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CHAPTER 1

1

GENERAL INTRODUCTION

Lung cancer is the second most commonly diagnosed type of cancer worldwide and
accounts for the most cancer related deaths in men and women combined1. Two main 
histopathological types of lung cancer exist, i.e. small cell lung cancer (SCLC) and non-
small cell lung cancer (NSCLC), with the latter accounting for 85% of lung cancer cases2. 
In the Netherlands, around 10.000 patients are diagnosed with NSCLC each year3. At 
diagnosis, almost half (48%) of all newly diagnosed patients in the Netherlands have 
stage IV disease, indicating the presence of metastases3. Patients with stage IV disease 
without actionable mutations in driver genes, such as EGFR or ALK, who were treated 
with chemotherapy showed a 5-year survival rate of only 6% between 2017 and 20214. 
Introduction of immunotherapy and combinations of chemotherapy and immunotherapy 
led to improved survival, with 5-year survival rates now being 25% for Dutch patients treated 
with immunotherapy and 17% for patients treated with a combination of chemotherapy and 
immunotherapy4.

Immunotherapy in NSCLC
Immunotherapy for patients with NSCLC, which was first introduced in clinical practice
in 20155, is based on blockade of the programmed death-1 (PD-1) receptor, an immune 
checkpoint protein primarily expressed on activated T-cells6, or one of its ligands
programmed death-ligand 1 (PD-L1). Binding of PD-1 to PD-L1 results in suppression of 
T-cell activity6, 7. PD-L1 is expressed in both lymphoid and non-lymphoid tissues8, 9, and
is involved in preventing immune-mediated tissue damage by limiting excessive T-cell 
activation10. PD-L1 expression is also found in various cancers, resulting in resistance of 
tumor cells to antitumor immune response of T-cells7, 8. Preventing PD-1 from binding to
PD-L1 may restore T-cell function and, thus, aid in destruction of tumor cells10. 

The first PD-1/PD-L1 blockade agent used in treatment of NSCLC patients was nivolumab, 
an anti-PD-1 antibody, which was approved for second line treatment of advanced NSCLC 
based on clinical trials showing improved survival in comparison to chemotherapy11, 12. Other
PD-1/PD-L1 blockade agents, i.e. pembrolizumab (an anti-PD-1 antibody) and atezolizumab
(an anti-PD-L1 antibody) showed beneficial results as second line treatment agents in 
comparison to chemotherapy, too13, 14. Importantly, these drugs also showed a favorable 
safety profile compared to chemotherapy15. Subsequently, the efficacy of PD-1/PD-L1
blockade agents as first-line treatment was assessed. Pembrolizumab showed significant 
improvement of both overall and progression free survival compared with chemotherapy 
in patients with advanced NSCLC and expression of PD-L1 on at least 50% of tumor cells16. 
More recently, monotherapy with cemiplimab, a relatively new anti-PD-1 antibody, and with 
atezolizumab showed similar results in this patient group17,18. Other trials showed improved
survival among patients treated with chemotherapy combined with immunotherapy in 
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comparison with chemotherapy alone, regardless of PD-L1 expression19-22. The efficacy of 
another anti-PD-L1 antibody called durvalumab was tested in patients with unresectable 
locally advanced (stage III) NSCLC, who received durvalumab as consolidation treatment
after chemoradiotherapy. This treatment resulted in significantly longer progression free
survival and overall survival compared with placebo23, 24. 

Currently, treatment guidelines recommend first-line prescription of pembrolizumab,
cemiplimab or atezolizumab as monotherapy to patients with metastatic NSCLC with ≥50% 
PD-L1 expression on tumor cells25, 26. For patients whose tumors express PD-L1 in <50% 
of tumor cells, combinations of immunotherapy and chemotherapy are recommended. 
Furthermore, a PD-L1 expression of ≥1% is required for second line treatment with 
pembrolizumab25, 27. Use of durvalumab is recommended as consolidation treatment after 
chemoradiotherapy for patients with unresectable stage III disease, although the European 
Medicines Agency (EMA) recommends that these patients should have an expression of 
≥1% on tumor cells28. Thus, as becomes clear from these guidelines, treatment decisions 
are guided by PD-L1 expression on tumor cells.

PD-L1 immunohistochemistry
Assessment of PD-L1 expression on tumor cells is performed by pathologists through 
immunohistochemistry (IHC), which visualizes PD-L1 present on tumor cells by binding 
of labelled antibodies directed against the PD-L1 protein. Pathologists score the level of 
PD-L1 expression by determining the percentage of all tumor cells that express PD-L1,
which is called the tumor proportion score (TPS). The TPS is then used by clinicians to 
determine the right course of treatment. Hence, it is very important that PD-L1 expression
is stained and scored accurately. This accuracy is influenced by pre-analytic, analytic and 
post-analytic factors.

Analytic factors
One important analytic factor in PD-L1 IHC is the antibody that is used in the
immunostaining protocol. Various IHC antibodies directed at PD-L1 were developed. In 
fact, with each of the initial PD-1/PD-L1 blockade agents, a separate PD-L1 IHC antibody 
was introduced: antibody clone 28-8 (Dako) for nivolumab29, antibody clone 22C3 (Dako) 
for pembrolizumab30, antibody clone SP142 (Ventana) for atezolizumab31, and antibody 
clone SP263 (Ventana) for durvalumab32. The use of multiple antibodies to test for PD-L1
expression in one laboratory is generally not feasible, since this would be too expensive 
and time consuming, and the number of tests that can be performed is often restricted
due to limited tissue availability33. Consequently, laboratories will mostly use only one of 
the available PD-L1 IHC antibodies, and may differ in their choice of antibody. Additionally, 
instead of using one of the available commercial assays, some laboratories may choose 
to use a laboratory-developed test (LDT), which is usually a lot less costly34. It is unsure
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whether these various commercial assays and LDTs can be used interchangeably in
clinical practice, or whether this would in fact result in a high amount of variation in PD-L1
positivity between laboratories.

Post-analytic factors
When it comes to post-analytic factors that influence PD-L1 IHC accuracy, obviously scoring 
of PD-L1 expression by pathologists has a major impact. Since scoring entails estimating the
percentage of tumor cells that express PD-L1, it is susceptible to interobserver variability35. 
Considering the crucial role that PD-L1 IHC plays as predictive biomarker for response to
anti-PD-1/PD-L1 immunotherapy, it is important that a high amount of both intraobserver 
and interobserver variability is avoided. 

Pre-analytic factors
Finally, various pre-analytic factors may influence PD-L1 IHC results, such as the sample 
site of the material that is tested (e.g. primary tumor vs. metastasis) or the specimen size 
(e.g. biopsy vs. resection)35, 36. Another possible issue is the performance of PD-L1 tests
on cytologic specimens instead of on histologic specimens. Since NSCLC is frequently 
diagnosed when the disease is already advanced, minimally invasive techniques such
as fine needle aspiration (FNA) are often used to collect diagnostic material35, 37. In those 
instances, PD-L1 testing may have to be performed on these cytologic specimens as
well, even though PD-L1 immunostaining on cytology was not validated in clinical trials35. 
Various ways of processing cytologic specimens exist, and some of these incorporate non-
formaldehyde based fixatives38, 39. It has been demonstrated that alcohol-based fixatives 
may have a detrimental effect on the immunoreactivity of several IHC antibodies40-42. If 
these negative effects of alcohol-based fixatives are also seen when using PD-L1 IHC
antibodies, this could impact treatment decisions in clinical practice. 

Interlaboratory variation in clinical practice
Variation between laboratories in pre-analytic, analytic and post-analytic variables involved 
in PD-L1 IHC could potentially result in a high degree of interlaboratory variation in PD-L1 
positivity. This would be problematic, since it could lead to patients being denied effective
treatment options with a PD-1/PD-L1 blockade agent or being exposed to unnecessary 
toxicity of added chemotherapy. As an example, appreciable variation in hormone- and
HER2-receptor assessment for breast cancer patients has been demonstrated between
pathology laboratories in a real-world setting43, 44. This raises the question how much
variation actually exists between laboratories that perform PD-L1 IHC in clinical practice.
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THESIS OUTLINE

The first part of this thesis evaluates the influence of various pre-analytic, analytic and post-
analytic factors on immunohistochemical PD-L1 expression. In chapter 2 we systematically 
review the available literature on comparability of PD-L1 IHC commercial assays and LDTs, 
focusing on interassay concordance, interobserver concordance and interlaboratory 
concordance. Chapter 3 assesses concordance of PD-L1 immunostaining between 
cytology cell blocks and their histologic counterparts, using FNA samples and histologic 
tissue from the same resected lung tumor. Furthermore, the effects of various fixatives
and fixation times on PD-L1 immunostaining were studied in PD-L1–expressing cell lines. 
In chapter 4 we study the effect of ethanol pre-fixation on PD-L1 immunostaining using
paired ethanol-fixed and formalin-fixed endobronchial ultrasound-guided transbronchial 
needle aspiration (EBUS-TBNA) samples from NSCLC patients.

We then move on to assessing variation in PD-L1 IHC between pathology laboratories
in clinical practice, using real-world clinical pathology data. Chapter 5 assesses 
interlaboratory variation in PD-L1 positivity rates on a nationwide level at both the 1% 
cutoff and the 50% cutoff. Moreover, analysis of interlaboratory variation is performed
for PD-L1 positivity rates based on histological material and PD-L1 positivity rates based 
on cytological material, separately. In chapter 6 we evaluate the amount of variation in
fixation and cell block processing of cytology samples between pathology laboratories in 
the Netherlands. Subsequently, we assess whether differences in fixation and cell block 
processing of cytologic specimens influence interlaboratory variation in PD-L1 positivity. 
The results of this thesis and future perspectives are discussed in chapter 7. 
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ABSTRACT

Programmed death-ligand 1 (PD-L1) immunohistochemistry is used to determine which
patients with advanced non-small-cell lung cancer (NSCLC) respond best to treatment with 
PD-L1 inhibitors. For each inhibitor, a unique immunohistochemical assay was developed.
This systematic review gives an up-to-date insight into the comparability of standardized 
immunohistochemical assays and laboratory-developed tests (LDTs), focusing specifically 
on tumor cell (TC) staining and scoring. A systematic search was performed identifying
publications that assessed interassay, interobserver and/or interlaboratory concordance 
of PD-L1 assays and LDTs in tissue of NSCLC patients. Of 4,294 publications identified
through the systematic search, 27 fulfilled the inclusion criteria and were of sufficient
methodological quality. Studies assessing interassay concordance found high agreement
between assays 22C3, 28-8 and SP263 and properly validated LDTs, and lower concordance 
for comparisons involving SP142. A decrease in concordance, however, is seen with use 
of cutoffs, which hampers interchangeability of PD-L1 immunohistochemistry assays and 
LDTs. Studies assessing interobserver concordance found high agreement for all assays 
and LDTs, but lower agreement with use of a 1% cutoff. This may be problematic in clinical 
practice, as discordance between pathologists at this cutoff may result in some patients
being denied valuable treatment options. Finally, five studies assessed interlaboratory
concordance and found moderate to high agreement levels for various assays and LDTs. 
However, to assess the actual existence of interlaboratory variation in PD-L1 testing and 
PD-L1 positivity in clinical practice, studies using real-world clinical pathology data are
needed.
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INTRODUCTION

Since the approval of the first immune check-point inhibitor in 20111 , 2 , 3, immunotherapy
has become an important part of treatment for several forms of cancer. In patients with 
advanced non-small cell lung cancer (NSCLC), treatment with programmed death-1 (PD-1)
or programmed death-ligand 1 (PD-L1) inhibitors has become part of standard care. These 
patients may be treated with nivolumab or pembrolizumab, both anti-PD-1 checkpoint
inhibitors, or with an anti-PD-L1 checkpoint inhibitor, i.e. atezolizumab or durvalumab4 , 5 , 6 ,

7 , 8 , 9. Some of these drugs may only be prescribed to patients who show PD-L1 expression
in at least 1% or 50% of tumor cells, measured with immunohistochemistry (IHC)10 , 11 , 12. 
Immunohistochemical PD-L1 testing thus aids clinicians in treatment decision-making.

For each immune checkpoint inhibitor, however, a separate PD-L1 IHC assay has been
developed. The PD-L1 IHC 22C3 PharmDx assay was used in clinical trials assessing
efficacy of pembrolizumab, and is therefore Food and Drug Administration (FDA)-approved
and Conformité Européenne (CE)-marked as a companion diagnostic for prescription of 
this drug8 , 13 , 14. In a similar fashion, the PD-L1 IHC 28-8 PharmDx assay was FDA-approved
and CE-marked as a complementary diagnostic for nivolumab15 , 16, while the PD-L1 IHC
SP142 assay became a complementary diagnostic for atezolizumab17 , 18. Finally, the PD-L1 
IHC SP263 assay was developed for durvalumab, but it has also received CE marking for
identification of patients eligible for treatment with pembrolizumab and of patients most
likely to benefit from treatment with nivolumab19 , 20.

Using all these different assays to test for PD-L1 expression in one pathology laboratory is
not feasible. Not only would it be expensive and time-consuming to run so many different 
tests for each patient, most laboratories will not have both staining platforms (i.e. Dako
and Ventana/Roche) needed for these tests at their disposal. Furthermore, the number 
of tests that can be performed is restricted due to limited tissue availability21. It is thus 
important to assess whether results from different assays are interchangeable. In addition, 
it should be assessed if laboratory-developed tests (LDTs) can be used instead of the 
standardized PD-L1 assays. In recent years, a multitude of studies examining these issues
has been published, such as the Blueprint PD-L1 IHC Assay Comparison Project22 or the 
harmonization studies by Ratcliffe et al.23, Rimm et al.24 and Scheel et al.25 Others, such as
Büttner et al.19, have reviewed the analytical performance of PD-L1 IHC assays previously. 
Considering the abundance of studies that have been published on the subject, however, 
there is need for a systematic, comprehensive and up-to-date overview of the literature, 
which not only focuses on interassay and interobserver concordance, but also includes a
review of interlaboratory concordance. Hence, the aim of this study was to systematically
review all studies that assessed interassay, interobserver and/or interlaboratory
concordance of PD-L1 IHC assays and LDTs, and in so doing provide an updated insight
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into the comparability of these standardized assays and LDTs.

MATERIALS AND METHODS

Search Strategy
A systematic search of PubMed, Embase and Cochrane Library was performed, using the 
search terms ‘lung cancer’ and ‘PD-L1’ with all relevant synonyms (see Table S1). Only
these two terms were used to ensure that no relevant articles would be missed. Adding
another term, such as ‘immunohistochemistry’, might have made the search more specific, 
but would also have increased the risk of eliminating relevant titles. After removal of 
duplicates, titles and abstracts were screened by two researchers independently (B.K. 
and S.B.) based on predefined inclusion and exclusion criteria (see Table S2). Remaining
articles were read in full, and a further selection was made based on the relevance of 
these full texts. Discrepancies between the two researchers were discussed and resolved 
by consensus.

Inclusion Criteria
Studies were included if they evaluated interassay, interobserver and/or interlaboratory
concordance of at least two PD-L1 IHC assays and/or LDTs used on tissue from NSCLC
patients in clinical practice. Studies examining interobserver and/or interlaboratory
concordance in only one assay were also included. In order for studies to qualify, 
determination of PD-L1 expression had to be performed on histological tissue from NSCLC
patients and appropriate scoring methods had to be used (i.e. assessment of membranous
staining of tumor cells by at least one pathologist). Since PD-L1 IHC was validated in 
histological specimens, studies examining cytological specimens only were excluded.
Studies that did not perform adequate statistical analysis to compare assays (i.e. overall
percentage of agreement should at least be given) were also excluded. Only articles
written in English and containing original published data were eligible for inclusion.

Quality Assessment
Methodological quality of all articles remaining after full text reading were appraised 
by using a revised form of the Quality Assessment of Diagnostic Accuracy Studies 2
(QUADAS-2) tool for assessing risk of bias26. Originally, this tool consists of four domains,
i.e. patient selection, index test, reference standard and flow and timing. As individual
PD-L1 IHC assays were not compared to a reference standard in the included studies, but 
rather to each other, the reference standard domain was excluded from the QUADAS-2 
tool for this review. Instead, another domain was added based on the Quality in Prognosis
Studies (QUIPS) tool, i.e. statistical analysis and reporting27. Risk of bias was scored as 
low, moderate or high for each domain of the revised QUADAS-2 tool and points were 
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awarded accordingly (1 point for low risk of bias, 0.5 points for moderate risk of bias and
0 points for high risk of bias). Based on the sum of the scores given to each individual
domain, overall scores of low, moderate or high risk of bias were awarded to studies using 
the following scoring system: low risk of bias for studies with ≥3.5 points, moderate risk of 
bias for studies with ≥2.5 and <3.5 points and high risk of bias for studies with <2.5 points.
Appraisal of methodological quality was performed independently by two researchers 
(B.K. and S.B.) and differences were resolved through discussion. Studies with high risk of 
bias were excluded from data extraction and further analysis.

Data Extraction And Synthesis Of Results
The following data were extracted from each study included after appraisal of 
methodological quality: first author’s name, year of publication, sample size, type of cancer
of included patients, type of material used for PD-L1 testing, type of standardized assay 
and/or LDT used for PD-L1 testing, scoring method, cutoff values, number of observers
scoring PD-L1, type of statistical analysis and results from comparison between assays, 
observers and/or laboratories. This review focuses on concordance of tumor cell (TC)
staining and scoring, as treatment decisions for NSCLC patients are based on scoring of 
PD-L1 expression on TCs in clinical practice. However, as scoring of PD-L1 expression on
immune cells (IC) could become relevant to clinical practice in the future, we also extracted 
data on concordance of IC staining and scoring and included this as Data S1 and Table 
S8. Due to heterogeneity between included studies, such as differences in antibodies 
tested, number of pathologists scoring and statistical methods applied, results could not
be quantitatively pooled and a meta-analysis could not be performed.

RESULTS

Systematic Search And Study Selection
The search in PubMed, Embase and Cochrane Library yielded 4,294 unique hits after 
removal of duplicates (see Figure 1). Fifty-nine records remained after screening of titles
and abstracts. Of these, one full text was unavailable. Therefore, 58 full text articles were 
evaluated in detail, of which 41 articles met the inclusion criteria. All selected articles
studied interassay, interobserver and/or interlaboratory concordance of at least one PD-L1 
IHC assay, using material from NSCLC patients. Most studies included multiple subtypes 
of NSCLC, with adenocarcinoma and squamous cell carcinoma being studied most
frequently. Some studies also included patients with other types of lung cancer, such as 
small cell lung cancer (SCLC)28 , 29 and mesothelioma30. Sample sizes ranged from 15 to 
713 tissue specimens. All studies used statistical analysis to measure concordance. The
statistical methods used, however, varied. The kappa statistic (κ) was used most, but some 
studies used intraclass correlation coefficient (ICC), Pearson’s/Spearman’s correlation or



634063-L-bw-Koomen634063-L-bw-Koomen634063-L-bw-Koomen634063-L-bw-Koomen
Processed on: 19-3-2024Processed on: 19-3-2024Processed on: 19-3-2024Processed on: 19-3-2024 PDF page: 22PDF page: 22PDF page: 22PDF page: 22

24

2

CHAPTER 2

calculation of percentage agreement.

Figure 1. Flowchart of study selection process (date of search: 27 June 2018). PD-L1, programmed
death-ligand 1; RoB, risk of bias.

Quality Assessment
The 41 articles selected through full text reading were critically appraised on methodological 
quality. Based on scoring with the revised QUADAS-2 tool, studies ranged from low to high
risk of bias (see Table S3). Studies with high risk of bias were often unclear concerning
their method of patient selection and reasons for patient exclusion, about blinding of 
pathologists for each other’s results and for the specific antibody used, about the use of 
staining platform and staining protocol, or about the scoring method used. Also, some
studies did not provide sufficient information on the use of statistical methods or did not 
present all data, prohibiting assessment of adequacy of analytical strategy. Five studies
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were judged as having low risk of bias29, 31, 32, 33, 34, 22 studies as having moderate risk of 
bias22 , 23 , 24 , 25 , 28 , 30 , 35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 , 44 , 45 , 46 , 47 , 48 , 49 , 50 and 14 studies as having high 
risk of bias51 , 52 , 53 , 54 , 55 , 56 , 57 , 58 , 59 , 60 , 61 , 62 , 63 , 64. The 14 studies with high risk of bias were
excluded, which left 27 articles for data extraction and further analysis. An overview of 
study characteristics of all included studies can be found in Table S4.

Interassay Concordance
Of the 27 included articles, 22 reported on interassay concordance of TC staining between 
PD-L1 IHC assays. A summary of results from all 22 studies can be found in Table 1,
while a more detailed presentation of results from each study can be found in Table S5. 
Many studies compared the standardized assays 22C3, 28-8, SP263 and SP142. Overall, 
moderate to strong concordance was seen between 22C3, 28-8 and SP26322 , 23 , 28 , 31 , 32 , 35

, 38 , 43 , 48 and lower concordance between SP142 and the other assays22 , 24 , 28 , 31 , 32 , 35 , 38 , 39 , 

48 , 50. Concordance was often highest between assays 22C3 and 28-822 , 30 , 32 , 35 , 48, such as
demonstrated by Brunnström et al.32, who found a weighted к value of 0.891 (0.82–0.96) 
for comparison of these two assays. Two studies by Scheel et al.25 , 46 showed somewhat 
lower concordance values between 22C3, 28-8 and SP263 than the other studies, but 
these results may have been affected by interobserver variation and by the low sample size 
in both studies. Several studies described a higher proportion of stained TCs with use of 
antibody SP263 when compared to antibody 22C3 and/or 28-825 , 28 , 35 , 44 , 46 , 48. According
to Munari et al.44 this difference in staining led to a significantly lower proportion of positive 
cases with assay 22C3 compared to assay SP263 for both the 1% and 50% cutoffs. Similarly, 
other studies also assessed concordance with deployment of clinically relevant cutoffs. 
Some of these studies showed diminished concordance rates when cutoffs were used.
Hendry et al.28 showed only moderate agreement between 22C3, 28-8 and SP263 when 
cutoffs were used (Cohen’s κ range = 0.433–0.631), while good agreement was found for 
PD-L1 expression on a continuous scale (ICC range = 0.726–0.812). In the Blueprint Phase
1 study, agreement with the reference assay ranged from 86.8% to 94.7% for comparisons
between antibody 22C3, 28-8 and SP263 when different cutoffs were used, meaning
that in some cases almost 15% of patients in the study would not have been assigned a 
treatment if an alternative to the reference assay had been used22. Other studies showed 
lower agreement for the 1% than for the 50% cutoff35 , 38 , 43ffff . Two studies showed good
concordance between assays for any cutoff used23 , 30, but these studies only calculated 
percentage agreement, which may overestimate true agreement65 , 66.
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Table 1. Summary of results from studies assessing interassay concordance of TC staining
Type of test Comparison Interassay concordance

Standardized 
assays

22C3, 28-8 and SP263 • Moderate to high concordance for all comparisons22, 23, 28, 31, 32, 35, 

38, 43, 48;
• Highest concordance between 22C3 and 28-822, 30, 32, 35, 48; 
• Lower concordance rates with use of cutoffs22, 28, 44, especially

using the 1% cutoff35, 38, 43.

SP142 vs. all other
assays

• Lower concordance levels compared to comparisons between all
other assays22, 24, 28, 31, 32, 35, 38, 39, 48, 50.

LDTs Various LDTs vs. 
standardized assays

• High concordance for some LDTs, only if appropriate protocol
used31, 32, 47.  

22C3 LDT vs. 22C3
standardized assay

• High correlation28, 40, 41, 44;
• In some studies higher correlation than between two different

standardized assays28, 44.

E1L3N vs. all 
standardized assays

• High concordance between E1L3N and 22C3, 28-8 and SP26324,

37, 47;
• Lower concordance between E1L3N and SP14224, 42.

Abbreviations: LDT=laboratory-developed test; TC=tumor cell.

Comparisons of TC staining were also made between the 22C3, 28-8, SP263 and SP142 
antibodies being used with their standard protocols and being used in LDTs. A study by 
Adam et al.31 demonstrated that 14 of 27 LDTs were concordant (defined as weighted
κ value ≥0.75) with one of the pre-specified reference assays. The lowest κ value was 
seen for the SP142 LDT compared to the SP263 reference assay (weighted κ = 0.38). Two
studies by Ilie et al.40 , 41 showed high correlation between two different 22C3 LDTs and 
the 22C3 standardized assay. Another study also showed excellent agreement between
the 22C3 standardized assay and LDT, with an ICC of 0.921 and Cohen’s κ of 0.897 for
the 50% cut-off28. In this study, discrepancies were actually much greater between two 
different antibodies used on the same platform (22C3 and 28-8) than between the same 
antibody (22C3) used on different platforms. A similar finding was reported by Munari et
al.44 Other studies also compared one or more of the aforementioned standardized assays
with antibody E1L3N, which is used as an LDT by some laboratories in clinical practice. 
Good correlation was seen between E1L3N and assays SP263, 28-8 and 22C324 , 37 , 47, while 
comparison with SP142 again showed lower concordance values24 , 42. One study36 showed 
higher sensitivity in staining of PD-L1 using 28-8 compared to E1L3N. Finally, in a study by 
Soo et al.47, which used the SP142 antibody as an LDT, changes in the SP142 protocol led 
to a higher intensity of staining compared to the original protocol, demonstrating how the 
IHC protocol can influence the apparent level of PD-L1 expression.

Interobserver Concordance
Sixteen of the 27 included studies examined interobserver concordance (see Table 2; Table 
S6). All these studies assessed concordance between pathologists scoring TC staining
and most found moderate to almost perfect agreement for all assays23 , 24 , 29 , 32 , 33 , 34 , 35 , 37 
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, 39 , 40 , 45 , 48 , 49. Only Scheel et al.25 found somewhat lower concordance values for E1L3N 
and SP142 LDTs and 22C3, 28-8, SP263 and SP142 standardized assays when a scoring
system applying five cutoffs was used (Light’s κ range = 0.47–0.50). However, the sample 
size in this study was very small (n = 15), and classifying the cases by the dichotomous 
cutoff criteria included in the scoring system resulted in higher concordance levels for 
all antibodies (Light’s κ range = 0.59–0.80). Other studies also assessed interobserver
concordance for multiple cutoffs, and many found concordance levels to be lower for the
1% cutoff compared to the 50% cutoff23 , 24 , 29 , 32 , 35 , 43 , 48 and the 5%, 10% or 25% cutoff23 , 32 

, 48. The Blueprint Phase 2 study also assessed the 80% cutoff and found interpathologist 
agreement to be slightly diminished for this cutoff compared to the 5%, 10%, 25% and
50% cutoffs48. A study by Cooper et al.33 actually reported lower concordance levels for
the 50% cutoff than for the 1% cutoff for assay 22C3 (overall percentage agreement (OPA)
81.9% and κ = 0.58 versus OPA 84.2% and κ = 0.69, respectively). However, this study
reported prevalence bias to have influenced the κ magnitude for the 50% cutoff. These 
results therefore have to be interpreted with caution.

Table 2. Summary of results from studies assessing interobserver concordance of TC scoring
Type of test Overall Use of cutoffs

Standardized assays • Good concordance for all 
standardized assays23, 24, 29, 32-35,

37, 39, 40, 43-45, 48, 49;
• One study showing only

moderate agreement25.

• Lower concordance levels for 1% cutoff 
compared to 50% cutoff23, 24, 29, 32, 35, 43, 48; 

• Lower concordance levels for 1% cutoff 
compared to 5%, 10% and 25% cutoffs23, 32, 48;

• Lower concordance levels for 80% cutoff 
compared to other cutoffs48.

LDTs Good concordance for various 
LDTs24, 29, 32, 37, 40, 44, 45.

Lower concordance levels for 1% cutoff compared
to other cutoffs24, 29, 32. 

Abbreviations: LDT=laboratory-developed test; TC=tumor cell.

Interlaboratory Concordance
Interlaboratory concordance of TC staining was assessed by five of the 27 included studies
(see Table 3; Table S7). Two of these34 , 49 assessed only one antibody (22C3 and SP142,
respectively). Both studies found high interlaboratory agreement. Adam et al.31, who assessed 
interlaboratory concordance for 22C3, 28-8 and SP263, found very high agreement between 
participating centers for each of these assays. Marchetti et al.43 found similar results for
the assays 22C3 and SP263. Scheel et al.46 assessed interlaboratory concordance for 
standardized assays 22C3, 28-8, SP263 and SP142 and for 22C3, 28-8, SP263 and E1L3N
used in LDTs, performed in 10 different sites. Concordance values ranged from Light’s κ = 
0.63–0.69 for the standardized assays when five cutoffs were used. κ was 0.49 for all the 
LDTs grouped together. When only a 1% and 50% cutoff were used, concordance values 
improved to κ = 0.73–0.89 for the standardized assays and κ = 0.5 for the LDTs.
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Table 3. Summary of results from studies assessing interlaboratory concordance of TC scoring
Type of test Interlaboratory concordance

Standardized assays • 22C3: substantial to near perfect concordance31, 34, 43, 46;
• 28-8: substantial to near perfect concordance31, 46;
• SP263: substantial to near perfect concordance31, 43, 46;
• SP142: high inter-site percent agreement49.

LDTs Only moderate concordance levels compared to standardized assays46.

Abbreviations: LDT=laboratory-developed test; TC=tumor cell.

Concordance Of Immune Cell Staining And Scoring
A short analysis of concordance of IC staining and scoring can be found as Data S1 and 
Table S8.

DISCUSSION

Ever since the approval of PD-1 and PD-L1 inhibitors as treatment options for patients 
with advanced NSCLC, various studies have been published assessing the comparability 
of different PD-L1 IHC assays. In this systematic review, interassay, interobserver and 
interlaboratory concordance of these PD-L1 IHC assays and LDTs were investigated by 
reviewing all currently available literature.

Overall, interassay agreement of TC staining is high between standardized assays 22C3, 
28-8 and SP263, while assay SP142 frequently shows lower staining of TCs. Agreement
between LDTs and their reference assay may also be high, depending on the protocol 
that is used, with some studies even showing greater agreement between LDTs and their
reference assays than between different standardized assays28 , 44. These data seem to 
suggest that the assays 22C3, 28-8 and SP263 and properly validated LDTs could be
used interchangeably on histological specimens of NSCLC patients. However, some 
studies have shown lower concordance levels with the use of clinically relevant cutoffs22 

, 28 , 44. The 1% cutoff especially may lead to higher disagreement compared to the 50%
cutoff35 , 38 , 43, although this could perhaps be attributed to lower interrater agreement 
levels at this cutoff43. Based on the lower concordance levels found when using various
cutoffs, it would be too premature to draw the conclusion that assays and LDTs can be 
used interchangeably without any consequences. Notably, in a recent meta-analysis of 
diagnostic accuracy of PD-L1 IHC assays, Torlakovic et al.67 demonstrated that none of the
standardized PD-L1 assays could be deemed as interchangeable, when interchangeability
is defined as achieving ≥90% sensitivity and specificity for both the 1 and 50% cutoffs.
Because discordance may exist between assays at clinically relevant cutoffs, simply
interchanging one assay with another may potentially lead to patients being wrongfully 
denied valuable treatment options in clinical practice.
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Assessment of interobserver concordance of TC scoring showed that agreement between
pathologists is moderate to high for all assays and LDTs. Markedly, agreement is often
found to be lowest for the 1% cutoff compared to other cutoffs. This is problematic, 
especially now that the European Medicines Agency (EMA) has only approved durvalumab
as consolidation treatment in stage III NSCLC patients whose tumors show PD-L1 
expression of ≥1%12. One could question if the use of this cutoff provides results that are
reliable enough to aid clinicians in making treatment decisions. Agreement is likely to be
higher between more experienced pathologists43, yet still leaves room for improvement. 
One study assessing training of already experienced pathologists showed no or only little
improvement of interobserver agreement33. This study, however, employed a 1-h training
session consisting of a presentation only. Alternative training initiatives, preferably including 
a more practical element during which trainees have to perform PD-L1 scoring on multiple
specimens, might prove to be more effective. A recent study assessing interpathologist 
concordance of PD-L1 scoring using real-world data showed that training for PD-L1 scoring 
and experience in routine pathology practice correlated with higher concordance68. The
effect of training on interobserver concordance should thus be studied more extensively. 
Other solutions also deserve more attention, especially the use of digital image analysis
for PD-L1 scoring, as this has been shown to reduce interobserver variability69.

