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Abstract
Antibody therapeutics can be associated with unwanted immune responses re-
sulting in the development of anti-drug antibodies (ADA). Optimal methods to 
evaluate the potential effects of ADA on clinical outcomes in oncology are not 
well established. In this study, we assessed efficacy and safety, based on ADA 
status, in patients from over 10 clinical trials that evaluated the immune check-
point inhibitor atezolizumab as a single agent or as combination therapy for sev-
eral types of advanced cancers. ADA can only be observed post randomization, 
and imbalances in baseline prognostic factors can confound the interpretation 
of ADA impact. We applied methodology to account for the confounding effects 
of baseline clinical characteristics and survivorship bias on efficacy. Adjusted 
meta-analyses revealed that despite numerical differences in overall survival and 
progression-free survival between ADA-positive and ADA-negative patients from 
some studies, ADA-positive patients from studies with an overall treatment ef-
fect derived benefit from atezolizumab, compared with their adjusted controls. 
Based on large, pooled populations from atezolizumab monotherapy or combina-
tion studies, unadjusted descriptive analyses did not identify a clear relationship 
between ADA status and frequency or severity of adverse events. Data also sug-
gested that any ADA impact is not driven by neutralizing activity. Collectively, 
this exploratory analysis suggests that the potential for ADA development should 
not impact treatment decisions with atezolizumab.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Treatment-emergent anti-drug antibodies (ADA) directed against anticancer 
therapeutics, including atezolizumab, might affect efficacy and safety.
WHAT QUESTION DID THIS STUDY ADDRESS?
How do ADA impact overall survival, progression-free survival, and adverse-
event frequencies with atezolizumab?
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INTRODUCTION

Unwanted immune responses to protein therapeutics 
can result in the development of anti-drug antibodies 
(ADA),1,2 potentially affecting drug pharmacokinetics 
(PK), pharmacodynamics, efficacy, and safety.3–5 The 
binding of ADA to an antibody therapeutic may result 
in the formation of immune complexes that are cleared 
from the circulation, potentially reducing drug exposure 
and impairing efficacy. Patients who develop ADA may 
have an increased risk of adverse events (AEs), most 
commonly infusion-related reactions (IRRs).6 The sub-
set of ADA that block therapeutic target binding are 
termed neutralizing antibodies (NAb)3; ADA that are 
neutralizing in vitro7,8 may or may not be linked to loss 
of efficacy in vivo.9 In the case of antibody therapeutics, 
both neutralizing and/or non-neutralizing ADA tend to 
be directed against the complementarity-determining 
regions (CDRs) of the molecule.6,10–12 For example, an 
analysis of ADA to natalizumab in patients with mul-
tiple sclerosis revealed that NAb and non-NAb bind to 
similar CDRs and CDR-adjacent regions of this antibody 
therapeutic, but that NAb dissociated more slowly than 
non-NAb.10

Although ADA to protein therapeutics may cause re-
duced drug exposure, loss of efficacy, and/or increased 
AEs in other diseases (e.g., natalizumab in neurology,9 
infliximab in rheumatology,13 and factor VIIa in hematol-
ogy14), it has been more difficult to determine the clin-
ical relevance of ADA in oncology. A recent systematic 
assessment showed that although ADA were detected 
in greater than 50% of the oncology studies evaluated 
(mainly monoclonal antibody studies), in most cases, the 
clinical consequences of immunogenicity were unclear.6 
Moreover, the widely used industry standard approaches 
to ADA analysis and data interpretation were developed 
based on patients with autoimmune and neurological dis-
eases,15 and these may not be appropriate for oncology 

studies, in which a high patient attrition is often observed 
over time.

Reported ADA frequencies from single-agent 
anti-programmed death-ligand 1 (anti–PD-L1)/anti-
programmed death-1 (PD-1) immune checkpoint inhibi-
tor (ICI) studies are generally low, as are NAb frequencies, 
and no evidence is available to date on clinical impact. 
Atezolizumab (anti–PD-L1) has been approved in var-
ious types of cancers.16,17 Across multiple studies, ex-
panded analyses of ADA against atezolizumab have been 
conducted, showing incidence rates of 13%–54% overall 
and 4%–28% for NAb,18 with no consistent trends of as-
sociation among incidence rates and tumor type, line of 
therapy, treatment schedule, or monotherapy versus com-
bination therapy.

ADA development may be influenced by a patient’s 
baseline disease characteristics. For example, tumor ne-
crosis factor inhibitor studies have shown that C-reactive 
protein (CRP) levels and erythrocyte sedimentation rate 
differ between patients with rheumatoid arthritis who 
become ADA positive (ADA+) and those who remain 
ADA negative (ADA–) post treatment.19,20 Because ADA 
develop following therapeutic treatment, they are con-
sidered a postbaseline variable and therefore cannot be a 
stratification factor. Thus, even with randomized studies, 
baseline imbalances between experimental-arm ADA-
defined subgroups can exist, rendering interpretability of 
clinical trial data more challenging and necessitating ad-
justment.21 Any assessment of potential impacts of ADA 
on efficacy and/or safety in oncology must account for ob-
servable and measurable patient health and disease status 
at baseline, including comorbidities, tumor burden, and 
extent of metastases. Moreover, high mortality rates often 
seen in oncology, specifically with advanced or metastatic 
cancers, can introduce survivorship bias22 into the study 
of ADA development and affect clinical outcome, under-
scoring the need for careful analyses to allow for mean-
ingful comparisons. Here, to understand whether ADA to 
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WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Based on a large data set from over 10 clinical trials, we showed that although 
efficacy in ADA-positive versus ADA-negative patients is numerically reduced in 
some studies, ADA-positive patients, including those with neutralizing antibod-
ies, can derive treatment benefit from atezolizumab. Adverse-event frequencies 
were not consistently different in the presence or absence of ADA or neutralizing 
antibodies.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
These results underscore the importance of adjusting for baseline covariates in 
efficacy assessments. The impacts of ADA on atezolizumab efficacy and safety 
are not expected to be clinically relevant.
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atezolizumab have consequences on efficacy and safety, 
we evaluated data from multiple clinical trials.

