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a b s t r a c t

Different immunohistochemical programmed death-ligand 1 (PD-L1) assays and scorings have been
reported to yield variable results in triple-negative breast cancer (TNBC). We compared the analytical
concordance and reproducibility of four clinically relevant PD-L1 assays assessing immune cell (IC) score,
tumor proportion score (TPS), and combined positive score (CPS) in TNBC. Primary TNBC resection
specimens (n ¼ 104) were stained for PD-L1 using VENTANA SP142, VENTANA SP263, DAKO 22C3, and
DAKO 28e8. PD-L1 expression was scored according to guidelines on virtual whole slide images by four
trained readers.

The mean PD-L1 positivity at IC-score �1% and CPS �1 ranged between 53% and 75% with the highest
positivity for SP263 and comparable levels for 22C3, 28e8, and SP142. Inter-assay agreement was good
between 28e8 and 22C3 across all scores and cut-offs (kappa 0.68e0.74) and for both assays with SP142
at IC-score �1% and CPS �1 (kappa 0.61e0.67). The agreement between SP263 and all other assays was
substantially lower for all scores. Inter-reader agreement for each assay was good to excellent for IC-score
�1% (kappa 0.73e0.78) and CPS �1 (kappa 0.68e0.74), fair to good for CPS �10 (kappa 0.52e0.67) and
TPS �1% (kappa 0.53e0.72). The percentage of overlapping cases in the positive/negative category was
>90% between IC-score �1% and CPS �1 but below when comparing IC-score �1% with CPS �10. We
demonstrate an overall good inter-reader agreement for all PD-L1 assays in TNBC along with assay
specific differences in positivity and concordances, which may aid to select the right test strategy in
routine diagnostics.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Triple-negative breast cancer (TNBC) lacks oestrogen and pro-
gesterone receptor expression and human epidermal growth factor
receptor 2 (HER2) overexpression/amplification. This aggressive
breast cancer subtype has a high risk of disease progression.
Treatment options are limited, but relevant progress has beenmade
with the approval of novel targeted therapies, such as poly-ADP
ribose polymerase (PARP) inhibitors for patients with BRCA 1/2
germline mutations, the antibody-drug conjugate Sacituzumab
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govitecan, and immune checkpoint blockade [1]. TNBC is a het-
erogeneous disease, and a subset of these tumors is characterised
by specific interactions with microenvironmental factors like im-
mune cells [2]. A prominent clinically relevant example is that a
subset of TNBC show varying levels of programmed death-ligand 1
(PD-L1)-positive immune and tumor cells which influence
response to immune checkpoint inhibitors (ICI).

Atezolizumab plus nab-paclitaxel is a first-line treatment option
approved by the Food and Drug Administration (FDA) and the Eu-
ropean Medicines Agency (EMA) for patients with inoperable or
metastatic TNBC who have a PD-L1 positive immune cell (IC) score
�1% based on data from the IMpassion130 trial [3]. The benefit of
atezolizumab was demonstrated especially in the PD-L1 IC (SP142
assay) positive population [3,4].

Pembrolizumab in combinationwith chemotherapy is approved
by the FDA (and EMA's acceptance is expected soon) for the
treatment of advanced or metastatic TNBC with PD-L1 CPS �10
(22C3 assay) status. According to data from the Keynote-355 trial,
these patients have a significant improvement in PFS when pem-
brolizumab is added to chemotherapy as compared to the placebo
group [5].

In early TNBC, neoadjuvant atezolizumab plus standard
chemotherapy revealed a higher pathological complete response
(pCR) in both the intention-to-treat (ITT) and the PD-L1 positive
population regardless of the PD-L1 IC (SP142) status according to
the Impassion031 trial [6]. Similarly, neoadjuvant treatment with
pembrolizumab plus chemotherapy versus chemotherapy alone
showed a higher pCR in Keynote-522 [7], here the benefit was in-
dependent from the PD-L1 CPS (22C3) status. According to these
clinical trials, the predictive value of PD-L1 might vary between
early and advanced TNBC but further studies to address this topic
are needed.