Finally, we assessed concordance of PD-L1 IHC assays and LDTs between laboratories. 
Only a limited number of studies assessed this type of concordance, especially compared 
to the large number of studies assessing interassay and/or interobserver concordance. 
Most of the studies assessing interlaboratory concordance found high agreement for all
standardized assays, while one study found lower agreement for LDTs46. However, not all 
these studies used the right study protocol and the right outcome measure to properly
assess interlaboratory concordance. Two studies34 , 49 used percentage of agreement
as outcome measure, which does not account for random agreement and may thus
overestimate true agreement65 , 66. Two other studies43 , 46 used study designs that did not 
allow for separate analysis of interobserver and interlaboratory concordance. Moreover,
none of the study designs allowed for assessment of the influence of pre-analytical 
variables on PD-L1 immunostaining, while in clinical practice pre-analytical processing
of samples may actually differ considerably between laboratories and may influence 
IHC staining results70 , 71 , 72. Therefore, studies assessing interlaboratory variation in PD-
L1 expression are needed, using real-world data and thereby taking into account these 
possible differences in pre-analytical variables in clinical practice.

This systematic review has some limitations. Most importantly, there is significant
heterogeneity between the studies included, especially in the choice of antibodies tested
and the statistical methods used to analyze concordance. This prohibits pooling of data 
and complicates proper comparison of results between studies. Most studies, however, 
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used similar samples for PD-L1 testing, i.e. formalin-fixed paraffin-embedded material from
tumor resections or biopsies from NSCLC patients. This supports comparability between
studies. Conversely, this also provides a disadvantage: it only allows for comparison of 
PD-L1 IHC assays and LDTs in histology, while in clinical practice PD-L1 immunostaining 
is frequently performed on cytological specimens. Comparison of PD-L1 IHC assays and 
LDTs in cytological NSCLC specimens falls beyond the scope of this review, but would
be worth evaluation in a separate study. Finally, many of the included studies were not of 
high methodological quality, with only five studies being judged as having low risk of bias.
Excluding the studies with the highest level of risk of bias, however, has improved the 
overall quality of this review.

To conclude, this systematic review has shown that interassay concordance of TC staining 
is generally high between the standardized assays 22C3, 28-8 and SP263 and properly 
developed and validated LDTs. Nevertheless, the use of clinically relevant cutoffs may
lead to lower levels of interassay concordance, indicating that these assays and LDTs 
cannot simply be interchanged. Interobserver agreement, moreover, is generally high 
for all assays and LDTs, but decreases with use of the 1% cutoff. Lastly, interlaboratory
concordance seems to be high for standardized assays and moderate for LDTs, but has
not been studied sufficiently to draw definitive conclusions. Studies using real-world
clinical pathology data are necessary to assess whether use of different PD-L1 IHC assays 
and LDTs, scoring by different pathologists and use of different pre-analytical variables 
actually lead to differences in PD-L1 positivity between laboratories in clinical practice.
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SUPPORTING INFORMATION

Table S1. Search syntax in PubMed, Embase and Cochrane Library (date of search: June 27, 2018).
Database Search syntax Hits

PubMed (((lung[Title/Abstract] OR lungs[Title/Abstract] OR pulmonary[Title/Abstract]) AND 
(cancer*[Title/Abstract] OR carcinom*[Title/Abstract] OR neoplasm*[Title/Abstract] OR
tumour*[Title/Abstract] OR tumour*[Title/Abstract])) OR lung adenocarcinom*[Title/
Abstract] OR pulmonary adenocarcinom*[Title/Abstract] OR NSCLC[Title/Abstract] OR 
carcinoma, non small cell lung[MeSH Terms]) 

AND 

(PD-L1[Title/Abstract] OR PDL1[Title/Abstract] OR “Programmed death-ligand 1”[Title/
Abstract] OR “Programmed cell death-ligand 1”[Title/Abstract] OR B7-H1[Title/Abstract] OR
B7H1[Title/Abstract] OR CD274[Title/Abstract] OR B7-H1 antigen[MeSH Terms])

1,449

Embase (((lung:ti,ab OR lungs:ti,ab OR pulmonary:ti,ab) AND (cancer*:ti,ab OR carcinom*:ti,ab OR
tumour*:ti,ab OR tumour*:ti,ab OR neoplasm*:ti,ab)) OR ‘lung adenocarcinom*’:ti,ab OR
‘pulmonary adenocarcinom*’:ti,ab OR nsclc:ti,ab OR ‘non small cell lung cancer’/exp)

AND 

(‘pd l1’:ti,ab OR pdl1:ti,ab OR ‘programmed cell death-ligand 1’:ti,ab OR ‘programmed 
death-ligand 1’:ti,ab OR ‘b7 h1’:ti,ab OR b7h1:ti,ab OR cd274:ti,ab OR ‘programmed death
1 ligand 1’/exp)

AND 

[embase]/lim

4,082

Cochrane 
Library

(((lung:ti,ab OR lungs:ti,ab OR pulmonary:ti,ab) AND (cancer*:ti,ab OR carcinom*:ti,ab OR
tumour*:ti,ab OR tumour*:ti,ab OR neoplasm*:ti,ab)) OR “lung adenocarcinom*”:ti,ab OR
“pulmonary adenocarcinom*”:ti,ab OR nsclc:ti,ab) 

AND

(PD-L1:ti,ab OR PDL1:ti,ab OR “Programmed death-ligand 1”:ti,ab OR “Programmed cell 
death-ligand 1”:ti,ab OR B7-H1:ti,ab OR B7H1:ti,ab OR CD274:ti,ab)

252 
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Table S2. Inclusion and exclusion criteria.
Inclusion criteria

Population Patients with non-small cell lung cancer (any type).

Study design • Comparison of at least two commercially available standardized assays and/or 
LDTs for detection of PD-L1 expression in NSCLC patients;

• Studies examining only one assay may be included when interobserver 
concordance and/or interlaboratory concordance is assessed.

Outcome • Interassay and/or interobserver and/or interlaboratory concordance of PD-L1 
staining/scoring are assessed;

• Proper statistical analysis is performed (overall percentage of agreement should
at least be given).

Exclusion criteria

• Comparison of assays/LDTs only used for evaluating PD-L1 expression in types 
of cancer other than NSCLC;

• Use of cytological material only;
• Use of scoring method not employed in clinical practice;
• Language other than English;
• Duplicate articles containing all/some of original publicized data;
• Reviews, conference abstracts, case reports, editorials, book chapters,

presentations.
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Table S3. Quality assessment of included studies.
First author Year Patient 

selection
Test(s) Flow and

timing
Statistical analysis
and reporting

Risk of Bias
(RoB)

Adam31 2018 Low

Brunnström32 2017 Low

Chan35 2018 Moderate

Cogswell36 2017 Moderate

Conde37 2018 Moderate

Cooper33 2017 Low

Erber51 2017 High

Fujimoto38 2017 Moderate

Hendry28 2017 Moderate

Hirsch22 2016 Moderate

Ilie39 2016 Moderate

Ilie40 2017 Moderate

Ilie41 2018 Moderate

Keller42 2018 Moderate

Kim52 2017 High

Krawczyk53 2017 High

Marchetti43 2017 Moderate

McLaughlin54 2016 High

Munari44 2018 Moderate

Neuman55 2016 High

Pang56 2018 High

Parra57 2018 High

Paulsen58 2017 High

Phillips59 2015 High

Ratcliffe23 2017 Moderate

Rebelatto60 2016 High

Rehman45 2017 Moderate

Rimm24 2017 Moderate

Roach34 2016 Low

Roge61 2017 High

Russell-Goldman29 2018 Low

Scheel25 2016 Moderate

Scheel46 2018 Moderate

Sheffield62 2016 High

Skov30 2017 Moderate

Smith63 2016 High

Soo47 2018 Moderate

Tsao48 2018 Moderate

Tseng64 2018 High
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Table S3. Continued.
First author Year Patient 

selection
Test(s) Flow and

timing
Statistical analysis
and reporting

Risk of Bias
(RoB)

Vennapusa49 2018 Moderate

Xu50 2017 Moderate

Legend:  = low RoB (1 point),  = moderate RoB (0.5 points), = high RoB (0 points). Scoring system: ≥3.5
points = low RoB; ≥2.5 and <3.5 points = moderate RoB; <2.5 points = high RoB.
For references see main manuscript reference list.
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COMPARABILITY OF PD-L1 IHC ASSAYS FOR NSCLC: A SYSTEMATIC REVIEW

Table S5. Results from studies assessing interassay concordance of TC staining.
First author Year Study results (interassay concordance)

Adam31 2018 • High concordance between assays 22C3, 28-8, and SP263 (к 0.71-0.89).
• 14 of 27 LDTs (51.8%) concordant with one of the reference assays (к >0.75).

Brunnström32 2017 • Interassay concordance range for comparison of all standardized assays and 28-8
LDT: к 0.45-0.91. Lowest values for comparison of SP142 with other assays (0.45-
0.63).

• Agreement between assays higher with 50% cutoff than with 1% cutoff. 

Chan35 2018 • High agreement between 22C3, 28-8 and SP263 (Pearson R2 0.841-0.873). Lower
correlation with SP142 (R2 ≈ 0.70). 

• Lower OPA (68.6-82%) at 1% cutoff compared to 50% cutoff (94.4-97.9%)

Cogswell36 2017 • Higher sensitivity using 28-8 compared to E1L3N.
• 28-8 assay more frequently detected PD-L1 positive TCs (22 vs. 6) compared with

E1L3N. 

Conde37 2018 • Very good correlation between E1L3N and SP263 in both cohorts (ρ = 0.94 and ρ 
= 0.99).

• Lower correlation between SP263 and SP142 (ρ = 0.88 and ρ = 0.87).

Fujimoto38 2017 • Higher concordance between 22C3, 28-8 and SP263 (к 0.64-0.71) than between
SP142 and other assays (к 0.39-0.55). 

• Higher agreement at 50% cutoff than at 1% cutoff.

Hendry28 2017 • Good agreement between 22C3, 28-8, SP263 and SP142 on continuous scale
(ICC 0.674). Higher when SP142 was excluded (ICC 0.755).

• Moderate agreement between assays with use of clinical cutoffs (к 0.43). 
• Excellent agreement between 22C3 assay and 22C3 LDT (ICC 0.921, к 0.897 for

cutoff 50%).

Hirsch22 2017 • High correlation between 22C3, 28-8 and SP263, lower correlation for all
comparisons including SP142.

• Replacement of validated cutoff with any other cutoff reduced overall agreement
for each assay. 

Ilie39 2016 • Poor correlation between SP142 and SP263 (к 0.362) or 28-8 (к 0.412).
• Good correlation between SP263 and 28-8 (к 0.883).

Ilie40 2017 High concordance between two 22C3 LDTs and 22C3 assay (ICC 98.7-99.9%).

Ilie41 2018 High correlation between two 22C3 LDTs and 22C3 assay (ICC 0.999 and 1.000).

Keller42 2018 Significant correlation of TPS between E1L3N and SP142 (r = 0.781; P < 0.001), P
although E1L3N showed higher sensitivity.

Marchetti43 2017 • Correlation between 22C3 and SP263 0.89-0.97 for 4 participating centers.
• 50% cutoff: к values for all centers 0.844-1.
• 1% cutoff: к values for all centers 0.62-0.83.

Munari44 2018 • OPA between 22C3 assay and SP263 77.3% (к 0.518) and 68.6% (к 0.390). 22C3
stained significantly lower proportion of cases than SP263.

• OPA between 22C3 LDT and SP263 81.5% (к 0.624) and 76.1% (к 0.572).
• OPA between 22C3 assay and 22C3 LDT 84.7% (к 0.595) and 80.3% (к 0.583).

Ratcliffe23 2017 • High associations between assays 22C3, 28-8 and SP263 (Spearman correlations
>0.9).

• OPA of >90% between assays at multiple cutoffs. 
• NPA and PPA >85% for each comparison at different cutoffs.

Rimm24 2017 • Only scores of 28-8 and E1L3N not statistically significantly different.
• SP142 greatest magnitude of difference compared to the other 3 assays.
• ICC based on average scores 0.81, which increased to 0.97 after SP142 exclusion.

Scheel25 2016 • OPA 41%-72% for pairwise comparison of all standardized assays/LDTs. Highest
concordance between 22C3 and 28-8.

• SP142 stained lower proportions of TCs than 22C3 and 28-8, SP263 stained 
higher proportions of TCs.
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Table S5. Continued.
First author Year Study results (interassay concordance)

Scheel46 2018 • Similar proportions of TC staining for 22C3 and 28-8, fewer TCs stained with 
SP142, more TCs stained with SP263.

• Similar staining patterns to 22C3 and 28-8 for 6 of 11 LDTs.
• Substantial to near-perfect concordance between assay 22C3 and 28-8.
• Moderate concordance between assay SP263 and 22C3 or 28-8.

Skov30 2017 • High level of agreement between 22C3 and 28-8 (R2 0.95).
• OPA, NPA and PPA high for all cutoffs (1%, 5%, 10% and 50%).

Soo47 2018 Considerable variation in TC staining. Lowest correlation between 28-8 and SP142 (R2

0.25). Highest between 22C3 and E1L3N (R2 0.71). 

Tsao48 2018 • Close approximation between best-fit curves of 22C3, 28-8 and SP263.
• Lower sensitivity of SP142, higher sensitivity of 73-10.

Xu50 2017 • Assay SP142 stained fewer TCs compared to 22C3.
• Using the 22C3 scoring algorithm, к was 0.481 between assays.
• Using the SP142 scoring algorithm, к was 0.324 between assays. 

Abbreviations: IC=immune cell; ICC=intraclass correlation coefficient; κ=kappa; LDT=laboratory-developed 
test; NPA=negative percent agreement; OPA=overall percent agreement; PPA=positive percent agreement;
ρ=Pearson’s correlation coefficient; TC=tumor cell.
For references see main manuscript reference list.
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COMPARABILITY OF PD-L1 IHC ASSAYS FOR NSCLC: A SYSTEMATIC REVIEW

Table S6. Results from studies assessing interobserver concordance of TC scoring.
First author Year Study results (interobserver concordance)

Brunnström32 2017 Varying κ values for antibodies:
• 22C3 0.71-0.95;
• 28-8 assay 0.80-0.93;
• SP263 0.75-0.91;
• SP142 0.81-0.96;
• 28-8 (LDT) 0.80-0.95.
Number of differently classified cases significantly higher for 1% cutoff.

Chan35 2018 • ICC highest for SP263 (0.967), then 22C3 (0.963), 28-8 (0.932) and last SP142 
(0.916).

• Higher agreement for 50% cutoff than for 1% cutoff.

Conde37 2018 • High ICCs for all antibodies (assays SP263 and SP142 and E1L3N) in both cohorts.
• Highest concordance for 50% cutoff.

Cooper33 2017 Assay 22C3:
• 1% cutoff: OPA 84.2%, κ 0.68; 
• 50% cutoff: OPA 81.9%, κ 0.58.

Ilie39 2016 High interobserver agreement for all antibodies:
• SP263 OPA 98%, κ 0.976;
• SP142 OPA 92%, κ 0.910;
• 28-8 OPA 96%, κ 0.935.

Ilie40 2017 • 1% cutoff: κ 1 for all antibodies (22C3 assay and LDTs); 
• 50% cutoff: κ 1 for both 22C3 LDTs, κ 0.99 for 22C3 assay.

Marchetti43 2017 Higher κ for 22C3 and SP263 for 50% cutoff (κ 0.931 and 0.942) than for 1% cutoff (κ 
0.754 and 0.798)

Munari44 2018 Good concordance between pathologists:
• SP263 κ 0.73;
• 22C3 assay κ 0.77;
• 22C3 LDT κ 0.72.

Ratcliffe23 2017 Assays 22C3, 28-8 and SP263:
• OPAs at cutoffs 10%, 25% and 50% were >85%;
• OPAs lower at 1% cutoff (75.9%-77.0%).

Rehman45 2017 SP142 LDT: ICC 94%

Rimm24 2017 Assays 22C3 and 28-8 and E1L3N and SP142 LDT:
• ICCs between 0.83 and 0.88;
• Agreement higher at 50% cutoff (κ 0.75) than at 1% cutoff (κ 0.54).

Roach34 2016 Assay 22C3: OPA 92.7%, NPA 92.6%, PPA 92.8%.

Russell-
Goldman29

2018 • Very high agreement (ICC 0.96) for E1L3N.
• Agreement higher at 50% cutoff than at 1% cutoff (98% vs. 79%).

Scheel25 2016 • Training set: κ 0.50 for E1L3N, κ 0.49 for SP142. Higher concordance with use of 
dichotomous cutoff criteria (κ 0.61-0.80).

• Validation set: moderate concordance levels for the assays 22C3, 28-8, SP263 and 
SP142 (κ 0.47-0.49). Higher concordance with use of dichotomous cutoff criteria (κ
0.59-0.80).

Tsao48 2018 Assays 22C3, 28-8, SP263, SP142 and 73-10:
• ICC for glass slide reading 0.88-0.93. For digital reading 0.80-0.91;
• High-level reliability at various cutoffs, especially 5%, 10%, 25% and 50% (κ > 0.7); 
• Slightly diminished reliability at 1% and 80% cutoff.

Vennapusa49 2018 Assay SP142: OPAs of 92.7%, 93.8% and 93.5% for TC1/IC1, TC2/IC2, and TC3/IC3.

Abbreviations: IC=immune cell; ICC=intraclass correlation coefficient; κ=kappa; LDT=laboratory-developed test; 
NPA=negative percent agreement; OPA=overall percent agreement; PPA=positive percent agreement; TC=tumor 
cell.
For references see main manuscript reference list.
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Table S7. Results from studies assessing interlaboratory concordance of TC staining.
First author Year Study results (interlaboratory concordance)

Adam31 2018 Concordance for assays 22C3, 28-8 and SP263: κ 0.79-0.94.

Marchetti43 2017 • Assay 22C3: ICC 0.973 for 4 centers.
• Assay SP263: ICC 0.986 for 4 centers. 

Roach34 2016 Assay 22C3: OPA 88.3%, NPA 90.3%, PPA 85.2%.

Scheel46 2018 • 6-step scoring system: substantial concordance for assays 22C3, 28-8 and
SP263 (κ 0.63-0.69), moderate concordance for LDTs (κ 0.43). 

• 3-step scoring system: nearly perfect concordance for assays 22C3, 28-8 and 
SP263 (κ 0.73-0.89), moderate concordance for LDTs (κ 0.5).

Vennapusa49 2018 Assay SP142: inter-site agreement of 87.6%, 87.6% and 91.0% for TC1/IC1, TC2/IC2,
and TC3/IC3.

Abbreviations: IC=immune cell; ICC=intraclass correlation coefficient; κ=kappa; LDT=laboratory-developed test; 
NPA=negative percent agreement; OPA=overall percent agreement; PPA=positive percent agreement; TC=tumor
cell. For references see main manuscript reference list.

Data S1. Supplementary results: concordance of immune cell staining and scoring.

Interassay concordance
Eleven studies assessed interassay concordance of immune cell (IC) staining (Table S8).
Many of these found poor agreement of IC staining between assays and/or LDTs28, 31, 35-

37 or greater variability in staining pattern for ICs than for TCs22, 50. One study39 showed 
much higher concordance (κ 0.721) between assays SP263 and 28-8 than between assays 
SP142 and SP263 (κ 0.018) and between assays SP142 and 28-8 (κ 0.134). Similarly, Rimm 
et al.24 found that interassay concordance of IC staining greatly approved after exclusion 
of SP142 (increase of ICC from 0.27 to 0.80). The Blueprint phase 2 study48, moreover,
reported comparable distributions of IC scores among 22C3, 28-8 and SP263, while 
antibody SP142 showed lesser staining of ICs compared with the other antibodies.

Interobserver concordance
Seven studies assessed interobserver concordance of IC scoring (Table S8). All of 
these reported lower concordance values of IC scoring compared to TC scoring for all 
antibodies24, 25, 29, 37, 39, 45, 48. Only Conde et al.37 reported comparable concordance levels for
both IC and TC scoring in a cohort of 40 patients, while also reporting lower concordance 
levels for IC scoring than for TC scoring in another (validation) cohort of 29 patients.
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Table S8. Results from studies assessing interassay and/or interobserver concordance of IC staining/
scoring.
First author Year Study results (interassay concordance of 

IC staining)
Study results (interobserver concordance 
of IC scoring)

Adam31 2018 Poor OPA when comparing assays 28-8,
22C3 and SP263 and when comparing
LDTs to these assays.

NA

Chan35 2018 Low concordance for IC scoring between
all assays (R2 0.263-0.682). 

NA

Cogswell36 2017 Assay 28-8 detected PD-L1 positive ICs
more frequently than E1L3N (15 vs. 7).

NA

Conde37 2018 Correlation for ICs lower than for TCs,
lowest correlation for comparisons
involving SP142.

High ICCs for all antibodies (SP263,
SP142, E1L3N) in discovery cohort (0.92-
0.96), lower ICCs in validation cohort
(0.76-0.81).

Hendry28 2017 Poor overall and pairwise agreement
between IC stainings (ICC 0.212).

NA

Hirsch22 2017 Greater variability in IC staining than in
TC staining between assays. Highest 
concordance between 22C3 and 28-8.

NA

Ilie39 2016 • Poor agreement between SP142 and 
SP263 (к 0.018) or 28-8 (к 0.134). 

• Good correlation between SP263 and
28-8 (к 0.721).

Agreement for ICs lower than for TCs:
• SP142 OPA 81%, κ 0.786;
• SP263 OPA 87%, κ 0.832;
• 28-8  OPA 86%, κ 0.817.

Rehman45 2017 NA IC scoring much less concordant (ICC
27%) than TC scoring (ICC 94%). 

Rimm24 2017 ICC was 0.27 for comparison of 22C3, 28-
8, E1L3N and SP142. ICC increased to 0.80
after SP142 exclusion.

ICCs for IC scoring much lower (0.17-0.23) 
than for TC scoring (0.83-0.33).

Russell-
Goldman29

2018 NA • Moderate agreement (ICC 0.47).
• Agreement higher at 10% cutoff than at

1% cutoff (77% vs. 75%).

Scheel25 2016 NA In both training set and validation set low
concordance of IC scoring (mostly κ <0.2).

Scheel46 2018 • Similar IC staining patterns for assay 
22C3 and 28-8, more intense staining
with SP263.

• Distinct IC staining pattern with SP142.

NA

Tsao48 2018 • Distribution of IC scores comparable
among 22C3, 28-8 and SP263.

• Greater and lesser staining of ICs by 
73-10 and SP142.

Overall poor agreement (κ 0.11-0.28 for
glass slide reading and κ 0.08-0.27 for 
digital reading).

Xu50 2017 Variability in staining pattern greater for
ICs than for TCs. Lower PD-L1 detection 
levels with SP142 compared to 22C3.

NA

Abbreviations: IC=immune cell; ICC=intraclass correlation coefficient; κ=kappa; LDT=laboratory-developed 
test; NA=not applicable; OPA=overall percent agreement; TC=tumor cell. For references see main manuscript
reference list.
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ABSTRACT

Background
Immunohistochemical staining of programmed death-ligand 1 (PD-L1) is used to 
determine which patients with non–small cell lung cancer (NSCLC) may benefit most
from immunotherapy. Therapeutic management of many patients with NSCLC is based on 
cytology instead of histology. In this study, concordance of PD-L1 immunostaining between 
cytology cell blocks and their histologic counterparts was analyzed. Furthermore, the 
effect of various fixatives and fixation times on PD-L1 immunoreactivity was studied.

Methods
Paired histologic and cytologic samples from 67 patients with NSCLC were collected by
performing fine-needle aspiration on pneumonectomy/lobectomy specimens. Formalin-
fixed agar-based or CytoLyt/PreservCyt-fixed Cellient cell blocks were prepared. Sections 
from cell blocks and tissue blocks were stained with SP263 (standardized assay) and 22C3
(laboratory-developed test) antibodies. PD-L1 scores were compared between histology
and cytology. In addition, immunostaining was compared between PD-L1–expressing
human cell lines fixed in various fixatives at increasing increments in fixation duration.

Results
Agar cell blocks and tissue blocks showed substantial agreement (κ = 0.70 and κ = 0.67,
respectively), whereas fair-to-moderate agreement was found between Cellient cell blocks
and histology (κ = 0.28 and κ = 0.49, respectively). Cell lines fixed in various alcohol-based 
fixatives showed less PD-L1 immunoreactivity compared with those fixed in formalin. In
contrast to SP263, additional formalin fixation after alcohol fixation resulted in preserved
staining intensity using the 22C3 laboratory-developed test and the 22C3 pharmDx assay.

Conclusions
Performing PD-L1 staining on cytologic specimens fixed in alcohol-based fixatives could 
result in false-negative immunostaining results, whereas fixation in formalin leads to higher
and more histology-concordant PD-L1 immunostaining. The deleterious effect of alcohol 
fixation could be reversed to some degree by post-fixation in formalin.
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INTRODUCTION

In non–small cell lung cancer (NSCLC), immunohistochemical expression of programmed 
death-ligand 1 (PD-L1) on tumor cells is shown to predict the likelihood of response 
to anti-PD1/anti–PD-L1 immunotherapy1. The detection of PD-L1 in tumor tissue by
immunohistochemistry (IHC) is required as a companion diagnostic for the immune
checkpoint inhibitor pembrolizumab, which may only be prescribed as first-line monotherapy 
to patients with advanced NSCLC when tumor cells have ≥50% PD-L1 expression2, 3. For 
patients with locally advanced (stage III) NSCLC whose disease has not progressed after 
treatment with radiation and platinum-based chemotherapy, the anti–PD-L1 checkpoint 
inhibitor durvalumab may be prescribed. This drug, however, only received approval by 
the European Medicines Agency for patients whose tumors have PD-L1 expression in ≥1% 
tumor cells4. For the immune checkpoint inhibitors nivolumab and atezolizumab, PD-L1
IHC is used as a complementary diagnostic, rendering it less important to gather adequate 
tissue for PD-L1 immunostaining. Nevertheless, it may identify patients who could respond
better to treatment with these checkpoint inhibitors than others and aid in the assessment
of risks and benefits for individual patients5, 6, especially when the presence of tumor-
infiltrating lymphocytes is also taken into account7.

Because clinical trials addressing immune checkpoint inhibitors included patients 
with tissue-based diagnoses, the use of IHC assays for evaluating PD-L1 expression in
tumor cells is validated only in histologic specimens8, 9. In clinical practice, however, the
management of many patients with advanced NSCLC is based on cytology10. Diagnostic 
cytology by fine-needle aspiration (FNA) is less invasive than tissue-based diagnostics
through histologic biopsies and thus is preferable8, 11. The sensitivity, specificity, and
positive predictive values of PD-L1 immunocytochemistry (ICC), however, are unclear, with 
only a limited number of studies focusing on histologic and cytologic correlation of PD-L1
immunostaining8, 9, 12-16.

In addition, routinely used fixatives in cytology are often based on methanol or ethanol 
compared with formalin-based fixatives in histology17. This might negatively affect the
staining intensity of IHC assays18-21, resulting in false-negative analyses. The effect of 
different pre-analytical variables on PD-L1 immunoreactivity in cytologic specimens is
largely unknown, leaving it unclear whether fixatives other than formalin can reliably be
used for determining PD-L1 expression through immunostaining.

The objective of the current multicenter study was to compare PD-L1 immunostaining
in matched histologic specimens and cytologic cell blocks by using FNA material and 
histologic samples from the same resected lung tumor. Second, the effects of various
fixation solutions as well as different fixation times on PD-L1 immunostaining were studied 
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using PD-L1–expressing human cell lines. Preliminary and limited results from the study
were previously reported in an item of correspondence22. Complete, extended results are 
presented here.

MATERIALS AND METHODS

Collection of Histologic and Cytologic Specimens
Five Dutch pathology laboratories collaborated to collect material for the comparison of 
PD-L1 immunostaining in histologic and cytologic specimens from patients with NSCLC
(University Medical Center Groningen, Isala Zwolle, Erasmus Medical Center Rotterdam,
Netherlands Cancer Institute Amsterdam, and Pathology Friesland). In each center, 
paired histologic and cytologic samples were collected. To do so, FNAs were performed 
on pneumonectomy or lobectomy specimens with a palpable or visible tumor to obtain
cytologic samples that were as close as possible to routine FNA-derived specimens. The
collection of cytologic material was performed before further preparation and fixation of 
the resection specimen. It has been demonstrated previously that collecting FNA material 
this way can be done without compromising routine histologic evaluation of the tumor; 
thus it is a safe method that can be used within the outlines of the code of conduct for 
responsible use of residual human tissue for research established by the Federation of 
Dutch Medical Scientific Societies.23 Histology samples were taken after 18 to 72 hours
following routine protocols used in clinical practice. The mean estimated fixation time was 
between 18 hours (overnight fixation) and 72 hours (resection specimens that remained in 
formalin over the weekend). All patient material was used anonymously and was collected 
and used in accordance with the Federation of Dutch Medical Scientific Societies code of 
conduct and with the General Data Protection Regulation.

After obtaining the FNA specimen, each center was allowed to use their routine method 
for fixation and generation of a cell block (see Supporting Table 1). In this way, concordance
of PD-L1 immunostaining could be analyzed between histologic tissue and cell blocks that 
were processed in different ways, reflecting normal, everyday practice. Depending on the
locally developed protocols, either a formalin-fixed, agar-based cell block or a CytoLyt/
PreservCyt-fixed Cellient cell block was prepared. The Cellient Automated Cell Block
System (Hologic Inc) was used for the latter. From each cell block, a slide was cut and 
stained with hematoxylin and eosin to check for the presence of tumor cells. If enough 
viable tumor cells were present (≥100 tumor cells), sequential, 3-µm-thick slices were
cut for staining with 2 separate PD-L1 antibodies, i.e. the Ventana SP263 standardized
assay (Ventana Medical Systems Inc) and a Dako 22C3 laboratory-developed test (LDT).
Formalin-fixed paraffin-embedded (FFPE) tissue sections were cut from a routinely made 
histologic tissue block from the same tumor. These sections were also stained for PD-L1
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with both antibodies (SP263 and 22C3) and were used for histologic comparison (for a
schematic representation of the study design, see Fig. 1).

Figure 1. This is a schematic representation of the study design. FFPE indicates formalin-fixed, 
paraffin-embedded; LDT, laboratory-developed test (using the 22C3 antibody); PD-L1, programmed
death-ligand 1; SP263, antibody used in the standardized assay.

