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Abstract
Baseline patient characteristics and prognostic factors are important consid-
erations in oncology when evaluating the impact of immunogenicity on phar-
macokinetics (PK) and efficacy. Here, we assessed the impact of anti-drug 
antibodies (ADA) on the PK of the immune checkpoint inhibitor atezolizumab 
(an anti–PD-L1 monoclonal antibody). We evaluated data from ≈ 4500 patients 
from 12 clinical trials across different tumor types, treatment settings, and 
dosing regimens. In our dataset, ~ 30% of patients (range, 13–54%) developed 
treatment-emergent ADA, and in vitro neutralizing antibodies (NAb) were 
seen in ~ 50% of ADA-positive (+) patients. Pooled time course data showed a 
trend toward lower atezolizumab exposure in ADA+ patients, which was more 
pronounced in ADA+/NAb+ patients. However, the atezolizumab concentra-
tion distributions overlapped, and drug concentrations exceeded 6 µg/ml, the 
target concentration required for receptor saturation, in greater than 95% of 
patients. Patients had sufficient exposure regardless of ADA status. The dose 
selected to allow for dosing over effects from ADA resulted in a flat exposure-
response relationship. Analysis of study results by ADA titer showed that expo-
sure and overall survival were not affected in a clinically meaningful way. High 
tumor burden, low albumin, and high CRP at baseline showed the greatest as-
sociation with ADA development but not with subsequent NAb development. 
These imbalanced factors at baseline can confound analysis of ADA impact. 
ADA increases atezolizumab clearance minimally (9%), and its impact on ex-
posure based on the totality of the clinical pharmacology assessment does not 
appear to be clinically meaningful.
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INTRODUCTION

Atezolizumab is an Fc-engineered humanized IgG1 
Monoclonal antibody that binds to programmed death-
ligand 1 (PD-L1) and blocks its interactions with pro-
grammed death-1 (PD-1) and B7.1 receptors. It has been 
approved in the treatment of certain types of non-small 
cell lung cancer (NSCLC), small cell lung cancer (SCLC), 
triple-negative breast cancer, urothelial carcinoma, hepa-
tocellular carcinoma, and melanoma. The clinical phar-
macology properties of atezolizumab were described 
previously based on results from the dose-finding and 
early clinical trials.1 The current report provides a retro-
spective assessment of the impact of immunogenicity on 
the clinical pharmacology of atezolizumab based upon in-
tegrated data from 12 clinical trials.

Anti-drug antibody (ADA) rates for atezolizumab 
in approved indications have been shown to range 
from 13% to 36%2; these rates are higher than those 
reported for other PD-L1 checkpoint inhibitors (≈  2–
38%3), although direct comparison of ADA rates across 
molecules is difficult due to different ADA assay char-
acteristics. In the initial dose-finding study, low doses 
sometimes resulted in exposure lower than the target 
concentrations for patients who were ADA positive. 
However, at the clinical dose evaluated for efficacy 
(15  mg/kg), ADA did not markedly increase atezoli-
zumab clearance (by ~  16%1). This observation infers 

that there is sufficient drug exposure independent of 
ADA development (i.e., dosing over the ADA effect is 
possible). A dose of 1200 mg every 3 weeks (q3w) ad-
ministered intravenously was selected for numerous 
phase II and phase III studies to provide atezolizumab 
concentration greater than the receptor saturable con-
centration of 6 µg/ml for the vast majority of patients, 
regardless of their ADA status.1,4

Investigating the impact of ADA in oncology is chal-
lenging because some baseline prognostic factors may in-
fluence pharmacokinetics (PK) and clinical outcomes.5,6 
Atezolizumab exhibits time-dependent PK,7 consistent 
with other PD-L1 and PD-1 checkpoint inhibitors.8–11 For 
atezolizumab, the statistical significance of covariates for 
clearance ranks as follows (highest to the lowest): baseline 
albumin, tumor burden, body weight, ADA, sex, alkaline 
phosphatase (ALP), bilirubin, and neutrophil counts for 
clearance (CL); body weight and sex for central volume 
of distribution; and sex for peripheral volume of distribu-
tion.7 None of the covariates for PK of atezolizumab were 
considered clinically relevant. Because some of these co-
variates for atezolizumab PK are also prognostic factors 
for overall survival (OS), deconvoluting these confound-
ing effects is necessary to interpret exposure-response 
analyses.6 To ensure this critical confounding concept is 
considered in our immunogenicity assessments, we de-
scribe a novel ADA assessment framework for oncology 
(Figure 1).