Based on the study data outlined above, currently, the assess-
ment of the PD-L1 status is mandatory for the identification of
TNBC patients eligible for ICI therapies. In contrast to the FDA, the
EMA does not directly link a drug to one specific assay and staining
platform for PD-L1 testing. European and national guidelines for
the treatment of breast cancer recommend PD-L1 testing [8,9].
However, the analysis of PD-L1 is challenging since several anti-
bodies, platforms and scoring criteria are available. It is important
that pathologists ensure the use of a valid test and have experience
in the interpretation of staining results. To be able to decide which
assay can be safely used, antibody and staining platform compa-
rability studies are mandatory. As the equivalence of PD-L1 assays
and scorings is still a matter of debate, we aimed to investigate the
analytical comparability and reproducibility of four clinically rec-
ommended PD-L1 IHC assays evaluated by four trained readers
using different scoring methods in a large cohort of resected TNBC.

2. Materials and methods

2.1. Study population

This study was designed to assess inter-assay and inter-reader
comparability of PD-L1-status across four PD-L1 IHC assays in pri-
mary TNBC. Archival, formalin-fixed, paraffin-embedded, resection
specimens (n ¼ 104) from the Institute of Pathology, Technical
University of Munich (TUM), Germany were enrolled as described
previously [10]. All samples were negative for hormone receptors
and HER2 according to ASCO/CAP guidelines [11,12]. The median
age at time of diagnosis was 53 years (range, 27e89). Pathological
tumor stage was available in 85 cases. The most frequent tumor
stage was pT2 in 44.7% followed by pT1c in 36.5%. Nodal stage was
known in 57 cases and a nodal negative status was present in 56.1%.
Clinical outcome data were not available. Tissue processing and use
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was coordinated within the framework of the Klinikum rechts der
Isar/TUM tissue biobank (subject to strict legal and ethical regula-
tions). The investigation complied with the current laws of the
country in which they were performed.

2.2. PD-L1 IHC assays

Immunohistochemistry was conducted with four PD-L1 anti-
bodies on two different staining platforms. The VENTANA SP142
(Roche Diagnostics, Mannheim, Germany) and the VENTANA SP263
assay (Roche Diagnostics) were used on the VENTANA Benchmark
Ultra platform at TUM. PD-L1 IHC 22C3 pharmDx (Agilent Tech-
nologies, Waldbronn, Germany) and PD-L1 IHC 28-8 pharmDx
(Agilent Technologies) assays were run on a DAKO Autostainer Link
48 at the Institute of Pathology, University Medical Centre Mainz
(Germany). All assays are referred to hereafter by the clone of the
antibody used.

2.3. Evaluation of PD-L1 staining and scoring

All PD-L1 stained slides and corresponding haematoxylin and
eosin (H&E) stains were digitized (Leica Aperio AT2, TUM), stored
into a database (Aperio eSlide Manager) and virtually assessed by
four pathologists (AN, DCW, KS, SF). Access to the slides was ran-
domized and blinded for patient and assay information on the
digital platform. Each pathologist investigated in total 396 slides.
PD-L1 expression was evaluated in immune cells (IC) and tumor
cells (TC) separately for each assay. Staining was scored for IC-
positivity as the percentage of invasive tumor area covered by
stained immune cells (defined as staining in granulocytes, lym-
phocytes, macrophages, and dendritic cells of any intensity) [13].
The tumor proportion score (TPS) was evaluated according to the
percentage of stained viable TC in the tumor area showing partial or
complete membranous PD-L1 staining of any intensity. The com-
bined positive score (CPS) was calculated by summing the number
of PD-L1 stained cells (TC, IC) and dividing the sum by the total
number of viable tumor cells, multiplied by 100 [14].