Preparation of PD-L1–Expressing Cell Lines
To further evaluate the effects of different fixatives on PD-L1 immunostaining in cytologic 
samples, commercially available cell lines with high PD-L1 expression were used (T-cell 
non-Hodgkin lymphoma cell lines from HistoCyte Laboratories Ltd24). The cell lines were
fixed in either 5 mL 10% neutral-buffered formalin (NBF) or 25 mL CytoLyt, PreservCyt,
CytoRich Red, or Carbowax. CytoLyt and PreservCyt (Hologic Inc) are methanol-based
fixatives, while Carbowax (Dow Chemical Company) contains ethanol and polyethylene
glycol. CytoRich Red (Thermo Scientific) is alcohol-based as well (methanol, isopropyl
alcohol, and ethylene glycol) but also contains a small amount of formaldehyde. Each
is used as a (pre-)fixation solution in clinical practice. In addition, cell lines were fixed in
CytoLyt, PreservCyt, CytoRich Red, or Carbowax followed by 30-minute fixation in 10% 
NBF. Various fixation times were used, which allowed us to evaluate the effect of different
fixation periods on PD-L1 immunostaining. The fixation periods used were 2 hours and 24
hours for all fixatives and 48 hours for the cell lines fixed in NBF and CytoLyt only. This
design allowed for 20 different fixation schemes (see Supporting Table 2). Subsequently,
agarose pellets were created for each cell line and were then processed into paraffin 
blocks. Cores from each block were assembled in paraffin-embedded cell-microarray
(CMA) blocks. These were sent to the University Medical Center in Groningen, where 
slides were cut (3-µm thickness) for PD-L1 immunostaining.

PD-L1 IHC Staining and Scoring
Sections cut from each cell block and tissue block were stained with the Ventana SP263 
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antibody and the Dako 22C3 antibody. All staining of patient material was performed
within 1 center (University Medical Center Groningen). Staining of slides with the SP263 
standardized assay was carried out on a Ventana Benchmark Ultra platform according
to the manufacturer’s instructions. The Dako 22C3 was used as an LDT, also using the
Ventana Benchmark Ultra platform. Previously, this LDT was compared with the Dako
22C3 pharmDx assay on Dako Link 48, for optimization and validation of its use in 
routine clinical practice. The addition of an amplification step led to the best protocol, 
which was comparable to a previously published protocol by Adam et al.25. The same 
SP263 standardized assay and the 22C3 LDT were used to stain sections from the CMA 
blocks containing the cell line cores. In addition, sections from the CMA blocks were
stained with the Dako 22C3 pharmDx assay, used on a Dako Autostainer Link 48 platform 
according to the manufacturer’s instructions (performed in Martini Hospital, Groningen,
the Netherlands).

Staining patterns were analyzed in cores from each cell line and compared visually 
between the 20 different fixation schemes. Differences in PD-L1 expression between 
cell lines were quantified by determining PD-L1 H-scores for each cell core, using an
application in Visiopharm software (Visiopharm A/S)26. The H-score was calculated by 
determining staining intensity in each cell (divided into levels 0, 1+, 2+, and 3+), followed
by application of the following formula: 1 * (% of cells with staining intensity level 1+) + 2
* (% of cells with staining intensity level 2+) + 3 * (% of cells with staining intensity level 
3+).27, 28 All stained slides from the paired cell and tissue blocks of included patients 
were reviewed independently by 2 trained pathologists. Cases of disagreement were
resolved through discussion. PD-L1 expression was scored in tumor cells according to the 
guidelines provided by Roche/Ventana or Dako as part of the PD-L1 IHC pharmDx test. 
For each slide, the pathologists determined the tumor proportion score (TPS), which is
constructed by determining the percentage of viable tumor cells that show membranous
PD-L1 immunostaining relative to the total amount of tumor cells. This score was used to
categorize the samples into 3 groups: TPS <1% (negative), TPS 1% to 49% (weakly positive), 
and TPS ≥50% (strongly positive).

Statistical Analysis
To assess agreement of the PD-L1 TPS between histologic and cytologic samples, weighted
κ values (linear weights) were calculated. Furthermore, the Cohen κ was calculated using 
data dichotomized according to the 1% and 50% cutoffs. Overall percent agreement (OPA),
positive percent agreement, and negative percent agreement were determined for both
cutoffs using histology as the reference standard. In addition, the McNemar-Bowker test of 
symmetry was applied to assess whether the categorization of PD-L1 expression differed
significantly between histologic and cytologic samples. P values <.05 were considered 
statistically significant. Both interobserver and interassay agreement were assessed 
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using weighted к and Cohen к values for the 1% and 50% cutoffs. Statistical analysis was
performed using RStudio version 1.1.456 (R Foundation for Statistical Computing) and IBM
SPSS Statistics version 25 (IBM Corporation).

RESULTS

Sample Selection
Paired histologic and cytologic samples from 85 patients were collected. Fifteen were 
excluded, because these patients had a diagnosis other than NSCLC. Three patients 
were excluded because 1 or both of their samples contained an insufficient number of 
viable tumor cells (<100). The remaining 67 patients all had a diagnosis of NSCLC, with 
various histologic subtypes (adenocarcinoma, n = 38; squamous cell carcinoma, n = 25;
pleomorphic carcinoma, n = 2; adenosquamous carcinoma, n = 1; and NSCLC not otherwise 
specified, n = 1). Cytologic material from 33 patients was processed into agar-based cell
blocks. The cytologic material from the other 34 patients was processed into Cellient cell 
blocks.

Overall Concordance Between Histology and Cytology
When the 22C3 LDT was used for determining PD-L1 expression in histologic samples, 
25 samples (37%) had a TPS <1%, 20 samples (30%) had a TPS from 1% to 49%, and 22 
samples (33%) had a TPS ≥50%. When we used the 22C3 antibody on cytologic samples,
34 samples (51%) had a TPS <1%, 22 samples (33%) had a TPS from 1% to 49%, and 11 
samples (16%) had a TPS ≥50%. Of all 67 samples, 39 (58%) showed concordant results
between histology and cytology. A weighted к value of 0.49 was identified, which can be
described as moderate agreement29. Dichotomizing data according to the 1% and 50% 
cutoffs also resulted in moderate agreement levels (к = 0.49 and к = 0.50, respectively) 
(see Supporting Table 3).

When the SP263 antibody was used on histologic samples, 25 samples (37%) had a 
TPS <1%, 24 samples (36%) had a TPS from 1% to 49%, and 18 samples (27%) had a TPS 
≥50%. Performing SP263 immunostaining on cytologic samples resulted in a TPS <1% 
in 37 samples (55%), a TPS from 1% to 49% in 18 samples (27%), and a TPS ≥50% in 12
samples (18%). With this antibody, 45 of 67 samples (67%) showed concordance between
histology and cytology. The agreement observed can be described as moderate (к = 0.59).
Dichotomization according to the 1% and 50% cutoffs resulted in moderate-to-substantial
agreement levels, suggesting a somewhat higher level of agreement between cytologic 
and histologic material at the 50% cutoff (к = 0.66) compared with the 1% cutoff (к = 0.53) 
with use of the SP263 antibody (see Supporting Table 3).
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Concordance Between Histology and Agar or Cellient Cell Blocks
Separate analyses of agar-based and Cellient-processed cell blocks revealed a higher
degree of agreement between the formalin-fixed agar cell blocks and histology than 
between the alcohol-fixed Cellient cell blocks and histology. When using the 22C3 LDT,
substantial agreement levels were found when analyzing concordance between agar cell 
blocks and histology (OPA, 73%; к = 0.70) (Table 1). Agreement between Cellient cell blocks
and histology can be described as fair (OPA, 44%; к = 0.28). In addition, a comparison of the
categorization of PD-L1 expression between histologic samples and alcohol-fixed Cellient 
samples revealed a statistically significant difference (P < .01), whereas no statistically
significant difference was observed between histologic samples and formalin-fixed, agar-
based samples (P = .407) (see Supporting Table 4). An overview of concordance and 
discordance between matched samples using the 22C3 LDT is displayed by Figure 2.

Table 1. Concordance of PD-L1 expression (TPS) between histological and cytological specimens 
when 22C3 LDT was used to stain for PD-L1.

Agreement of TPS 
in 3 categories 
(<1%; 1-49%; ≥50%)

Agreement when dichotomizing
TPS at 1% cutoff

Agreement when dichotomizing 
TPS at 50% cutoff

OPA
(%)

Weighted к
(95% CI)

OPA
(%)

PPA
(%)

NPA
(%)

Cohen’s к 
(95% CI)

OPA
(%)

PPA
(%)

NPA
(%)

Cohen’s к
(95% CI)

Agar 
(formalin-fixed)

73% 0.70 
(0.51-0.88)

88% 90% 83% 0.74
(0.49-0.99)

85% 67% 95% 0.65
(0.37-0.94)

Cellient 
(alcohol-fixed)

44% 0.28 
(0.06-0.49)

62% 48% 85% 0.28 
(0.00-0.57)

76% 20% 100% 0.26 
(-0.05-0.57)

Analyses were performed for formalin-fixed agar-based cell blocks and alcohol-fixed Cellient cell blocks 
separately. Abbreviations: CI = confidence interval; к = kappa; LDT = laboratory-developed test; NPA = negative 
percent agreement; OPA = overall percent agreement; PD-L1 = programmed death-ligand 1; PPA = positive percent 
agreement; TPS = tumor proportion score.

Similar results were observed for the SP263 antibody (Fig. 2), with substantial agreement
(OPA, 73%; к = 0.67) observed for formalin-fixed agar cell blocks, whereas moderate
agreement (OPA, 62%; к = 0.49) was observed when analyzing agreement between
alcohol-fixed Cellient cell blocks and their histologic counterparts (Table 2). A comparison 
of the categorization of PD-L1 expression between histology and both groups of cytologic 
samples showed a statistically significant difference for the Cellient-processed samples
(P < .05). As with the 22C3 LDT, no statistically significant difference was found between
histologic samples and agar cell blocks (P = .247) (see Supporting Table 5).
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Table 2. Concordance of PD-L1 expression (TPS) between histological and cytological specimens 
when SP263 standardized assayy was used to stain for PD-L1.

Agreement of TPS in 
3 categories
(<1%;1-49%; ≥50%)

Agreement when dichotomizing
TPS at 1% cutoff

Agreement when dichotomizing
TPS at 50% cutoff

OPA
(%)

Weighted к
(95% CI)

OPA
(%)

PPA
(%)

NPA
(%)

Cohen’s к 
(95% CI)

OPA
(%)

PPA
(%)

NPA
(%)

Cohen’s к
(95% CI)

Agar
(formalin-
fixed)

73% 0.67 
(0.47-0.87)

85% 83% 90% 0.67
(0.40-0.94)

88% 67% 96% 0.67 
(0.37-0.98)

Cellient
(alcohol-
fixed)

62% 0.49 
(0.24-0.73)

68% 47% 93% 0.38 
(0.11-0.65)

88% 56% 100% 0.65 
(0.33-0.97)

Analyses were performed for formalin-fixed agar-based cell blocks and alcohol-fixed Cellient cell blocks 
separately. Abbreviations: CI = confidence interval; к = kappa; LDT = laboratory-developed test; NPA = negative
percent agreement; OPA = overall percent agreement; PD-L1 = programmed death-ligand 1; PPA = positive percent 
agreement; TPS = tumor proportion score. 

Figure 2. [Legend and figure continued on the next page]
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Figure 2. The concordance of programmed death-ligand 1 (PD-L1) expression (tumor proportion score)
is illustrated between matched histologic and cytologic samples from individual patients. (A) Histology
and formalin-fixed, agar-based cell blocks stained with 22C3 (the laboratory-developed test [LDT]) are 
compared. Nine of 33 cases (27%) show discordance. (B) Histology and alcohol-fixed Cellient cell 
blocks stained using the 22C3 LDT are compared. Nineteen of 34 cases (56%) show discordance.
(C) Histology and formalin-fixed, agar-based cell blocks stained with SP263 (the standardized assay) 
are compared. Nine of 33 cases (27%) show discordance. (D) Histology and alcohol-fixed Cellient cell 
blocks stained with SP263 are compared. Thirteen of 34 cases (38%) show discordance.

Analyzing the data after dichotomization at the 1% and 50% cutoffs again resulted in lower
concordance values for alcohol-fixed Cellient samples compared with formalin-fixed, agar-
based samples (Tables 1 and 2). This applied to both antibodies, although concordance 
levels for the Cellient samples were lower for the 22C3 LDT (κ = 0.28 and κ = 0.26 for
the 1% and 50% cutoffs, respectively) than for the SP263 antibody (к = 0.38 and κ = 0.65, 
respectively). The lowest agreement levels were observed for Cellient cell blocks at the
50% cutoff and using the 22C3 antibody. Figure 3 displays an exemplary case in which the 
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surgical resection specimen had a TPS ≥50% with both antibodies, whereas the Cellient
samples had a TPS between 1% and 49%.

Figure 3. This is an example of a case in which the programmed death-ligand 1 (PD-L1) tumor proportion
score (TPS) was ≥50% in the resection specimen and ranged from 1% to 49% in the cytologic material 
(alcohol-fixed Cellient cell block). (A,B) The PD-L1 TPS was ≥50% in a resection specimen stained with 
22C3 (the laboratory-developed test [LDT]), with (A) part of the tumor showing strong staining intensity 
and (B) another part showing somewhat weaker staining intensity. (C) The PD-L1 TPS was between 
1% and 49% in a Cellient cell block stained with 22C3. (D,E) The PD-L1 TPS was ≥50% in a resection 
specimen stained with SP263 (the standardized assay), with (D) part of the tumor showing strong
staining intensity and (E) another part showing somewhat weaker staining intensity. (F) The PD-L1 TPS
was between 1% and 49% in a Cellient cell block stained with SP263 (original magnification ×10 in A-F).
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Interpathologist and Interassay Agreement
Agreement of PD-L1 scoring between the 2 pathologists was high for histologic samples 
with the use of both 22C3 LDT and SP263. An analysis of concordance of PD-L1 staining
between both antibodies also showed high agreement, especially in histologic material
(for more detailed results of interpathologist agreement analysis, see Supporting Results 
A and Supporting Table 6; for more detailed results of interassay agreement analysis, see
Supporting Results B and Supporting Table 7).

PD-L1–Expressing Cell Lines
Twenty PD-L1–expressing cell line specimens were created using different fixatives and
various fixation times. Formalin-fixed cell lines, which were used as controls, showed
clear membranous staining on all cells with all staining protocols (SP263, 22C3 LDT, and 
22C3 pharmDx). Fixation in CytoLyt, PreservCyt, or Carbowax resulted in lower staining 
intensity compared with fixation in formalin with all antibodies. Longer fixation times (24
and 48 hours, the latter for CytoLyt only) resulted in even less immunoreactivity compared
with 2-hour fixation, which was most clearly visible for SP263; whereas, for the 22C3 
LDT, this phenomenon was observed in cells fixed in Carbowax only. When the 22C3
pharmDx assay was used, no apparent difference between the different fixation times was
discernible. Fixation in CytoRich Red did not result in lower staining intensity compared
with formalin, regardless of the antibody or the fixation time used (Fig. 4).

When fixation in CytoLyt, PreservCyt, or Carbowax was followed by fixation in formalin, 
staining intensity was preserved using the 22C3 LDT (Fig. 5). This effect was apparent 
irrespective of fixation time. Similarly, using the 22C3 pharmDx assay, most of the cell lines
that were fixed in formalin after alcohol fixation showed a stronger staining intensity than
was observed in the cell lines without formalin fixation (see Supporting Fig. 1). This effect
was most prominent in cell lines that were fixed for a total duration of 2 hours, although
an improvement in staining intensity was also discernible in cell lines fixed in CytoLyt or
PreservCyt for 23.5 hours followed by formalin fixation. IHC staining with SP263 showed
a similar effect in the cell line fixed in Carbowax for 1.5 hours followed by 0.5 hours of 
formalin fixation only. SP263 showed no or only negligible preserved staining intensity 
after formalin fixation in the other cell lines (Fig. 6). Quantification of the difference in PD-
L1 staining intensity between the cell lines with and without additional formalin fixation
confirmed the beneficial effect of formalin post-fixation on the 22C3 LDT (see Supporting 
Fig. 2).
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Figure 4. Immunostaining patterns are illustrated of programmed death-ligand 1 (PD-L1)–expressing 
cell lines fixed with different fixation schemes. Results are shown for cell lines fixed in formalin (control) 
and in CytoLyt, PreservCyt, Carbowax, and CytoRich Red for 2 and 24 hours. PD-L1 immunostaining
was performed with (Top) the standardized assay SP263, (Middle) the 22C3 laboratory-developed 
test (LDT), and (Bottom) the 22C3 pharmDx assay.
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Figure 5. Immunostaining patterns of programmed death-ligand 1 (PD-L1)–expressing cell lines fixed
in CytoLyt, PreservCyt, or Carbowax, either with or without additional formalin fixation for 0.5 hours,
are illustrated using the 22C3 antibody (the laboratory-developed test [LDT]). Results are shown for a
total fixation duration of (Top) 2 hours and (Bottom) 24 hours.
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Figure 6. Immunostaining patterns of programmed death-ligand 1 (PD-L1)–expressing cell lines fixed 
in CytoLyt, PreservCyt, or Carbowax, either with or without additional formalin fixation for 0.5 hours,
are illustrated using the SP263 antibody (the standardized assay). Results are shown for a total 
fixation duration of (Top) 2 hours and (Bottom) 24 hours.

DISCUSSION

In this multicenter study, concordance of PD-L1 immunostaining between matched cell 
blocks and histologic FFPE tissue was investigated using 2 different PD-L1 IHC antibodies
(SP263 and 22C3 LDT). First, differences were observed between alcohol-fixed Cellient
cell blocks and formalin-fixed agar-based cell blocks, with the Cellient material showing
a clear decrease in membranous PD-L1 staining. Second, the effect of different fixatives 
on PD-L1 immunostaining was studied by analyzing PD-L1–expressing cell lines fixed in 
formalin, CytoLyt, PreservCyt, CytoRich Red, and Carbowax.
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The overall concordance was moderate to substantial between histologic and cytologic
specimens from the same tumor. When agar and Cellient cell blocks were analyzed 
separately, however, concordance levels were much higher for agar cell blocks than for
Cellient-processed material. Therefore, it seems likely that the use of different modes 
of processing cytology results in variations in PD-L1 immunostaining and thus different
levels of concordance with validated histologic PD-L1 protocols. We hypothesized that 
the observed differences between the 2 types of cell blocks could be explained by the
use of alternative fixatives, resulting in various levels of PD-L1 immunoreactivity. Notably, 
the agar-based cytologic samples were fixed in formalin, whereas the Cellient samples
were fixed in CytoLyt and PreservCyt, both of which are methanol-based fixatives. Other
studies have shown a detrimental effect of CytoLyt fixation on IHC detection of some
antigens, such as thyroid transcription factor-1 (TTF-1)18 and Ki-6721. A study by Lloyd et al.30

demonstrated a similar effect on PD-L1 staining, with CytoLyt fixation showing poor PD-
L1 immunostaining results. Gosney at al.31 observed no effect of alcohol-based fixatives, 
including CytoLyt, on PD-L1 immunostaining with the 22C3 pharmDx assay in cytology 
specimens. However, the number of cases that were fixed in CytoLyt was low. Most 
cases were fixed in CytoRich Red, the use of which, as discussed below, did not result in
diminished PD-L1 immunostaining in our PD-L1–expressing cell lines either. Furthermore,
all specimens had a post-fixation step with 10% NBF for a minimum of 45 minutes, likely
resulting in the preservation of PD-L1 immunoreactivity. As indicated by our results, this 
preserving effect is especially prominent for the extracellular 22C3 antibody.

Diminished PD-L1 immunoreactivity caused by alcohol fixation holds significant
implications for clinical practice. Although it is desirable to optimize all individual 
antibody staining protocols for alcohol-fixed material, perfect concordance with staining
intensity in histology cannot always be achieved. Because pathologists frequently use
panels of markers to make a diagnosis, a slightly lower immunocytochemical staining
intensity of a single marker or a few diagnostic markers can be accepted. In predictive 
ICC, however, pathologists mostly rely on a single marker to allow clinicians to make a
treatment decision. A low membranous staining intensity in histology might result in a
false-negative result in cytology. Therefore, using PD-L1 ICC could lead to wrongful denial
of treatment with durvalumab to patients with unresectable, stage III NSCLC in Europe 
(prescribed only to patients with a TPS ≥1%)4 and of treatment with pembrolizumab as
first-line monotherapy to patients with metastasized NSCLC (prescribed only to patients
with a TPS ≥50%)2. Because many PD-L1 tests for patients with advanced-stage NSCLC are 
performed on cytologic samples, it is of the utmost importance that the methods used to
process cytologic material do not negatively affect PD-L1 staining.

Our analysis of PD-L1–expressing cell lines fixed in different fixatives supports the hypothesis 
that the use of fixatives other than formalin could result in less PD-L1 immunoreactivity. Cell 
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lines fixed in methanol-based CytoLyt or PreservCyt and cell lines fixed in ethanol-based 
Carbowax exhibited lower staining intensity with the SP263 and 22C3 standardized assays 
and the 22C3 LDT. It is known that formalin fixation and alcohol fixation have different effects 
on proteins, leading to different alterations of the 3-dimensional protein structure32, 33. This
might explain differences in staining results. Many IHC antibodies have primarily been 
developed for use on FFPE samples, thus targeting epitopes after formalin fixation. These 
epitopes, however, may not remain good targets after alcohol fixation. Notably, fixation 
in CytoRich Red did not result in lower immunostaining, although this fixative contains 
alcohol elements as well. In contrast to CytoLyt, PreservCyt, and Carbowax, CytoRich Red 
contains a small amount of formaldehyde (<1%), possibly explaining the preserved PD-L1
immunostaining34. A side effect of CytoRich Red, however, is DNA degradation34, rendering
the solution less appropriate for routine FNA practice in the selected population, in which 
treatment decisions rely on adequate predictive molecular analysis as well.

Interestingly, the addition of formalin to cell lines fixed in CytoLyt, PreservCyt, or Carbowax 
revealed a positive effect on PD-L1 immunostaining using both the 22C3 LDT and the 22C3 
pharmDx assay. Similar to these results, a study by Torous et al.35 showed no significant 
difference in PD-L1 categorization (TPS <1%, TPS 1%-49%, and TPS ≥50%) between cell 
blocks fixed in CytoLyt followed by formalin fixation and FFPE surgical resection specimens 
using the 22C3 pharmDx assay to stain for PD-L1. Although that study did not use paired
cytology and resection specimens, the results suggest that additional formalin fixation 
could be helpful in preserving PD-L1 staining intensity in cytology specimens that were
fixed in an alcohol-based fixative. In our study, however, we did not observe improved
PD-L1 staining results in most of the cell lines post-fixed in formalin when stained with the 
SP263 antibody. It is known that fixation effects may differ between different antibodies 
that target the same protein, which also was demonstrated in a study by Buonocore
et al.21. These differences might be explained by the finding that different antibodies
targeting the same protein normally target different epitopes33. In the case of PD-L1 IHC, 
the SP263 antibody binds to an epitope in the cytoplasmic domain of PD-L1, whereas 
the 22C3 antibody binds to the extracellular domain of PD-L136. It has been suggested 
before that this may lead to different tumor cell staining results37, rendering it plausible
that variation in epitopes might also result in different effects of formalin post-fixation
between antibodies. Perhaps other differences between epitopes, such as the degree of 
glycosylation, which has been shown to affect the accuracy of IHC staining38, also could 
lead to variation in fixation effects between antibodies. It is noteworthy, however, that
we only applied 30 minutes of additional formalin fixation in our cell lines, so we cannot
exclude the possibility that longer formalin fixation times also might result in a positive 
effect on PD-L1 immunostaining using the SP263 antibody. In any case, the positive effects 
of formalin post-fixation observed with the 22C3 antibody seem promising. It would be 
worthwhile to investigate whether additional fixation in formalin after alcohol fixation also 
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results in preserved PD-L1 staining intensity in patient samples using various PD-L1 IHC
antibodies and varying fixation times.

Various studies have proposed intratumoral heterogeneity of PD-L1 expression as the 
cause of disagreement in PD-L1 immunostaining between histology and cytology9, 13, 16. In 
our study, it is possible that PD-L1 intratumoral heterogeneity also played a part in creating 
discordance between surgical resection specimens and cytology cell blocks, especially in
the comparison of histology and agar-based cell blocks. It seems very unlikely, however, 
that discordance between histology and Cellient cell blocks can be attributed completely 
to PD-L1 intratumoral heterogeneity because the discordance in these cell blocks was
much more pronounced compared with that in the agar cell blocks, and most of the
discordant cases (89% and 92% for 22C3LDT and SP263, respectively) showed lower 
PD-L1 immunostaining on cytology compared with histology. Combined with results from 
the analysis of our PD-L1–expressing cell lines fixed in different fixatives, a decrease in
PD-L1 immunostaining caused by alcohol fixation seems the most likely explanation for
the observed discordance.

It should be mentioned that the negative effects of alcohol-based fixatives on PD-L1
immunoreactivity were observed using PD-L1 IHC protocols that were validated for use on
FFPE tissue. Altering the immunostaining protocol to optimize its use on cytology specimens 
fixed in alcohol might result in better staining results. This has been demonstrated before 
with other IHC antibodies20, although changing IHC protocols for use on cytologic specimens 
does not always result in improved immunostaining20, 21. Notably, it has also been described
that pathologists often use techniques designed for histology on cytologic specimens
without considering the differences in specimen preparation and how these differences
could affect the interpretation of immunostaining39. The use of PD-L1 IHC protocols, validated
for FFPE tissue, on cytology specimens fixed in alcohol-based fixatives could result in less
PD-L1 immunoreactivity and might result in false-negative results.

In conclusion, our study demonstrates the negative effects of methanol-based and
ethanol-based fixatives on PD-L1 immunostaining using the SP263 standardized assay, the
22C3 pharmDx assay, and a 22C3 LDT, each validated for use on FFPE tissue specimens.
Therefore, if cytologic specimens need to be used for ICC testing of PD-L1 expression, 
the fixative of choice is formalin. Methanol-based or ethanol-based fixatives should be 
avoided unless they are used with a meticulously validated ICC protocol that has been
designed specifically for use on specimens fixed in these fixatives. Post-fixation in formalin
potentially may reverse the negative effect of alcohol fixation to some degree. This
preserving effect should be studied in patient samples using various PD-L1 antibodies
to assess the applicability of additional formalin fixation after alcohol fixation in clinical 
practice.
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SUPPORTING INFORMATION
Supporting Table 1. Overview of methods for fixation of FNA material and generation of cell blocks 
used by each participating pathology laboratory.
Laboratory 
number

Number of cases 
in tudy

Collection fluid; 
fixation time

Second fixative; 
fixation time

Cell block method

1 8 CytoLyt*; 
20 minutes

PreservCyt*; 
≥10 minutes

Cellient Automated Cell
Block System

2 26 CytoLyt;
30 minutes

PreservCyt;
≥10 minutes

Cellient Automated Cell
Block System

3 14 Carbowax**; 
30 minutes

Formalin; 
≥120 minutes

Agar; processed into 
FFPE cell block

4 11 Unifix***; 
30-120 minutes

No second fixative Agar; processed into
FFPE cell block

5 8 Formalin;
≥30 minutes

No second fixative Agar; processed into
FFPE cell block

* CytoLyt and PreservCyt contain methanol.
** Carbowax contains ethanol.
*** Unifix contains 4% formaldehyde, no alcohol.
Abbreviations: FFPE = formalin-fixed paraffin-embedded; FNA = fine needle aspiration.

Supporting Table 2. Overview of 20 cell lines with high PD-L1 expression created with different 
fixatives and fixation times.
Fixative 1 Fixation time fixative 1 

(hours)
Fixative 2 Fixation time fixative 2

(hours)
Total fixation time
(hours)

Formalin 2 - - 2

CytoLyt 2 - - 2

CytoLyt 1.5 Formalin 0.5 2

PreservCyt 2 - - 2

PreservCyt 1.5 Formalin 0.5 2

CytoRich Red 2 - - 2

CytoRich Red 1.5 Formalin 0.5 2

Carbowax 2 - - 2

Carbowax 1.5 Formalin 0.5 2

Formalin 24 - - 24 

CytoLyt 24 - - 24

CytoLyt 23.5 Formalin 0.5 24

PreservCyt 24 - - 24

PreservCyt 23.5 Formalin 0.5 24

CytoRich Red 24 - - 24

CytoRich Red 23.5 Formalin 0.5 24

Carbowax 24 - - 24

Carbowax 23.5 Formalin 0.5 24

CytoLyt 48 - - 48 

Formalin 48 - - 48 
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Supporting Table 3. Concordance of PD-L1 expression (TPS) between histological and all cytological
material (both formalin-fixed agar cell blocks and alcohol-fixed Cellient cell blocks).

Agreement of TPS in 3 
categories 
(<1%; 1-49%; ≥50%)

Agreement when dichotomizing
TPS at 1% cutoff

Agreement when dichotomizing
TPS at 50% cutoff

OPA (%) Weighted к
(95% CI)

OPA
(%)

PPA
(%)

NPA
(%)

Cohen’s к 
(95% CI)

OPA
(%)

PPA
(%)

NPA
(%)

Cohen’s к
(95% CI)

22C3 
LDT 

58% 0.49 
(0.34-0.65)

75% 69% 84% 0.49
(0.29-0.70)

81% 45% 98% 0.50
(0.27-0.72)

SP263 67% 0.59
(0.43-0.74)

76% 67% 92% 0.53
(0.34-0.73)

88% 61% 98% 0.66
(0.44-0.88)

Abbreviations: CI = confidence interval; к = kappa; LDT = laboratory-developed test; NPA = negative percent 
agreement; OPA = overall percent agreement; PD-L1 = programmed death-ligand 1; PPA = positive percent 
agreement; TPS = tumor proportion score.

Supporting Table 4. Cross tabulation of PD-L1 expression (TPS in categories) of paired histological 
and cytological samples (formalin-fixed/agar-based and alcohol-fixed/Cellient processed), when 
22C3 LDT was used to stain for PD-L1.

a. Cytology (agar) b. Cytology (Cellient)

<1% 1-49% ≥50% Total <1% 1-49% ≥50% Total

Histology <1% 10 2 0 12 11 2 0 13

1-49% 2 6 1 9 9 2 0 11

≥50% 0 4 8 12 2 6 2 10

Total 12 12 9 33 22 10 2 34

P-value 0.407 <0.01

Numbers of concordant and discordant samples are displayed for formalin-fixed agar-based cell blocks (a)
and alcohol-fixed Cellient cell blocks (b), both compared to histology. PD-L1 IHC was performed using 22C3
LDT. Differences in the categorization of PD-L1 expression between cytological and histological samples were 
analyzed by performing the McNemar-Bowker test of symmetry.

Supporting Table 5. Cross tabulation of PD-L1 expression (TPS in categories) of paired histological 
and cytological samples (formalin-fixed/agar-based and alcohol-fixed/Cellient processed), when 
SP263 standardized assayy was used to stain for PD-L1.

a. Cytology (agar) b. Cytology (Cellient)

<1% 1-49% ≥50% Total <1% 1-49% ≥50% Total

Histology <1% 9 1 0 10 14 1 0 15

1-49% 4 9 1 14 8 2 0 10

≥50% 0 3 6 9 2 2 5 9

Total 13 13 7 33 24 5 5 34

P-value 0.247 <0.05

Numbers of concordant and discordant samples are displayed for formalin-fixed agar-based cell blocks (a)
and alcohol-fixed Cellient cell blocks (b), both compared to histology. PD-L1 IHC was performed using SP263
standardized assay. Differences in the categorization of PD-L1 expression between cytological and histological 
samples were analyzed by performing the McNemar-Bowker test of symmetry.
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Supporting Results A
Interpathologist agreement of PD-L1 scoring
Agreement between the two pathologists was high for histological samples with use of both
22C3 LDT and SP263 (к 0.87 and 0.83). Compared to histological samples, interpathologist 
agreement was lower in cytological specimens for both antibodies (Supporting Table 6).