METHODS

Contributing studies

Data included in these exploratory analyses were from 
clinical trials in advanced or metastatic cancers with 
previously described study designs.23–38 All trials were 
conducted in accordance with Good Clinical Practice 
guidelines and the Declaration of Helsinki. All protocols 
were approved by institutional ethics committees or inde-
pendent review boards, and all patients provided written 
informed consent. Table S1 lists the contributing studies 
for efficacy and safety analyses. Only randomized studies 
(1 phase II and 10 phase III studies) were included in ef-
ficacy analyses.

ADA assessments

Baseline and up to 9 on-treatment predose serum sam-
ples per patient were collected for ADA assessments. In 
agreement with industry consensus guidance and health 
authority guidelines on ADA analysis and data interpreta-
tion, ADA assessment was based on a tiered testing strat-
egy,39 which was largely the same across all trials. ADA 
subgroups were defined as described.18

Efficacy endpoints and statistical analyses

Overall survival (OS) and progression-free survival 
(PFS; per Response Evaluation Criteria in Solid Tumors 
[RECIST] version 1.1) were primary, co-primary, or second-
ary endpoints in the studies included in efficacy analyses. 
In the experimental (atezolizumab) arms, ADA-evaluable 
patients included all treated patients (i.e., those who re-
ceived either ≥1 dose or any amount of study treatment, 
depending on the study design) who also had greater than 
or equal to 1 postbaseline ADA assessment. In the control 
arms, all treated patients were included. For IMpower130, 
only EGFR/KRAS wild-type patients were included in OS 
and PFS analyses, and for IMpassion130, patients included 
in PFS analyses were derived from the PD-L1 IC1/2/3 pop-
ulation (PD-L1–expressing immune cells covering ≥1% of 
the tumor area [VENTANA SP142 immunohistochemistry 
assay]; Ventana Medical Systems).

OS and PFS analyses were based on the principal stra-
tum estimand principle.21 Estimands were adapted to 
allow for missing stratum membership, because control 

patients were not treated with atezolizumab and there-
fore ADA or NAb status was not available.40 To correct 
for survivorship bias, a primary landmark time point that 
considered median time to ADA onset and first scheduled 
postbaseline ADA sampling time point (plus 1 additional 
week to account for delayed study visits) was chosen (4, 
5, 6, or 7 weeks, depending on the study). Landmark time 
points were chosen closer to randomization to maximize 
benefit of randomization, with the small proportion of pa-
tients who experienced a PFS or OS event or who were 
censored prior to the landmark time point being excluded 
from landmark-adjusted analyses. Atezolizumab-arm 
patients were categorized into three mutually exclusive 
groups: landmark ADA+ (ADA+ status observed on or 
before the landmark time point), landmark ADA–  (only 
ADA–  status observed on or before the landmark time 
point), and landmark ADA missing (no ADA status avail-
able on or before the landmark time point, but ADA status 
observed later during study conduct). Models using time-
dependent covariates often contain mortality information 
during study conduct complicating interpretation and 
were therefore not deemed appropriate here.40

Weighted regression imputation (WRI)40 was used to 
impute ADA status at the landmark for patients without 
ADA status available on or before the landmark, but for 
whom ADA status was later observed. For these cases, 
missing landmark ADA status was imputed using next-
available post-landmark ADA status and baseline covari-
ates. To assess the robustness of WRI results, a second 
method was used wherein patients with a missing land-
mark ADA status were modeled as a separate category, 
in addition to ADA status, in a method called doubly 
weighted control (DWC).40 For efficacy analyses based on 
NAb status, an NAb-adapted version of DWC was used to 
handle missing ADA/NAb status at the landmark.

OS and PFS efficacy analyses were adjusted for poten-
tial imbalances in baseline demographic and prognostic 
factors between atezolizumab-treated and control-arm 
patients. First, among atezolizumab-treated patients, a lo-
gistic regression was estimated to model the probability 
of ADA+ status at the landmark, with baseline and dis-
ease characteristics as independent variables. Covariates 
for each study were prespecified following subject-matter 
expert input based on their known prognostic value and/
or predictivity for atezolizumab efficacy. To increase 
between-study comparability, a common set of covariates 
was used across most studies; these included the following 
baseline characteristics: Eastern Cooperative Oncology 
Group performance status (ECOG PS) or Karnofsky per-
formance status, sex (except in IMpassion130), race, 
number of metastatic sites, albumin, lactate dehydro-
genase, sum of longest target lesion diameters, CRP, 
neutrophil-to-lymphocyte ratio, age, body weight, liver 
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metastases, tobacco use history, and PD-L1 expression. 
The common covariates were also supplemented with 
indication-specific covariates (see Table S2 for details on 
study-specific covariates). Next, for each control-arm pa-
tient, the probability of ADA+ status at the landmark, 
had they been treated with atezolizumab, was computed 
by applying their baseline disease characteristics in the lo-
gistic regression. These computed probabilities served as 
weights in the inverse probability weighting estimation of 
OS and PFS. Confidence intervals (CIs) for hazard ratios 
(HRs) were computed using bootstrap methodology.