2.4. Statistics

Fleiss' Kappa for multiple readers and the intraclass correlation
ICC(2, k) was used to quantify agreement of categorical and
continuous measurements, respectively. Kappa values and ICC co-
efficients were interpreted according to the guideline of Cicchetti
[15]. The probabilities of PD-L1-positivity for IC-score, TPS or CPS
across assays and corresponding 95% confidence intervals were
estimated by linear mixed effects regression models with a fixed
factor variable for assays and random intercepts for observers and
patients. All analyses have been conducted in R 4.0.3 (The R
Foundation for Statistical Computing, Vienna, Austria).

3. Results

3.1. Prevalence of PD-L1 expression

High quality PD-L1 staining with all assays was available in 99
TNBC samples. Of these, due to the lack of invasive tumor, five cases
had to be excluded from the final evaluation. The adjusted mean
percentages of PD-L1 positivity for each assay and for the three
scores across all readers are summarized in Table 1/Fig. 1. The
overall IC-score (�1%) positivity rates were similar for SP142, 22C3,
and 28-8 but higher for SP263. TPS (�1%) positivity rates were
similar for 22C3 and 28e8, but higher for SP263 and lower for
SP142. PD-L1-positivity rates according to CPS �1 and CPS �10
were similar for SP142, 22C3, and 28-8 but higher for SP263. In



Table 1
Adjusted mean percentages of PD-L1 positivity for IC-score, TPS, and CPS across all samples for each assay.

Assay IC-score � 1% (95% CI) TPS �1% (95% CI) CPS �1 (95% CI) CPS �10 (95% CI)

SP142 53% (43e62%) 9% (0.4e18%) 56% (44e67%) 17% (6e27%)
SP263 74% (64e83%) 43% (33e52%) 75% (63e86%) 36% (26e47%)
22C3 53% (43e62%) 25% (15e34%) 53% (41e64%) 17% (7e28%)
28e8 59% (49e68%) 29% (19e38%) 59% (48e70%) 24% (13e34%)

Fig. 1. Adjusted mean percentages of PD-L1-positivity for each assay and different scoring methods across the four readers are depicted with CI 95%.
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Fig. 2 we show ungrouped PD-L1 positivity rates for IC-score and
CPS across all readers for each assay and sample.
3.2. Inter-assay PD-L1-positivity agreement

To test the inter-assay variability, we determined ICCs for assay
pairs at each score averaged for all readers as summarized in
Table 2. Of all assay combinations, the comparison of 28e8 vs. 22C3
showed good to excellent agreement for each score, while 28e8 vs.
SP142 and 22C3 vs. SP142 demonstrated good agreement only for
the IC-Score. Agreement of SP263 with any of the other assays was
poor to fair in almost all scenarios, due to generally higher PD-L1
staining scores seen for this antibody. Next, we determined Fleiss’
Fig. 2. PD-L1 positivity according to IC-score (A) and CPS
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kappa to assess the reliability of multiple measurements when
fixed cut-offs were applied. We compared pair-wise assay combi-
nations at the specific cut-offs averaged for all readers as shown in
Table 3. Of all assay pairs, 28e8 vs. 22C3 showed a good agreement
for each score. Agreement between SP142 and either 22C3 or 28e8
was also good for IC and CPS 1 but not for TPS and CPS 10. Again,
agreement of SP263 with any of the other assays was poor to fair.
3.3. Inter-reader PD-L1-positivity agreement

Evaluation of ICCs to quantify inter-reader variability for each
assay and IC-score were 0.489e0.793 (fair to excellent inter-reader
agreement) and highest for SP142. ICCs for CPS were 0.653e0.794
(B) for each case and assay averaged over all readers.



Table 2
ICC values for agreement between pair-wise assay combinations across all readers.

