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Abstract

Studies show CYFRA 21-1 fragments of cytokeratin 19 (CK19) to be promising biomarkers for
non-small cell lung cancer (NSCLC). Although previous literature identifies specific CYFRA
21-1 antibody binding epitopes, the exact molecular weight of the CK19 fragment being
detected by current assays is not well-documented. Serum samples from 58 patients (lung

cancer (N = 36), control (N = 22)) were used to measure CYFRA 21-1 across four different
quantification assays: enzyme-linked immunosorbent assay (ELISA), chemiluminescent assay
(ChLIA), electrochemiluminescence immunoassay (ECLIA), and compensated interferometric
reader (CIR). In the cancer group, correlation between ECLIA and ELISA was high (R(Pearson)
= 0.948, r(Spearman) = 0.868) while correlation between ECLIA vs ChLIA and ECLIA vs CIR
was low (R=0.005, r = -0.0593), (R = 0.0275, r = 0.167), respectively. In the control group,
correlation between ECLIA and ELISA was high (R = 0.861, r = 0.927) while correlation between
ECLIA vs ChLIA and ECLIA vs CIR was low (R = 0.0079, r = =0.0593), (R = 0.0244, r =
-0.102), respectively. Compared to ECLIA, concordance coefficients (p,) were poor (o, < 0.90)
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across all assays except for cancers group in ELISA (o= 0.913). ECLIA was the only assay

to report control ranges above 1 ng/mL CYFRA 21-1 (ECLIA, 1.14-21.59 ng/mL; ELISA,
0.79-24.26 ng/mL; ChLIA, 0.062-0.691 ng/mL; 0.08-7.68 ng/mL). Differing sizes of the protein
being measured by each assay may have a role in the discrepancies observed. Given the different
CYFRA 21-1 concentration estimates among assays, further characterization of the fragment and
its release during epithelial malignancies, such as NSCLC, is imperative to developing effective
biomarker assays.

Keywords

CYFRA 21-1; Biomarker; Enzyme-linked immunosorbent assay (ELISA); Chemiluminescent
assay (ChLIA); Electrochemiluminescence immunoassay (ECLIA); Compensated interferometric
reader (CIR)

1.

Introduction

Cytokeratin fragment 21-1 (CYFRA 21-1) has been studied extensively as a promising
circulating biomarker for the early detection, diagnosis, and monitoring of lung cancer and
several other epithelial cancers for over two decades (Niklinski et al., 1995; Stieber et al.,
1993; van der Gaast et al., 1994). However, despite widespread interest, it has not yet been
clinically implemented as a marker in lung cancer in the United States. The biggest barriers
to the utilization of this marker have historically been (1) the sensitivity of the assay to
accurately quantify the marker at low concentrations, where the discriminatory power of the
biomarker is most impactful, and (2) a lack of reproducibility of clinical studies. While the
broader community has made great strides towards overcoming the first barrier (Kammer
etal., 2019; Kammer et al., 2021a; Lee et al., 2012; Olmsted et al., 2014), the second is a
much more challenging problem, due to the heterogeneity of patient populations and clinical
situations, but also, more fundamentally, the variation in definition of “CYFRA 21-1.” This
investigation sought to explore the nature of CYFRA 21-1 by beginning to describe the
great variation in the reported origin, nature, molecular weight, and description of what
many researchers refer to as CYFRA 21-1.

Lung cancer remains the leading cause of cancer-related deaths in the world. A strong
contributor to this fact stems from difficulty in detecting lung cancer at an early stage.
Nearly 80% of lung cancer diagnoses are detected at later stages (Jemal et al., 2007).
However, as the current recommendations for advanced-stage treatment is an individualized
a combination of surgery, chemotherapy, targeted therapy, immunotherapy and radiation
therapy often with high operational costs and potential procedural risks warrant investigation
to improve early detection and diagnosis of lung cancer (Ettinger et al., 2022). Such
investigations include the tumor marker CYFRA 21-1, a fragment of cytokeratin 19 (CK19)
released from lung epithelial cells in malignant and non-malignant states. Quantification

of CYFRA 21-1 in the context of oral squamous cell carcinoma, thymic carcinoma,

and interstitial pulmonary fibrosis have revealed the prognostic value of the biomarker

