
http://dx.doi.org/10.1016/j.semarthrit.2018.10.006
http://dx.doi.org/10.3389/fimmu.2020.01088
http://dx.doi.org/10.1186/s40425-019-0586-0
http://dx.doi.org/10.1186/s40425-019-0586-0
https://clinicaltrials.gov/ct2/show/NCT02775435
http://dx.doi.org/10.1056/EVIDoa2100070
http://dx.doi.org/10.1056/EVIDoa2100070
http://dx.doi.org/10.1016/j.immuni.2014.12.005
http://dx.doi.org/10.1001/jamaoncol.2022.4733
http://dx.doi.org/10.1016/j.ctrv.2023.102614

	Treatment-­emergent antidrug antibodies related to PD-­1, PD-­L1, or CTLA-­4 inhibitors across tumor types: a systematic review
	Abstract
	Background﻿﻿
	Methods
	Results
	Search results
	Quality assessment
	Characteristics of included trials
	Incidence of treatment-emergent nAbs
	Impact of assay on incidence of ADAs
	Impact of ADAs on treatment outcomes

	﻿Discussion/conclusion﻿
	References