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Anti-drug antibodies (ADA) to anticancer therapeutics, including atezolizumab, 
might affect pharmacokinetics (PK) and drug efficacy.
WHAT QUESTION DID THIS STUDY ADDRESS?
How do treatment-emergent ADA impact atezolizumab exposure, and is there 
association between baseline prognostic factors and the development of ADA?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Based on a dataset of ~ 4500 patients, we showed that decreased atezolizumab 
exposure accompanying ADA and neutralizing ADA (NAb) development does 
not meaningfully impact drug concentrations required for receptor saturation. 
Further, differences in atezolizumab concentrations seen prior to ADA develop-
ment demonstrated that baseline prognostic factor imbalances other than ADA 
can affect the drug exposure. Notably, baseline tumor burden, albumin, and 
C-reactive protein can influence ADA development.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 

TRANSLATIONAL SCIENCE?
The traditional approach of using univariate analysis to analyze PK or efficacy by 
ADA status alone may be inadequate, and confounding from baseline covariates 
should be considered or accounted for in ADA studies. The impacts of ADA on 
atezolizumab exposure are not expected to be clinically relevant.
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Figure  1 illustrates the interdependencies of several 
key determinants affecting immunogenicity assessment 
in oncology. Upon therapeutic protein administration, 
drug exposure drives clinical response, which can be im-
pacted both by patient baseline characteristics and ADA 
status.5 Particularly for oncology, clinical response can 
be impacted by patient prognostic factors; this is why 
stratification factors are typically incorporated into study 
design to achieve a balanced population between the 
control and treatment groups in randomized trials. The 
arrows between efficacy and prognostic factors are bidi-
rectional because as a patient’s health status improves due 
to treatment benefit, their prognosis also changes over 
time, which may also impact the clearance of the drug. 
This is the main reason that incorporating time-varying 
covariates can better describe the time-course of drug con-
centrations compared to a stationary PK model for many 
cancer immunotherapy (CIT) treatments.7–11 The dashed 
line between ADA and efficacy in Figure 1 infers a hypo-
thetical relationship because a direct impact of ADA on 
efficacy in the absence of alterations in PK has not been 
published before, to our knowledge. For atezolizumab, a 
further decrease in exposure for neutralizing ADA was 
observed but the decrease was not considered clinically 
relevant when interpreted in the context of flat exposure-
response relationships. Furthermore, as shown in atezoli-
zumab immunogenicity-efficacy analyses (part 2 of this 
article series), neutralizing ADA did not lead to clinically 
relevant impact on efficacy. On the other hand, ADA can 
impact safety without impacting exposure through off-
target effects.12

A concept often overlooked is the association of base-
line prognostic factors with treatment-emergent ADA 

development. We will describe the importance of prog-
nostic factors that can potentially increase the chance of 
developing treatment-emergent ADA. We will show that 
it is therefore important to adjust imbalances, if any, in 
prognostic factors prior to interpretation of the impact 
of ADA on efficacy. Detailed efficacy findings will be re-
ported separately. In this paper, we will focus on the as-
sessment of ADA impact on atezolizumab exposure and 
relationship of ADA development and baseline prognos-
tic factors.

METHODS

A total of 12 clinical trials in five cancer types with data 
from over 4700 patients provided the basis of this clini-
cal pharmacology assessment of atezolizumab immuno-
genicity (Table S1). All clinical trials were conducted in 
accordance with Good Clinical Practice Guidelines and 
the Declaration of Helsinki. Protocol approval was ob-
tained from independent review boards or ethics com-
mittees at each institution, and all patients provided 
written informed consent. This analysis includes data 
from NSCLC or SCLC (POPLAR,13 OAK,14 IMpower130,15 
IMpower131,16 IMpower132,17 IMpower150,18 and 
IMpower13319); urothelial carcinoma (IMvigor21020,21 
and IMvigor21122), renal cell carcinoma (IMmotion15123), 
breast cancer (IMpassion13024); and hepatocellular carci-
noma (IMbrave15025). Atezolizumab was administered 
as monotherapy or in combination with chemotherapy 
(carboplatin, cisplatin, pemetrexed, etoposide, paclitaxel, 
nab-paclitaxel, and docetaxel) and/or with another bio-
logic (bevacizumab).