Assay pair ICC for PD-L1- IC-score positivity (95% CI) ICC for PD-L1-CPS-positivity (95% CI) ICC for PD-L1-TPS-positivity (95% CI)

28-8 vs. 22C3 0.618 (0.556e0.672) 0.842 (0.811e0.868) 0.878 (0.857e0.896)
28-8 vs. SP142 0.610 (0.551e0.662) 0.559 (0.495e0.616) 0.324 (0.241e0.401)
28-8 vs. SP263 0.357 (0.250e0.450) 0.520 (0.421e0.601) 0.557 (0.496e0.613)
22C3 vs. SP142 0.613 (0.558e0.662) 0.559 (0.499e0.613) 0.363 (0.285e0.436)
22C3 vs. SP263 0.314 (0.180e0.427) 0.476 (0.331e0.584) 0.586 (0.518e0.645)
SP142 vs. SP263 0.269 (0.154e0.370) 0.271 (0.160e0.369) 0.131 (0.051e0.209)

Table 3
Kappa statistics for comparison of pair-wise assay combinations across all readers.

Assay pair IC � 1% positivity (95% CI) CPS �1 positivity (95% CI) CPS �10 positivity (95% CI) TPS �1% positivity (95% CI)

28-8 vs. 22C3 0.705 (0.604e0.805) 0.693 (0.593e0.794) 0.681 (0.582e0.78) 0.736 (0.635e0.837)
28-8 vs. SP142 0.605 (0.505e0.705) 0.665 (0.565e0.766) 0.486 (0.388e0.585) 0.386 (0.305e0.467)
28-8 vs. SP263 0.488 (0.393e0.584) 0.473 (0.378e0.568) 0.5 (0.403e0.597) 0.549 (0.452e0.646)
22C3 vs. SP142 0.645 (0.543e0.746) 0.669 (0.568e0.77) 0.577 (0.476e0.678) 0.43 (0.343e0.517)
22C3 vs. SP263 0.423 (0.332e0.514) 0.416 (0.326e0.506) 0.44 (0.349e0.53) 0.511 (0.418e0.605)
SP142 vs. SP263 0.39 (0.3e0.481) 0.442 (0.35e0.534) 0.411 (0.323e0.5) 0.201 (0.135e0.268
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(good to excellent inter-reader agreement) and highest for 22C3.
For TPS, the ICCs were 0.665e0.830 (good to excellent inter-reader
agreement) and highest for 22C3. ICC values are given in Table 4.

We further performed kappa statistics to test the inter-reader
reliability at specific cut-offs (Table 5). At the IC-score �1% cut-
off, kappa values were 0.728e0.777 corresponding to a good to
excellent agreement across readers for each assay. At the TPS �1%
cut-off, the agreement across readers for each assay was fair to
good (kappa 0.530e0.722). At the CPS �1 and � 10 cut-off, kappa
values were 0.680e0.735 and 0.52e0.671, respectively, again
pointing on a good agreement across readers for each assay.

3.4. Inter-score differences

Finally, we analyzed the agreement between IC-score and CPS in
the classification of positive and negative cases. When comparing
IC-score 1% with CPS 1, kappa values were �0.70 for all assays
indicating a good to excellent agreement. The highest kappa values
(�0.83) were identified for the SP263 assay. In contrast, kappa
values dropped substantially to 0.17e0.54 when assessing the
agreement between IC-score �1% and CPS �10 cut-off. The per-
centage overlap of positive and negative cases between IC-score
�1% and CPS �1 and � 10 cut-off, respectively for each assay
averaged over all readers is illustrated in Fig. 3A and B. The com-
parison shows a concordance above 90% for PD-L1-IC-positivity
�1% and CPS �1 for each assay. In contrast, comparing PD-L1-IC-
positivity �1% and CPS �10 cut-off for each assay, the concordance
level is less than 90%.

4. Discussion

Our comparison study of four PD-L1 assays in primary TNBC
revealed a comparable PD-L1 expression on IC with SP142, 22C3,
and 28e8, but higher values with SP263 as observed in our
Table 4
ICC values for inter-reader agreement for each assay based on four readers.