Supporting table 6. Interpathologist agreement of PD-L1 scoring (two observers).
Agreement of TPS in 3 
categories
(<1%; 1-49%; ≥50%)

Agreement when 
dichotomizing TPS at 1%
cutoff

Agreement when 
dichotomizing TPS at 50%
cutoff

OPA (%) Weighted к
(95% CI)

OPA (%) Cohen’s к
(95% CI)

OPA (%) Cohen’s к
(95% CI)

22C3
LDT

Histology 89% 0.87
(0.77-0.97)

96% 0.90
(0.79-1.00)

93% 0.83
(0.68-0.98)

Cytology 79% 0.74
(0.61-0.86)

87% 0.74
(0.58-0.89)

93% 0.74
(0.52-0.96)

SP263 Histology 85% 0.83
(0.73-0.93)

93% 0.84
(0.71-0.98)

93% 0.81
(0.65-0.97)

Cytology 79% 0.74
(0.62-0.87)

88% 0.76
(0.61-0.92)

91% 0.72
(0.50-0.93)

Abbreviations: CI = confidence interval; к = kappa; NPA = negative percent agreement; OPA = overall percent 
agreement; PD-L1 = programmed death-ligand 1; PPA = positive percent agreement; TPS = tumor proportion
score.

Supporting Results B
Interassay agreement of PD-L1 staining
Interassay concordance was highest in histological material (к 0.87). Concordance levels 
were lower for Cellient cell blocks than for agar cell blocks (Supporting Table 7).

Supporting Table 7. Agreement of PD-L1 staining between 22C3 LDT and SP263 standardized assay.
Agreement of TPS in 3 
categories
(<1%; 1-49%; ≥50%)

Agreement when 
dichotomizing TPS at 1%
cutoff

Agreement when 
dichotomizing TPS at 50%
cutoff

OPA (%) Weighted к
(95% CI)

OPA (%) Cohen’s к
(95% CI)

OPA (%) Cohen’s к
(95% CI)

Histology 90% 0.87
(0.77-0.96)

94% 0.87
(0.75-1.00)

96% 0.86
(0.72-0.99)

Cytology
(overall)

84% 0.77 
(0.64-0.90)

90% 0.79
(0.64-0.94)

93% 0.74
(0.52-0.96)

Cytology
(agar)

85% 0.82 
(0.66-0.98)

91% 0.81
(0.59-1.00)

94% 0.84
(0.61-1.00)

Cytology
(Cellient)

82% 0.67
(0.43-0.92)

88% 0.73
(0.48-0.98)

91% 0.53
(0.07-1.00)

Abbreviations: CI = confidence interval; к = kappa; NPA = negative percent agreement; OPA = overall percent
agreement; PD-L1 = programmed death-ligand 1; PPA = positive percent agreement; TPS = tumor proportion 
score.
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Supporting Figure 1. Immunostaining patterns of programmed death-ligand 1 (PD-L1)–expressing cell
lines fixed in CytoLyt, PreservCyt or Carbowax, either with or without additional formalin fixation of 0.5
hours, are illustrated using the 22C3 pharmDx assay. Results are shown for a total fixation duration of 
(Top) 2 hours and (Bottom) 24 hours.
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Supporting Figure 2. Programmed death-ligand 1 (PD-L1) expression (expressed in H-scores) in cell 
lines fixed in alcohol-based fixatives with and without formalin post-fixation, stained with 22C3 LDT. 
A: PD-L1 H-scores for a total fixation duration of 2 hours. The dotted line represents the H-score of a
cell line fixed in formalin only. B: PD-L1 H-scores for a total fixation duration of 24 hours. The dotted
line represents the H-score of a cell line fixed in formalin only.
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ABSTRACT

Aims
Programmed death-ligand 1 (PD-L1) immunostaining is used to predict which non-small
cell lung cancer (NSCLC) patients will respond best to treatment with programmed death
protein-1/PD-L1 inhibitors. PD-L1 immunostaining is sometimes performed on alcohol-fixed 
cytological specimens instead of on formalin-fixed paraffin-embedded (FFPE) biopsies
or resections. We studied whether ethanol pre-fixation of clots from endobronchial 
ultrasound-guided transbronchial needle aspiration (EBUS-TBNA) results in diminished 
PD-L1 immunostaining as compared with formalin fixation.

Methods and results
FFPE cell blocks from EBUS-TBNA specimens of 54 NSCLC patients were identified. For
each case, paired samples were available, consisting of clots directly immersed in formalin
and clots prefixed in Fixcyt (50% ethanol). Serial sections were immunostained for PD-L1
by use of the standardized SP263 assay and the 22C3 antibody as a laboratory-developed 
test (LDT). PD-L1 positivity was determined with two cutoffs (1% and 50%). Concordance of 
PD-L1 positivity between the formalin-fixed (gold standard) and ethanol-prefixed material 
was assessed. When the 22C3 LDT was used, 30% and 36% of the ethanol-prefixed
specimens showed false-negative results at the 1% and 50% cutoffs, respectively (kappa
0.64 and 0.68). When SP263 was used, 22% of the ethanol-prefixed specimens showed 
false-negative results at the 1% cutoff (kappa 0.67). At the 50% cutoff, concordance was 
higher (kappa 0.91), with 12% of the ethanol-prefixed specimens showing false-negative 
results.

Conclusion
Ethanol fixation of EBUS-TBNA specimens prior to formalin fixation can result in a 
considerable number of false-negative PD-L1 immunostaining results when a 1% cutoff is 
used and immunostaining is performed with SP263 or the 22C3 LDT. The same applies to
use of the 50% cutoff when immunostaining is performed with the 22C3 LDT.
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INTRODUCTION

Immunotherapy with checkpoint blockade has become an integral part of cancer
treatment, with several immune checkpoint inhibitors having been registered for various 
forms of cancer1. In patients with advanced non-small cell lung cancer (NSCLC), inhibition 
of the programmed death-1 (PD-1) protein or its ligand programmed death-ligand 1 (PD-
L1) may lead to clinical benefit2-7. Registered drugs are the PD-1 inhibitors nivolumab and
pembrolizumab and the PD-L1 inhibitors atezolizumab and durvalumab. Various clinical 
trials have shown better clinical results or a trend for better efficacy of PD-1 and PD-L1
inhibitors in patients with higher expression of PD-L1 on tumor cells, as measured with
immunohistochemistry (IHC)2, 3, 5, 6, 8, 9. In clinical practice, therefore, pathologists determine
the percentage of tumor cells that show PD-L1 expression, also known as the tumor
proportion score (TPS), which is used to predict which patients might respond best to
treatment with PD-1 or PD-L1 inhibitors.

In predicting these chances of response to anti-PD-1 and anti-PD-L1 therapeutics, two 
cutoffs for the PD-L1 TPS are clinically relevant. A cutoff of 50% is relevant for prescription 
of pembrolizumab. This drug may be prescribed as first-line therapy combined with 
chemotherapy to patients with stage IV NSCLC (without EGFR or ALK mutations),K
regardless of PD-L1 expression9, 10. However, patients whose tumors show a TPS of ≥50% 
may receive first-line pembrolizumab monotherapy9, 10, exposing them to far less treatment
toxicity. Second, the 1% cutoff is used for prescription of durvalumab in various European 
countries, as the European Medicines Agency has advised prescription of this drug as 
consolidation treatment to stage III NSCLC patients whose tumors show a TPS of ≥1%11. 
The PD-1/PD-L1 inhibitors nivolumab and atezolizumab may be prescribed as second-line 
treatment to patients with metastatic NSCLC regardless of PD-L1 expression9. However,
measurement of PD-L1 expression could aid in predicting the chances of response to 
these drugs as well, and may in that way guide clinicians in their treatment decisions for
the individual patient12.

The efficacy of PD-1/PD-L1 inhibitors in relation to PD-L1 expression was determined in 
clinical trials that performed IHC on formalin-fixed paraffin-embedded (FFPE) surgical
biopsies or resections13. However, because a large proportion of NSCLC patients are 
diagnosed at an advanced stage of disease, diagnosis and treatment decisions are often
based on cytological specimens from readily accessible sites14. Because of their minimally
invasive character, techniques such as endobronchial ultrasound-guided transbronchial
needle aspiration (EBUS-TBNA) and transthoracic fine needle aspiration are preferable 
in this setting14, 15. The material collected during these procedures can be fixed and 
processed into cell blocks in a great variety of ways, which may quite often not result
in FFPE material16. As the use of PD-L1 antibodies for immunostaining on cytological 
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specimens fixed and processed in various ways has not been validated in clinical trials, it is
unclear whether the results of PD-L1 immunostaining on these specimens can adequately 
predict response to PD-1/PD-L1 inhibitors.

So far, there have been several studies assessing the concordance of PD-L1 immunostaining 
between surgical biopsies or resections and cytological cell blocks. Most of these have
concluded that PD-L1 testing can safely be performed on the latter, on the basis of high
levels of concordance between histology and cell blocks13, 17-20. However, these studies
used formalin-fixed cytological material, whereas, in clinical practice, laboratories may use
alcohol (methanol or ethanol)-based fixatives or transport media21. A potential advantage
of using alcohols such as ethanol for fixation is their beneficial effect on nucleic acid 
preservation as compared with formalin fixation, resulting in higher-quality material for 
molecular analysis22. However, it is known from other studies that alcohol fixation can result
in decreased intensity of immunostaining for various antibodies23-27. Potentially, alcohol
fixation could have a similar negative effect on PD-L1 immunostaining. This could have an
important impact on the selection of NSCLC patients who are eligible for immunotherapy,
potentially leading to denial of treatment options that these patients could benefit from. In
this study, the effect of ethanol pre-fixation followed by delayed formalin fixation on PD-
L1 immunostaining was determined, by the use of paired formalin-fixed and ethanol-fixed 
EBUS-TBNA samples from NSCLC patients.

MATERIALS AND METHODS

Patients and specimens
For this study, NSCLC patients who had undergone EBUS-TBNA on lymph nodes or
primary tumors at the Canisius-Wilhelmina Hospital (CWZ) (Nijmegen, The Netherlands)
between November 2015 and August 2018 were identified retrospectively. Aspirated
material from all patients was split into two separate fixatives, with approximately two-
thirds of the material (the yield from sampling the lymph node or primary tumor twice) 
being collected in 20 ml of 10% neutral buffered formalin, and one-third of the material
(the yield from sampling once) being collected in 20 ml of Fixcyt (50% ethanol and 2%
polyethylene glycol solution). The average pre-fixation duration was 1 h, with a maximum of 
2 h. Upon arrival of the EBUS-TBNA material at the pathology laboratory, visible clots from 
the material fixed in Fixcyt were directly placed into formalin for further fixation, with post-
fixation times ranging from 3 h to 24 h. The total fixation duration (formalin fixation only
or Fixcyt fixation followed by formalin fixation) was equal between the formalin material
and Fixcyt material collected from the same patient. Clots from both the formalin-fixed and
Fixcyt-fixed aspirated material were then processed into paraffin-embedded blocks, with
the same routine biopsy processing program being used for both specimens. Both the
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formalin-fixed and Fixcyt-fixed blocks from each patient were collected from the pathology 
archive. The study was approved by the institutional review board at CWZ. Data and tissue 
samples were all handled according to the General Data Protection Regulation. All patient
material was used anonymously, and collection and use of material was in accordance
with the code of conduct for the responsible use of residual human tissue for research, 
established by the Federation of Dutch Medical Scientific Societies28.

PD-L1 immunostaining
Consecutive 3-µm sections were cut from both formalin-fixed and Fixcyt-fixed blocks of all
included patients. Sections were stained with hematoxylin and eosin (H&E) and with two 
PD-L1 antibodies, i.e. Ventana (Ventana Medical Systems, Inc., Tucson, Arizona, U.S.A.)
SP263 and Dako (Agilent Technologies, Santa Clara, California, U.S.A.) 22C3. The H&E-
stained sections were used to determine the number of tumor cells present in each
FFPE block, after which patients with one or more blocks containing <100 viable tumor 
cells were excluded. For immunostaining with SP263, a standardized assay was used
on the Ventana Benchmark Ultra platform at Utrecht University Medical Centre (UMCU)
(Utrecht, The Netherlands), according to the manufacturer’s instructions. On the basis of 
retrospective analysis of pathology reports generated in 2017 and 2018, the average PD-
L1 positivity rates in histological material of NSCLC patients at UMCU were 57% and 28%
at the 1% cutoff and at the 50% cutoff, respectively. Similar PD-L1 expression rates have
been reported in a large series of NSCLC specimens29. The 22C3 antibody was used
at CWZ in a laboratory-developed test (LDT) on the Dako Omnis platform [dilution 1:25,
30 min of incubation; heat-induced epitope retrieval (97°C) with low-pH buffer; EnVision
FLEX+ (Agilent Technologies, Santa Clara, California, U.S.A.) mouse LINKER detection 
kit; EnVision FLEX DAB Enhancer (5 min)], validated for use in clinical practice through 
comparison of sections from 100 NSCLC patients with sections from the same patients 
immunostained for PD-L1 in an academic referral hospital (all FFPE tissue sections). The 
22C3 LDT has shown good to excellent results in several external quality assessment 
schemes performed by NordiQC and the European Society of Pathology. The average PD-
L1 positivity rates were 69% at the 1% cutoff and 39% at the 50% cutoff, on the basis of data
from 2017 and 2018. The rate at the 50% cutoff is higher than the positivity rates reported
in the Keynote trials that assessed the efficacy of pembrolizumab4, 5, but positivity rates up 
to 42.7% have been reported by others30.

Assessment of PD-L1 immunostaining
All PD-L1-immunostained slides containing ≥100 viable tumor cells were scored by an 
experienced pathologist, certified for PD-L1 scoring, together with a pathology resident,
under a double-headed microscope. The TPS was established by determining the 
percentage of PD-L1-positive tumor cells relative to the total number of tumor cells.
Membranous immunostaining of any intensity was considered to be valid, whereas



634063-L-bw-Koomen634063-L-bw-Koomen634063-L-bw-Koomen634063-L-bw-Koomen
Processed on: 19-3-2024Processed on: 19-3-2024Processed on: 19-3-2024Processed on: 19-3-2024 PDF page: 83PDF page: 83PDF page: 83PDF page: 83

85

4

FALSE NEGATIVE PD-L1 IMMUNOSTAINING IN ETHANOL-FIXED EBUS-TBNA SPECIMENS

cytoplasmic immunostaining and immunostaining of necrotic tumor cells were disregarded. 
The TPS was determined with scores of 0%, 1%, 5% or 10% for the TPS ranging from 0% to
10%. For scores of >10%, a 10% increment was used. Scoring of all slides immunostained 
with one antibody was performed within one session. Scoring of all slides immunostained
with the other antibody was performed in a second session, with a period of 3 weeks
between the scoring sessions and rearrangement of the order of slides before the second
session. The scorers were blinded to the fixative that was used, and did not know which 
slides belonged to the same patient.

Statistical analysis
The concordance of PD-L1 immunostaining between formalin-fixed and Fixcyt-fixed material 
was assessed by calculating intraclass correlation coefficients (ICCs) for continuous PD-L1 
scores. These scores were then dichotomized according to two clinically relevant cutoffs
for the TPS, i.e. ≥1% and ≥50%. The overall percentage agreement (OPA), the positive 
percentage agreement (PPA) and the negative percentage agreement were calculated for
both cutoffs, with the material fixed in formalin being used as a reference standard. On the
basis of the guideline on principles of analytical validation of immunohistochemical assays
from the College of American Pathologists (CAP) Pathology and Laboratory Quality Center, 
an overall agreement of at least 90% between the formalin-fixed and Fixcyt-fixed material
was regarded as acceptable31. Cohen’s kappa (κ) values were also determined. According 
to McHugh’s suggested interpretation of the kappa statistic for clinical laboratories, values 
≥0.80 were considered to indicate strong agreement and were deemed to be acceptable 
for clinical practice32. Statistical analysis was performed with rstudio version 1.1.456 and 
IBM spss statistics version 25.

RESULTS

Patient and specimen characteristics
Formalin-fixed and Fixcyt-fixed blocks from 67 NSCLC patients were collected. Of these, 
54 cases were eligible for inclusion. The remaining 13 cases had insufficient numbers of 
viable tumor cells (<100) in one or both blocks, and were therefore excluded. Patient and 
specimen characteristics of the included cases are shown in Table 1.

When a cutoff of ≥1% was used to determine PD-L1 positivity, 33 (61%) and 32 (59%) 
formalin-fixed specimens, respectively, were PD-L1-positive when immunostaining was
performed with the 22C3 LDT and with SP263. With the same cutoff, 23 (43%) and 27 
(50%) Fixcyt-fixed specimens were PD-L1-positive. With a cutoff of ≥50%, 14 (26%) formalin-
fixed specimens were PD-L1-positive when immunostaining was performed with the 22C3
LDT, and 16 (30%) were PD-L1-positive when immunostaining was performed with SP263.
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Of the Fixcyt-fixed specimens, 10 (19%) and 14 (26%), respectively, showed a TPS of ≥50%
when immunostaining was performed with the 22C3 LDT and with SP263.

Table 1. Patient and specimen characteristics.
Characteristic n (%)

Diagnosis
   Adenocarcinoma
   Squamous cell carcinoma
   NSCLC NOS
   Adenosquamous carcinoma

32 (59)
15 (28)
6 (11)
1 (2)

TBNA source
   Lymph node
   Primary tumor

47 (87)
7 (13)

PD-L1 expression (TPS) formalin ≥1%
   22C3 LDT
   SP263

33 (61)
32 (59)

PD-L1 expression (TPS) formalin ≥50%
   22C3 LDT
   SP263

14 (26)
16 (30)

PD-L1 expression (TPS) Fixcyt ≥1%
   22C3 LDT
   SP263

23 (43)
27 (50)

PD-L1 expression (TPS) Fixcyt ≥50%
   22C3 LDT
   SP263

10 (19)
14 (26)

Abbreviations: LDT = laboratory-developed test; NOS = not otherwise specified; NSCLC = non-small cell lung
cancer; PD-L1 = programmed death-ligand 1; TBNA = transbronchial needle aspiration; TPS = tumor proportion 
score.

Comparison of PD-L1 immunostaining between formalin-fixed and Fixcyt-fixed 
specimens when immunostaining was performed with the 22C3 LDT
When the concordance of TPS was assessed on a continuous scale for material
immunostained by use of the 22C3 LDT, the correlation between the formalin-fixed and 
Fixcyt-fixed specimens was on the boundary between moderate and good [ICC 0.76; 
95% confidence interval (CI) 0.60–0.86]33. However, dichotomization of the TPS at the 
1% cutoff and the 50% cutoff resulted in lower concordance levels (Cohen’s κ of 0.64 and
0.68, respectively, and OPAs of <90%) (Table 2). Differences in categorization of the TPS
between the two types of material, with both cutoffs, are shown in Figure 1A. When the 
1% cutoff was used to determine PD-L1 positivity, 10 (30%) of 33 cases that were PD-L1-
positive in the formalin-fixed specimen showed false-negative results in the Fixcyt-fixed 
specimen, resulting in a PPA of only 70%. Figure 2A,B shows a representative example of 
a case with a TPS of ≥1% in the formalin-fixed specimen and a TPS of <1% in the Fixcyt-fixed 
specimen. When the 50% cutoff was used, the PPA was only 64%, owing to five (36%) of 14 
cases showing false-negative results in the Fixcyt-fixed specimens. Figure 3A,B shows a 
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representative example of a case with a TPS of ≥50% in the formalin-fixed specimen and a 
TPS of <50% in the Fixcyt-fixed specimen when immunostaining for PD-L1 was performed
with the 22C3 LDT.

Table 2. Concordance of programmed death-ligand 1 (PD-L1) positivity between specimens fixed in
formalin and specimens fixed in Fixcyt for SP263 and the 22C3 laboratory-developed test (LDT), with
two different cutoffs to determine PD-L1 positivity (≥1% and ≥50%).

Concordance when a 1% cutoff was used Concordance when a 50% cutoff was used

OPA (%) PPA (%) NPA
(%)

Cohen’s kappa 
(95% CI)

OPA (%) PPA (%) NPA
(%)

Cohen’s kappa 
(95% CI)

22C3 LDT 81 70 100 0.64 (0.45–0.83) 89 64 98 0.68 (0.44–0.92)

SP263 83 78 91 0.67 (0.47–0.87) 96 88 100 0.91 (0.78–1.00)

Abbreviations: CI = confidence interval; NPA = negative percentage agreement; OPA = overall percentage 
agreement; PPA = positive percentage agreement.

Figure 1. The programmed death-ligand 1 (PD-L1) tumor proportion score (TPS) in three categories for 
formalin-fixed and Fixcyt-fixed material per case, determined with the 22C3 laboratory-developed test
(LDT) (A) and the SP263 standardized assay (B). Cases for which colors do not correspond showed 
discordant TPS values between formalin-fixed and Fixcyt-fixed material.
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Comparison of PD-L1 immunostaining between formalin-fixed and Fixcyt-fixed 
specimens when immunostaining was performed with SP263
When immunostaining was performed with SP263, analysis of the concordance of the 
TPS on a continuous scale showed high agreement (ICC 0.92; 95% CI 0.90–0.95). Again,
however, dichotomization of the TPS at the 1% cutoff resulted in much lower concordance
levels (OPA of <90% and Cohen’s κ of 0.67) (Table 2). Figure 1B shows that, when this cutoff 
was used, seven (22%) of 32 cases that were PD-L1-positive in the formalin-fixed specimen
showed false-negative results in the Fixcyt-fixed specimen (PPA of 78%). A representative 
example of this phenomenon (lower intensity of PD-L1 immunostaining in Fixcyt-fixed 
material than in formalin-fixed material when SP263 was used) is shown in Figure 2C,D. 
Dichotomization of the TPS at the 50% cutoff resulted in much higher concordance levels
than those found when the 1% cutoff was used (Cohen’s κ of 0.91 versus 0.67 and PPA of 
88% versus 78%) (Table 2). Figure 3C,D shows a representative example of a case in which
the PD-L1 immunostaining was scored as ≥50% in both the formalin-fixed and the Fixcyt-
fixed material when SP263 was used.

Figure 2. Images of the programmed death-ligand 1 (PD-L1) immunostaining pattern of an exemplary 
case showing a tumor proportion score (TPS) of ≥1% in formalin-fixed material when immunostaining 
was performed with the 22C3 laboratory-developed test (LDT) (A) and with SP263 (C). The Fixcyt-
fixed material showed a TPS of <1% when immunostaining was performed with the 22C3 LDT (B) and 
with SP263 (D).
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Figure 3. Images of the programmed death-ligand 1 (PD-L1) immunostaining pattern of an exemplary 
case showing a tumor proportion score (TPS) of ≥50% in formalin-fixed material when immunostaining 
was performed with the 22C3 laboratory-developed test (LDT) (A) and with SP263 (C). The Fixcyt-
fixed material showed a TPS of <50% when immunostaining was performed with the 22C3 LDT (B) 
and a TPS of ≥50% when immunostaining was performed with SP263 (D).

Comparison of PD-L1 immunostaining between the 22C3 LDT and SP263
See Supporting information for the results of a comparison of PD-L1 immunostaining 
between the 22C3 LDT and SP263 for both formalin-fixed and Fixcyt-fixed material.

DISCUSSION

In this retrospective study, the effect of pre-fixation in an ethanol-based fixative on PD-L1
immunostaining was studied with two PD-L1 immunohistochemical assays (the 22C3 LDT 
and the SP263 standardized assay) validated for use on FFPE tissue. It was shown that
fixation of EBUS-TBNA material in Fixcyt (ethanol-based) prior to formalin fixation resulted
in a considerable number of false-negative PD-L1 immunostaining results when the 1%
cutoff was used to determine PD-L1 positivity. When PD-L1 positivity was determined with 
the 50% cutoff, immunostaining by use of the 22C3 LDT again resulted in a substantial 
number of false-negative PD-L1 immunostaining results in the Fixcyt-fixed material,
whereas this was not the case for SP263.
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Few other studies have assessed the influence of ethanol (pre-)fixation on PD-L1
immunostaining results in cytology cell blocks. Wang et al.34 concluded that alcohol fixation 
(methanol or ethanol) does not affect PD-L1 immunostaining. However, no comparisons 
between paired samples of the same patients were made, and the authors state that it
is possible that most of the cases fixed in both alcohol and formalin had short alcohol
pre-fixation times. A study by Gosney et al.35, which did use paired samples of aspirates 
fixed in alcohol-based fixatives and formalin, also reported no effect of the use of alcohol-
based fixatives on the expression of PD-L1 or its interpretation. Most of the alcohol-fixed 
samples in the study, however, were fixed in CytoRich Red, a solution that also contains 
formaldehyde. These samples were therefore exposed to more formalin during the 
processing procedure than if they had been fixed in an ethanol-based fixative such as
Fixcyt, which could potentially explain the differences in results from those of our own
study. A study by Jain et al.36 found an overall concordance of PD-L1 immunostaining of 
88.4% between small biopsies and matched liquid-based cytology smears, but, similarly 
to the procedure of Gosney et al.35, these smears were fixed in CytoRich Red. Similarly to
our findings, Lloyd et al. showed a negative effect of CytoLyt (a methanol-based fixative) 
on PD-L1 immunostaining in PD-L1-expressing cell lines37.

The occurrence of false-negative PD-L1 immunostaining results is problematic, as it could
lead to denial of potentially beneficial treatment options to patients with NSCLC. The use 
of EBUS-TBNA specimens for PD-L1 testing is most often seen in patients who present 
with locally advanced or metastatic disease at diagnosis. These patients are precisely the
ones who could benefit from treatment with PD-1/PD-L1 inhibitors. It is thus of the utmost
importance that pathologists can accurately determine the PD-L1 TPS for these patients. 
Hence, pathologists should be aware of the risks of using an ethanol-based (pre-)fixative.
The concordance levels of the PD-L1 TPS were lowest for both the 22C3 LDT and SP263 
with use of the 1% cutoff, indicating that the use of ethanol-based fixatives could result in
the wrongful denial of durvalumab as consolidation treatment to stage III NSCLC patients
in clinical practice in various European countries11. The combination of Fixcyt-fixed material
and immunostaining by use of the 22C3 LDT also resulted in disappointing concordance
levels when a 50% cutoff was used. This could result in stage IV NSCLC patients being 
prescribed a more toxic first-line treatment regimen of pembrolizumab combined with 
chemotherapy, whereas they could have been treated with a less toxic treatment option 
consisting of pembrolizumab alone9, 10.

Interestingly, the use of SP263 resulted in high concordance of the PD-L1 TPS between
formalin-fixed and Fixcyt-fixed material when the 50% cutoff was used for dichotomization.
Overall, slightly stronger immunostaining intensity was seen in sections immunostained with
SP263 than in those immunostained by use of the 22C3 LDT, with discordant cases more 
often showing a lower TPS when the 22C3 LDT was used than when SP263 was used. A 
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decrease in immunostaining intensity due to ethanol (pre-)fixation might therefore be less
problematic when SP263 is used than when the 22C3 LDT is used. It could also be that the 
negative effect of ethanol (pre-)fixation on PD-L1 immunoreactivity is smaller with the use of 
SP263 than with use of the 22C3 LDT. Although these two antibodies target the same protein, 
they do target different epitopes of this protein38. Perhaps the alteration in tertiary structure
of the PD-L1 protein caused by alcohol fixation21 results in one epitope being more capable of 
binding with the PD-L1 antibody than the other. A study by Munari et al.39 also showed a high 
concordance rate between ethanol-fixed material (cytological smears) and FFPE surgical
resection material at the 50% cutoff, when the SP263 standardized assay was used. Scoring
of PD-L1 positivity with the 50% cutoff thus seems to be feasible on ethanol-prefixed material
when SP263 is used. However, we would suggest assessing the concordance between 
formalin-fixed and ethanol-prefixed material in more ‘critical samples’, i.e. samples that show 
a PD-L1 TPS closer to the threshold of PD-L1 positivity40, before drawing a more definitive
conclusion on the actual feasibility of using SP263 on ethanol-prefixed material to determine
PD-L1 positivity at a 50% cutoff in clinical practice.

It has been described previously that alcohol fixation leads to false-negative immunostaining 
results when conventional IHC protocols, validated for FFPE tissue, are used23-27, 41.
Nevertheless, in clinical practice, cell blocks are often seen as ideal for immunostaining42,
even though different fixatives, including alcohol-based fixatives, may be used in preparing
them. Fowler and Lachar state that it is a common mistake in cytology laboratories to not
carefully examine the cell block methodology and its potential negative impact on IHC
interpretation43. They advise comparison of immunostaining results between cytological 
samples and surgical pathology samples, prior to the introduction of any new cell block
method43. This is in line with the guideline from the CAP, which states that laboratories 
should test a sufficient number of cases to ensure that IHC assays achieve the expected 
results, if they are used on cytological specimens that are not processed in the same
manner as the tissues used for assay validation31. Similarly, Rekhtman et al.44, who recently
developed a modified HistoGel-based cell block preparation method that includes the
addition of 95% ethanol, state that laboratories who adopt their method should consider
revalidation of immunostains. In the literature, there are some examples demonstrating 
that changing an IHC protocol can lead to good immunostaining results when alcohol-fixed 
specimens are used, whereas the standard IHC protocol, validated for FFPE tissue, showed
reduced immunostaining intensity23. However, in clinical practice, many laboratories use 
standardized PD-L1 assays, such as the standardized SP263 assay and the 22C3 pharmDx 
assay, which received Food and Drug Administration approval and/or CE-IVD marking 
for use only with standardized protocols designed by the manufacturers45-47. Moreover,
changing an IHC protocol does not always result in improved immunostaining23, 25, leaving
it unsure whether changing PD-L1 IHC protocols would actually result in fewer false-
negative immunostaining results when they are used on ethanol-(pre)fixed specimens.
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This study has some limitations. First, the sample size is rather small. Because of the
retrospective nature of this study, the availability of patient material was dependent on the 
number of NSCLC patients who had actually undergone EBUS-TBNA in clinical practice
and had their aspirated material fixed in both Fixcyt and formalin. However, we do believe 
that the design of this study, which used paired samples to compare PD-L1 immunostaining 
between ethanol-prefixed and formalin-fixed material, provides a valuable contribution to
the current literature. Second, we used the cell blocks fixed in formalin as a reference 
standard in our analyses. Ideally, we would have liked to use true histological specimens 
as the gold standard for our comparisons. Unfortunately, matched histological specimens
were not available for our study cases. Third, we only used two PD-L1 antibodies in our 
study, whereas, in clinical practice, laboratories may use other PD-L1 antibodies, such as
28-8 in the pharmDx assay or E1L3N. We cannot draw any conclusions regarding the effect
of ethanol-based fixation on PD-L1 immunostaining with antibodies and protocols other
than the ones that we used. Fourth, the samples in our study were fixed in ethanol for only 
a short period of time, with a maximum of 2 h. In clinical practice, aspirated material might 
sometimes rest in a fixative for a longer amount of time, especially when it is collected just
before or during the weekend. Potentially, a longer duration of ethanol (pre-)fixation could 
result in even more detrimental effects on PD-L1 immunostaining. Also, we cannot draw 
definitive conclusions on the effect of formalin post-fixation after alcohol fixation on PD-L1 
immunostaining, as we did not know the individual fixation times for the samples in our 
study, and were therefore unable to determine whether there was any difference in PD-L1 
results between specimens with shorter and longer formalin post-fixation times. Fifth, the
uneven distribution of aspirated material between formalin and Fixcyt could have played a
role in causing discrepancies between formalin-fixed and Fixcyt-fixed samples in our study, 
as the Fixcyt-fixed material might have contained a smaller number of tumor cells. We did 
not, however, observe prominent differences in the numbers of tumor cells between the
two types of specimens when scoring PD-L1. Moreover, nearly one-third of the excluded 
cases were excluded because the formalin-fixed cell blocks did not contain enough tumor 
cells, whereas the Fixcyt-fixed cell blocks did. We therefore do not believe that the number
of tumor cells was systematically lower in the Fixcyt-fixed specimens, diminishing the
influence that the uneven distribution of the aspirated material would have had on creating
discordance in PD-L1 immunostaining between the different specimen types. Finally,
both intratumoral heterogeneity and intraobserver variability could potentially explain 
part of the discordance seen between formalin-fixed and Fixcyt-fixed material, which
is also indicated by the three cases that showed higher PD-L1 expression in the Fixcyt-
fixed specimen than in the formalin-fixed specimen (two cases when immunostaining was 
performed with SP263; one case when immunostaining was performed with the 22C3
LTD). However, as the overall discordance that we observed mainly consisted of false-
negative results in Fixcyt-fixed material as compared with formalin-fixed material, rather 
than a mix of both false-negative and false-positive results, it seems highly unlikely that 
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the discordance could be explained solely by the presence of intratumoral heterogeneity 
or intraobserver variability.