ADA testing methods were developed and run in ac-
cordance with industry best practices and health authority 
guidelines.26–30 All ADA samples were tested in a screen-
ing assay, and any asamples were further characterized for 
ADA titer and in vitro neutralizing antibody (NAb) using 
a tiered approach1; this enabled calculation of treatment-
emergent ADA and NAb rates for each study. ADA sam-
ples were collected from patients before the first drug 
administration and also prior to drug retreatment (time of 
minimal drug concentration [Cmin]) up to nine timepoints 
over the course of each study while on treatment. Drug 
concentrations were also measured at the same timepoints 
as those for ADA. The lower limit of quantitation (LLOQ) 
for measuring atezolizumab concentrations in serum was 
0.06 µg/ml. Values below the LLOQ were treated as half 
of the LLOQ. The PK and ADA assay performance param-
eters were established based on industry best practices, 
and industry standard definitions31 were consistently ap-
plied to classify patients as either ADA-negative (ADA–) 
or treatment-emergent ADA+. The treatment-emergent 

F I G U R E  1   ADA assessment framework for oncology biologics. 
Immunogenicity assessment in oncology should consider the 
complex relationship of drug concentrations, ADA/NAb, efficacy, 
and patient characteristics and prognostic factors. The direction 
of the arrows indicates the direction of the impact, which can be 
unidirectional or bidirectional. The dotted arrow represents the 
hypothetical effect of ADA directly on efficacy without impacting 
drug exposure. ADA, anti-drug antibody; NAb, neutralizing 
antibody
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ADA+ group consists of two subgroups (patients with 
treatment-enhanced and treatment-induced ADA). An 
analysis of the impact of ADA or NAb on PK includes a de-
scriptive analysis of atezolizumab concentration data over 
time by ADA and NAb status. Exposure and OS by ADA 
titer were evaluated. To evaluate the scenario of low expo-
sure (<6  µg/ml at cycle 1 Cmin) and treatment-emergent 
ADA positivity, data from the 12 studies were pooled to 
compare the clinical response (overall response rate [ORR], 
stable disease [SD], or progressive disease [PD]) by ADA or 
NAb status.

RESULTS

ADA Profiles

The ADA and NAb rates across studies are shown in 
Figure 2. Across the 12 studies, the ADA rates ranged from 
13.1% to 54.1% with an average of ~ 30%. Approximately half 
of ADA+ patients developed NAb, with NAb rates ranging 
from 4.3% to 27.5% among all evaluable patients, with an 
average of ~ 15%. The median and range of percentage of 
patients with steady-state concentrations (defined as Cmin 

at day 42) above the assay tolerance (200 ug/ml) was 4.85% 
(0.89 to 8.91%) following 1200 mg q3w i.v. administrations. 
This percentage for the one study that administered atezoli-
zumab as 840 mg every 2 weeks (q2w) was 54%.

Overall, the ADA rates were variable between studies 
but did not show any obvious trend when atezolizumab 
was administered as monotherapy versus in combination, 
by indication, by the type of drug combination used, or by 
the dosing frequency (1200 mg q3w vs. 840 mg q2w).

The duration of ADA appears to be transient. 
Approximately 70% of treatment-emergent ADA positivity 
was based on only one ADA+ timepoint among the multi-
ple timepoints that were analyzed. The first ADA+ sample 
for a patient was typically detected early during treatment 
(pretreatment of cycle 2), whereas NAb were typically de-
tected later (cycles 2–4).

Atezolizumab exposure by ADA status

Peak and trough atezolizumab concentrations (Cmax and 
Cmin) were derived from samples collected in the clinical 
trials. The pooled time-course of atezolizumab concen-
trations by ADA and NAb status is shown in Figure  3a. 