OS and PFS from individual trials are presented, 
as well as random-effects meta-analyses using inverse 
variance weighting. HRs are reported for ADA+ and 
ADA–  subgroups versus adjusted controls (or for NAb 
analyses: ADA+/NAb+, ADA+/NAb–, and ADA–  sub-
groups). Meta-analyses evaluating OS and PFS for ADA+ 
experimental-arm patients relative to control-arm patients 
included studies (as referenced previously) limited to those 
with an overall treatment effect seen in their primary anal-
yses. For OS meta-analyses, only studies demonstrating 
OS benefit were included, and for PFS meta-analyses, only 
studies demonstrating PFS benefit were included. To com-
pare ADA and NAb subgroups, the ratios of HRs (RHRs; 
for ADA subgroups, HR of ADA+ vs. adjusted control and 
HR of ADA– vs. adjusted control; for NAb subgroups, HR 
of ADA+/NAb+ vs. adjusted control, and HR of ADA+/
NAb– vs. adjusted control) are reported, for all studies for 
which ADA or NAb data were available. For RHRs close 
to 1, efficacy is similar in ADA+ and ADA–  subgroups, 
compared to their respective adjusted control arms.

Safety analyses

The safety-evaluable population comprised ADA-
evaluable patients without considering a landmark. Safety 
analyses were performed without adjustment for poten-
tial imbalances in baseline factors between atezolizumab-
treated and control-arm patients. AE frequencies were 
reported based on the National Cancer Institute Common 
Terminology Criteria for Adverse Events, version 4.0, in 
pooled study populations as indicated below. A set of com-
prehensive definitions comprising Standardized MedDRA 
Queries, high level terms, and sponsor-defined AE group 
terms based on the known mechanism of action for at-
ezolizumab, and concerns reported with other ICIs, was 
used to identify and summarize AEs of special interest 
(AESIs) by medical concept. AE incidences by ADA and 
NAb status were computed in two pooled groups: patients 
treated with (1) atezolizumab monotherapy and (2) com-
bination therapy, to account for potential differences in 
safety profiles with additional therapies.

RESULTS

Patients

Across 11 trials, 7736 patients were randomized to control 
(n  =  3298) or experimental treatment (n  =  4438). Most 
randomized patients (n = 4617, 60%) had non-small cell 
lung cancer (NSCLC; first-line or second-line and beyond 
treatment setting). The remaining 3119 patients (40%) had 
small-cell lung cancer, metastatic urothelial carcinoma, 
renal cell carcinoma, triple-negative breast cancer, or 
hepatocellular carcinoma, across multiple treatment set-
tings. There were 7303 randomized patients that were in-
cluded in the evaluation of efficacy by ADA status (without 
landmark), including 3182 treated control patients, and 
4121 experimental-arm patients evaluable for treatment-
emergent ADA. Of the 4121 experimental-arm patients, 
2859 were classified as ADA− throughout the study, and 
1262 had greater than or equal to 1 ADA+ assessment 
while on treatment. With inclusion of a landmark, there 
were 3081 control, 2757 ADA−, and 887 ADA+ patients; 
ADA status for 461 patients (11%) with no ADA status at 
the landmark was imputed. Additionally, 2251 patients 
from five nonrandomized studies contributed to ADA 
safety analyses (see Table S1).

Imbalances in baseline covariates, most of which were 
indicative of worse prognosis, were observed between 
ADA– and ADA+ experimental-arm patients (Table 1). In 
the pooled population, characteristics with differences in 
median levels or frequencies among ADA+ patients (per-
cent increase from ADA–  patients >5%) included: CRP 
levels (+106.6% higher median value for ADA+ vs. ADA– 
patients), male sex (+17.2%), tumor burden (sum of target 
lesion diameters; +16.6% median value), ECOG PS of 1 
(+9.6%), neutrophil-to-lymphocyte ratio (+8.4% median 
value), White race (+7.6%), and lactate dehydrogenase 
levels (+5.5% median value). Squamous histology was 
more common in patients with NSCLC who developed 
ADA (+8.3% higher). The same set of imbalances in base-
line characteristics between ADA+ and ADA–  patients 
was generally not observed between ADA+ patients who 
were NAb+ or NAb– (Table 1).

Efficacy

For each randomized study, we evaluated OS and PFS in 
patients who did or did not develop ADA compared with 
their respective adjusted control-arm patients (Figure S1). 
For most studies, HR point estimates for ADA+ patients 
(vs. adjusted control patients) were similar to those for 
ADA– patients versus adjusted control (<0.1 difference), 
with corresponding CIs generally wide and overlapping. 
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OS and PFS meta-analyses comparing ADA+ versus 
ADA–  patients across all 11 randomized studies, re-
ported as RHRs (atezolizumab group vs. adjusted con-
trol), are shown in Figure  1. When comparing ADA+ 
patients specifically to their adjusted controls (Figure  2 
and Figure  S1)—and limiting meta-analyses to studies 
that showed a treatment effect in the intention-to-treat 
(ITT) or overall analysis population (Figure  2)—we ob-
served that OS and PFS HR point estimates favored ADA+ 
atezolizumab-arm versus adjusted control-arm patients 
(i.e., <1), with the upper bound of 95% CIs less than 1. 
Efficacy results were generally consistent when a DWC 
method for handling missing ADA status at the landmark 
was applied (Figures S1–S3).

To evaluate whether the type of ADA (namely, neutral-
izing or not) affected efficacy, we compared ADA+/NAb+ 
and ADA+/NAb–  patients in studies with sufficient pa-
tient numbers in NAb subgroups (Figure  S4). HR point 
estimates were similar for most studies (<0.15 difference) 
between the ADA+/NAb+ and ADA+/NAb– subgroups. 
Individual studies and meta-analytic estimates (Figure 3) 
showed that RHRs were generally dispersed around 1 for 
ADA+/NAb+ versus ADA+/NAb–  patients, with wide 
overlapping CIs crossing 1, both for OS and PFS. In meta-
analyses using studies with an overall treatment effect 
(Figure 4), the meta-analytic OS and PFS HR point esti-
mates favored ADA+/NAb+ atezolizumab-arm patients 
relative to adjusted control-arm patients.