Assay ICC for PD-L1- IC-score positivity (95% CI) ICC for

SP142 0.793 (0.739e0.839) 0.720 (0
SP263 0.489 (0.384e0.588) 0.653 (0
22C3 0.656 (0.570e0.732) 0.794 (0
28e8 0.537 (0.434e0.630) 0.736 (0
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previous study [10]. For SP142 IC-score 1%, we found a mean case
positivity rate of 53% that is slightly higher as compared to 46% of
the biomarker-evaluable population from the pivotal IMpassion130
trial [16] but almost in line with 58% of another study [17]. Whereas
substantially higher case positivity rates of 75% for SP263 are
completely consistent with post-hoc biomarker evaluation data
from this trial [16] and another study [17]. However, a considerably
higher prevalence of PD-L1 (�75%) with 22C3 was reported in
clinical trials and exploratory biomarker analyses [5,7,16]. Never-
theless, comparable expression levels (around 60%) to our obser-
vationwith 22C3 and 28e8 at CPS 1 were reported in another TNBC
study [18]. Differences in PD-L1 prevalence may be explained by
type of biomaterial evaluated. In our study, whole tissue sections of
primary tumor resection specimens of untreated patients were
used to minimize sample bias. Clinical trials as mentioned above
use a mix of biopsies and resection specimens. Thus, in a certain
number of cases less tumor tissue is available which might result in
differing positivity rates. In this situation, we speculate that pa-
thologists may tend to score a sample as positive, just not to miss a
positive case. Conversely, a higher tumor amount offers more
confidence in categorization of the given cut-offs. Furthermore, in
clinical trials, tissue samples not only from primaries but also from
metastatic sites were included. As reported, heterogeneity in PD-L1
expression between primary TNBC and metastatic lesions is
evident [19].

In our analysis the PD-L1 positivity rate at IC-score 1% was
comparable with CPS 1. In contrast to the IC-score, the CPS includes
both positive IC and TC, we therefore separately analyzed TC (re-
ported as TPS) to get an idea about the impact of TC positivity on
CPS in TNBC. According to the staining pattern that is known for the
different assays, we herein reproduced lower TPS values with
SP142 as compared to the other assays [1,18,20]. For SP142, we
found that the TPS did not strongly influence CPS at low cut-off
because concomitant immune cell positivity already covered most
PD-L1-CPS-positivity (95% CI) ICC for PD-L1-TPS-positivity (95% CI)

.650e0.782) 0.764 (0.709e0.814)

.519e0.750) 0.665 (0.578e0.740)

.737e0.842) 0.830 (0.787e0.868)

.662e0.797) 0.730 (0.668e0.786)



Table 5
Inter-reader reliability (Kappa statistics).

Assay IC � 1% positivity (95% CI) CPS �1 positivity (95% CI) CPS �10 positivity (95% CI) TPS �1% positivity (95% CI)

SP142 0.728 (0.645e0.811) 0.68 (0.597e0.762) 0.671 (0.589e0.754) 0.53 (0.448e0.613)
SP263 0.736 (0.653e0.819) 0.735 (0.652e0.818) 0.624 (0.541e0.707) 0.614 (0.531e0.697)
22C3 0.736 (0.653e0.819) 0.696 (0.613e0.779) 0.642 (0.559e0.725) 0.722 (0.639e0.805)
28e8 0.777 (0.694e0.86) 0.734 (0.651e0.817) 0.52 (0.437e0.603) 0.654 (0.571e0.737)

Fig. 3. Concordance between IC-score � 1% and CPS �1 (A) and between IC-score � 1% and CPS �10 (B) across all readers for each assay.
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of the SP142 TPS negative cases. Similarly, the higher TPS with
28e8 did not generate more CPS positive cases when compared to
22C3 because these cases were already covered by positive immune
cell scoring.