F I G U R E  2   Treatment-emergent ADA and NAb incidence rates by study. Treatment-emergent ADA and NAb rates did not show 
particular trends across indications or with monotherapy versus combination therapy. Text at the bottom of each bar represents the total 
number of evaluable patients. 1L, first line; 2L, second line; ADA, anti-drug antibody; HCC, hepatocellular carcinoma; NAb, neutralizing 
antibody; NSCLC, non-small cell lung cancer; RCC, renal cell carcinoma; SCLC, small cell lung cancer; TNBC, triple-negative breast cancer; 
UC, urothelial carcinoma
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Sampling for Cmax was collected at cycle 1 in all studies, 
and additional Cmax samples were collected at cycle 3 in 
three of the studies. When comparing the median ex-
posure, a trend of decreasing exposure was observed 
from ADA–  to binding-only ADA+ (ADA+NAb–) to 
NAb-positive (ADA+NAb+) across different timepoints. 

However, the population distributions of atezolizumab 
concentrations from the subgroups largely overlap, and 
the majority of concentrations in all three subgroups are 
above the receptor saturable target concentration of 6 µg/
ml (shown as a dashed line in Figure 3a) across the time-
points. Atezolizumab has a half-life of 27 days.2 With an 
accumulation ratio of approximately two to threefold fol-
lowing 1200 mg q3w or 840 mg q2w i.v. administrations, 
the majority of patients (>95%) maintain drug exposure 
that is above the target concentration, regardless of ADA 
status.

Atezolizumab concentrations from samples collected 
30 min after the first dose (cycle 1 Cmax), in the absence of any 
circulating ADA, are shown in Figure 3b. Prior to ADA devel-
opment, a difference of ~ 10% between treatment-emergent 
ADA+ and ADA– subgroups was observed. ADA would not 
be present at the cycle 1 Cmax timepoint, because ADA would 
not develop immediately upon first drug exposure. Hence, 
the difference is likely due to imbalances in baseline covari-
ates. This difference between ADA+ and ADA– patients did 
not increase at cycle 3 Cmax (42 days after the first dose) when 
ADA development is physiologically plausible.

Figure  3c shows the concentration-time profiles 
of the two experimental study arms from an NSCLC 
trial (IMpower131 study). The sample sizes for the 
two study arms were similar (327 vs. 328) but the 
ADA rate in the atezolizumab combined with cispla-
tin and paclitaxel arm was 48%, whereas the ADA rate 
in the atezolizumab combined with cisplatin and nab-
paclitaxel arm was 21%. Figure 3c shows that despite 
an approximately twofold difference in ADA rates for 
the two arms of the study, the overall exposures were 
superimposable.

F I G U R E  3   Atezolizumab exposure by ADA status. (a) Peak 
and trough atezolizumab concentrations over time by ADA and 
NAb status based on pooled data. (b) Differences in exposure 
immediately after the first dose and third dose (Cmax before 
and after ADA formation). (c) Atezolizumab concentrations in 
IMpower131 study arms with a twofold difference in the ADA rate. 
As seen in panel a, a trend of lower exposure in ADA+ and NAb+ 
patients was observed when compared to the exposure of ADA– 
patients but the distribution of the subgroups largely overlaps. The 
horizontal dash line represents receptor saturable concentration of 
6 µg/ml. Greater than 95% of exposure data were above the receptor 
saturable concentration. As seen in panel b, factors other than 
ADA may contribute to the differences in exposure in treatment-
emergent ADA/NAb subgroups. This difference did not increase 
before (cycle 1 Cmax) or after (cycle 3 Cmax) ADA development. 
Panel c shows a study in which two atezolizumab treatment arms 
were included (IMpower131); doubling of ADA rates (48% in 
arm A vs. 22% in arm B) did not impact the overall atezolizumab 
concentrations; peak and trough concentrations of atezolizumab 
over time were superimposable. ADA, anti-drug antibody; Cmax, 
maximum plasma concentration; NAb, neutralizing antibody
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Low exposure population

To evaluate the potential clinical impact of reduced at-
ezolizumab exposure in the ADA+ subgroup, objective 
responses in ADA+ and ADA– patients who had low ex-
posure (≤6 µg/ml in a pooled analysis) were compared to 
responses in the same ADA subgroups of patients with ex-
posure greater than 6 µg/ml (Table S2). The pooled analy-
sis was based on cycle 1 Cmin exposures, which generally 
represent the timepoint of lowest trough exposure because 
this is prior to drug accumulation. The results show simi-
lar rates of objective response (OR), SD and PD, regardless 
of level of exposure at cycle 1 Cmin or treatment-emergent 
ADA status. Similar results were observed between expo-
sure groups according to NAb status (Table S3).