To conclude, when SP263 and 22C3 IHC protocols, validated for use on FFPE material, 
are used on cytological specimens pre-fixed in an ethanol-based fixative, this results in a 
considerable number of false-negative PD-L1 immunostaining results. This occurs when 
both the 1% and the 50% cutoffs are used to determine PD-L1 positivity, although the risk 
of false-negative results seems to be smallest when the SP263 standardized assay is used
and scoring of PD-L1 positivity is performed with the 50% cutoff. Pathologists should be 
aware that scoring of PD-L1 expression as negative on the basis of standard PD-L1 IHC 
protocols used on specimens (pre-)fixed in ethanol could lead to patients wrongfully being
denied treatment options that they could actually benefit from.
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SUPPORTING INFORMATION

Supplementary results
Analysis of concordance between SP263 and the 22C3 laboratory-developed test (LDT)
of programmed death-ligand 1 (PD-L1) tumor proportion score (TPS) on a continuous scale
showed high agreement when performed on formalin-fixed material (intraclass correlation
coefficient (ICC) 0.91; 95% confidence interval (CI) 0.85-0.95). Dichotomization of TPS at
the 1% and 50% cutoff resulted in a high concordance level at the 1% cutoff (Cohen’s kappa 
(к) 0.86) and a somewhat lower concordance level at the 50% cutoff (Cohen’s к 0.75), with 
overall percentage agreement (OPA) being ≥90% for both cutoffs (Table S1). Differences
in categorization of TPS between the two antibodies, with both cutoffs, are displayed by
Figure S1A. Of 10 discordant cases, six (60%) showed a lower TPS with the 22C3 LDT as 
compared with SP263.

When analyzing the Fixcyt-fixed material, concordance between SP263 and the 22C3 LDT 
was lower in both the analysis of TPS on a continuous scale (ICC 0.82; CI 0.67-0.90) and
the analysis of TPS using dichotomized data (OPA 84% and Cohen’s к 0.68 at 1% cutoff; 
OPA 89% and Cohen’s к 0.70 at 50% cutoff) (Table S1). Differences in categorization of TPS 
between the two antibodies, with both cutoffs, are displayed by Figure S1B. There were
13 discordant cases, of which 10 (77%) showed a lower TPS in the 22C3 LDT as compared
with SP263.

Table S1. Concordance of programmed death-ligand 1 (PD-L1) positivity between SP263 and the 22C3
laboratory-developed test for specimens fixed in formalin and in Fixcyt, with two different cutoffs to
determine PD-L1 positivity (≥1% and ≥50%).

Concordance when a 1% cutoff was used Concordance when a 50% cutoff was used

OPA (%) Cohen’s kappa 
(95% CI)

OPA (%) Cohen’s kappa 
(95% CI)

Formalin 93 0.86 
(0.72-1.00)

90 0.75 
(0.56-0.94)

Fixcyt 84 0.68 
(0.49-0.87)

89 0.70 
(0.48-0.93)

Abbreviations: CI = confidence interval; OPA = overall percentage agreement.



634063-L-bw-Koomen634063-L-bw-Koomen634063-L-bw-Koomen634063-L-bw-Koomen
Processed on: 19-3-2024Processed on: 19-3-2024Processed on: 19-3-2024Processed on: 19-3-2024 PDF page: 96PDF page: 96PDF page: 96PDF page: 96

98

4

CHAPTER 4

Supporting figure S1. The programmed death-ligand 1 (PD-L1) tumor proportion score (TPS) in three 
categories for material immunostained by use of the SP263 standardized assay and the 22C3 
laboratory-developed test (LDT) per case, determined for formalin-fixed material (A) and for Fixcyt-
fixed material (B). Cases for which colors do not correspond, showed discordant TPS values between 
SP263 and the 22C3 LDT.
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ABSTRACT

Objectives
Immunohistochemical expression of programmed death-ligand 1 (PD-L1) is used as a 
predictive biomarker for prescription of immunotherapy to non-small cell lung cancer 
(NSCLC) patients. Accurate assessment of PD-L1 expression is therefore crucial. In this 
study, the extent of interlaboratory variation in PD-L1 positivity in the Netherlands was 
assessed, using real-world clinical pathology data.

Materials and Methods
Data on all NSCLC patients in the Netherlands with a mention of PD-L1 testing in their 
pathology report from July 2017 to December 2018 were extracted from PALGA, the 
nationwide network and registry of histo- and cytopathology in the Netherlands. PD-L1
positivity rates were determined for each laboratory that performed PD-L1 testing, with 
separate analyses for histological and cytological material. Two cutoffs (1% and 50%) were 
used to determine PD-L1 positivity. Differences between laboratories were assessed using
funnel plots with 95% confidence limits around the overall mean.

Results
6,354 patients from 30 laboratories were included in the analysis of histology data. At the
1% cutoff, maximum interlaboratory variation was 39.1% (32.7%−71.8%) and ten laboratories
(33.3%) differed significantly from the mean. Using the 50% cutoff, four laboratories (13.3%)
differed significantly from the mean and maximum variation was 23.1% (17.2%−40.3%). In 
the analysis of cytology data, 1,868 patients from 23 laboratories were included. Eight
laboratories (34.8%) differed significantly from the mean in the analyses of both cutoffs.
Maximum variation was 41.2% (32.2%−73.4%) and 29.2% (14.7%−43.9%) using the 1% and
50% cutoffs, respectively.

Conclusion
Considerable interlaboratory variation in PD-L1 positivity was observed. Variation was 
largest using the 1% cutoff. At the 50% cutoff, analysis of cytology data demonstrated a
higher degree of variation than the analysis of histology data.
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INTRODUCTION

Therapies targeting programmed death-1 (PD-1) receptor or its ligand programmed death-
ligand 1 (PD-L1) have become a relevant component of standard treatment regimens
in patients with advanced non-small cell lung cancer (NSCLC)1, 2. In clinical practice, 
oncologists rely on results from PD-L1 immunohistochemistry (IHC) to make treatment
decisions for NSCLC patients. PD-L1 IHC is performed in pathology laboratories and
assessed by pathologists, who determine the percentage of tumor cells that show PD-
L1 expression relative to the total amount of tumor cells present (tumor proportion score 
(TPS)). Based on the TPS, patients are offered different treatment options. For instance,
in many European countries, the PD-L1 inhibitor durvalumab, prescribed as consolidation 
treatment to stage III NSCLC patients, is only reimbursed for patients whose tumors show 
a PD-L1 TPS of ≥ 1%. This is based on advice from the European Medicines Agency (EMA)3. 
Similarly, only patients with advanced NSCLC whose tumor biopsy expresses a PD-L1 TPS
of ≥ 50% are offered the option of monotherapy with the PD-1 inhibitor pembrolizumab,
which is significantly better tolerated than the standard combination strategy which 
includes chemotherapy1, 2. Therefore, it is crucial that TPS is determined reliably by all 
pathology laboratories that perform PD-L1 IHC.

An important factor in accurate assessment of PD-L1 TPS is the scoring performed by 
pathologists. Studies have shown that in a real-world clinical setting, substantial variation 
exists in histologic grading of various tumor types between laboratories4, 5, 6, 7. Regarding 
PD-L1, it has been reported that interpathologist agreement of PD-L1 scoring on tumor cells
may be high, but is often found to be decreased when using the 1% cutoff8. Discordance 
in PD-L1 scoring between pathologists might result in a high degree of variation in PD-L1
positivity rates between laboratories. Whether this is in fact true for clinical practice, is of 
yet unknown.

Other analytical and pre-analytical factors of IHC could also contribute to interlaboratory 
variation in positivity rates of IHC biomarkers9, 10. With PD-L1 IHC, laboratories may for
instance differ in their choice of antibody, as multiple antibodies are available and it 
is unfeasible for laboratories to use more than one antibody for the same test10. Some 
studies have questioned whether different PD-L1 assays and laboratory-developed tests
(LDTs) can be used interchangeably8, 11. Furthermore, whereas processing of histological
material is often performed in a similar way by different laboratories, many differences can
be found in processing of cytological material12, 13, 14. It is possible that these differences
might increase interlaboratory variation in PD-L1 positivity.

A high degree of variation in PD-L1 positivity rates between pathology laboratories could 
result in patients being scored as PD-L1 positive in one laboratory and as PD-L1 negative 
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in another. This could lead to patients being denied effective treatment options or being 
exposed to unnecessary toxicity. In order to determine whether this may be the case in
the real-world setting, we conducted a retrospective cohort study to assess the existence
of interlaboratory variation in PD-L1 positivity in clinical practice in the Netherlands, using 
real-world clinical pathology data of NSCLC patients.

MATERIALS AND METHODS

Data extraction
Data were extracted from a national database governed by the PALGA foundation, the 
nationwide network and registry of histo- and cytopathology in the Netherlands. This 
database contains excerpts from pathology reports dating back to 1971 and manages all 
pathology records from all Dutch pathology laboratories since 199115. Patients at each 
individual institution connected to PALGA can opt-out of consenting to the use of their 
data for research, which is estimated to occur in 3% of all patients16. All personal data in the
database are pseudonymized by a Trusted Third Party (ZorgTTP, Houten, the Netherlands),
ensuring that individual patients are not identifiable. According to the Central Committee
on Research involving Human Subjects (CCMO), this type of study does not require
approval from an ethics committee in the Netherlands. This study was approved by 
PALGA’s Scientific Council and Privacy Committee and all data was handled according to
the General Data Protection Regulation (GDPR).

Data were retrieved on all NSCLC patients in the Netherlands with a mention of PD-L1 
testing in their pathology report between 1 July 2017 and 31 December 2018. Patients
with two primary lung tumors were excluded, since treatment of the one tumor might
have influenced PD-L1 expression on the other tumor17, 18. For each patient, the following
data were extracted: age, sex, histologic subtype, number of PD-L1 tests performed,
source of material for PD-L1 test(s), type of material for PD-L1 test(s), antibody and protocol
(commercial assay or LDT) used for PD-L1 test(s), reported TPS and number of tumor
cells (TCs) present. Additionally, information on academic or non-academic status was
subtracted for each laboratory.

Analysis of interlaboratory variation in PD-L1 positivity
To study variation in PD-L1 positivity, we compared the percentages of reported PD-L1 
positive patients between all laboratories that performed PD-L1 testing. We determined
PD-L1 positivity based on two cutoffs for TPS relevant in clinical practice, i.e. ≥ 1% and 
≥ 50%. Interlaboratory variation was studied with separate analyses for each of these 
cutoffs: one analysis with data dichotomized according to the 1% cutoff, and one with
data dichotomized according to the 50% cutoff. Moreover, since processing of cytological 
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material may vary greatly between laboratories, we analyzed histological and cytological
material separately.

For each patient, only one PD-L1 test was included for analysis. If patients had had PD-L1 
testing performed on both histological and cytological material, they were included in 
both the analysis of histological material and the analysis of cytological material. Only 
laboratories that performed PD-L1 testing in ≥ 30 patients during the study period were 
included in the final analyses. If test results of patients with multiple PD-L1 tests performed
on the same type of material (either all on histology or all on cytology) were discordant, 
these patients were excluded. Patients with inconclusive test results only and patients with
tests without a reported TPS were excluded as well.

Analysis based on IHC antibody and protocol
In order to get a preliminary idea of the role that different antibodies might play in 
causing variation in PD-L1 positivity, separate analyses were performed that incorporated
information on use of IHC antibody and protocol (commercial assay or LDT) by individual 
laboratories in plots displaying interlaboratory variation in PD-L1 positivity rates. These
plots were created using histology data only.

Statistical analysis
Patient and PD-L1 test characteristics were summarized using counts and proportions for 
histological and cytological material separately. Differences between PD-L1 positive and 
negative subgroups were tested by using a chi-square (χ2)-test for categorical variables 
and a t-test for continuous variables.

The overall proportions of PD-L1 positivity were determined for histological and cytological 
material separately, using both the 1% cutoff and the 50% cutoff. These overall proportions 
were considered the mean national proportion. Differences in PD-L1 positivity rates 
between laboratories were assessed by creating funnel plots, which display the mean
national proportion of PD-L1 positivity with its 95% confidence limits and the percentage
of PD-L1 positive patients plotted against the total number of patients tested for each
laboratory. This allows for comparison of laboratories to each other and to the mean19. 
All laboratories falling outside the 95% confidence limits were considered to differ 
significantly from the mean. Academic and non-academic laboratories were indicated 
separately within the funnel plots.

The positivity rates displayed in the funnel plots for each individual laboratory were adjusted
for case mix (i.e. differences in patient and test characteristics) by performing multivariate 
logistic regression analysis using predetermined variables. These variables included age, 
sex, histologic subtype and source of material for PD-L1 testing. For the analysis of histology
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data, type of material (i.e. biopsy or resection) was also added to the logistic regression 
model. As information on the IHC antibody and/or protocol used for PD-L1 testing was
lacking in a considerable percentage of cases (in 32.3% and 40.3% of cases using histology 
and cytology data, respectively), this variable was not included in the main multivariate
logistic regression model. In order to get a general idea of the role that use of different IHC
antibodies and protocols might play in causing interlaboratory variation in PD-L1 positivity, 
additional case mix adjusted PD-L1 positivity rates were calculated using multivariate logistic
regression analysis that did include the variable IHC antibody/protocol. These positivity
rates were then compared with the case mix adjusted positivity rates without the variable 
IHC antibody/protocol, by displaying both in one funnel plot. Case mix adjusted positivity 
rates were determined by dividing the observed percentage of PD-L1 positive patients per
laboratory by the expected percentage, based on the multivariate logistic regression model, 
followed by multiplying with the national mean percentage of PD-L1 positivity.

All statistical analysis was performed using IBM SPSS Statistics version 25.

RESULTS

Patient selection process
Data of 9,153 NSCLC patients with a mention of PD-L1 in their pathology report were 
retrieved from the PALGA database. PD-L1 testing was performed on histological and/or
cytological material of 8,725 of these patients, with 10,625 PD-L1 tests performed in total.
Data from 42 pathology laboratories were included in the data set, of which 32 performed
PD-L1 testing themselves. PD-L1 testing was performed on histological material in 6,755 
cases and on cytological material in 2,300 cases. For the analysis of histology data, two 
laboratories that performed PD-L1 testing in < 30 patients were excluded, resulting in 
exclusion of 43 patients. After exclusion of patients with discordant results of multiple 
PD-L1 tests (n = 178), patients with inconclusive test results only (n = 166) and patients 
with tests with unknown TPS (n = 14), 6,354 patients from 30 laboratories remained for
analysis of interlaboratory variation using data on histological material (Figure 1). The 
166 patients with inconclusive test results only had a total of 177 tests performed. Of 
these tests, 143 (80.8%) were inconclusive because the amount of viable tumor cells was 
insufficient (< 100). In the remaining cases, various reasons why the test was considered
inconclusive were reported, such as too much background staining, hard to distinguish 
tumor cells within inflammatory infiltrate, and mechanical damage to tissue. In some cases, 
the reason why the test was considered inconclusive was not reported. For the analysis 
of cytology data, patients from nine laboratories that performed PD-L1 testing in < 30 
patients were excluded (n = 111). 1,868 patients from 23 laboratories remained for analysis 
of interlaboratory variation after exclusion of patients with discordant results of multiple 
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PD-L1 tests (n = 23), patients with inconclusive test results only (n = 290) and patients with
tests with unknown TPS (n = 8) (Figure 1). A total of 309 tests was performed in the patients
with inconclusive test results only. In 236 (76.4%) of these tests, there was an insufficient
amount of viable tumor cells (< 100).

Characteristics of all patients included in the analysis of histology data are displayed in
Table 1. Proportions significantly differed between PD-L1 positivity and negativity across 
histologic subtype, source of material, and type of material for both cutoffs (i.e. 1% and
50%) and across IHC antibody/protocol at the 1% cutoff, although the observed differences
in percentages were sometimes small and not always clinically relevant. Table 2 shows 
the characteristics of all patients included in the analysis of cytology data. Proportions 
across sex, histologic subtype and IHC antibody/protocol differed significantly between
PD-L1 positivity and PD-L1 negativity for both cutoffs. All differences in patient/specimen 
characteristics between PD-L1 positivity and PD-L1 negativity displayed in Table 1 and Table 
2 were corrected for through multivariate logistic regression in our final data analyses,
except for the differences in IHC antibody/protocol, since it was unknown which PD-L1
antibody and/or staining protocol was used in a considerable percentage of cases.
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INTERLABORATORY PD-L1 VARIATION IN A NATIONWIDE COHORT OF NSCLC PATIENTS

Interlaboratory variation in PD-L1 positivity: Histology
Thirty laboratories performed PD-L1 testing on histological material of ≥ 30 patients. Using 
the 1% cutoff to determine PD-L1 positivity, the mean national proportion of PD-L1 positive
patients was 56.5%. The case mix adjusted positivity rates of the individual laboratories
ranged from 32.7% to 71.8%, resulting in a maximum variation of 39.1% between laboratories.
Ten (33.3%) laboratories differed significantly from the mean (Figure 2a).

When the 50% cutoff was used to determine PD-L1 positivity, the mean national proportion
of PD-L1 positive patients was 31.0%. With this cutoff, the case mix adjusted positivity rates
of the individual laboratories ranged from 17.2% to 40.3%, resulting in a maximum variation
of 23.1%. Four (13.3%) laboratories differed significantly from the mean (Figure 2b).

When comparing academic and non-academic laboratories in the funnel plots of both 
cutoffs, there did not appear to be any obvious clustering of academic or non-academic 
laboratories on one side of the national mean. Of the ten laboratories that differed
significantly from the mean at the 1% cutoff, four were academic. In the analysis of the 50% 
cutoff, two of four laboratories that differed significantly from the mean were academic 
laboratories.

Interlaboratory variation in PD-L1 positivity: Cytology
Twenty-three laboratories performed PD-L1 testing on cytological material of ≥ 30 patients. 
When the 1% cutoff was used to determine PD-L1 positivity, the mean national proportion
of PD-L1 positive patients was 51.4%. Individual laboratory case mix adjusted positivity
rates ranged from 32.2% to 73.4%, resulting in a maximum variation of 41.2%. Eight (34.8%) 
laboratories differed significantly from the mean (Figure 3a).

Using the 50% cutoff to determine PD-L1 positivity, the mean national proportion of PD-
L1 positive patients was 28.8%. This time, case mix adjusted positivity rates of individual
laboratories ranged from 14.7% to 43.9%, resulting in a maximum variation of 29.2%. Again,
eight (34.8%) laboratories differed significantly from the mean (Figure 3b).

A comparison of academic and non-academic laboratories in the funnel plots of both
cutoffs showed no obvious clustering of academic or non-academic laboratories on one 
side of the national mean. Of the eight laboratories that differed significantly from the
mean at the 1% cutoff, three were academic. In the analysis of the 50% cutoff, four of eight 
laboratories that differed significantly from the mean were academic laboratories.
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Figure 2. Funnel plots showing interlaboratory variation in PD-L1 positivity, based on histology data 
and using either a 1% cutoff (a) or a 50% cutoff (b) to determine PD-L1 positivity. Case mix adjusted
positivity rates are displayed for each laboratory, plotted against the total number of patients tested 
for PD-L1. The black line shows the mean national proportion of PD-L1 positive patients, surrounded
by its 95% confidence limits (dotted lines).
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INTERLABORATORY PD-L1 VARIATION IN A NATIONWIDE COHORT OF NSCLC PATIENTS

Figure 3. Funnel plots showing interlaboratory variation in PD-L1 positivity, based on cytology data 
and using either a 1% cutoff (a) or a 50% cutoff (b) to determine PD-L1 positivity. Case mix adjusted
positivity rates are displayed for each laboratory, plotted against the total number of patients tested 
for PD-L1. The black line shows the mean national proportion of PD-L1 positive patients, surrounded
by its 95% confidence limits (dotted lines).
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Comparing laboratories that differ significantly from the mean
All 23 laboratories that were included in the analysis of cytology data, were also included
in the analysis of histology data. When using the 1% cutoff to determine PD-L1 positivity, 
only two of these 23 laboratories differed significantly from the mean in both the analysis of 
histology data and the analysis of cytology data. Using the 50% cutoff, only one laboratory
differed significantly from the mean in both analyses. Seven laboratories were included in
the analysis of histology data only. Three of these seven laboratories differed significantly 
from the mean in the analysis of the 1% cutoff, and one differed significantly from the mean 
in the analysis of the 50% cutoff.

PD-L1 IHC antibodies and protocols
In order to analyze the role that use of different PD-L1 IHC antibodies and protocols
(commercial assay or LDT) might play in causing interlaboratory variation in PD-L1 positivity,
information on PD-L1 IHC antibodies and protocols used by individual laboratories was 
incorporated in the funnel plots for histological material (see Supplementary Figure 1a and 
b). There did not appear to be any obvious clustering of specific IHC antibodies on one
side of the national mean and the laboratories that differed significantly from the mean
used various antibodies. Additionally, no obvious differences were observed between 
commercial assays and LDTs.

PD-L1 positivity rates that were adjusted for case mix with inclusion of the variable IHC
antibody/protocol ranged from 33.2% to 68.4% at the 1% cutoff, resulting in a maximum
variation of 35.2% between laboratories. This range was smaller than the range in PD-L1
positivity rates adjusted for case mix without IHC antibody/protocol (maximum variation 
35.2% vs. 39.1%). With the inclusion of IHC antibody/protocol in case mix adjustment, nine
(30.0%) laboratories differed significantly from the mean, which is one less than in the
analysis excluding IHC antibody/protocol from case mix adjustment. From the laboratories
with known PD-L1 antibody and protocol, inclusion of IHC antibody/protocol in case mix
adjustment showed the largest effect on laboratories that used the commercial 22C3
pharmDx assay (Supplementary Figure 2a).

At the 50% cutoff, PD-L1 positivity rates adjusted for case mix with inclusion of the variable 
IHC antibody/protocol ranged from 17.3% to 38.4%, resulting in a maximum variation of 21.1%. 
There was slightly less variation compared to the analysis of PD-L1 positivity rates adjusted
for case mix not including IHC antibody/protocol (maximum variation 21.1% vs. 23.1%). With
the inclusion of IHC antibody/protocol in case mix adjustment, only two (6.7%) laboratories
differed significantly from the mean, which was two less than in the analysis excluding IHC 
antibody/protocol from case mix adjustment. Similar to the analysis at the 1% cutoff, inclusion 
of IHC antibody/protocol in case mix adjustment showed the largest effect on laboratories
that used the commercial 22C3 pharmDx assay (Supplementary Figure 2b).
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DISCUSSION

In this nationwide cohort of NSCLC patients, using real-world clinical pathology data, a 
considerable amount of variation in PD-L1 positivity was found between laboratories. The
amount of variation was largest when a 1% cutoff was used to determine PD-L1 positivity.
When using a 50% cutoff, use of cytological material for PD-L1 testing also resulted in a 
substantial amount of variation. Use of the 50% cutoff to determine PD-L1 positivity on
histological material resulted in the smallest amount of interlaboratory variation in PD-L1 
positivity.

With regard to the analysis of histology data, the difference in amount of variation between
the 1% and the 50% cutoff is prominent. The degree of variation seen at the 50% cutoff is
a lot smaller compared to the 1% cutoff. Most likely, the higher amount of variation seen
when using the 1% cutoff is caused to a large extent by a higher degree of interpathologist
variation at this cutoff compared to the 50% cutoff. Several studies have, in fact,
demonstrated lower concordance levels of PD-L1 scoring on TCs between pathologists at
the 1% cutoff in comparison to the 50% cutoff20, 21, 22, 23, 24, 25, 26. Apparently, determining PD-
L1 positivity using a 1% cutoff is harder than determining PD-L1 positivity at the 50% cutoff 
level. When some pathologists have a tendency to score dubious cases with a TPS that
lies around 1% as PD-L1 positive, while other pathologists are more conservative in their 
PD-L1 scoring, this could easily lead to a high degree of variation in PD-L1 positivity rates 
between pathology laboratories. Subsequently, this would influence treatment decisions 
and possibly outcome for individual NSCLC patients.

It is remarkable that PD-L1 testing was performed on cytological material in a considerable
number of cases, even though PD-L1 immunostaining on cytological specimens was not 
validated in clinical trials and only a limited number of studies had assessed histologic-
cytologic correlation of PD-L1 immunohistochemistry during our study period26, 27, 28, 

29. Interestingly, use of cytological material not only resulted in a substantial amount of 
interlaboratory variation in PD-L1 positivity at the 1% cutoff, but also at the 50% cutoff. 
Moreover, most of the laboratories differing significantly from the mean in analysis of 
cytology data were different laboratories than the ones that differed significantly from the
mean in analysis of histology data. This suggests that, besides interpathologist variation
in scoring of PD-L1 TPS, use of cytological material may also contribute to interlaboratory
variation in PD-L1 positivity. We hypothesize that this is most likely a result of the previously 
mentioned differences in processing of cytology12, 13, 14. This may include the use of 
fixatives other than formalin, such as alcohol-based fixatives, which have been shown to 
negatively influence immunoreactivity of various IHC antibodies30, 31, 32, 33, 34. Use of CytoLyt,
a methanol-based fixative, has been shown to negatively affect PD-L1 immunostaining35. 
When laboratories use this fixative on cytological material, this might result in a PD-L1 
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positivity rate that is substantially lower than that of laboratories that use formalin fixation,
for instance. Unfortunately, data extracted from the PALGA database do not contain 
any information about processing of cytological specimens. Analysis of interlaboratory 
variation in PD-L1 positivity rate in relation to different methods of processing of cytology
of each laboratory, could create more insight into the influence of different processing
methods on PD-L1 variation.

Even though the processing of histology samples often shows more similarities between 
different laboratories than the processing of cytology samples, it is still imaginable that
differences in pre-analytical variables in the acquisition and processing of histological
material could contribute to interlaboratory variation in PD-L1 positivity. It has been 
suggested, for instance, that biopsy size and the number of biopsies taken can 
influence PD-L1 results, with small samples more often resulting in an underestimation
of PD-L1 expression36. This could potentially lead to variation in PD-L1 positivity between
laboratories when some laboratories use smaller core biopsy needles and/or a smaller 
number of biopsies in their standard biopsy procedures compared to other laboratories.

An analytical factor that might play a role in causing interlaboratory variation in PD-L1 
positivity could be the use of different PD-L1 antibodies and protocols within the various
laboratories. In our study, funnel plots incorporating information on PD-L1 antibody and 
protocol per laboratory showed no clustering of specific antibodies or protocols or use of 
one specific antibody by the laboratories that differed significantly from the mean, which 
seems promising. Nevertheless, inclusion of the variable IHC antibody/protocol in case
mix adjustment resulted in a reduction of maximum variation in PD-L1 positivity between 
laboratories compared to the analysis that did not include IHC antibody/protocol in case 
mix adjustment at both cutoffs, although the reduction in maximum variation was small.
Adding IHC antibody/protocol to case mix adjustment also resulted in a reduction of 
the number of laboratories that differed significantly from the mean at both cutoffs. This 
suggests that use of different PD-L1 antibodies and protocols might have some influence
on interlaboratory variation in PD-L1 positivity. It is important to interpret these analyses 
with caution, since information on specific PD-L1 antibody and protocol or on protocol only
was lacking in more than a quarter of laboratories. One study that also used real-world 
data on PD-L1 testing37, showed no statistically significant difference in PD-L1 expression 
between commercial assays 22C3 and 28–8. Yet, the researchers did find a statistically 
significant difference at the 50% cutoff level between these two commercial assays and all
LDTs grouped together, with the LDTs showing more PD-L1 negative results. Another study 
showed substantial interlaboratory concordance of PD-L1 staining for various commercial
assays, but only moderate concordance for LDTs compared to commercial assays38. In 
contrast, a meta-analysis of diagnostic accuracy of PD-L1 IHC assays concluded that properly
designed LDTs may in fact achieve higher accuracy than commercial PD-L1 assays, when
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both are compared to an appropriate reference standard11. Various other studies have
shown substantial interlaboratory concordance of PD-L1 staining for several commercial
PD-L1 assays22, 39, 40, 41, while another study stated that equivalence of commercial PD-L1 
assays at the 1% and 50% cutoff cannot be assumed42. Lastly, a study by Butter et al.43

showed a similar degree of interlaboratory concordance between laboratories using a
22C3 LDT and laboratories using the 22C3 pharmDx commercial assay (Agilent), but also
concluded that interlaboratory variability of immunostaining contributes to discrepancies 
in PD-L1 positivity between centers. Unfortunately, based on the data in our study, no
definitive conclusions can be drawn regarding the actual influence of different antibodies
and protocols on interlaboratory variation in PD-L1 positivity in the real-life clinical setting.