Safety

Safety summaries are shown in Tables  2 and 3. Results 
are unadjusted for baseline covariates. Regardless of at-
tribution, all-grade AE frequencies were 96.4%–98.8% 
across ADA–  and ADA+ subgroups included in either 
monotherapy or combination-therapy study pools. Most 
overall categories of AEs occurred at similar frequencies 
for ADA–  and ADA+ patients (see Table  3). Somewhat 
higher rates were seen for ADA+ versus ADA– patients 
for all-cause grade 3/4 AEs in monotherapy studies (49.3% 
vs. 44.4%), serious AEs (monotherapy: 42.4 vs. 37.7%; com-
bination: 43.5% vs. 36.6%) and all-cause AEs leading to at-
ezolizumab withdrawal in combination studies (13.2% vs. 
9.5%; see Table 2). Differences in treatment-related seri-
ous AEs were more pronounced in combination vs mono-
therapy studies. Trends in AE rates were more variable 
based on NAb status, with some AE frequencies higher in 
NAb+ patients, and others higher in NAb– patients (see 
Table 3).

AESIs of potential immune etiology by ADA and NAb 
status are detailed in Table S3 and Table S4. AESI profiles 
for atezolizumab-treated patients were similar regardless 

of ADA and/or NAb development, with few specific tox-
icities varying between subgroups. AESI frequencies were 
generally similar across subgroups, although ADA+ pa-
tients given atezolizumab as combination therapy had 
numerically higher frequencies of grade 3/4 AESIs (14.5% 
vs. 10.7%), serious AESIs (8.8% vs. 6.8%), and AESIs re-
quiring corticosteroids (15.7% vs. 13.8%; see Table  2). 
Hepatitis (diagnosis and laboratory abnormalities) was 
numerically higher in combination-therapy study ADA+ 
patients than in ADA– patients (19.7% vs. 16.6%), as were 
IRRs (5.5% vs. 2.6%) (see Table  S3). IRRs were also nu-
merically higher in combination-therapy study ADA+ 
patients who developed NAb+ (8.0% in ADA+/NAb+ pa-
tients vs. 2.7% in ADA+/NAb– patients vs. 2.6% in ADA– 
or ADA+/NAb–  patients); the majority of these events 
were of low grade of severity (grade 1 or 2), and the over-
all impact was not considered to be clinically relevant (see 
Table S4).

DISCUSSION

ICIs have advanced the treatment of multiple cancers, and 
potential impacts on clinical outcomes associated with 
immunogenicity require careful consideration. Initial 
descriptive analyses of treatment-emergent ADA from at-
ezolizumab clinical trial data—conducted using industry-
standard approaches to ADA data interpretation15 without 
the use of landmark analysis or adjustment for baseline 
characteristics—had suggested a trend of lower atezoli-
zumab exposure in treatment-emergent ADA+ patients, 
which was not clinically relevant as most patients were 
still expected to have trough concentrations above levels 
required for target saturation.18 Atezolizumab also exhib-
its a flat exposure-response relationship,39,41 with the im-
pact of ADA on clearance being only 9% as estimated by 
a time-varying population PK model.42 Shorter survival in 
ADA+ patients compared with ADA–  patients was also 
previously reported but was confounded by imbalances 
in baseline prognostic factors. Here, we evaluated clini-
cal outcomes per ADA status using clinical trial data from 
7303 patients across several cancer types who were treated 
with either atezolizumab monotherapy or combination 
therapy. We applied methodology in efficacy analyses to 
address the limitation that ADA status is a postbaseline 
variable and is unavailable for control arms and to ad-
dress the vulnerability of analyses to survivorship bias.40 
Our adjusted meta-analyses showed that atezolizumab ef-
ficacy in ADA+ and ADA– patients was similar for both 
PFS and OS after adjusting for covariates, with wide over-
lapping CIs. However, the direction of the point estimates 
of the RHRs suggested that some attenuation of OS benefit 
in ADA+ patients compared with ADA– patients remains. 
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F I G U R E  1   Meta-analysis evaluating RHRs in ADA+ patients (vs. their adjusted controls) with ADA experimental-arm patients (vs. 
their adjusted controls). Forest plots for (a) OS and (b) PFS are shown for all studies. 1L, first line; 2L+, second line and beyond; ADA, anti-
drug antibody; CI, confidence interval; ES-SCLC, extensive-stage small cell lung cancer; HCC, hepatocellular carcinoma; mUC, metastatic 
urothelial carcinoma; NSCLC, non-small cell lung cancer; NSq, nonsquamous; OS, overall survival; PFS, progression-free survival; RCC, 
renal cell carcinoma; RHR, ratio of hazard ratios; Sq, squamous; TNBC, triple-negative breast cancer

(a)

(b)

Line of therapy 
and tumor type Study

OS 
RHR (95% CI) Weight  (%)

2L+ NSCLC POPLAR 1.617 (0.971, 2.695) 4.1

OAK 1.090 (0.801, 1.483) 11.4

1L NSq NSCLC IMpower130 1.073 (0.697, 1.651) 5.8

IMpower132 1.357 (0.922, 1.997) 7.2

IMpower150 (arms A vs C) 1.135 (0.861, 1.497) 14.1

IMpower150 (arms B vs C) 1.046 (0.747, 1.464) 9.6

1L Sq NSCLC IMpower131 (arms A vs C) 1.014 (0.747, 1.377) 11.6

IMpower131 (arms B vs C) 1.188 (0.759, 1.860) 5.4

1L ES-SCLC IMpower133 1.044 (0.595, 1.834) 3.4

2L+ mUC IMvigor211 1.013 (0.783, 1.309) 16.4

1L RCC IMmotion151 0.887 (0.493, 1.594) 3.1

1L TNBC IMpassion130 1.101 (0.618, 1.963) 3.2

1L HCC IMbrave150 1.740 (1.068, 2.837) 4.5

Overall 1.124 (1.013, 1.247) 100.0

Heterogeneity I2 = 0% (95% CI: 0%, 35%)