ADA titer

The titer of each ADA+ sample was determined by ana-
lyzing serial dilutions of the sample and finding the dilu-
tion, expressed as the base 10 log, from which the signal 
crossed the ADA assay cut point or decision threshold. 
Across the trials, the ADA titer values ranged from 1.21 
to 4.9 titer units (TU), with a median of 2.11 TU. A scat-
ter plot of ADA titer versus drug concentrations at cycle 
1 Cmin showed a random distribution without any trend 
(data not shown). To further evaluate the potential im-
pact of ADA titer on exposure and efficacy, the pooled 
PK data were divided into two groups using the median 
titer value (2.11 TU) as a cutoff. Because the analysis re-
quired both ADA titer value and cycle 1 Cmin data, this 
criterion was met by 27% of ADA+ patients, including 
484 patients in the high-ADA titer subgroup and 493 pa-
tients in the low-ADA titer subgroup. Figure  4a shows 
the pooled median cycle 1 Cmin of the high-ADA titer 
subgroup lowered by a minimal 9.06% compared to the 
low-ADA titer subgroup.

OS by ADA titer status was also evaluated. The de-
mographic profiles between patients with high-  versus 
low-ADA titer samples were mostly balanced but slightly 
unfavorable C-reactive protein (CRP), tumor burden, and 
ALP values were observed in the high-ADA titer patients 
(Table  S4). A hazard ratio (HR) value was computed for 
each study based on Kaplan-Meier curves of high ADA titer 
vs low ADA titer, as shown in Figure 4b, such that an HR 
value greater than 1 would suggest that high ADA titer has 
negative effect on OS compared to low ADA titer. A meta-
analysis of the HR across the studies was performed with 
weighting based on trial size and confidence interval. This 
overall HR was 0.93 with a 95% confidence interval of 0.79 
to 1.09, suggesting that no decrease in efficacy was observed 
in patients with high ADA titer compared to low ADA titer.

Novel relationship between prognostic 
factors and ADA development

The association of prognostic factors with drug disposi-
tion and ADA development was evaluated using data 
pooled from the 12 clinical trials. The baseline prognos-
tic factors evaluated were age, albumin, body weight, 
CRP, lactate dehydrogenase, neutrophil lymphocyte ratio 
(NLR), and tumor burden. The median baseline CRP in 
the ADA+ subgroup was ~ 100% higher than the median 
baseline CRP for the ADA–  subgroup, but the distribu-
tion was highly variable with large overlaps (Figure 5a). 
A breakdown of baseline CRP into six tiles revealed a 
trend of increasing prevalence of treatment-emergent 
ADA development with increasing baseline CRP values 
(Figure  5b). This pattern was also observed for baseline 
NLR and albumin, such that patients with worse baseline 
prognostic factors had a higher likelihood of developing 
ADA compared to those with favorable baseline factors. 
At the individual study level, similar trends of higher like-
lihood of developing ADA with poorer baseline prognostic 
factors were observed for all studies, regardless of indica-
tion, combination therapy or monotherapy, and line of 
therapy. However, when similar analyses were applied to 
ADA+NAb– versus ADA+NAb+, this trend was not con-
sistently observed (data not shown).