A large degree of variation between laboratories, such as seen in our study, is problematic.
After all, this implies that a patient could receive different PD-L1 test results depending
on the pathology laboratory where his or her material is tested. In turn, this could result 
in different courses of treatment, and may subsequently influence outcome of individual
NSCLC patients. Variation at the 50% cutoff may be especially problematic, since this
cutoff is used across the world to differentiate between treatment with immunotherapy 
alone or a more toxic treatment regimen of immunotherapy combined with chemotherapy 
for patients with metastatic NSCLC1, 44, 45. With this study, we hope to raise awareness 
among pathologists, but also among pulmonologists, of the existence of interlaboratory 
variation in PD-L1 positivity. In order to further decrease variation between laboratories, 
one could think of various measures pathologists could take, such as double reading 
of difficult cases. Also, laboratories might decide to let all PD-L1 staining be scored by 
properly trained and experienced pathologists only, since it has been shown that training
for PD-L1 scoring and experience in routine pathology practice correlate with higher 
interpathologists concordance46. Unfortunately, our data do not include information 
about individual laboratories’ expertise in scoring PD-L1 on material from NSCLC patients, 
hence we cannot draw conclusions on the correlation between laboratories’ level of 
experience and the amount of interlaboratory variation in PD-L1. In future, digital image
analysis for PD-L1 scoring might improve interobserver concordance47, although this 
needs to be studied more extensively before implementation into clinical practice. Parallel
to the previously mentioned measures, which mainly focused on reducing interobserver
variability, a reduction of technical differences between laboratories might also contribute 
to a decrease in interlaboratory variation. We do not know how many of the laboratories
included in our study participated in PD-L1 external quality assessment (EQA) schemes
during the study period. Potentially, participation of all laboratories in such EQA schemes 
could help in reducing interlaboratory variation in PD-L1 positivity48. Also, when LDTs 
are used for PD-L1 staining, it is paramount that these LDTs are optimized and validated
sufficiently49. This may not always be the case in all laboratories, which may suggest that
use of commercial assays could also contribute to reduction of interlaboratory variability 
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in PD-L1 positivity. Nevertheless, this remains uncertain, since even laboratories that use
the same commercial assay can produce differences in PD-L1 staining results38, 43 and 
others have reported inequality of commercial assays at the 1% and 50% cutoff42

. To help
create more awareness among pathologists, results from individual laboratories in our
study were sent back to these laboratories as feedback reports. In this way, pathologists
are encouraged to discuss and reflect on their own results concerning PD-L1 testing, 
compared to other laboratories in the Netherlands, and to think of ways to improve their
own PD-L1 testing practices.

Our study has some limitations. Notably, some variables were unknown in a large number 
of patients, which restricted the analyses that we could perform. This included antibody
or specific IHC protocol (commercial assay or LDT) used for PD-L1 testing, as discussed 
above. Variables such as mutational status, smoking status, and stage of disease were
unknown in many or all patients, and could therefore not be included in the multivariate 
logistic regression model for case mix correction either. It would have strengthened our 
study if we could have included these variables in our logistic regression model. However,
the association between mutation status, such as KRAS and EGFR mutation status, and 
PD-L1 expression is still controversial, with various studies showing opposing results50, 51, 

52. Also, while some studies show a significant correlation between smoking status and 
PD-L153, others do not54, 55. With regard to stage of disease, various studies have shown 
a positive correlation between higher stages of disease and high PD-L1 expression53,

54. Since PD-L1 expression holds clinical implications for stage III and stage IV NSCLC
patients, most of the patients in our data set would have most likely had stage III or stage 
IV disease. It is thus unlikely that interlaboratory differences in mutation status, smoking 
status, or stage of disease could have completely explained the high degree of variation 
in PD-L1 positivity that we found. Another limitation is the lack of information on the 
number of pathologists scoring PD-L1 expression per laboratory. While this information
could have provided valuable insight into the amount of interpathologist variation in PD-
L1 positivity rate within each laboratory, we still feel that the insight into the variation in 
PD-L1 positivity on an interlaboratory level is valuable on its own. To our knowledge, no
other studies have provided these kinds of analyses on such a large scale using real-
world clinical pathology data. Finally, the influence of different methods of processing of 
cytology material on interlaboratory variation in PD-L1 positivity could not be studied, as
information on processing of cytological specimens was not part of the PALGA database.
We intend to retrieve this information in another way, such as through questionnaires sent 
out to laboratories, so that we will be able to study the relationship between processing of 
cytological specimens and interlaboratory variation in PD-L1 positivity in the future.

In conclusion, we have shown that in a real-world setting, a considerable amount of variation
in PD-L1 positivity rates exists between pathology laboratories on a nationwide level. Most 
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likely, this is caused to a large extent by discordance between pathologists at the 1%
cutoff point. Potentially, various analytical or pre-analytical factors, such as differences in 
processing of cytological material between laboratories, may contribute to interlaboratory 
variation in PD-L1 positivity as well. It is important that the amount of variation between 
laboratories is reduced, since a high degree of variation could result in patients receiving
a different course of treatment when PD-L1 is assessed in the one laboratory compared 
to another. Both pathologists and pulmonologists should be made aware of this risk, and
work together to try to reduce the amount of interlaboratory variation in PD-L1 positivity.
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SUPPLEMENTARY DATA

Supplementary figure 1. Funnel plots showing interlaboratory variation in PD-L1 positivity (based on 
histology data), with incorporation of PD-L1 antibody and protocol used per laboratory. PD-L1 positivity
was determined using either a 1% cutoff (a) or a 50% cutoff (b). Case-mix adjusted positivity rates are
displayed for each laboratory (dots), plotted against the total number of patients tested for PD-L1.
Color of the dots indicates the PD-L1 antibody used by the laboratory (see legend). The black line
shows the mean national proportion of PD-L1 positive patients, surrounded by its 95% confidence
limits (dotted lines).
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Supplementary figure 2. Funnel plots showing interlaboratory variation in PD-L1 positivity (based on 
histology data) and displaying case mix adjusted PD-L1 positivity rates with and without incorporation
of the variable IHC antibody/protocol. PD-L1 positivity was determined using either a 1% cutoff (a) or
a 50% cutoff (b). Case-mix adjusted positivity rates are displayed for each laboratory (dots), plotted 
against the total number of patients tested for PD-L1. Positivity rates that were adjusted for case-mix 
including IHC antibody/protocol are displayed as non-transparent dots, while positivity rates adjusted
for case-mix without IHC antibody/protocol are displayed as semi-transparent dots. Color of the dots
indicates the PD-L1 antibody used by the laboratory (see legend). The black line shows the mean 
national proportion of PD-L1 positive patients, surrounded by its 95% confidence limits (dotted lines).
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ABSTRACT

Programmed death-ligand 1 (PD-L1) immunostaining, which aids clinicians in decision-
making on immunotherapy for non-small cell lung cancer (NSCLC) patients, is sometimes 
performed on cytological specimens. In this study, differences in cytology fixation and cell
block (CB) processing between pathology laboratories were assessed, and the influence
of these differences on interlaboratory variation in PD-L1 positivity was investigated. 
Questionnaires on cytology processing were sent to all Dutch laboratories. Information 
gathered from the responses was added to data on all Dutch NSCLC patients with a
mention of PD-L1 testing in their cytopathology report from July 2017 to December 2018, 
retrieved from PALGA (the nationwide network and registry of histo- and cytopathology in 
the Netherlands). Case mix-adjusted PD-L1 positivity rates were determined for laboratories
with known fixation and CB method. The influence of differences in cytology processing 
on interlaboratory variation in PD-L1 positivity was assessed by comparing positivity rates 
adjusted for differences in the variables fixative and CB method with positivity rates not
adjusted for differences in these variables. Twenty-eight laboratories responded to the
survey and reported 19 different combinations of fixation and CB method. Interlaboratory
variation in PD-L1 positivity was assessed in 19 laboratories. Correcting for differences in
the fixative and CB method resulted in a reduction (from eight (42.1%) to five (26.3%)) in
the number of laboratories that differed significantly from the mean in PD-L1 positivity. 
Substantial variation in cytology fixation and CB processing methods was observed
between Dutch pathology laboratories, which partially explains the existing considerable 
interlaboratory variation in PD-L1 positivity.
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INTRODUCTION

Globally, lung cancer is one of the most frequent forms of cancer, with more than 2.2 
million new cases in 2020, accounting for 11.4% of all cancer cases worldwide1. Lung 
cancer also accounts for the most cancer-related deaths worldwide1, with a 5-year survival
rate of only 10–20% for patients diagnosed between 2010 and 2014 in most countries2.
Non-small cell lung cancer (NSCLC), one of the two main histopathological types (the other 
being small cell lung cancer), accounts for 85% of lung cancer patients3, 4. For patients
with advanced NSCLC without actionable mutations in driver genes such as EGFR or
ALK, immunotherapy may prove beneficial and has become part of standard treatment.
Patients with stage IV NSCLC may qualify for first-line monotherapy with pembrolizumab, a 
programmed death receptor-1 (PD-1) inhibitor, when at least 50% of their tumor cells show 
expression of programmed death-ligand 1 (PD-L1)5, 6. Similarly, patients with unresectable
stage III NSCLC may receive consolidation treatment with durvalumab, a PD-L1 inhibitor,
after chemoradiotherapy, for which the European Society for Medical Oncology (ESMO)
recommended that patients should have a PD-L1 expression of at least 1% on tumor cells7.

PD-L1 expression is determined by pathologists through immunohistochemistry, which has
been validated on histological specimens. In clinical practice, however, quite often, minimally 
invasive techniques such as fine needle aspirations (FNA) are used to collect diagnostic
material8. In those instances, pathologists may be asked to perform PD-L1 immunostaining 
on cytology samples, for which usually cell blocks (CBs) are prepared. While histological 
specimens are generally processed into formalin-fixed paraffin-embedded (FFPE) tissue 
blocks, numerous ways of processing cytology specimens into cell blocks exist9. What is 
more, various non-formaldehyde-based fixatives are used for the fixation of cytological
specimens9, 10. We and others have shown that the use of alcohol-based fixatives may 
negatively influence the immunoreactivity of various antibodies11-14, including PD-L115-17. We 
have also demonstrated that a considerable amount of variation in PD-L1 positivity rates 
exists between pathology laboratories in a real-world setting, both in PD-L1 positivity rates 
based on histological material and in PD-L1 positivity rates based on cytological material18.
Besides interobserver variability between pathologists, pre-analytical factors such as use
of different fixatives and CB methods might play a role in causing this variation, too. In this
study, the variation in fixation and CB processing of cytology samples between pathology 
laboratories in the Netherlands was assessed. Subsequently, we investigated whether
variation in fixation and processing methods influences interlaboratory variation in PD-L1 
positivity, using real-world clinical pathology data of a large cohort of NSCLC patients.
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MATERIALS AND METHODS

Survey on fixation and CB methods
In order to gather information on methods used for fixation and CB processing of 
cytology samples in each individual laboratory, a questionnaire was sent to all pathology
laboratories in the Netherlands. The questionnaire contained questions on how many
different processing methods were used within the individual laboratory, which collection 
media and fixatives were used for various cytology samples, if post-fixation in a different
fixative was part of the process, which fixation times were used, and which method was 
used for processing the cytology sample into a CB (Supplementary information 1). The 
respondents were asked to specifically answer these questions for cytological samples
from NSCLC patients that may had been tested for PD-L1 between 1 July 2017 and 31 
December 2018, corresponding with the study period used for extraction of data from the
PALGA data set (see “Data source and data extraction”).

Data source and data extraction
In order to analyze the impact of fixation and CB methods on interlaboratory variation in 
PD-L1 positivity, data were extracted from PALGA, the nationwide network and registry of 
histo- and cytopathology in the Netherlands. The PALGA registry contains all pathology 
records from all Dutch pathology laboratories since 199119. All pathology laboratories have 
given consent for the storage of their data by PALGA, and for the scientific use of these 
data. Patients can opt out of consenting to the use of their data for research purposes. 
Since this specific study had a national, non-interventional retrospective design and all 
data were analyzed anonymously, patient consent was waived. This study was approved 
by PALGA’s Scientific Council and Privacy Committee, and all data were handled according
to the General Data Protection Regulation (GDPR).

Data on all NSCLC patients in the Netherlands with a mention of PD-L1 testing in their 
pathology report between 1 July 2017 and 31 December 2018 were retrieved. We have
reported on this previously in another manuscript18, in which we assessed interlaboratory 
variation in PD-L1 positivity in both histological and cytological material on a nationwide 
level. Patients with multiple primary lung tumors were excluded from the data set, because 
treatment of one of these tumors could potentially have influenced PD-L1 expression in the 
other tumor20, 21. For the current study, only the data on cytological specimens were used. 
Since information on fixation and CB method is not part of standard pathology reporting, 
the information from the survey was used to enrich the data from PALGA. In order to do
so, the various methods described by the respondents were divided into categories within 
two variables, i.e. fixative and CB method. These variables were then added to the PALGA
data set. In order to enable the linking of the information gathered from the survey to the
data retrieved from PALGA, the survey was sent to laboratories through PALGA, ensuring 
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that the laboratories taking part remained anonymous to the researchers.

From all pathology reports concerning cytological specimens with known fixation and 
CB method, the following data were extracted: age and sex of the patient, histologic
subtype of the tumor, number of PD-L1 tests performed, source of material for PD-L1 test(s),
reported tumor proportion score (TPS), and number of tumor cells present (< 100 or ≥ 100),
if reported.

Analysis of interlaboratory variation in PD-L1 positivity in relation to fixation and CB
methods
Equal to what we described in our previous paper18, variation in PD-L1 positivity was
studied by comparing the proportions of reported PD-L1 positive patients between the
laboratories that performed PD-L1 testing. PD-L1 positivity was determined according to 
two clinically relevant cutoffs, i.e., ≥ 1% and ≥ 50%. Analysis of interlaboratory variation
was performed for each of these cutoffs separately. Only cytology samples with known
fixation and CB method were included. Furthermore, only patients from laboratories that
had performed PD-L1 tests in ≥ 30 patients during the study period were included, and
for each patient, only one PD-L1 test performed on a cytological sample was included. 
Patients with discordant results of multiple PD-L1 tests performed on cytological material 
were excluded, since it was impossible to determine which of the test results could be
considered as the “true” result. This concerned results from multiple tests performed on
the same tumor focus as well as results from tests on different foci of the same tumor
process (e.g., primary tumor and metastasis). Patients with inconclusive test results only
and patients with tests without a reported TPS were excluded as well.

Plots displaying interlaboratory variation in PD-L1 positivity in cytological material were
created. Information on fixative was incorporated in these plots by using colors to display
the fixative that was used most in each laboratory. Some laboratories performed PD-L1
testing for both their own and external laboratories, and fixation and CB methods could 
also differ within one laboratory, which is why some laboratories performed PD-L1 testing
on cytological material fixed in various fixatives. Whenever laboratories used two fixatives
in a fairly even distribution (up to 65–35%), two colors were used.

Statistical analysis
Patient and sample characteristics were summarized using counts and proportions. 
Differences between PD-L1 positive and negative subgroups were tested by using a
Pearson’s chi-square (χ2) test for categorical variables and a t-test for continuous variables.
Potential associations between PD-L1 positivity and fixative or CB method were assessed
using univariable logistic regression analysis. PD-L1 positivity was determined using the 1% 
cutoff and the 50% cutoff, separately.
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The mean PD-L1 positivity rate of all patients included was determined for both the 1% 
cutoff and the 50% cutoff. Differences in PD-L1 positivity rates between laboratories
were displayed in funnel plots, which showed the mean PD-L1 positivity rate with its 95% 
confidence limits and the percentage of PD-L1 positive patients plotted against the total 
number of patients tested for each laboratory. All laboratories falling outside the 95% 
confidence limits were considered to differ significantly from the mean.

The PD-L1 positivity rates used in the funnel plots were adjusted for differences in patient
and sample characteristics (i.e., case mix) by performing multivariable logistic regression
analysis. Based on the multivariable regression model, case mix-adjusted positivity rates
were determined by dividing the observed percentage of PD-L1 positive patients per 
laboratory by the expected percentage, followed by multiplying with the mean percentage 
of PD-L1 positivity. The predetermined variables that were included in the adjustment 
analyses were age, sex, histologic subtype, and source of material used for PD-L1 testing. 
Additional case mix-adjusted PD-L1 positivity rates were calculated using multivariable
logistic regression analysis that also included the variables fixative and CB method. These
positivity rates were then compared with the case mix-adjusted positivity rates of the same 
laboratories without the variables fixative and CB method. Furthermore, the likelihood 
ratio test (LRT) was used to compare the goodness of fit of both multivariable logistic
regression models (with and without the variables fixative and CB method).

All statistical analyses were performed using IBM SPSS Statistics version 26.

RESULTS

Nationwide variation in fixation and CB methods of cytology samples
We received responses from 28 (66.7%) of the 42 laboratories to that the questionnaire 
was sent to. From the responses, 19 different ways of processing cytology samples could
be discerned. Figure 1 provides an overview of the various combinations of collection 
medium, fixative, post-fixation, and CB method, with the number of times each combination 
was used by a laboratory in the final column. Sometimes different processing methods 
were used within one laboratory, depending on the type of cytological material. This 
explains why the numbers in the final column add up to 37 instead of 28. Variation in mean
fixation time ranged from 20 min to 36 h, with a mean of 12 h.

Formalin or Unifix, a substance also containing formaldehyde, was used most often in the
various combinations of fixatives and CB methods employed by the different laboratories
(12 out of 37 times, 32.4%). Alcohol fixation (methanol- or ethanol-based) followed 
by formalin fixation was used 11 of 37 times (29.7%). Seven (18.9%) of all 37 processing 
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methods contained a step involving CytoRich Red fixation, a solution that contains both
alcohols and formaldehyde. Finally, in 7 out of 37 cases (18.9%), the cytological material
was fixed using CytoLyt and PreservCyt (Hologic, Marlborough, Massachusetts, USA), both
methanol-based, without formalin post-fixation.

Four different CB methods were used, i.e., centrifugation of the cytology sample and 
processing the cell pellet into an FFPE CB, agar embedding, the Thermo Scientific or
Shandon CB method (Thermo Fischer Scientific, Waltham, Massachusetts, USA), and the
Cellient-automated CB system (Hologic, Marlborough, Massachusetts, USA). Centrifugation
and processing into an FFPE CB and the agar-based method were used most often (12 out 
of 37 times, 32.4%). The Cellient CB system and Thermo Scientific CB method were used 
in 8 (21.6%) and 5 (13.5%) out of 37 cases, respectively.

Patient selection process from the PALGA data set
Information on fixation methods used by the various laboratories was divided into four
categories (formalin fixation, CytoRich Red fixation, alcohol (methanol or ethanol) fixation
with formalin post-fixation, and CytoLyt/PreservCyt fixation (without formalin post-fixation)) 
and added to the PALGA data set. Similarly, information on CB methods used by the 
various laboratories was also divided into four categories (centrifugation and FFPE CB,
agar-based CB, Thermo Scientific CB, and Cellient CB) and added to the PALGA data set.

The PALGA data set showed that during the study period, 10,625 PD-L1 tests were 
performed in 8,725 patients with NSCLC in the Netherlands. Data from 42 laboratories 
were included, of which 32 performed PD-L1 testing on cytology samples. Of all tests, 2,665
(25.1%) were performed on cytological material of 2,300 patients. Based on the results from 
our survey, information on fixation and CB method could be added to the samples of 1,784 
patients, resulting in the exclusion of 516 patients. After this, 92 patients from laboratories 
that performed PD-L1 testing in < 30 patients were excluded. Finally, after the exclusion of 
patients with discordant results from multiple PD-L1 tests (n = 14), patients with inconclusive
test results only (n = 216), and patients with tests with unknown TPS (n = 4), 1,458 patients from 
19 laboratories remained for analysis of interlaboratory variation in PD-L1 positivity (Figure
2). The patients with inconclusive test results only had a total of 259 tests performed, of 
which 195 (75.3%) were reported to have an insufficient amount of viable tumor cells (< 100).
Characteristics of all included patients and their samples tested for PD-L1 are displayed in
Table 1. Proportions significantly differed between PD-L1 positivity and negativity across sex, 
histologic subtype, fixative, and CB method for both cutoffs.
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Figure 1. Overview of the various combinations of fixation and cell block methods for cytology 
samples as described by the survey respondents. The final column displays the number of times each 
combination is used. Colors depict the overall fixation method for each combination (see legend). 
#Fluids were not always received in a collection medium, but rather as fresh fluids. Abbreviations: 
FFPE, formalin-fixed paraffin-embedded; N/A, not applicable.
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Figure 2. Flowchart of the patient selection process from the PALGA data set. CB, cell block; NSCLC, 
non-small cell lung cancer; PD-L1, programmed death-ligand 1; TPS, tumor proportion score.
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Analysis of the association between fixative and PD-L1 positivity
Within the different categories of the variable fixative, the mean PD-L1 positivity rate based 
on the 1% cutoff was highest in the samples fixed in formalin (59.7%). After this came 
CytoRich Red (53.5%) and alcohol fixation with formalin post-fixation (49.4%), followed by
CytoLyt/PreservCyt fixation without formalin post-fixation (41.8%). At the 50% cutoff, the 
mean percentage of PD-L1 positive cases was 33.3% for all samples fixed in formalin. Mean 
PD-L1 positivity was 29.2% for samples fixed in CytoRich Red, 26.3% for samples fixed
in alcohol with formalin post-fixation, and 23.9% for samples fixed in CytoLyt/PreservCyt
(Supplementary Figure 1a).

Univariable logistic regression analysis revealed a statistically significant association 
between fixative and PD-L1 positivity for both the 1% cutoff and the 50% cutoff (Table 2), with 
the odds of scoring PD-L1 as positive being significantly lower in samples fixed in CytoLyt/
PreservCyt (without formalin post-fixation) or in alcohol with formalin post-fixation compared
with samples fixed in formalin only. There was no significant difference in the odds of scoring 
PD-L1 as positive between samples fixed in CytoRich Red and those fixed in formalin.

Table 2. Univariable logistic regression analysis for assessment of association between the variables 
fixative and cell block method and PD-L1 positivity (defined as ≥1% and ≥50% positive tumor cells).

PD-L1 ≥1% vs. <1% PD-L1 ≥50% vs. <50%

OR (95% CI) overall p-value OR (95% CI) overall p-value

Fixative
    Formalin
    CytoRich Red 
    Alcohol + formalin
    CytoLyt/PreservCyt

1.00 reference
0.78 (0.58-1.04)
0.66 (0.50-0.87)
0.48 (0.37-0.64)

<0.01
1.00 reference
0.83 (0.60-1.13)
0.71 (0.52-0.97)
0.63 (0.46-0.86)

<0.05

Cell block method
    Centrifugation and FFPE
    Agar
    Thermo Scientific Cytoblock
    Cellient

1.00 reference
1.32 (1.00-1.74)
1.00 (0.69-1.43)
0.52 (0.38-0.71)

<0.01
1.00 reference
1.22 (0.90-1.64)
0.93 (0.62-1.39)
0.57 (0.40-0.83)

<0.01

Data in bold indicate a statistically significant difference in the odds of scoring PD-L1 as positive compared to the
reference category. Abbreviations: CI = confidence interval; FFPE = formalin-fixed paraffin-embedded; OR = odds 
ratio; PD-L1 = programmed death-ligand 1.

Analysis of the association between CB method and PD-L1 positivity
The mean PD-L1 positivity rate at the 1% cutoff for samples that were centrifuged and
processed into FFPE CBs was 52.5%. For the other categories, mean PD-L1 positivity rates
were 59.3% (agar CBs), 52.4% (Thermo Scientific CBs), and 36.3% (Cellient CBs). At the 
50% cutoff, the mean PD-L1 positivity was 29.2% for samples centrifuged and processed 
into FFPE CBs. Mean PD-L1 positivity was 33.5% for samples processed into agar CBs,
27.7% for samples processed into Thermo Scientific CBs, and 19.2% for samples processed 



634063-L-bw-Koomen634063-L-bw-Koomen634063-L-bw-Koomen634063-L-bw-Koomen
Processed on: 19-3-2024Processed on: 19-3-2024Processed on: 19-3-2024Processed on: 19-3-2024 PDF page: 136PDF page: 136PDF page: 136PDF page: 136

138

CHAPTER 6

6

into Cellient CBs (Supplementary Figure 1b).

A statistically significant association was found between CB method and PD-L1 positivity
for both cutoffs (Table 2). The odds of scoring PD-L1 as positive were significantly lower in
samples processed into Cellient CBs in comparison to samples that were centrifuged and 
processed into FFPE CBs. At the 1% cutoff, the odds of PD-L1 positivity were significantly
higher for samples processed into agar-based CBs than for those centrifuged and 
processed into FFPE CBs. No statistically significant differences in the odds of PD-L1
positivity were found between the Thermo Scientific Cytoblock method and centrifugation
and processing into an FFPE CB.

Fixation and CB methods in relation to interlaboratory variation of PD-L1 positivity
The mean PD-L1 positivity rate of all included patients was 51.6% at the 1% cutoff and 28.5%
at the 50% cutoff. When positivity rates without any case mix adjustment were plotted
against the total number of PD-L1 tests for each laboratory and compared to the overall
mean, eight (42.1%) laboratories differed significantly from the mean at the 1% cutoff and nine
(47.4%) laboratories differed significantly from the mean at the 50% cutoff (data not shown).
After case mix adjustment for sex, age, histologic subtype, and source of material, funnel
plots showed eight (42.1%) laboratories differing significantly from the overall mean at both
cutoffs (Figure 3). Case mix adjustment with these variables thus resulted in a reduction of 
the number of laboratories differing significantly from the mean from nine to eight at the 50%
cutoff. No reduction in the number of laboratories differing significantly from the mean was 
seen at the 1% cutoff. The case mix-adjusted positivity rates from the individual laboratories 
ranged from 26.0 to 72.4% at the 1% cutoff, and from 9.9 to 40.9% at the 50% cutoff.

When looking at Figure 3a, attention is drawn to the seven laboratories that used
formalin fixation for at least part of their samples (in blue). Five of these laboratories lie 
above the overall mean, with four laboratories falling outside the upper 95% confidence
limit. In contrast, most of the laboratories that primarily used CytoLyt and PreservCyt 
fixation without formalin post-fixation (in red) lie below the overall mean, with one of 
the laboratories that fall far below the lower 95% confidence limit also using CytoLyt/
PreservCyt fixation. The other laboratory falling below the lower 95% confidence limit
mainly used combined alcohol and formalin fixation, but this fixation method was also used 
by two of the laboratories that lie above the upper 95% confidence limit. Hence, the mean
PD-L1 positivity rate of all samples fixed in alcohol followed by formalin post-fixation lies 
much closer to the overall mean, while the mean of all samples fixed in CytoLyt/PreservCyt 
without formalin post-fixation lies further below the overall mean. Conversely, the mean 
of all samples fixed in formalin lies quite far above the overall mean. The differences
between the laboratories that used different fixation methods are less apparent at the
50% cutoff (Figure 3b), although a similar pattern can still be discerned.
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Figure 3. Funnel plots showing interlaboratory variation in programmed death-ligand 1 (PD-L1)
positivity. PD-L1 positivity was determined using either a 1% cutoff (a) or a 50% cutoff (b). For each 
laboratory, case mix-adjusted positivity rates are displayed against the total number of patients tested
for PD-L1 (dots). The variables age, sex, histological subtype, and source of material used for PD-L1
testing were included in the case mix adjustment analysis. Colors are used to indicate the fixative that 
was used the most in each laboratory (see legend). The black line shows the overall mean proportion
of PD-L1 positive patients, surrounded by its 95% confidence limits (black dotted lines). The colored 
dotted lines display the mean PD-L1 positivity rate for each fixative category.
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When the variables fixative and CB method were included in the multivariable logistic
regression models for case mix correction, the number of laboratories falling outside the
95% confidence limits decreased from eight (42.1%) to five (26.3%) at the 1% cutoff (Figure
4a). Adding the variables fixative and CB method to the case mix correction analysis 
resulted in a maximum variation between PD-L1 positivity rates of 47.9% (34.4–82.3%).
This was a slightly wider range than the range of PD-L1 positivity rates adjusted for case
mix without fixative and CB method, which was 46.4%. This seems mainly driven by a 
single laboratory that went from falling within the 95% confidence limits when adjusted for
case mix without the variables fixative and CB method, to falling far outside the upper 95%
confidence limit when adjusted for case mix including fixative and CB method.

At the 50% cutoff, adjusting PD-L1 positivity rates for case mix with the inclusion of the
variables fixative and CB method again resulted in a decrease of the number of laboratories 
differing significantly from the mean from eight (42.1%) to five (26.3%) (Figure 4b). The 
PD-L1 positivity rates of the individual laboratories ranged from 14.9 to 55.9%, resulting 
in a maximum variation of 41.0%. This maximum variation was wider than the maximum
variation of PD-L1 positivity rates adjusted for the case mix without the fixative and CB
method (41.0% vs. 31.0%). Again, this seems mainly driven by the same outlier laboratory
as at the 1% cutoff.

At both cutoffs, adding the variables fixative and CB method to the multivariable logistic
regression model resulted in a lower log-likelihood value in comparison to the model 
without the variables fixative and CB method, indicating a better fit to the data of the 
extended model. The difference in fit between the models was statistically significant
based on the LRT (p-value < 0.01).
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Figure 4. Funnel plots showing interlaboratory variation in programmed death-ligand 1 (PD-L1)
positivity, with PD-L1 positivity rates adjusted for case mix including the variables fixative and cell
block method. PD-L1 positivity was determined using either a 1% cutoff (a) or a 50% cutoff (b). For each 
laboratory, case mix-adjusted positivity rates are displayed against the total number of patients tested
for PD-L1 (diamonds). The color of the diamonds indicates the fixative that was used the most in each
laboratory (see legend). The black line shows the overall mean proportion of PD-L1 positive patients, 
surrounded by its 95% confidence limits (dotted lines).
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DISCUSSION

In this cohort study based on real-world data, the variation in fixation and CB processing of 
cytology samples by pathology laboratories in the Netherlands was assessed. We revealed
that many differences exist in both the use of fixatives and of CB methods, sometimes 
including multiple methods within one laboratory. Correcting PD-L1 positivity rates of individual
laboratories for differences in the use of fixative and CB method resulted in a reduction of the
number of laboratories that differed significantly from the mean PD-L1 positivity. Moreover, 
the observed decrease in interlaboratory variation was considerably greater than the
decrease that was seen when PD-L1 positivity rates were corrected for differences in patient
and sample characteristics without the variables fixative and CB method.

First of all, the number of different fixation and processing methods and reported
combinations among the laboratories that responded to our survey is enormous: within
a total of 28 laboratories, 19 different combinations of fixation and processing cytological
material into a CB could be discerned. These results are comparable to those of other
studies that used surveys to assess interlaboratory variation in both fixation and CB 
methods, which also showed large amounts of variation in cytology processing methods
between laboratories8, 22-24.

Both methanol-based and ethanol-based fixatives have a potentially deleterious
effect on PD-L1 immunostaining performed on CBs15-17, with a risk of false-negative PD-
L1 immunostaining results. Indeed, correcting for differences in cytology fixation and
CB processing methods between laboratories resulted in a reduction in the number 
of laboratories differing significantly from the mean in PD-L1 positivity. Formalin post-
fixation may reverse the negative effects of alcohol fixation to some degree15, with some
studies showing good concordance in PD-L1 positivity between histology and cytological 
specimens from the same tumor fixed in an alcohol-based fixative followed by formalin 
fixation25-27. It is unclear, however, what the maximum duration of alcohol fixation is after 
which formalin post-fixation is still effective, and what the most optimal formalin post-
fixation time would be. CytoRich Red, containing both alcohols and formaldehyde, did
not seem to have a negative effect on PD-L1 immunostaining in various studies15, 26, 28. 
Likewise, univariable logistic regression analyses in our study did not show a statistically 
significant difference in the odds of finding PD-L1 positivity between CytoRich Red fixation 
and formalin fixation, while the odds of scoring PD-L1 as positive were significantly lower 
in samples fixed in CytoLyt/PreservCyt without formalin post-fixation or in alcohol with
formalin post-fixation compared with samples fixed in formalin.