Test for overall effect z = 2.208 (P = 0.027)
0.25 1.25

Line of therapy 
and tumor type Study

PFS 
RHR (95% CI) Weight (%)

2L+ NSCLC POPLAR 1.177 (0.729, 1.901) 3.7

OAK 1.035 (0.755, 1.419) 8.7

1L NSq NSCLC IMpower130 1.069 (0.781, 1.462) 8.8

IMpower132 1.262 (0.910, 1.748) 8.1

IMpower150 (arms A vs C) 1.192 (0.929, 1.531) 13.8

IMpower150 (arms B vs C) 1.029 (0.771, 1.374) 10.3

1L Sq NSCLC IMpower131 (arms A vs C) 1.066 (0.825, 1.376) 13.1

IMpower131 (arms B vs C) 1.090 (0.741, 1.604) 5.8

1L ES-SCLC IMpower133 0.975 (0.628, 1.514) 4.4

2L+ mUC IMvigor211 0.990 (0.748, 1.310) 11.0

1L RCC IMmotion151 0.862 (0.591, 1.257) 6.1

1L TNBC IMpassion130 (IC1/2/3) 0.894 (0.460, 1.737) 2.0

1L HCC IMbrave150 0.988 (0.629, 1.550) 4.2

Overall 1.062 (0.968, 1.166) 100.0

Heterogeneity I2 = 0% (95% CI: 0%, 0%)

Test for overall effect z = 1.275 (P = 0.202)
0.25 1.25

Favors ADA−

Favors ADA−

Favors ADA+

Favors ADA+

1.00      2.50

1.00      2.50
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Meta-analytic comparisons of ADA+ versus adjusted con-
trol patients indicated that ADA+ patients derive clini-
cally relevant OS and PFS benefits from atezolizumab. We 
found no difference in efficacy based on NAb+ status, sug-
gesting that any ADA impact is not driven by neutralizing 
activity. We showed that the overall safety profile of at-
ezolizumab was generally consistent between ADA– and 
ADA+ patients (and between NAb+ and NAb– patients), 
with no specific pattern of AEs seen based on ADA status, 

suggesting that management of AEs is not expected to be 
affected by ADA status.

A novel observation was the trend of prognostically 
worse baseline clinical characteristics among patients 
who developed ADA to atezolizumab while on treatment 
compared with those who did not. These characteristics 
included higher frequencies of ECOG PS of 1 versus 0,43 
greater baseline tumor burden, and higher levels of the 
inflammatory response protein CRP.44 Notably, these 

F I G U R E  2   Meta-analysis comparing ADA+ experimental-arm patients to adjusted control-arm patients. Forest plots for (a) OS and 
(b) PFS include only studies with an overall treatment effect. 1L, first line; 2L+, second line and beyond; ADA, anti-drug antibody; CI, 
confidence interval; ES-SCLC, extensive-stage small cell lung cancer; HCC, hepatocellular carcinoma; HR, hazard ratio; mUC, metastatic 
urothelial carcinoma; NSCLC, non-small cell lung cancer; NSq, nonsquamous; OS, overall survival; PFS, progression-free survival; RCC, 
renal cell carcinoma; SCLC, small cell lung cancer; Sq, squamous; TNBC, triple-negative breast cancer

Line of therapy 
and tumor type Study PFS HR (95% CI) Weight (%)
1L NSq NSCLC IMpower130 0.644 (0.472, 0.880) 11.5

IMpower132 0.652 (0.485, 0.877) 12.7

IMpower150 (arms B vs C) 0.569 (0.444, 0.729) 18.1

1L Sq NSCLC IMpower131 (arms A vs C) 0.752 (0.610, 0.927) 25.4

IMpower131 (arms B vs C) 0.708 (0.494, 1.015) 8.6

1L ES-SCLC IMpower133 0.728 (0.478, 1.109) 6.3

1L RCC IMmotion151 0.728 (0.508, 1.045) 8.6

1L TNBC IMpassion130 (IC1/2/3) 0.575 (0.302, 1.092) 2.7

1L HCC IMbrave150 0.592 (0.388, 0.905) 6.2

Overall 0.668 (0.601, 0.743) 100.0

Heterogeneity I2 = 0% (95% CI: 0%, 28%)

Test for overall effect z = −7.487 (P < 0.001)

Line of therapy 
and tumor type Study OS HR (95% CI) Weight (%)
2L+ NSCLC POPLAR 0.849 (0.566, 1.275) 9.7

OAK 0.746 (0.569, 0.980) 21.6

1L NSq NSCLC IMpower130 0.792 (0.517, 1.213) 8.8

IMpower150 (arms B vs C) 0.766 (0.574, 1.021) 19.3

1L ES-SCLC IMpower133 0.707 (0.422, 1.186) 6.0

2L+ mUC IMvigor211 0.785 (0.613, 1.005) 26.2

1L HCC IMbrave150 0.960 (0.621, 1.484) 8.4

Overall 0.788 (0.694, 0.894) 100.0

Heterogeneity I2 = 0% (95% CI: 0%, 0%)

Test for overall effect z = −3.698 (P < 0.001)

0.25 1.25

0.25 1.25

Favors 
control

Favors 
control

Favors ADA+

Favors ADA+

1.00      2.50

1.00      2.50

(a)

(b)
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imbalances stood out in a pooled, heterogeneous popula-
tion across tumor types. To a lesser extent, higher median 
neutrophil-lymphocyte ratios, higher frequencies of squa-
mous histology (in patients with lung cancer), and more 

men were seen among ADA+ versus ADA– patients. For 
neutralizing versus non-neutralizing ADA, results were 
less clear, with most factors listed previously differing by 
ADA status but not differing (or differing with an inverse 