In our study, we observed comparable positivity rates and a
good agreement between 22C3 and 28e8, a slightly less agreement
for SP142 and a considerably less agreement for SP263 in CPS
evaluation. Analytical performance of these four assays was pre-
viously assessed in TNBC by a single pathologist study [18]. In this
abstract, a low concordance between SP263 and SP142 but a high
concordance between SP263 with the other assays at CPS 1 and IC
1% was shown. Moreover, a lower prevalence of positive cases
(around 30%) with SP142 was noted, resulting in almost 20% fewer
PD-L1 positive TNBC with SP142 as compared to 22C3. Likewise, in
a sub-study of IMpassion130, 22C3 detected almost 30% more PD-
L1 positive TNBC as compared to SP142 when the IC 1% cut-off was
applied [16]. In a tissue microarray study with TNBC, an even lower
IC positivity with SP142 (19.3%) as compared to 28e8 (36.7%) was
observed resulting in a discordance rate of 24.8% [20].

Taken all studies together, there is undoubtedly a variation be-
tween PD-L1 IHC assays that might depend on protocols, detection
kits and platforms used as discussed earlier [21]. In addition, pri-
mary PD-L1 antibodies show certain differences between TC and IC
staining patterns, e. g. SP142 was developed and optimized for IC
detection while SP263 detects more TC [13,22]. In a linear epitope
mapping experiment, different binding characteristics for PD-L1
antibodies were found that could lead to staining discrepancies
[23]. As outlined above, material used (TMA versus whole tissue
sections or biopsies versus surgical resection specimens) has un-
doubtedly a certain impact on assay concordance, especially since
the staining of consecutive sections from small amounts of tissue
(like in the biopsy or TMA situation) may overestimate discrep-
ancies, because variations in positivity rates based on tumor het-
erogeneity might easily be misinterpreted as a difference in assay
performance. Furthermore, qualified pathologists for the different
scoring algorithms and staining properties of different antibodies
are key for a correct PD-L1 assessment. All readers in our study
242
were trained for CPS and IC evaluation in training programs offered
by Roche as well as Merck, Sharp & Dome. In addition, all have
ample experience with comparability studies for PD-L1 assays in a
variety of tumor entities including the same assays [10,24e26].
Finally, in an assay comparability study, it is crucial that all cases are
evaluated by the same reader to avoid interobserver bias, especially
if the readers are not perfectly trained. In our study, we also
assessed inter-reader concordance and demonstrate an overall
good reproducibility for all scorings and each assay among the
pathologists that is in line with previous PD-L1 comparability
studies [27,28]. Collectively, the variation of PD-L1 prevalence be-
tween different studies needs further evaluation to better under-
stand the inter-assay differences. To overcome the challenge of
predictive PD-L1 testing, recommendations that guide this complex
issue are very useful [29].

To date, PD-L1 is the most widely used biomarker for patient
selection in ICI treatment. However, not all patients with positive
PD-L1 status respond to these therapies. Attempts to define other
biomarkers (e. g. TILs, CD8 cells, tumor mutational burden, BRCA)
that provide additional value beyond PD-L1 in patient selection in
TNBC failed so far [1], yet data from other tumor entities and pan-
cancer studies implicated that additional molecular markers such
as microsatellite instability (MSI) and high tumor mutational
burden (TMB) can be successfully applied [30,31].

Taken together, we demonstrate comparable positivity rates for
22C3, 28e8, and SP142 with IC 1%, accompanied by an overall good
assay concordance and without an antibody dependent specific
bias in one direction. Our data may suggest that 22C3, 28e8, and
SP142 can be used for IC evaluation in routine diagnostics like in
other entities such as urothelial cancer [24]. Further confirmation
by other studies is needed. 22C3 and 28e8 can likely be used
interchangeable for IC 1% and CPS 1, but less with CPS 10. SP142
showed still good concordance for IC 1% and CPS 1 but less overlap
with CPS 10, this in sum with the confirmed lower positivity of
SP142 in tumor cells, might render SP142 a less optimal antibody
for CPS assessment in TNBC, specifically at higher cut-offs. SP263
selects more positive cases with both IC and CPS and therefore in
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our view should not be used for PD-L1 scoring in TNBC. Finally,
interchangeability of PD-L1 assays is not only based on inter-assay
concordance in terms of prevalence and positivity but also on the
capacity of each assay to predict response to a given ICI [16].
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