It is possible that differences in the CB method also influence interlaboratory variation in PD-
L1 positivity, regardless of the fixation method. Yet, very few studies have been published
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that assessed the influence of the CB method on immunostaining independently of the
fixation method. In a study by Lloyd et al.17, cytology samples processed into CBs with the
Cellient-automated CB system showed optimal PD-L1 staining results compared with CB 
preparation according to the plasma-thromboplastin method. However, the authors advise 
against the use of CytoLyt as a collection medium due to the poor performance of PD-
L1 immunostaining in samples collected in CytoLyt. Remarkably, CytoLyt is the collection
medium of choice recommended for use with the Cellient system by the manufacturer. In
our study, nearly 75% of the Cellient processed samples were fixed in CytoLyt/PreservCyt, 
and the remainder were fixed in an alcohol-based fixative with formalin post-fixation. None
of the Cellient processed samples were fixed in formalin only. All in all, based on the 
available literature, it is very likely that the influence of differences in cytology processing 
methods on interlaboratory variation in PD-L1 positivity can be attributed mostly to
differences in fixation methods.

We have reported previously that a large degree of variation in PD-L1 positivity between
laboratories is problematic. Indeed, this could result in patients receiving different PD-L1 
test results depending on the pathology laboratory where their material is tested18. Thus, 
efforts should be taken to keep interlaboratory variation in PD-L1 positivity to a minimum. 
Based on the current study, an important step to take would be to create more uniformity
between laboratories in the way that cytology samples are fixed and processed, using 
a method that does not negatively influence immunostaining results. This desire for
uniformity has been expressed by others8, 29, too, and could prove beneficial not only to
results from PD-L1 immunostaining but also to results from other immunohistochemical 
assays that show adverse effects of alcohol fixation, such as for progesterone receptor30

and MIB131. External quality assessment (EQA) schemes specifically designed to assess 
immunocytochemistry could perhaps aid in uncovering possible technical issues and 
in promoting standardization32. Future studies should investigate which method is the
preferred (combination of) cytology processing method(s) for PD-L1 testing.

Potentially, rigorous validation and optimization of immunostaining protocols that are
used on cytology samples but have originally been validated on FFPE tissue samples 
could aid in diminishing variation as well. Unfortunately, it has been shown that validation
and optimization of immunostaining protocols for cytology samples are not common
practice23, 24, even though organizations such as the College of American Pathologists 
(CAP) recommend that a sufficient number of cases should be tested to ensure that 
immunohistochemical assays achieve similar results when performed on cytological 
material compared to histological material33. No advice is given, however, on the criteria
and number of specimens needed for validation, and it is stated that “separate validation 
of all markers on all potential cytologic specimens is generally not feasible”33. The type 
of material that should be used for validation may often not be clear either, or it may be 
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difficult to collect enough material, especially when dealing with small cytology samples. 
On top of that, some laboratories receive cytological specimens from external laboratories
for immunocytochemical testing, which may have been fixed and processed in a variety of 
ways. Moreover, with PD-L1 immunostaining, a decrease in staining intensity could result
in false-negative staining results, but it is hard to determine what level of decrease in
staining can still be accepted and what level would actually cause problems in clinical
practice. All these factors may complicate the proper validation and optimization of PD-
L1 immunohistochemical stains that are used on cytological specimens. On top of that,
laboratories may use commercial assays for PD-L1 immunostaining, which use standardized 
protocols developed by the manufacturer that cannot simply be adjusted.

After correction for case mix including variation in the fixative and CB method, the amount
of interlaboratory variation in PD-L1 positivity was still substantial at both cutoffs. Compared 
to histology, tissue architecture is disrupted in cytology samples, which can complicate
the recognition of tumor cells. Also, it may be a lot harder to distinguish tumor cells from 
inflammatory cells, especially macrophages, which may lie adjacent to or intermixed
with isolated tumor cells34, 35. The level of experience and training of the pathologists
scoring PD-L1 immunostaining on cytology in a routine clinical pathology setting may not
be the same in all laboratories, all the more so because scoring of PD-L1 on cytology 
requires adequate training in both cytopathology and PD-L1 scoring. Structural differences 
between laboratories could arise, for instance, when inflammatory cells are often mistaken 
for tumor cells. Moreover, small tissue samples can lead to an underestimation of PD-
L1 expression36, which probably also applies to cytology samples. In fact, it has been
shown that PD-L1 staining results of CBs and resection specimens are more concordant 
when a greater number of tumor cells were present in the CB37. Perhaps laboratories
that structurally receive cytological samples that contain more tumor cells, for instance, 
because multiple passes or bigger needles are used to collect material, have higher PD-L1 
positivity rates based on cytology than other laboratories. Our study, however, does not
provide the data to properly investigate this hypothesis.

Of note, in our study, an association was found between sex and PD-L1 expression, with 
PD-L1 positivity being more likely in samples from women than from men (Table 1). While 
similar results have been shown by others38, 39, various other studies did not find any 
association between PD-L1 expression and sex40-45 or found that PD-L1 was more likely
to be positive in men than in women46-48. These studies, however, primarily used FFPE
material, mostly from surgical resections or biopsies. Our study only included cytological 
samples, many of which were not fixed in formalin or embedded in paraffin, which might 
explain the differences in results. Similarly, while some studies did not find a statistically
significant association between PD-L1 expression and sampling site49, 50, comparable to 
our results (Table 1), others showed that pleural and nodal metastases were more likely 
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to express PD-L1 than primary tumors42. Again, the difference in results could potentially 
be explained by the latter study using FFPE material which largely came from biopsies or
surgical resections, while our study only used cytological material fixed and processed in
a variety of ways. Moreover, the differences in proportions between PD-L1 positivity and 
negativity of the various characteristics in Table 1 were tested through univariate analysis,
which does not account for potential confounding factors. Also, since we used a large 
cohort in our study, small and maybe even clinically insignificant differences might be 
statistically significant, whereas they might not have been in studies with smaller sample 
sizes. These factors should be taken into account when interpreting these results.

This study has some limitations. Most importantly, even though a considerable number of 
laboratories responded to our survey, we did not receive answers from all laboratories.
This resulted in the exclusion of 516 patients from the PALGA data set, for whom the
fixative and CB method were unknown. Given the current variation in the fixation and CB
methods, it is to be expected that the overall number of methods used would only be
larger, potentially resulting in a larger baseline variation among laboratories to start with. 
This should be considered when interpreting the analyses of the influence of variation
in fixation and CB processing on interlaboratory variation in PD-L1 positivity. Second, the
respondents reported varying mean fixation times. Vigliar et al.51 showed that formalin
fixation time influences PD-L1 immunostaining results on CBs. This could be the case with
other fixatives, too. Unfortunately, we did not know the fixation times for individual samples
in the PALGA data set and, thus, could not incorporate information on fixation time in 
our analyses. Third, due to a large amount of variation in cytology processing methods, 
especially in fixation methods, it was quite difficult to divide these various methods into
larger categories. In fact, if numbers had allowed to include all methods as they were, a
better correction could have been performed. However, we do feel that the distribution
that we used is compatible with the currently available literature. Finally, since our study 
is based on real-world pathology data, we were dependent on the way that pathologists
report their findings. For instance, while it would have been interesting to include an 
analysis of TPS on a continuous scale, the fact that various laboratories only reported TPS 
in categories did not allow us to do so. Also, some potentially relevant information, such as 
information on previous treatment, is not regularly part of pathology reports, meaning that 
we could not correct for potential differences between laboratories within these areas. 
Regarding treatment status, however, in many patients, PD-L1 testing was performed on 
the initial diagnostic material, either at the time of diagnosis or at a later time. We also
excluded patients with more than one primary lung tumor, to avoid including data from PD-
L1 tests that might have been influenced by previous treatment. We therefore expect the 
number of patients in which PD-L1 testing was performed solely on material collected after 
administration of chemotherapy to be too small to influence our results in a significant way.
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To conclude, this study shows that a lot of variation exists between laboratories in
the methods used for fixation and CB processing of cytological samples. We have
demonstrated that these differences influence interlaboratory variation in PD-L1 positivity 
in NSCLC patients, with a decrease in the amount of variation when PD-L1 positivity rates 
are corrected for differences in fixation and CB methods. A high degree of variation in PD-
L1 positivity between laboratories is problematic, because this will almost inevitably lead to 
patients receiving different courses of treatment depending on the laboratory where their 
cytological material is stained and scored for PD-L1. These results warrant the need for
more research to determine the best methods of fixation and CB processing of cytology 
samples on which PD-L1 immunostaining is to be performed, and for harmonization of 
these methods between laboratories.
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SUPPLEMENTARY DATA

Supplementary information 1
Questionnaire concerning fixation and cell block processing methods of cytological 
material used for PD-L1 immunostaining in NSCLC patients

1. Is PD-L1 immunostaining for NSCLC patients performed in your own laboratory or in an 
external laboratory?

o Own laboratory
o External laboratory
o Other, namely: …

2. How many ways of processing cytology samples before performance of PD-L1
immunostaining are used within your laboratory? (e.g. different methods for pleural
effusions and fine needle aspirations (FNA))

o 1 way
o 2 ways
o 3 ways
o Other, namely: …

In case of >1 method, respondents were asked to answer question 3-8 for each method 
separately.

3. For which type of material are you answering the following questions? (e.g. pleural 
effusions, FNA, bronchial lavage)
…

4. What medium is the cytological material collected in? (please be as specific as you can)
…

5. Which fixative is used? (please be as specific as you can)
…

6. What is the estimated fixation time?
Minimum: …
Maximum: …
Mean: …

7. Which intermediate steps are used, if any? (e.g. post-fixation, rinse step, etcetera)
…
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8. Which method is used to create a cell block? (please be as specific as you can)
…



634063-L-bw-Koomen634063-L-bw-Koomen634063-L-bw-Koomen634063-L-bw-Koomen
Processed on: 19-3-2024Processed on: 19-3-2024Processed on: 19-3-2024Processed on: 19-3-2024 PDF page: 151PDF page: 151PDF page: 151PDF page: 151

153

CYTOLOGY FIXATION AND PROCESSING METHODS AND THEIR IMPACT ON INTERLABORATORY PD-L1 VARIATION

6
Supplementary figure 1. Mean PD-L1 positivity rates per fixative (a) and per cell block method (b). PD-
L1 positivity is determined using either a ≥1% cutoff or a ≥50% cutoff. Abbreviations: FFPE = formalin-
fixed paraffin-embedded; PD-L1 = programmed death-ligand 1.
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CHAPTER 7

SUMMARIZING DISCUSSION

Cancer immunotherapy is rapidly gaining importance in clinical care, and various 
interactions between the tumor and the immune system have been suggested as grounds 
for development of biomarkers that predict response to immunotherapy1. One of those 
biomarkers is expression of PD-L1 assessed through IHC, which, although certainly not
perfect, is one of the most common immune-based biomarkers currently used in clinical 
practice2. For patients with NSCLC, immunohistochemical expression of PD-L1 on tumor
cells is crucial in guiding decisions on treatment with PD-1/PD-L1 blockade agents, and
accurate and reproducible testing of PD-L1 is therefore of the utmost importance. In 
general, immunostaining results are influenced by pre-analytic, analytic, and post-analytic 
factors3, 4. For PD-L1 IHC specifically, these may include, for instance, sample size5 and 
type of fixation6-8 (pre-analytic), choice of IHC assay or LDT9, 10 (analytic), and reproducibility
of the scoring performed by the pathologist9 (post-analytic). Differences in pre-analytic, 
analytic, and post-analytic factors between laboratories could influence reproducibility 
of PD-L1 IHC assessment in clinical practice. In this thesis, we assessed the impact of 
various pre-analytic, analytic, and post-analytic variables on PD-L1 immunostaining results.
Subsequently, we used real-world clinical pathology data of a nationwide cohort of 
NSCLC patients to analyze interlaboratory variation in PD-L1 positivity in both histological
and cytological material, and investigated if this variation is influenced by differences in
cytology fixation and processing methods. 

In chapter 2 we performed a systematic search to identify all available literature on 
interassay, interobserver and interlaboratory comparability of PD-L1 IHC assays and LDTs.
We showed that interassay agreement is generally moderate to high between commercial 
assays 22C3, 28-8 and SP26311-19, while comparisons between these assays and SP142 
show much lower concordance rates11, 13-17, 19-22. Comparisons of LDTs with commercial 
assays also resulted in high concordance levels in various studies, provided that the LDTs 
were properly optimized and validated13-15, 20, 23-27. Use of cutoffs to classify PD-L1 TPS as 
positive or negative, however, resulted in lower concordance levels in some studies11, 13, 

16-18, 26.  In current clinical practice, a 1% cutoff and a 50% cutoff are relevant for NSCLC
patients, seeing that, based on various clinical trials, treatment guidelines recommend
first-line prescription of pembrolizumab, cemiplimab or atezolizumab as monotherapy to 
patients with metastatic NSCLC with a PD-L1 expression of ≥50%28-30 and prescription of 
durvalumab as consolidation treatment after chemoradiotherapy to patients with locally 
advanced unresectable NSCLC with a PD-L1 expression of ≥1%31. Discordance in PD-L1
results at these clinically relevant cutoffs could therefore impact treatment decisions for
NSCLC patients, and thus it seems that simply interchanging PD-L1 IHC assays could be
problematic in clinical practice. A similar conclusion was drawn by others10, 13, 26. In fact, a 
recent study showed that the commercial PD-L1 assays actually represent different levels
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of analytic sensitivity, explaining why some tissue samples are scored as positive by one 
assay and as negative by another32. 

Based on our systematic search, interobserver variability in PD-L1 scoring proved to be 
high for all commercial assays and various LDTs12, 15, 16, 19-21, 24, 26, 27, 33-37. Multiple studies,
however, reported lower concordance levels when PD-L1 positivity was scored using a 1%
cutoff compared to a 50% cutoff12, 15, 16, 18-20, 33ffff , suggesting that determining PD-L1 positivity 
using a 1% cutoff is harder than determining PD-L1 positivity at the 50% cutoff level. The use
of the 1% cutoff to guide treatment decisions on durvalumab as consolidation treatment 
can be disputed, since the decision of the EMA to indicate durvalumab for the treatment 
of unresectable stage III NSCLC in patients whose tumors express PD-L1 on ≥ 1% of tumor 
cells was based on a post hoc analysis in a trial that, according to the researchers, “was 
not designed to evaluate the efficacy of durvalumab based on PD-L1 status”38. For this
reason, in the Netherlands durvalumab can be prescribed to patients with stage III NSCLC
regardless of PD-L1 expression39, 40. Even so, in various European countries the 1% cutoff 
is indeed relevant for prescription of durvalumab, meaning that accurate scoring of PD-L1 
around this cutoff is still of the utmost importance.

Interlaboratory concordance of PD-L1 IHC assays and LDTs, finally, was assessed by 
a limited number of studies according to our systematic search, which showed that
concordance is generally high between laboratories for each of the individual commercial 
assays14, 18, 35, 37, 41, but only moderate for LDTs compared to commercial assays41. None of 
these studies, however, assessed variation in PD-L1 expression between laboratories in a 
real-world clinical setting.

We did evaluate interlaboratory variation in PD-L1 positivity in a real-world clinical setting 
and on a nationwide level, for which we used real-world clinical pathology data extracted 
from PALGA (the nationwide network and registry of histo- and cytopathology in the 
Netherlands). Results from this study are discussed in chapter 5. We discovered that 
variation in PD-L1 positivity rates between laboratories is substantial, even after correction 
for differences in patient and sample characteristics. The interlaboratory variation in PD-
L1 positivity based on histology data was a lot greater at the 1% cutoff than at the 50%
cutoff. Most likely, this is brought about by interobserver variability in PD-L1 scoring to a 
great extent. After all, as we demonstrated in chapter 2, interpathologist variation is often
reported to be higher at the 1% cutoff than at the 50% cutoff. We also evaluated if differences 
in PD-L1 IHC assays and LDTs between laboratories play a role in causing interlaboratory
variation in PD-L1 positivity, although it should be emphasized that our data set was not
entirely sufficient for this analysis. Correcting for these differences resulted in a decrease
in variation in PD-L1 positivity between laboratories, suggesting that differences in PD-L1 
IHC assays and LDTs between laboratories do have an impact on interlaboratory variation 
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in PD-L1 positivity in a clinical setting. Another study that assessed the distribution of PD-
L1 expression by assay type in a real-world clinical setting found no significant difference 
between two commercial assays (22C3 and 28-8), but did find statistically significant
differences between these commercial assays and LDTs42. Similarly, a study that evaluated 
results from EQA schemes found better concordance of PD-L1 immunostaining results for
commercial assays than for LDTs43. All in all, even though no definitive conclusions can
be drawn on the impact of differences in PD-L1 IHC assay use on interlaboratory variation
in PD-L1 expression based on our study results, the available evidence seems to suggest
that interchangeability of assays and LDTs cannot be assumed. 

Remarkably, in chapter 5, interlaboratory variation in PD-L1 positivity based on cytology 
data was considerable at both the 1% cutoff and the 50% cutoff, suggesting that other
factors specifically related to PD-L1 testing on cytology might play a role in causing
variation between laboratories, too. In chapter 3 we assessed concordance of PD-
L1 immunostaining results between cytological cell blocks (CBs) and matching tissue
specimens, by using FNA samples and histologic tissue from the same resected lung
tumor. We found that overall concordance was moderate to substantial between all CBs 
and histology. Analyzing agar-based CBs and CBs processed with the Cellient Automated
Cell Block System separately, however, resulted in much lower concordance levels for 
Cellient CBs compared with histology than for agar CBs compared with histology. We 
hypothesized that these differences in concordance levels might be explained by use 
of different fixatives. After all, all agar-based cytology samples in our study were fixed in
formalin, whereas all Cellient-processed samples were fixed in CytoLyt and PreservCyt, 
which are methanol-based fixatives. We therefore used PD-L1 expressing cell lines to
study the influence of various alcohol-based fixatives, and found that use of methanol-
based and ethanol-based fixatives resulted in lower PD-L1 staining intensity compared to
formalin. This effect was seen with use of SP263 and 22C3 commercial assays and with 
the 22C3 antibody used in an LDT. Similarly, in chapter 4, we discovered that ethanol
fixation of EBUS-TBNA samples prior to formalin fixation resulted in a substantial amount 
of false-negative PD-L1 immunostaining results compared to pure formalin fixation, at both 
the 1% cutoff (22C3 LDT and SP263 commercial assay) and the 50% cutoff (22C3 LDT). 

A negative effect of alcohol-fixation on PD-L1 immunostaining results has been 
demonstrated previously44, and similar effects have been demonstrated on other 
antibodies, too6, 7, 45. Contrastingly, some studies have concluded that alcohol fixation does 
not affect PD-L1 immunostaining. These studies, however, mainly used samples that were 
post-fixed in formalin46-49 or samples that were fixed in CytoRich Red49, 50, a fixative that 
also contains formaldehyde. As we demonstrated in chapter 3, CytoRich Red fixation did
not result in lower PD-L1 immunostaining compared to formalin. Moreover, we showed that
the negative effects of alcohol-based fixatives on PD-L1 immunostaining may be reversed 
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by formalin post-fixation to some degree, although this effect was much stronger when 
immunostaining was performed with the 22C3 antibody than with the SP263 antibody. In 
chapter 4, all EBUS-TBNA samples that were fixed in an ethanol-based fixative received 
formalin post-fixation prior to processing into agar-based CBs, yet we still observed false-
negative PD-L1 immunostaining results in these samples compared to the ones purely fixed 
in formalin. Unfortunately, we were unable to analyze whether there was any difference 
in PD-L1 results between specimens with shorter and longer formalin post-fixation times,
since we did not know the individual fixation times for the samples in our study. This goes
to show that even though the use of formalin post-fixation to counteract negative effects 
of alcohol-based fixatives on PD-L1 immunostaining seems promising, more research is
needed to determine variables such as the most optimal fixation time and whether the
effect differs between the various PD-L1 IHC antibodies.

In chapter 6 we investigated how many different ways of fixing and processing cytology
samples into a CB exist in the Netherlands, by sending out questionnaires to all Dutch
pathology laboratories. The amount of variation between laboratories was striking, with 
19 different combinations of fixation and CB methods within the 28 laboratories that
responded to our questionnaire. Such wide variation between laboratories does not
seem uncommon, since other studies have reported comparable findings from surveys
sent to laboratories51-53. Based on the negative influence of alcohol-based fixatives on 
PD-L1 immunostaining, which we demonstrated in chapter 3 and chapter 4, it seems likely
that differences between laboratories in the way that cytology samples are fixed and
processed can influence interlaboratory variation in PD-L1 positivity. Hence, in chapter
6, we combined the data from the survey sent to all Dutch laboratories with data on PD-
L1 testing performed on cytological samples of NSCLC patients retrieved from PALGA.
We discovered that correcting for differences in cytology fixation and CB processing 
methods resulted in decreased interlaboratory variation in PD-L1 positivity, indicating
that differences in cytology fixation and CB processing methods can explain part of the
considerable variation in PD-L1 positivity that we found. The use of alcohol-based fixatives 
without any formalin (post-)fixation especially seems to be problematic when compared 
with formalin as reference. 

In conclusion, with this thesis we have shown that in a real-world clinical setting 
considerable variation in PD-L1 positivity exists between pathology laboratories, both in
PD-L1 positivity rates based on histology samples and in PD-L1 positivity rates based on
cytology samples. Most likely, interobserver variability in PD-L1 scoring plays an important
part in causing this, especially at the 1% cutoff. When it comes to PD-L1 scoring performed 
on cytology samples, differences in cytology processing methods and especially fixation 
methods between laboratories partially explain the considerable interlaboratory variation
in PD-L1 positivity, too. Moreover, it is likely that differences between laboratories in the 
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use of PD-L1 IHC assays and LDTs influence real-world interlaboratory variation in PD-
L1 positivity as well, although the extent of this relationship remains uncertain based on 
this thesis. The degree of interlaboratory variation in PD-L1 positivity that we found is 
problematic for NSCLC patients, since it could lead to different PD-L1 results depending
on the laboratory where their PD-L1 test is performed. This would in turn result in different 
courses of treatment, seeing that PD-L1 IHC results guide decisions on immunotherapy.
We feel that raising awareness of this considerable interlaboratory variation in PD-L1
positivity among all clinicians involved in NSCLC patient care is of the utmost importance,
and that efforts should be taken to diminish this degree of variation.
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FUTURE PERSPECTIVES

In order to try to diminish the degree of variation in PD-L1 positivity between laboratories,
we believe that a first important step to take is to create awareness. This is why the results
from individual laboratories in our study on interlaboratory variation in PD-L1 positivity were
sent back to these laboratories as feedback reports, encouraging pathologists to discuss
and reflect on their own results concerning PD-L1 testing compared to other laboratories in
the Netherlands. When laboratories discover that they differ quite strongly from the overall
mean and from other laboratories, this might stimulate them to investigate what could cause
these differences and to think of ways to improve their own PD-L1 results. A similar initiative 
with feedback reports on grading of invasive breast cancer has in fact been shown to lead
to an encouraging decrease in grading variation between laboratories54. Another example
of such an initiative is one by the Netherlands Expertise Network Cytology (part of the Dutch
Society for Pathology (NVVP)), which provided participating laboratories with information on 
the performance of their own PD-L1 IHC stain on cytological samples fixed and processed 
according to their own routinely used methods. Giving laboratories an insight into their own
performance might be a more powerful tool to instigate quality improvement than simply 
sharing results from studies conducted with anonymous data, so we believe that initiatives 
like the ones mentioned here could be very valuable in this regard.

Since interobserver variability in PD-L1 scoring between pathologists most likely contributes
greatly to interlaboratory variation in PD-L1 positivity, it would be worthwhile to investigate 
ways to diminish the amount of interobserver variability. Several possibilities have been
suggested in literature. Proper training for PD-L1 scoring, for instance, might lead to higher
interobserver concordance55, 56, although others showed little to no effect of training 
on reproducibility of PD-L1 scoring34. Perhaps digital image analysis could also improve
interobserver concordance, based on promising results from various studies57-61. Future
studies, however, are needed to determine whether the use of artificial intelligence tools
for PD-L1 scoring actually leads to increased reproducibility of PD-L1 results in the real-
world setting62. Moreover, in this thesis, variation in PD-L1 positivity rates was assessed
at an interlaboratory level and not at an interpathologist level, since information on PD-L1
scoring by individual pathologists was not part of the PALGA data set. Such assessment at
an interpathologist level, however, could help in determining the degree of interobserver 
variability in PD-L1 scoring in clinical practice, and feedback reports that contain this kind 
of information could provide pathologists with insightful information on their own scoring 
results compared to those of others. In order for these kinds of analyses to succeed, 
willingness of enough pathologists to participate is crucial.

When it comes to PD-L1 testing on cytology specimens, standardization of methods for
fixation and processing, using a (combination of) method(s) that does not negatively 
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influence PD-L1 immunostaining, could aid in decreasing interlaboratory variation in PD-L1
positivity. In order to achieve such standardization, future studies should be conducted
to determine the method that leads to the most optimal PD-L1 staining results. Based 
on the available literature and this thesis, this method will likely contain some form of 
formalin (post-)fixation, although the specific amount and duration of fixation is as yet
unclear. Incorporation of clinical outcome data in studies assessing methods for cytology
fixation and processing would also be valuable, since it would allow for assessment of 
the predictive value of PD-L1 immunostaining performed on cytology samples fixed and
processed in different ways. Linking of clinical pathology data, such as the data derived 
from PALGA in this thesis, to data from registries that record information on treatment and
follow-up, such as the Netherlands Cancer Registry by the Netherlands Comprehensive
Cancer Organization (IKNL), could prove very interesting in this regard.

Standardization of other processes besides cytology fixation and CB processing might
also prove effective in diminishing variation in PD-L1 positivity between laboratories, 
and it could be worthwhile to explore this further. It has been shown, for instance, that 
performance of PD-L1 immunostaining on small samples may lead to underestimation of 
PD-L1 expression5, which likely applies to both histology and cytology. Differences in PD-
L1 positivity rates between laboratories could arise, for example, when some laboratories 
structurally receive smaller samples than others. Assessment of differences between 
laboratories in such pre-analytic factors may prove insightful, and could spark a discussion
between pathologists and other clinicians on the best ways to obtain material for PD-L1 
testing. Standardization based on the use of the same PD-L1 IHC assay by all laboratories
might also help in diminishing interlaboratory variation, but may not be entirely feasible.
Participation in EQA schemes, however, could perhaps help in ensuring that the quality 
of individual laboratories’ PD-L1 IHC assays and LDTs adheres to the same standard,
thereby improving interlaboratory concordance43. Also, implementation of quantitative
analytic standards, such as IHC calibrators measuring the lowest analyte concentration
that produces a visual stain in individual IHC tests, could potentially prove to be helpful
in harmonizing PD-L1 IHC between laboratories32, 63. Nonetheless, the fact that each PD-1/
PD-L1 blockade agent was developed with its own PD-L1 IHC assay has complicated PD-L1
testing in daily pathology practice. For example, specific assays only run best on specific 
staining platforms that might not be widely available. This important lesson should be 
taken into account when new drugs that require companion diagnostics are developed
and assessed in clinical trials.

In order to achieve implementation of measures aimed at quality improvement, it is crucial 
that laboratories discuss their pitfalls and successes in PD-L1 testing with each other and
join together in thinking of ways to diminish interlaboratory variability. We feel that it is 
important to facilitate such dialogue, since it may not come natural to everyone to open a
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conversation about issues one might encounter in routine clinical practice. Regional and 
national initiatives could prove vital in this regard. An example of such an initiative is the
project ‘National Implementation of Predictive Analysis in NSCLC’, a Dutch collaboration
of pharmaceutical and health insurance companies, patient associations, scientific 
associations and health care professionals. This initiative facilitates dialogue between
health care professionals to improve quality of predictive diagnostics in NSCLC patients, 
including PD-L1 testing. Thus far, meetings within this project have been held within the 
northern region of the Netherlands, but this will be extended to other regions in the 
future. Of course, re-evaluating the degree of interlaboratory variation in PD-L1 positivity 
after implementation of quality improvement measures is important to assess if these 
measures have the intended effect. Regularly sending feedback reports on PD-L1 testing
and reports on improvement ideas from joint discussions to individual laboratories could 
aid in monitoring the degree of interlaboratory variation and in continuously encouraging
laboratories to deliver high quality results.

Although this thesis focusses on PD-L1 testing in material from NSCLC patients, its 
conclusions are relevant to patients with other types of cancer, too. In the past few years 
PD-L1 immunohistochemistry has become relevant for decisions on immunotherapy in
various cancer types besides NSCLC, such as squamous cell carcinoma of head and neck64, 
urothelial cell carcinoma65, esophageal squamous cell carcinoma66, triple-negative breast
cancer67, and cervical cancer68. Moreover, while PD-L1 scoring in NSCLC patients is based 
on the percentage of tumor cells that show expression of PD-L1, PD-L1 scoring for other
tumors may be based on the percentage of positively staining immune cells67, or the ratio
of all positively staining cells (tumor cells and immune cells) relative to all viable tumor
cells (combined positive score (CPS))64, 68-70. Also, cutoffs for PD-L1 positivity differ between 
tumor types, with a CPS of ≥10 being relevant for metastatic urothelial cell carcinoma69, for
instance. Proper training and ongoing education are therefore crucial for accurate PD-L1 
interpretation in the various tumor types71. Additional analysis of interlaboratory variation in
PD-L1 results in tumor types other than NSCLC could prove useful in this regard. This could 
initiate dialogue on quality improvement of PD-L1 testing in these areas, too, and help in 
achieving high quality PD-L1 results across all settings in which PD-L1 testing is relevant.