DISCUSSIONS/CONCLUSIONS

The traditional persistent and transient definitions for 
ADA that were established by an American Association 
of Pharmaceutical Scientists expert group31 to describe 
the duration of an ADA response can be useful for non-
oncology patients, but these definitions have limitations 
when applied to oncology because of early death and cen-
sorship. The Shankar paper31 defined a “persistent” ADA 
response as an ADA response that is detectable for at least 
16 weeks or wherein the last ADA sampling timepoint is 
positive. In oncology, aggressive disease can lead to early 
discontinuation or death, often in a substantial proportion 
of patients, resulting in a higher chance of defining a pa-
tient as having persistent ADA based on just one ADA+ 
timepoint. Furthermore, to define persistent ADA as hav-
ing at least 16 weeks with an ADA+ result also generates 
survival bias in cancer types with short median survival. 
Hence, these persistent and transient ADA definitions 
should be used with caution in oncology. With that said, 
the duration of ADA effect is an important indicator of 
the relevant clinical impact of ADA.32 The atezolizumab 
studies were designed with systematic ADA testing plans, 
including ADA analysis from cycle 1 to 16 with each cycle 
defined as 2 or 3  weeks, depending on whether 840  mg 
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q2w or 1200 mg q3w of atezolizumab was administered. 
Using this regular ADA monitoring for atezolizumab tri-
als, the treatment-emergent ADA rates ranged from 13 to 
54%, but ~ 70% of ADA+ patients had only a single ADA+ 
result at cycles 2 or 3 (Table 1). It is possible that these 
early transient occurrences of ADA are primary immuno-
globulin M (IgM) responses rather than the long-lasting 
IgG responses, with IgM responses less likely to lead to 
detrimental clinical impact.33

Decreases in atezolizumab concentrations by ADA 
status have been observed in both univariate and multi-
variate analyses. First, the univariate analysis was based 
on observed atezolizumab concentrations in serum and 
post hoc clearance estimates by ADA status. The decrease 
in observed cycle 1 Cmin was ~ 20% in the overall mean 
in the ADA+ subgroup compared to the ADA– subgroup. 

When only comparing the post hoc clearance values be-
tween the ADA subgroups with no covariate adjustment, 
the difference averaged 22% (range, 18 to 49%).2 However, 
not all the differences in the observed exposure were due 
to ADA. This was apparent from evaluating descriptive 
atezolizumab concentration data and model-based mul-
tivariate analyses (see below). By evaluating the exposure 
at a timepoint that is prior to ADA development (cycle 1 
Cmax, collected 30 min after the end of the first atezoli-
zumab infusion), a difference in mean exposure could 
be observed when subsetting the data by treatment-
emergent ADA status at later timepoints. Because the 
typical time for the immune system to develop an initial 
antibody response is ~  5 to 10  days,34 the difference in 
exposure at 30 min after the first dose could not be due to 
ADA and is likely due to the underlying patient disease 

F I G U R E  4   ADA titer analyses. (a) 
Atezolizumab concentration by ADA 
titer and (b) overall survival HR of high 
versus low ADA titer. In panel a, a pooled 
analysis of cycle 1 Cmin by ADA titer 
values at the same timepoint showed an 
~ 10% decrease in exposure in the high 
ADA titer subgroup compared to the low 
ADA titer subgroup. The difference was 
statistically significant (p < 0.05), but the 
distributions of the two groups highly 
overlapped. In panel b, meta-analysis HR 
of overall survival from the high ADA 
titer versus low ADA titer was 0.92 with 
90% confidence interval crossing 1 (95% 
CI, 0.79 to 1.07). ADA, anti-drug antibody; 
CI, confidence interval; Cmin, minimum 
plasma concentration; HR, hazard ratio

(a)   

Titer group 
(b)
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characteristics and health status prior to atezolizumab 
treatments.

Second, model-based multivariate analysis included 
both stationary and time-varying population PK mod-
els. A time-varying PK model that incorporates longi-
tudinal prognostic factors to evaluate the ADA impact 
is the most appropriate.32 After accounting for important   
time-varying covariates of exposure, the impact of 
treatment-emergent ADA on atezolizumab clearance 
was 9%.7 This impact is less than that seen in the station-
ary population PK model (16%), suggesting that fluctu-
ations in other factors (e.g., albumin level) during the 
treatment period are more important for clearance than 
is ADA development.1

Finally, atezolizumab exhibits a flat exposure-response 
relationship over a wide range of drug concentrations 
(~ 2-fold).1,35 For a drug with a large therapeutic window 
that exhibits a flat exposure-response relationship, an in-
crease of 9% in clearance due to ADA is not expected to be 
clinically meaningful. Likewise, the 20% clearance differ-
ence observed at cycle 1 Cmin is unlikely to be meaning-
ful when there is almost a 200% difference in cycle 1 Cmin 
values across the study population and a flat exposure-
response relationship.