F I G U R E  3   Meta-analysis evaluating RHRs in ADA+/NAb+ patients (vs. their adjusted controls) with ADA+/NAb– experimental-
arm patients (vs. their adjusted controls). Forest plots for (a) OS and (b) PFS are shown for all studies. IMpower133, IMpassion130, and 
IMbrave150 (OS and PFS plots) are not included based on the small number of patients in some of the NAb subgroups from these studies. 
1L, first line; 2L+, second line and beyond; ADA, anti-drug antibody; CI, confidence interval; HCC, hepatocellular carcinoma; mUC, 
metastatic urothelial carcinoma; NAb, neutralizing (anti-drug) antibody; NSCLC, non-small cell lung cancer; NSq, nonsquamous; OS, 
overall survival; PFS, progression-free survival; RCC, renal cell carcinoma; RHR, ratio of hazard ratios; SCLC, small cell lung cancer; Sq, 
squamous

Line of therapy 
and tumor type

OS 
RHR (95% CI) Weight  (%)

2L+ NSCLC 0.974 (0.475, 1.993) 8.2

0.954 (0.509, 1.789) 10.6

1L 0.523 (0.233, 1.173) 6.5

0.687 (0.353, 1.337) 9.5

0.920 (0.521, 1.626) 12.9

0.804 (0.424, 1.524) 10.3

1L Sq NSCLC 0.840 (0.506, 1.397) 16.0

0.716 (0.314, 1.633) 6.3

2L+ 1.469 (0.910, 2.373) 17.8

1L RCC 1.362 (0.295, 6.281) 1.9

0.911 (0.740, 1.123) 100.0

I

z = −0.872 (
0.25 1.25

Line of therapy 
and tumor type

PFS 
RHR (95% CI) Weight (%)

2L+ NSCLC 1.134 (0.431, 2.983) 4.3

0.638 (0.258, 1.576) 4.9

1L 1.203 (0.532, 2.718) 6.0

0.985 (0.551, 1.761) 11.9

1.376 (0.832, 2.276) 15.9

0.782 (0.417, 1.467) 10.2

1L Sq NSCLC 0.837 (0.543, 1.290) 21.5

0.823 (0.374, 1.811) 6.5

2L+ 1.318 (0.773, 2.248) 14.1

1L RCC 2.033 (0.813, 5.085) 4.8

1.041 (0.852, 1.273) 100.0

I

z = 0.397 (

Study
POPLAR

OAK

NSq NSCLC IMpower130

IMpower132

IMpower150 (arms A vs C)

IMpower150 (arms B vs C)

IMpower131 (arms A vs C)

IMpower131 (arms B vs C)

mUC IMvigor211

IMmotion151

Overall

Heterogeneity 2 = 0% (95% CI: 0%, 53%)

Test for overall effect P = 0.383)

Study
POPLAR

OAK

NSq NSCLC IMpower130

IMpower132

IMpower150 (arms A vs C)

IMpower150 (arms B vs C)

IMpower131 (arms A vs C)

IMpower131 (arms B vs C)

mUC IMvigor211

IMmotion151

Overall
Heterogeneity 2 = 0% (95% CI: 0%, 54%)

Test for overall effect P = 0.692)
0.25

Favors ADA+NAb−

Favors ADA+NAb−

Favors ADA+NAb+

Favors ADA+NAb+

1.00      2.50

1.00      2.50

(a)

(b)
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trend) in NAb+ versus NAb–  patients. These observa-
tions suggest that the likelihood of ADA development 
after atezolizumab treatment is influenced by pre-existing 
pathophysiology. For example, systemic inflammation 
in patients with greater disease burden at baseline may 
elevate the chance of ADA development. Similar obser-
vations have been made in patients with rheumatoid 
arthritis treated with tumor necrosis factor inhibitors; 
patients who developed ADA had higher baseline disease 
activity and CRP levels, longer disease duration, and more 
often erosive disease.19,20

Adjusted analyses are the most scientifically appro-
priate and statistically sound methods to compare out-
comes between treatment arms and are consistent with 
International Council for Harmonisation guidelines.21 
Further, survivorship bias necessitates the need for land-
mark analyses, which introduces the challenge of missing 

data at the landmark time point. Assessing the clinical 
significance of an unwanted immune response to a bio-
logic in oncology is a complex subject for which the sci-
ence is still evolving. This analysis took these challenges 
into consideration directly. Whereas the wide, overlapping 
CIs between ADA subgroups precluded identification of 
definitive patterns of efficacy for ADA+ compared with 
ADA– patients, results from modeling that addressed the 
limitations of unadjusted analyses suggested some atten-
uation of OS efficacy in ADA+ patients versus adjusted 
control compared with ADA–  patients versus adjusted 
control. This attenuation was less evident with respect 
to PFS. Meta-analysis results comparing ADA+ with ad-
justed control-arm patients showed that ADA+ patients 
appear to derive OS and PFS benefit from atezolizumab 
treatment across studies where an ITT treatment effect 
was observed.