Finally, in this era of precision medicine, it is likely that predictive markers will be used
more and more to guide treatment decisions for individual patients72. Potentially, other IHC
assays than those for PD-L1 will be used as companion diagnostics for specific therapies73, 

74, requiring quantitative assessment in a similar fashion to PD-L1 IHC. The issues in pre-
analytic, analytic and post-analytic phases that were discussed in this thesis, may also 
influence results of other IHC assays used as predictive biomarkers. Thus, we hope that
this thesis may serve as a starting point for quality improvement of PD-L1 testing, and 
potentially of other predictive IHC markers, too. 
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LIST OF ABBREVIATIONS

AC adenocarcinoma
ASC adenosquamous carcinoma
CAP College of American Pathologists
CB cell block
CCMO Centrale Commissie Mensgebonden Onderzoek / Central Committee on 

Research involving Human Subjects
CE Conformité Européene
CI confidence interval
CMA cell-microarray
CPS combined positive score
CWZ Canisius Wilhelmina Hospital
EBUS-TBNA endobronchial ultrasound-guided transbronchial needle aspiration
EMA European Medicines Agency
EQA external quality assessment
ESMO European Society for Medical Oncology
FDA Food and Drug Administration
FFPE formalin-fixed paraffin-embedded
FNA fine needle aspiration
GDPR General Data Protection Regulation
H&E haemotoxylin and eosin
IC immune cell
ICC immunocytochemistry
ICC intraclass correlation coefficient
IHC immunohistochemistry
IKNL Integraal Kankercentrum Nederland / Netherlands Comprehensive Cancer 

Organization
ĸ kappa
LCC large cell carcinoma
LCNEC large cell neuro-endocrine carcinoma
LDT laboratory-developed test
LELC lymphoepithelioma-like carcinoma
LRT likelihood ratio test
NBF neutral buffered formalin
NOS not otherwise specified
NPA negative percentage agreement
NSCLC non-small cell lung cancer
NVVP Nederlandse Vereniging Voor Pathologie / Dutch Society for Pathology
OPA overall percentage agreement
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OR odds ratio
ρ Pearson’s correlation coefficient
PALGA Pathologisch-Anatomisch Landelijk Geautomatiseerd Archief / the 

nationwide network and registry of histo- and cytopathology in the 
Netherlands

PD-1 programmed death-1
PD-L1 programmed death-ligand 1
PPA positive percentage agreement
QUADAS-2 Quality Assessment of Diagnostic Accuracy Studies 2
QUIPS Quality in Prognosis Studies
RoB risk of bias
SC sarcomatoid carcinoma
SCC squamous cell carcinoma
SCLC small cell lung cancer
SD standard deviation
TBNA transbronchial needle aspiration
TMA tissue-microarray
TC tumor cell
TPS tumor proportion score
TTF-1 transcription factor-1
UMCU University Medical Center Utrecht
χ2 chi-square
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SUMMARY IN DUTCH /
NEDERLANDSE SAMENVATTING

Niet-kleincellig longcarcinoom
Longkanker is de op één na meest voorkomende vorm van kanker wereldwijd en is de
veroorzaker van de meeste kankergerelateerde sterfgevallen van mannen en vrouwen
samen. Op basis van weefselonderzoek worden twee hoofdvormen van longkanker
onderscheiden, namelijk het kleincellig longcarcinoom (small cell lung cancer; SCLC)
en het niet-kleincellig longcarcinoom (non-small cell lung cancer; NSCLC). Het grootste
deel van de gevallen van longkanker betreft het niet-kleincellig longcarcinoom. In 
Nederland wordt jaarlijks bij zo’n 10.000 patiënten de diagnose NSCLC gesteld, vaak 
pas wanneer de ziekte al is uitgezaaid (stadium IV). De prognose voor deze patiënten
is slecht, met een 5-jaarsoverleving van slechts 6% op basis van cijfers tussen 2017 en 
2021. Voorheen werden deze patiënten met stadium IV ziekte alleen behandeld met
chemotherapie, wat als doel heeft om de tumorcellen te doden, maar vaak ook veel 
bijwerkingen geeft. Sinds een aantal jaren bestaat er echter ook de optie om deze
patiënten te behandelen met immuuntherapie of een combinatie van chemotherapie
en immuuntherapie. Immuuntherapie heeft als doel om het eigen afweersysteem van
de patiënt te ondersteunen bij het opruimen van tumorcellen. De toevoeging van deze
behandelingsopties heeft geleid tot een verbetering van de 5-jaarsoverleving naar 25% 
voor patiënten die worden behandeld met immuuntherapie en 17% voor patiënten die
worden behandeld met een combinatie van chemotherapie en immuuntherapie.

Programmed death-1 receptor en programmed death-ligand 1
Immuuntherapie voor patiënten met NSCLC is gebaseerd op blokkade van de receptor
‘programmed death-1’ (PD-1) of de bijbehorende ligand ‘programmed death-ligand 1’ (PD-
L1). PD-1 is een zogenaamd ‘immune checkpoint’, aangezien deze receptor een rol speelt
bij de regulatie van de immuunrespons. PD-1 komt tot expressie op het celmembraan
van T-cellen. Dit zijn witte bloedcellen die een belangrijk onderdeel vormen van het 
afweersysteem en ook in actie kunnen komen tegen tumorcellen in het lichaam. De ligand
PD-L1 komt normaalgesproken tot expressie op het celmembraan van verschillende cellen 
in het menselijk lichaam, bijvoorbeeld op macrofagen. Wanneer PD-1 en PD-L1 met elkaar
binden, zorgt dit voor inactivatie van de T-cel, waardoor een overmatige immuunreactie
kan worden voorkomen. De interactie tussen PD-1 en PD-L1 speelt daarmee in een
normale situatie een belangrijke rol in het voorkomen van auto-immuniteit. Verschillende 
kankersoorten, echter, blijken ook PD-L1 op hun cellen tot expressie te brengen. Wanneer 
PD-L1 op tumorcellen bindt met PD-1 op T-cellen, zorgt dit eveneens voor inactivatie van 
de T-cel. De tumorcellen kunnen zo ontsnappen aan de afweerreactie van de T-cellen en 
dus blijven leven. Het doel van immuuntherapie gebruikt bij patiënten met NSCLC is het 
voorkomen van de binding tussen PD-1 en PD-L1, waardoor de T-cellen hun werk kunnen 
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blijven doen en de tumorcellen kunnen doden.

Immuuntherapie gericht tegen PD-1 en PD-L1
Er bestaan verschillende medicijnen die als immuuntherapie voor patiënten met NSCLC
kunnen worden ingezet, namelijk nivolumab, pembrolizumab en cemiplimab (gebaseerd
op blokkade van PD-1) en atezolizumab en durvalumab (gebaseerd op blokkade van PD-L1). 
Deze medicijnen worden ook wel ‘immune checkpoint inhibitors’ genoemd. Deze immune
checkpoint inhibitors zijn getest in verschillende klinische trials en lieten hierin een gunstig
effect zien op overleving vergeleken met chemotherapie, met over het algemeen ook 
minder bijwerkingen vergeleken met chemotherapie. Bij sommige medicijnen werd het 
gunstige effect op de overleving echter voornamelijk gezien bij patiënten wiens tumoren 
een bepaalde mate van PD-L1 tot expressie brachten. Dit werd bepaald met behulp van 
immuunhistochemie (IHC), waarbij aanwezigheid van PD-L1 op cellen zichtbaar wordt 
gemaakt middels met kleur gelabelde antilichamen gericht tegen PD-L1. Door pathologen 
kan vervolgens onder de microscoop (of digitaal) bepaald worden welk percentage van
alle aanwezige tumorcellen aankleurt en dus PD-L1 tot expressie brengt. Dit percentage
van PD-L1 positieve tumorcellen wordt ook wel de ‘tumor proportion score’ (TPS) genoemd. 
Bij één van de medicijnen (pembrolizumab) bleek monotherapie met immuuntherapie 
alleen een significante verbetering in overleving te tonen ten opzichte van chemotherapie 
wanneer de TPS ten minste 50% bedroeg. Bij weer een ander medicijn (durvalumab) bleek 
het gunstige effect van immuuntherapie sterker aanwezig bij patiënten wiens tumoren ten
minste 1% PD-L1 expressie toonden. In de klinische praktijk wordt bij patiënten met NSCLC
die mogelijk in aanmerking komen voor immuuntherapie daarom de PD-L1 expressie van
de tumor bepaald middels IHC, waarna de behandelend arts mede aan de hand van de 
TPS kan bepalen welke behandeling het beste aan de patiënt kan worden gegeven.

PD-L1 immuunhistochemie en beïnvloedende factoren
Aangezien het meten van PD-L1 expressie middels IHC een belangrijke rol speelt in het 
bepalen van de therapie voor patiënten met NSCLC, is het van groot belang dat PD-L1
expressie accuraat wordt beoordeeld. Bij het uitvoeren van IHC om PD-L1 expressie te 
bepalen, kunnen verschillende factoren van invloed zijn op de nauwkeurigheid. Dit kunnen
pre-analytische factoren zijn, zoals het type materiaal en de grootte van het weefsel dat
wordt getest, maar bijvoorbeeld ook het fixatief dat wordt gebruikt om het materiaal 
te fixeren. Ook analytische factoren kunnen een rol spelen, zoals het type antilichaam
dat wordt gebruikt voor het uitvoeren van het kleuringsprotocol. Een zeer belangrijke
post-analytische factor die een rol speelt, is het scoren van de PD-L1 expressie door de
patholoog. Verschillen in al deze factoren tussen pathologielaboratoria zouden kunnen 
zorgen voor een grote mate aan variatie in PD-L1 positiviteit tussen deze laboratoria. Dit 
zou zeer onwenselijk zijn, aangezien een patiënt dan wellicht in het ene laboratorium een
andere uitslag van PD-L1 IHC zou krijgen dan in een ander laboratorium, wat belangrijke 
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behandelingsconsequenties zou kunnen hebben. In dit proefschrift is daarom van 
verschillende factoren onderzocht welke invloed zij hebben op het resultaat van PD-L1 
immunokleuringen, en welke mate aan variatie in gemiddelde PD-L1 positiviteit er bestaat 
tussen pathologielaboratoria in Nederland.

Analytisch: interassayvariatie
In hoofdstuk 2 hebben we een literatuurstudie verricht naar de vergelijkbaarheid van 
verschillende antilichamen die gebruikt kunnen worden voor PD-L1 IHC. Bij iedere initiële 
checkpoint inhibitor gericht tegen PD-1 of PD-L1, werd namelijk ook een bijbehorend 
antilichaam bedoeld voor PD-L1 IHC ontwikkeld. Deze antilichamen kunnen worden
gebruikt in een gestandaardiseerd protocol ontwikkeld door de fabrikant, in dat geval 
ook wel een commerciële assay genoemd. Er zijn echter ook laboratoria die hun eigen
protocol opzetten en dus gebruik maken van een antilichaam in een ‘laboratory-developed
test’ (LDT). Hoofdstuk 2 beschrijft een systematische review waarin we de beschikbare 
literatuur hebben onderzocht op interassay-, interobserver- en interlaboratoriumvariatie 
van PD-L1 IHC commerciële assays en LDTs. Hieruit bleek dat de overeenkomst in
resultaten, ook wel concordantie genoemd, tussen de meeste commerciële assays 
gemiddeld tot hoog is, met uitzondering van één assay (SP142). Ook LDTs lieten bij goede 
optimalisatie en validatie in meerdere studies hoge concordantie zien met commerciële 
assays. Wanneer echter afkapwaarden werden toegepast voor het onderverdelen van 
TPS in PD-L1 positiviteit en PD-L1 negativiteit, bleek de concordantie in verschillende
studies te dalen. Aangezien in de praktijk de afkapwaarden van 1% en 50% relevant zijn 
voor de therapiekeuze, zou discordantie tussen verschillende PD-L1 IHC assays bij het
gebruik van deze afkapwaarden belangrijke klinische consequenties kunnen hebben. De 
verschillende PD-L1 commerciële assays en LDTs lijken dus niet simpelweg inwisselbaar 
te zijn in de klinische praktijk. 

Post-analytisch: interobservervariatie
Daarnaast keken we in hoofdstuk 2 ook naar interobservervariatie van de verschillende
PD-L1 commerciële assays en LDTs, oftewel naar de overeenstemming tussen pathologen
in het bepalen van de TPS voor iedere individuele assay of LDT. Over het algemeen was 
de overeenstemming hoog, echter bleek ook in dit geval het toepassen van afkapwaarden 
voor het bepalen van PD-L1 positiviteit problematisch. Met name een afkapwaarde van 
1% leidde tot lagere concordantie tussen pathologen vergeleken met een afkapwaarde 
van 50%. Blijkbaar wordt het bepalen of een score positief of negatief is op basis van
een afkapwaarde van 1% als lastiger ervaren dan wanneer dit gebeurt op basis van een 
afkapwaarde van 50%. 

Interlaboratoriumvariatie in PD-L1 positiviteit
Op basis van onze literatuurstudie uit hoofdstuk 2 bleek verder dat interlaboratoriumvariatie 
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voor de individuele commerciële assays laag is, maar dat de variatie groter is wanneer LDTs 
met commerciële assays worden vergeleken. Het betrof hier echter maar een beperkt
aantal studies en geen van deze studies onderzocht variatie in PD-L1 expressie tussen 
laboratoria in een ‘real-world’ setting. In hoofdstuk 5 beschrijven wij een studie waarin wij
wel onderzoek hebben gedaan naar interlaboratoriumvariatie in PD-L1 positiviteit in een
real-world klinische setting en op nationaal niveau, waarbij we de pathologielaboratoria
in Nederland met elkaar hebben vergeleken. Hiertoe hebben we gebruik gemaakt van
data van PALGA, het pathologisch-anatomisch landelijk geautomatiseerd archief, dat
sinds 1991 alle pathologieverslagen in Nederland beheert. Data werden verzameld van
alle patiënten in Nederland met NSCLC en bij wie PD-L1 in het pathologieverslag werd
genoemd gedurende de periode juli 2017 t/m december 2018. Op basis van deze data werd
voor ieder laboratorium dat PD-L1 bepalingen verrichtte de gemiddelde PD-L1 positiviteit
berekend, gecorrigeerd voor verschillende patiënt- en weefselkarakteristieken (case-mix).
De PD-L1 positiviteit werd apart berekend voor histologisch materiaal (verkregen door het
verrichten van biopten en resecties) en cytologisch materiaal (verkregen door het verrichten
van bronchusspoeling/brush, pleurapunctie, of dunne naald aspiratie van primaire tumor, 
lymfklier- of afstandsmetastase) en bepaald aan de hand van de twee klinisch relevante
afkapwaarden, te weten 1% en 50%. We ontdekten dat de variatie in gemiddelde PD-L1 
positiviteit tussen laboratoria substantieel was. Bij het gebruik van histologisch materiaal
voor het testen voor PD-L1 expressie, was de variatie voornamelijk groot bij gebruik van 
1% als afkapwaarde voor PD-L1 positiviteit. Vermoedelijk heeft dit te maken met de grotere 
interobservervariatie bij gebruik van 1% als afkapwaarde ten opzichte van 50%, zoals we
in hoofdstuk 2 beschreven. Mogelijk zou ook het gebruik van verschillende PD-L1 IHC 
commerciële assays en LDTs door de verschillende laboratoria onderdeel kunnen zijn van
de verklaring, hoewel de data in onze studie helaas niet toereikend waren om hier een
definitief antwoord op te geven.

Pre-analytisch: invloed van fixatief
Opvallend genoeg zagen we in hoofdstuk 5 dat de variatie in PD-L1 positiviteit tussen 
laboratoria bij gebruik van cytologisch materiaal niet alleen substantieel was bij 
gebruik van 1% als afkapwaarde, maar ook bij gebruik van 50% als afkapwaarde. Dit
doet vermoeden dat er mogelijk ook specifieke factoren gerelateerd aan cytologisch
materiaal zijn die een rol spelen bij het ontstaan van interlaboratoriumvariatie in PD-L1
positiviteit. In hoofdstuk 3 onderzochten we de concordantie in PD-L1 immunokleuringen 
tussen ingeblokt cytologisch materiaal en corresponderend histologisch materiaal, beide 
afgenomen van dezelfde longtumor. We zagen dat de overkoepelende concordantie
gemiddeld tot substantieel was. Wanneer we het cytologisch materiaal echter uitsplitsten
in twee groepen op basis van de verwerkingsmethode van het materiaal, zagen we dat de
concordantie met histologie hoger was voor materiaal dat was ingeblokt in agar dan voor 
materiaal dat was verwerkt volgens een geautomatiseerd systeem, Cellient genaamd. We
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vermoedden dat dit wellicht te maken zou kunnen hebben met de manier waarop het 
materiaal was gefixeerd. Al het cytologisch materiaal dat was ingeblokt in agar, was in 
formaline gefixeerd, wat ook wordt gebruikt voor het fixeren van histologisch materiaal.
Het materiaal dat werd verwerkt volgens de Cellient-methode, was echter gefixeerd in 
CytoLyt en PreservCyt, twee media op methanol-basis. Middels cellijnen die PD-L1 tot 
expressie brachten en die met verschillende methoden waren gefixeerd, toonden we
aan dat fixatieven met methanol of ethanol zorgden voor een lagere intensiteit van PD-
L1 immunokleuringen vergeleken met formalinefixatie. Ook in hoofdstuk 4 beschrijven 
we dat het gebruik van een ethanolfixatief in materiaal verkregen middels naaldaspiratie
leidde tot fout-negatieve PD-L1 resultaten vergeleken met formalinefixatie, bij gebruik van 
zowel 1% als 50% als afkapwaarden. Met beide studies toonden we dus aan dat het gebruik
van alcohol-gebaseerde fixatieven negatieve effecten kan hebben op de resultaten van
PD-L1 immunokleuringen. Mogelijk zou het negatieve effect (deels) teniet kunnen worden 
gedaan door nafixatie in formaline, zoals we in hoofdstuk 3 zagen in PD-L1 cellijnen die
waren gefixeerd in een alcohol-gebaseerd fixatief gevolgd door formaline. Of dit echter 
ook toepasbaar is in de klinische praktijk, moet nog verder worden onderzocht.

In hoofdstuk 6 hebben we vervolgens onderzocht hoeveel verschillende manieren 
van fixeren en verwerken van cytologisch materiaal er worden gebruikt in de klinische
praktijk in Nederland, door het versturen van vragenlijsten naar alle Nederlandse
pathologielaboratoria. De variatie die we vonden tussen de laboratoria, was enorm:
19 verschillende combinaties van fixatieven en inblokmethoden binnen 28 laboratoria.
Om te onderzoeken of deze variatie in cytologieverwerking ook invloed heeft op de 
interlaboratoriumvariatie in PD-L1 positiviteit, combineerden we de data vergregen uit de 
vragenlijsten met de data over PD-L1 bepalingen op cytologisch materiaal van NSCLC
patiënten verkregen via PALGA. Wanneer we corrigeerden voor verschillen in fixatie- en
inblokmethoden, resulteerde dit in een vermindering van de interlaboratoriumvariatie in 
PD-L1 positiviteit. Verschillen in verwerking van cytologisch materiaal tussen laboratoria 
lijken dus inderdaad een deel van de aanzienlijke variatie in PD-L1 positiviteit tussen
laboratoria te kunnen verklaren, waarbij voornamelijk het gebruik van alcohol-gebaseerde 
fixatieven zonder enige vorm van formalinefixatie problematisch lijkt te zijn. 

Conclusie
In dit proefschrift brachten we de variatie in het testen voor PD-L1 expressie bij NSCLC
patiënten binnen Nederlandse pathologielaboratoria in kaart, en onderzochten we een
aantal factoren die van invloed kunnen zijn op de resultaten van PD-L1 immunokleuringen. 
We toonden aan dat er in de klinische praktijk aanzienlijke variatie bestaat in gemiddelde
PD-L1 positiviteit tussen pathologielaboratoria, zowel bij gebruik van histologisch materiaal
als van cytologisch materiaal voor het uitvoeren van de PD-L1 bepaling. Zeer waarschijnlijk
speelt interobservervariatie hierin een belangrijke rol, zeker wanneer 1% als afkapwaarde
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wordt gebruikt voor het bepalen van PD-L1 positiviteit. Bij het gebruik van cytologisch
materiaal voor het beoordelen van de PD-L1 expressie, spelen verschillen in verwerking 
van het materiaal en met name in type fixatief een belangrijke rol in het verklaren van
de grote interlaboratoriumvariatie in PD-L1 positiviteit. Daarnaast is het waarschijnlijk 
dat ook verschillen in gebruik van PD-L1 IHC assays en LDTs invloed hebben op de 
interlaboratoriumvariatie in PD-L1 positiviteit, hoewel de daadwerkelijke omvang van deze 
invloed in dit proefschrift niet goed kon worden onderzocht. 

De mate van variatie in PD-L1 positiviteit die we met ons onderzoek aantoonden, 
is problematisch voor patiënten met NSCLC. PD-L1 expressie beoordeeld middels
immunokleuring speelt namelijk een belangrijke rol in het bepalen van de therapie voor 
deze patiënten, en verschillen in uitkomst tussen laboratoria kunnen derhalve leiden 
tot verschillen in behandeling. Het is belangrijk dat clinici betrokken bij de behandeling 
van patiënten met NSCLC, maar ook bij patiënten met andere kankersoorten waarbij het 
bepalen van PD-L1 expressie relevant is, op de hoogte zijn van de variatie die tussen
laboratoria bestaat, zodat gezamenlijk kan worden nagedacht hoe dergelijke variatie
verminderd kan worden. We hopen dat we daar met dit proefschrift een bijdrage aan 
hebben kunnen leveren.
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geneeskunde besloot om een coschap pathologie te gaan doen in plaats van het reeds
geplande coschap huisartsgeneeskunde! Ik werd aangestoken door jouw enorme
enthousiasme en vond eindelijk het vak dat ik wilde gaan uitoefenen. Jij was ook degene
die Stefan en mij in contact bracht voor het onderzoeksproject dat hij had liggen, van
waaruit mijn PhD-traject volgde. Ik ben je enorm dankbaar voor alle steun die je me biedt,
niet alleen bij het afronden van mijn proefschrift binnen mijn opleiding, maar ook bij het 
zoeken naar mijn eigen weg in mijn carrière. Jouw betrokkenheid en je vertrouwen zijn
van grote waarde voor me, en ik prijs mezelf gelukkig met jou als promotor én opleider. 

Geachte leden van de leescommissie, prof. dr. Paul van Diest, prof. dr. Carla van Gils, prof. 
dr. Egbert Smit, prof. dr. Karijn Suijkerbuijk, en dr. Jan von der Thüsen, hartelijk dank voor
het zitting nemen in de leescommissie en voor het beoordelen van mijn proefschrift.

Anne van Lindert en Aryan Vink, bedankt voor het vormen van mijn AIO-begeleidings-
commissie en voor het meedenken over de voortgang van mijn PhD-traject. Anne,
bedankt voor jouw deskundige en waardevolle feedback vanuit jouw klinische blik. Aryan,
bedankt voor al jouw kennis en deskundigheid op het gebied van longpathologie en voor 
je enthousiasme en aanmoediging. Ik had heel graag gewild dat je de afronding van mijn 
PhD-traject had kunnen meemaken. 

Veel dank ook aan een aantal andere pathologen die van grote waarde zijn geweest binnen 
mijn PhD-traject. Nils ’t Hart, bedankt voor de prettige samenwerking die resulteerde in 
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hoofdstuk 3 van dit proefschrift. Dank je voor het vertrouwen om met jouw mooie dataset 
aan de slag te mogen gaan en voor het kijkje in de keuken van de pathologie in het Isala
in Zwolle. Willem Vreuls, ook jij bedankt voor de fijne samenwerking die resulteerde in 
hoofdstuk 4 van dit proefschrift. Ik heb genoten van onze gezellige en leerzame PD-L1 
kijksessies, waarbij je me tussendoor ook een heleboel leerde over andere diagnostiek. 
Ik was altijd weer extra enthousiast over de pathologie als ik bij jou vandaan kwam! Mirthe
de Boer, bedankt dat je me wegwijs hebt gemaakt in de wereld van cytologie. Ik vond
het heel leerzaam en gezellig om met jou samen te werken en ben je enorm dankbaar
voor al het werk dat je in ons PD-L1 project vanuit het expertisenetwerk cytologie hebt 
gestoken. Dank ook voor de vele fijne gesprekken die wij hebben gevoerd. Ik ben blij dat
we tegenwoordig nog steeds af en toe kunnen samenwerken!

Ook wil ik Stichting PALGA bedanken, die met haar enorme schat aan klinische 
pathologiedata zo ontzettend waardevol is voor wetenschappelijk onderzoek. In het 
bijzonder dank aan Rinus Voorham, Ivette Deckers en Chantal Epskamp-Kuijpers, voor
jullie hulp bij het verzamelen, analyseren en interpreteren van de data voor dit proefschrift. 

Beste pathologen, AIOS en andere medewerkers van de afdeling pathologie in het UMC
Utrecht, bedankt voor de prettige samenwerking en de fijne tijd die ik bij jullie als AIOS 
mag beleven. De combinatie van het afronden van mijn proefschrift naast het in opleiding
zijn vond ik niet altijd makkelijk, maar werd een stuk draaglijker dankzij jullie steun, 
interesse en begrip. Daar ben ik jullie zeer dankbaar voor!

Lieve collega-onderzoekers van de PRL, wat heb ik genoten van mijn tijd samen met jullie 
in de overvolle, maar o zo gezellige kamer op de 3e verdieping, waar hard werken en
inhoudelijke discussies moeiteloos werden afgewisseld met koffiepauzes, voetbalpoules
en borrels. Ik kijk met heel veel plezier terug op de vele leuke dingen die we samen hebben 
gedaan, waaronder natuurlijk onze skivakantie in Flachau en de conferentie in Nice. We 
hebben samen veel gelachen, maar er was ook altijd wel een luisterend oor voor wie daar
behoefte aan had. Ik ben jullie zeer dankbaar voor de toptijd die ik als PhD’er heb beleefd!
Carmen, wat ben ik blij dat jij mij als paranimf wil bijstaan bij het afronden van mijn PhD-
traject! Heel erg bedankt voor al je hulp op inhoudelijk vlak, zoals bij het maken van funnel 
plots of het uitvoeren van case-mix correcties, maar zeker ook voor alle gezellige, fijne en
soms meer serieuze gesprekken die we voerden over allerlei levenszaken. Je bent een 
geweldige collega en met jou aan mijn zijde weet ik zeker dat ik me door die verdediging 
heen zal slaan! Emma, R-wonder, dank je voor je altijd scherpe wetenschappelijke blik
en voor het meedenken over allerhande statistische uitdagingen, maar zeker ook voor
alle gezelligheid! Ik heb erg genoten van onze gezamenlijke trip naar Wenen en vind het
super tof dat we inmiddels samen in opleiding zijn tot patholoog. Lilian, dank je wel voor 
de vele fijne gesprekken die we hebben gevoerd en voor het kunnen delen van onze



634063-L-bw-Koomen634063-L-bw-Koomen634063-L-bw-Koomen634063-L-bw-Koomen
Processed on: 19-3-2024Processed on: 19-3-2024Processed on: 19-3-2024Processed on: 19-3-2024 PDF page: 180PDF page: 180PDF page: 180PDF page: 180

182

&

APPENDICES

liefde voor schattige dieren. Ik heb veel bewondering voor hoe jij in het leven staat en 
wens je alle goeds en geluk in de nieuwe uitdaging die jij bent aangegaan! Quirine, lieve 
PRL-buurvrouw, bedankt voor al je gezelligheid! Wat was het heerlijk om naast jou te 
zitten en ter afwisseling van het soms toch behoorlijk eentonige werk samen wedstrijden
van de Olympische Spelen, geitenfilmpjes of Beleef de Lente-filmpjes te kijken. Folkert,
pater familias van de PRL, altijd goedlachs en altijd in voor een praatje. Dank je voor
je vrolijkheid, je gezelligheid en voor je interesse in mijn muzikale activiteiten naast het
werk. Aernoud, niet altijd op de PRL te vinden, maar als je er was altijd in voor gezelligheid
met koffie, lunch of bier. Bedankt dat je zelfs deze niet-voetbalfan enthousiast wist te
krijgen voor de voetbalpoule! Wenzel, PRL-buurman na het vertrek van Quirine, wat kun
jij ontzettend hard werken! Respect voor hoe je dat in die volle AIO-kamer voor elkaar 
kreeg en hoe je ook nog eens altijd bij alle borrels en andere activiteiten aanwezig was.
Natalie, mijn niet-skimaatje tijdens de skivakantie, bedankt voor al jouw gezelligheid, je 
luisterend oor en al je hulp, ook nu nog tijdens de diagnostiek. Sebastiaan, PRL’er op
de 4e verdieping, fijn dat ik met jou ervaringen kon uitwisselen over het doen van een
PhD naast je opleiding. Dank je voor de koffiemomentjes en voor je geduld als ik weer 
eens loop te klagen! Gwen, ook wij werkten vooral samen op de 4e verdieping, maar je 
hebt daar veel meegekregen van mijn PhD-gerelateerde ups-and-downs. Dank je voor 
je steun, je gezelligheid en de vele fijne gesprekken die wij niet alleen over onze PhD’s, 
maar ook over een heleboel andere zaken konden voeren! Liling, thank you for coming to
one of my concerts together with your husband. Shuang, thank you for all the nice chats 
we had, even after I had left the 3rd floor to work as a resident on the 4th floor. And thanks 
to both of you for introducing us to proper Chinese food, it was quite the adventure! En 
dan zijn er nog een heleboel andere collega’s die hebben bijgedragen aan de fijne tijd die
ik als PRL-onderzoeker heb gehad: Anna Vera, Betzabel, Cathy, Floris, Jan, Niels, Rachel, 
Roel, Sangeeta, Susana, Willem, Wisse, enorm bedankt allemaal! 

Ook buiten mijn werk weet ik mij gesteund door een heleboel mensen, die er allemaal op
een eigen manier aan hebben bijgedragen dat ik dit proefschrift heb kunnen afronden. 
Een aantal van hen wil ik hier graag in het bijzonder noemen.

Lieve studievrienden, Maaike, Sabrin, Herke, Ruben en Taco-Jan, samen met jullie ben ik
in 2009 het geneeskunde-avontuur gestart. Ik ben enorm dankbaar dat ik die jaren met 
jullie heb mogen doormaken en voor de vriendschap die daaruit is ontstaan. Ik vind het 
mooi en bijzonder om te zien hoe we vanuit die gezamenlijke studie allemaal een eigen 
weg in zijn gegaan. Ik heb veel bewondering voor ieder van jullie en ben benieuwd welke
paden jullie in de toekomst nog allemaal gaan bewandelen!

Zonder muziek zou het leven maar saai en kleurloos zijn. Veel dank daarom aan alle 
geweldige musici met wie ik met regelmaat muziek mag maken! Een speciaal woord
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van dank aan de liefste tweede violen van het USKO. Lieve meiden, door de jaren heen 
hebben we samen heel veel mooie muziek gemaakt en veel lief en leed gedeeld. Bedankt 
voor de enorm waardevolle vriendschap die we hebben opgebouwd en voor de steun die
jullie me geven!

Lieve Uden-girls, wat ben ik blij met jullie in mijn leven en wat hebben we samen al veel
meegemaakt! Dank jullie wel dat jullie er altijd zijn om alles mee te delen, zowel de mooie 
als de mindere momenten. Lieve Margot, dank je dat jij als paranimf aan mijn zijde wil
staan tijdens de laatste “hindernis” van dit traject. Hoe bijzonder dat wij ooit samen ons 
profielwerkstuk schreven en dat we dadelijk allebei op dezelfde plek zijn gepromoveerd! 
Ik voel me vereerd dat jij me daarbij tot steun wil zijn. 

Lieve Dorien en Rien, de liefste schoonouders die ik me maar zou kunnen wensen. Bedankt
voor al jullie interesse in mij en mijn werk, voor de fijne gesprekken en etentjes, voor het
vele gelach, en voor de ontspanning tijdens gezellige activiteiten, zoals het maken van 
pasta, brood of adventskransen. 

Lieve Teuntje, mijn grote zus, dank je wel voor al je steun, je luisterend oor, je betrokkenheid 
ondanks de afstand en alle heerlijke gekte die vaak alleen wij begrijpen. Ik ben blij dat ik
zoveel met jou kan delen! Ik wens jou samen met Arjan en Ella alle geluk en liefde toe. 
Lieve Arjan, ook jij bedankt voor al jouw betrokkenheid vanaf de andere kant van de
wereld. Mega lief dat jij de cover voor mijn proefschrift hebt willen ontwerpen, dankjewel!

Lieve pap, ik had heel graag gewild dat je hier was geweest om dit mee te maken. Ik denk
je erbij en hoop dat je trots op me bent!

Lieve mam en Steven, bedankt voor jullie niet-aflatende steun, liefde, enthousiasme,
interesse en betrokkenheid bij alles wat ik doe ik mijn leven. Jullie staan altijd voor me 
klaar en daar ben ik jullie enorm dankbaar voor. Ik vind het heel fijn dat ik nu ook deze
mijlpaal met jullie kan vieren!

Lieve Niels, mijn grootste steun, wat ben ik dankbaar en blij dat ik jou in mijn leven heb. 
Alles kan ik met je delen, zowel vreugde als verdriet. Jij viert met mij de mooie dingen 
(ik zal de champagne-traditie van ons beider PhD’s gaan missen!) en vangt me op als het 
even minder gaat. Dankjewel voor al je liefde, je blijdschap, je vertrouwen in mijn kunnen,
je enthousiasme, en al het andere waarmee je mijn leven zoveel mooier maakt!
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