The flat exposure-response relationship of atezoli-
zumab and the minimal increase in atezolizumab clear-
ance observed in ADA+ patients confirm the effectiveness 
of the strategy of dosing over any potential ADA effect on 
exposure. As observed from the pooled concentration-time 
plot by ADA status, adequate exposure was achieved re-
gardless of ADA or NAb status in cycle 1 Cmin for over 95% 
of the population. Overall, the totality of the clinical phar-
macology data show that the impact of ADA on atezoli-
zumab PK does not appear to be clinically meaningful.

NAb often develop in patients with multiple sclerosis 
(MS) after interferon-beta (IFN-β) treatment. In a small 
study of IFN-β–treated patients with MS, Hegen et al.36 
found that 13% of patients developed in vitro NAb after 
24 months of therapy, and that the subset of ADA+ pa-
tients with the highest ADA titers at 3 months went on to 
develop NAb. However, this study did not assess the im-
pact of ADA on drug exposure or on clinical outcomes. For 
atezolizumab, the incidence rates of NAb+ were approx-
imately half of those in patients who were ADA+ (4–28% 
of ADA-evaluable patients, median 17.4%), and patients 
with NAb+ had a further 20% decrease in atezolizumab 
exposure compared to ADA+NAb–  patients. However, 
the same principle of dosing over the ADA effects should 
apply to the NAb subgroup, in which atezolizumab con-
centrations were also maintained above the receptor sat-
urable concentration. Furthermore, efficacy (OS) was not 
reduced in the high ADA titer subgroup compared with 
the low ADA titer subgroup.

Emerging oncology data suggest that there may be a 
relationship between some baseline prognostic factors 
and the potential to develop treatment-emergent ADA. In 
oncology, particularly with CIT drugs, prognostic factors 
not only impact clinical outcome, but also impact PK and 
treatment-emergent ADA development (see Figure  5). 
These confounding effects are well known for exposure-
response analyses.5,6 In our analysis, we observed that 
the sets of covariates that are linked to efficacy, PK, and 
ADA development only partially overlap. For example, 
in NSCLC, well known prognostic factors for OS include 
baseline tumor burden, liver metastasis status, albu-
min, sex, smoking status, histology marker, and Eastern 
Cooperative Oncology Group performance status. In the 

F I G U R E  5   Pooled baseline prognostic factor association 
with ADA status. (a) Baseline CRP by ADA status and (b) ADA 
incidence rate by sextile of baseline CRP. As seen in panel a, 
patients who tested positive for treatment-emergent ADA tended 
to have higher baseline CRP (worse health status). As seen in 
panel b, dividing the baseline CRP values into six tiles revealed an 
increasing chance of developing ADA after treatment. ADA, anti-
drug antibody; CRP, C-reactive protein

Baseline C-Reac�ve Protein (Sex�les) 

(a)

(b)
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same indication, the main covariates for atezolizumab 
PK are albumin and baseline tumor burden. In NSCLC, 
we have observed that baseline CRP, NLR, albumin, and 
tumor burden are associated with ADA development. 
The shared covariates, if not addressed, would confound 
the interpretation of any univariate analysis (i.e., direct 
evaluation of efficacy outcome by ADA status). Patients 
with the poorest baseline prognostic factors would likely 
have a reduced response to treatment, shorter OS, lower 
exposure, and increased likelihood of developing ADA. 
However, whereas this general association is observed, 
there is no particular prognostic factor or a set of prog-
nostic factors that can reliably predict ADA development.

Once any imbalance(s) in covariates between ADA 
subgroups are addressed, the true impact of ADA can be 
assessed. For atezolizumab, the impact of ADA on expo-
sure (9–16%) was inconsequential after the confounding 
effects of prognostic factors were addressed. Hence, only 
multivariate analysis or adjustment method analysis 
should be applied to interpret the true impact of ADA on 

exposure in oncology. In essence, our findings indicate 
that conclusions about ADA impact on exposure should 
not be drawn based on simply plotting concentration 
by ADA status, but rather would require a multivariate 
model-based approach.

For efficacy, these findings also suggest that the im-
pact of ADA on drug efficacy cannot be accurately es-
timated by plotting OS or progression-free survival 
curves according to ADA status. Instead, an adjustment 
method using the appropriate control population is more 
appropriate.