F I G U R E  4   Meta-analysis comparing ADA+/NAb+ experimental-arm patients to adjusted control-arm patients. Forest plots for (a) OS 
and (b) PFS are shown only for studies with an overall treatment effect. 1L, first line; 2L+, second line and beyond; ADA, anti-drug antibody; 
CI, confidence interval; HCC, hepatocellular carcinoma; HR, hazard ratio; mUC, metastatic urothelial carcinoma; NAb, neutralizing (anti-
drug) antibody; NSCLC, non-small cell lung cancer; NSq, nonsquamous; OS, overall survival; PFS, progression-free survival; RCC, renal cell 
carcinoma; SCLC, small cell lung cancer; Sq, squamous

0.25 1.25

Line of therapy 
and tumor type Study PFS HR (95% CI) Weight (%)
1L NSq NSCLC IMpower130 0.757 (0.367, 1.560) 11.3

IMpower132 0.684 (0.445, 1.053) 18.9

IMpower150 (arms B vs C) 0.420 (0.262, 0.673) 17.7

1L Sq NSCLC IMpower131 (arms A vs C) 0.621 (0.433, 0.890) 21.3

IMpower131 (arms B vs C) 0.627 (0.308, 1.278) 11.6

1L RCC IMmotion151 1.219 (0.801, 1.856) 19.3

Overall 0.688 (0.505, 0.937) 100.0

Heterogeneity I2 = 58% (95% CI: 0%, 83%)

Test for overall effect z = −2.373 (P = 0.018)

0.25 1.25

Favors Control

Favors Control

Favors ADA+NAb+

Favors ADA+NAb+

1.00      2.50

1.00      2.50

Line of therapy 
and tumor type Study OS HR (95% CI) Weight  (%)
2L+ NSCLC POPLAR 0.767 (0.436, 1.349) 14.8

OAK 0.840 (0.477, 1.478) 14.7

1L NSq NSCLC IMpower130 0.490 (0.243, 0.990) 9.5

IMpower150 (arms B vs C) 0.598 (0.354, 1.011) 17.1

2L+ mUC IMvigor211 0.847 (0.611, 1.175) 43.9

Overall 0.746 (0.601, 0.926) 100.0

Heterogeneity I2 = 0% (95% CI: 0%, 70%)

Test for overall effect z = −2.651 (P = 0.008)

(a)

(b)
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T A B L E  2   Safety summary by ADA status (pooled safety study populations)

Pooled atezolizumab monotherapya  
(n = 2706)

Pooled atezolizumab combination therapyb  
(n = 3666)

ADA– (n = 1704) ADA+ (n = 1002) ADA– (n = 2638) ADA+ (n = 1028)

Total number of AEs, n 18,621 11,057 38,623 14,018

Patients with ≥1 indicated AE, 	
n (%)

All AEs 1643 (96.4) 973 (97.1) 2602 (98.6) 1016 (98.8)

Treatment related 1216 (71.4) 705 (70.4) 2447 (92.8) 962 (93.6)

Atezolizumab related 1216 (71.4) 705 (70.4) 1998 (75.7) 790 (76.8)

Grade 3/4 AE 757 (44.4) 494 (49.3) 1590 (60.3) 635 (61.8)

Treatment related 271 (15.9) 156 (15.6) 1306 (49.5) 526 (51.2)

Atezolizumab related 271 (15.9) 156 (15.6) 675 (25.6) 286 (27.8)

Grade 5 AE 52 (3.1) 32 (3.2) 90 (3.4) 49 (4.8)

Treatment related 2 (0.1) 3 (0.3) 26 (1.0) 17 (1.7)

Atezolizumab related 2 (0.1) 3 (0.3) 19 (0.7) 12 (1.2)

Serious AE 642 (37.7) 425 (42.4) 965 (36.6) 447 (43.5)

Treatment related 182 (10.7) 111 (11.1) 496 (18.8) 254 (24.7)

Atezolizumab related 182 (10.7) 111 (11.1) 340 (12.9) 166 (16.1)

AE leading to any study treatment 
withdrawal

114 (6.7) 61 (6.1) 507 (19.2) 236 (23.0)

AE leading to atezolizumab 
withdrawal

114 (6.7) 61 (6.1) 251 (9.5) 136 (13.2)

AE leading to any dose 
modification or study 
treatment interruption

470 (27.6) 308 (30.7) 1564 (59.3) 641 (62.4)

AE leading to atezolizumab 
interruption

470 (27.6) 307 (30.6) 1191 (45.1) 491 (47.8)

Total number of AESIs, n 1157 737 3005 1232

Patients with ≥1 indicated AESI, 
n (%)

All AESIs 590 (34.6) 365 (36.4) 1410 (53.4) 562 (54.7)

Treatment related 431 (25.3) 264 (26.3) 1160 (44.0) 463 (45.0)

Atezolizumab related 431 (25.3) 264 (26.3) 1063 (40.3) 428 (41.6)

Grade 3/4 AESI 124 (7.3) 80 (8.0) 282 (10.7) 149 (14.5)

Treatment related 91 (5.3) 53 (5.3) 223 (8.5) 107 (10.4)

Atezolizumab related 91 (5.3) 53 (5.3) 201 (7.6) 102 (9.9)

Grade 5 AESI 1 (<0.1) 1 (<0.1) 12 (0.5) 4 (0.4)

Treatment related 0 1 (<0.1) 10 (0.4) 4 (0.4)

Atezolizumab related 0 1 (<0.1) 10 (0.4) 4 (0.4)

Serious AESI 83 (4.9) 43 (4.3) 180 (6.8) 90 (8.8)

Treatment related 73 (4.3) 33 (3.3) 146 (5.5) 72 (7.0)

Atezolizumab related 73 (4.3) 33 (3.3) 138 (5.2) 70 (6.8)

AESI leading to any study 
treatment withdrawal

34 (2.0) 16 (1.6) 127 (4.8) 52 (5.1)

AESI leading to atezolizumab 
withdrawal

34 (2.0) 16 (1.6) 108 (4.1) 48 (4.7)

(Continues)
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No major trends in efficacy with ADA were seen with 
respect to monotherapy versus combination therapy, and 
our main findings were generally consistent across stud-
ies, with a few study-specific exceptions. For instance, 
POPLAR and IMbrave150 showed improved OS in ADA– 
versus ADA+ patients. It is notable that a smaller effi-
cacy difference between ADA+ versus ADA–  patients 
was observed for the larger phase III OAK study relative 
to the smaller phase II POPLAR study, despite nearly 
identical study designs and target populations. Results 
for IMbrave150, a study with co-primary endpoints of OS 
and PFS, were notable for the inconsistency of ADA sub-
group differences: whereas ADA+ patients had similar OS 
benefit with atezolizumab plus bevacizumab compared 
with sorafenib, PFS benefit of atezolizumab plus beva-
cizumab versus sorafenib was clinically meaningful and 
similar between ADA subgroups. Although it is possible 
that OS may be more affected by baseline prognostic or 
post-treatment variables than PFS, differences were not 
consistently seen across studies. Therefore, it is important 
to consider these individual findings in the context of the 
totality of the data, including meta-analyses, when evalu-
ating potential impacts of ADA status on efficacy.