In summary, this paper provided cross-study com-
parison of immunogenicity analysis that is important 
to evaluate given the high variability of ADA incidence 
rates (ranges from 13 to 54%). This paper also included 
the novel ADA framework for oncology that can be ap-
plied to other therapeutic proteins, atezolizumab ADA 
titer, neutralizing ADA data, and the novel relationships 
of prognostic factor and ADA development that were not 
published previously. The authors believe having extensive 

T A B L E  1   Frequency of ADA positivity

Study

Frequency of ADA positivity for indicated number of timepoints (in treatment-
emergent ADA+ patients), n (%)

1 2 3 4 5 6

OAK 71 (56) 31 (25) 12 (10) 8 (6) 3 (2) 1 (1)

POPLAR 32 (44) 18 (25) 10 (14) 8 (11) 4 (5) 1 (1)

IMpower130

Arm A (Atezolizumab + CnP) 72 (66) 26 (24) 6 (6) 4 (4) 1 (1) 0

Arm B (CnP) 13 (57) 3 (13) 3 (13) 3 (13) 1 (4) 0

IMpower132

Arm A (Atezolizumab + carboplatin + 
pemetrexed combined)

49 (80) 8 (13) 2 (3) 2 (3) 1 (1) 0

Arm B (Atezolizumab + cisplatin + 
pemetrexed combined)

27 (71) 8 (21) 3 (9) 0 0 0

IMpower150

Arm A (Atezolizumab + CP) 103 (65) 35 (22) 14 (9) 4 (3) 3 (2) 0

Arm B (Atezolizumab + bevacizumab + 
CP)

86 (61) 37 (26) 14 (10) 2 (1) 2 (1) 1 (1)

IMpower131

Arm A (Atezolizumab + CP) 80 (57) 41 (29) 13 (9) 5 (4) 1 (1) 0

Arm B (Atezolizumab + CnP) 43 (72) 9 (15) 6 (10) 2 (3) 0 0

IMpower133 30 (77) 7 (18) 2 (5) 0 0 0

IMvigor210 102 (56) 39 (21) 27 (15) 12 (7) 2 (1) 0

IMvigor211 88 (59) 34 (23) 13 (9) 7 (5) 6 (4) 0

IMmotion151 77 (64) 33 (28) 7 (6) 3 (3) 0 0

IMbrave150 63 (72) 14 (16) 9 (10) 2 (2) 0 0

IMpassion130 35 (66) 9 (17) 3 (6) 3 (6) 2 (4) 1 (2)

Note: Majority of studies show treatment-emergent ADA as a one-time event over the course of the study.
Abbreviations: ADA, anti-drug antibody; CP, carboplatin + paclitaxel; CnP, carboplatin + nab-paclitaxel.
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immunogenicity data in oncology with more than 10 reg-
istrational trials is unusual and, thus, provides an import-
ant learning opportunity for the scientific community. The 
novel relationships of baseline CRPs and tumor burden 
and ADA development could lead to additional research 
to understand the biological effects of these complex rela-
tionships that may not be specific to atezolizumab.

Specifically for atezolizumab, a time-varying PK model 
was best suited to evaluate the impact of ADA on atezoli-
zumab PK,32 which showed an impact of 9% on clearance 
based on monotherapy trials.7 The flat exposure-response 
relationship,1,35 together with clinical exposure that results 
in target saturation in greater than 95% of population re-
gardless of ADA or NAb status, supports the successful 
strategy of dosing over ADA for atezolizumab. An ADA 
titer analysis did not find a clinically meaningful relation-
ship between ADA titer and atezolizumab PK or OS out-
comes (not adjusted for imbalances in baseline prognostic 
factors). PK, clinical efficacy, and ADA development all 
have their unique covariates as well as shared covariates. 
It is this complex relationship with prognostic factors that 
makes immunogenicity assessment in oncology particu-
larly challenging. Given the confounding relationships, the 
traditional univariate analysis of PK or efficacy by ADA 
status alone is inadequate. Baseline albumin, tumor bur-
den, and CRP levels showed the greatest association with 
the development of an ADA response after treatment, but 
no one factor or a set of prognostic factors could adequately 
predict ADA status. Emerging advanced quantitative tools, 
such as machine learning approaches, could be explored to 
further understand the association of factors determining 
ADA development. For atezolizumab, based on the lack of 
pharmacologically relevant impact of ADA on exposure, 
ADA would not be expected to have a clinically meaningful 
impact on efficacy.
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