Available safety data do not allow conclusions to be 
drawn on clinically relevant patterns of adverse drug re-
actions attributable to atezolizumab immunogenicity. 
Imbalances exist in the incidence of various AE categories 
between ADA subgroups in both directions, with certain 
types of AEs more frequent in ADA– patients and others 
more frequent in ADA+ patients. Imbalances in health 
and disease characteristics were observed at baseline 
(pretreatment) between ADA+ and ADA– patients. Due 
to difficulties to adjust for baseline covariates in a safety 
analysis, no formal analysis was performed. However, it is 
plausible that these imbalances may confound the safety 

data and contribute to higher incidences of grade 3–4 AEs 
and serious AEs in ADA+ patients. Numerically higher 
frequencies of IRRs occurred in combination therapy-
study ADA+ patients who developed NAb+; most events 
were of low grade of severity, and the overall impact was 
not considered clinically relevant. Overall, clinical man-
agement of toxicities in atezolizumab-treated patients 
should not be affected by patient ADA status. This is 
based on the approach taken in completed and ongoing 
atezolizumab clinical trials wherein management of ad-
verse reactions is independent of patient ADA status. This 
analysis used a conservative approach for safety, with all 
events considered while assessing the impact of ADA/
NAb on safety irrespective of temporal association or bio-
logical plausibility. It is notable that our observations of a 
typical atezolizumab safety profile in both ADA subgroups 
is consistent with pharmacologically active drug exposure 
regardless of ADA status.

It is important to acknowledge the limitations and 
exploratory nature of the study. Despite the large overall 
study size, in some cases, the ADA and/or NAb subgroups 
were small. In addition, in the majority of cases, HR CIs 
were wide and overlapping between ADA subgroups (vs. 
adjusted control), precluding definitive conclusions on 
the impact of ADA/NAb on efficacy in individual stud-
ies. Further, it cannot be ruled out that some confounding 
variables were excluded from the analyses.

Here, we applied statistically sound methods to assess 
clinical consequences of ADA development in atezoli-
zumab clinical trials; we anticipate that application of this 
methodology may be helpful in future assessments of the 
impact of ADA or other intercurrent events. Collectively, 
the minimal impact of ADA on atezolizumab clearance,42 
flat exposure-response relationship,39,41 and lack of dose-
limiting toxicities or maximum tolerated dose38 support 

Pooled atezolizumab monotherapya  
(n = 2706)

Pooled atezolizumab combination therapyb  
(n = 3666)

ADA– (n = 1704) ADA+ (n = 1002) ADA– (n = 2638) ADA+ (n = 1028)

AESI leading to any dose 
modification or study 
treatment interruption

109 (6.4) 78 (7.8) 335 (12.7) 146 (14.2)

AESI leading to atezolizumab 
interruption

109 (6.4) 78 (7.8) 292 (11.1) 127 (12.4)

AESI requiring the use of 
systemic corticosteroids

123 (7.2) 84 (8.4) 365 (13.8) 161 (15.7)

Abbreviations: ADA, anti-drug antibodies; AE, adverse event; AESI, adverse event of special interest.
aThe pooled atezolizumab monotherapy population comprised patients enrolled in the atezolizumab monotherapy cohorts or experimental arms of the 
following studies: POPLAR, OAK, IMvigor211, FIR, BIRCH, IMvigor210, and PCD4989g.
bThe pooled atezolizumab combination therapy population comprised patients enrolled in the atezolizumab-containing experimental cohorts or arms of the 
following studies: IMpower130, IMpower132, IMpower131, IMpower150, IMpower133, IMmotion151, IMpassion130, IMbrave150, and GO30140.

T A B L E  2   (Continued)
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the favorable efficacy and safety findings for atezolizumab. 
An assessment of ADA/NAb impact on PK has revealed 
that ADA/NAb do not have a clinically meaningful impact 
on exposure. Interestingly, there appear to be unique and 
shared covariates associated with efficacy, PK, and ADA 
development.18

In conclusion, this is the first comprehensive ADA 
analysis of atezolizumab trial data, using both study-by-
study and integrated analyses. To our knowledge, this is 
one of the largest and most comprehensive ADA analyses 
completed for a therapeutic protein. We used approaches 
to account for factors relevant to oncology that are not ap-
propriately addressed by standard ITT subgroup analyses. 
Although some studies suggested that ADA could attenu-
ate the efficacy benefit of atezolizumab, impacts were not 
seen consistently across indications, and meta-analysis 
results showed that ADA+ patients derive benefit from 
atezolizumab over control. The efficacy findings in ADA+ 
patients are consistent with the lack of clinically meaning-
ful decrease in exposure and the strategy for dosing over 
any potential ADA effect.18 Some numerical differences in 
AE frequencies were seen between ADA/NAb subgroups, 
possibly due to the underlying baseline differences in pa-
tient health status between the subgroups; no adjustment 
was possible on these data. Collectively, a positive benefit-
risk balance is observed with atezolizumab treatment for 
approved indications regardless of ADA status.
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