in various disease states (Adusumilli et al., 2023; Molyneaux et al., 2022; Shiiya et al.,
2021). Specifically in the context of lung cancer, CYFRA 21-1 has shown promise in
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recurrence surveillance in non-small cell lung cancer (NSCLC) (Stieber et al., 1993). High
serum CYFRA 21-1 values were reported to correlate with poor prognosis, regardless

of administered treatment(Pujol et al., 1993). Recent evidence published suggests that
improved sensitivity of CYFRA 21-1 measurement via a compensated interferometric
reader (CIR) improves discrimination between controls and early-stage NSCLC, offering
promise for CYFRA 21-1 use as an early detection biomarker (Kammer et al., 2021a).

While it is expected that assay characteristics may vary by platform and assay performance
is dependent upon the origin, quality, and binding site of the antibody (or other capture/
detection molecule methods), it is generally assumed that detection and quantification of a
specific target molecule is consistent across all platforms to a reasonable degree. In other
words, a sandwich principal assay and a surface-plasmon-resonance-based quantitative assay
of the same molecule may differ in linear range, sensitivity, and/or have some disagreement
within a reasonable range, but they should quantify the same target and reasonably agree
for samples that fall into the overlap between their linear ranges. This is generally the case
(Bayoumy et al., 2021; Torlakovic et al., 2020), especially for native proteins. The cases
where there is significant disagreement between assay types serve as an invitation to further
study why assays show disagreement (Beeg et al., 2021). However, the even more egregious
scenario is when the reported target molecule significantly differs across assay types, which
can result from situations where the target molecule is produced by an uncontrolled process,
such as fragmentation.

In this study, we sought to compare the measured CYFRA 21-1 values across four assays
while investigating the biochemical underpinnings of the disagreement between assays. It
is not the goal of this study to compare the diagnostic ability of these assays, which has
been performed previously on much larger datasets using appropriate clinical cohorts of
patient samples (Kammer et al., 2019), but rather to understand the differences between
assay results between the various methods.

Methods

Patient samples

Serum samples were collected from prospectively enrolled patients in lung cancer studies

at Vanderbilt University Medical Center (Nashville, TN) between the years of 2005-2022
and stored in the Thoracic Biorepository. Sample collection, storage and clinical data
extraction were approved under the (IRB#030763 and IRB#101404) and patient consent was
obtained before enrollment and sample collection. Fifty-eight patients were selected that met
requirements for serum volume availability to adequately run on four separate CYFRA 12-1
detection platforms. Thirty-six patients had a histologically confirmed lung cancer diagnosis.
Twenty-two control patients were confirmed to have no prior cancer diagnosis and a negative
cancer by histological diagnosis at least two years following the date of sample collection
(Table 1). Serum samples were barcoded and stored at —80 °C until the time of analysis for
this study. Each sample was barcoded and stored in multiple 250uL aliquots at the time of
collection. One aliquot was used to perform each individual assay.
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2.2. Detection methods

CYFRA 21-1 concentrations were determined in parallel in samples from 58 patients across
four different quantification assays. Separate serum aliquots collected from the same sample
collection date were used from each patient. At the time of collection, 1 mL serum samples
were processed and separated into 250 L aliquots. Thus, aliquots run from the same
sample collection date underwent only one freeze-thaw cycle before being run on separate
assays. Enzyme-linked immunosorbent assays (ELISA) were run on the TM-CYFRA 21-1
ELISA RUO kit (DRG International, Germany) based on the sandwich method following
manufacturers protocols using reagents provided in the kit. In individual Microtiter wells
coated with anti-CYFRA 21-1 antibody, 50 pL of each sample, 50 pL of assay buffer and
10 pL of enzyme conjugate (anti-CYFRA 21-1 antibody with horseradish peroxidase) were
thoroughly mixed for 10 s and incubated at room temperature (RT) for 60 min. Wells were
then emptied and briskly washed 3 times with 350 pL of washing solution. Subsequently,
200 pL of substrate solution containing tetramethylbenzidine (TMB) was added to each well
and incubated for 15 min at RT. The enzymatic reaction was stopped by adding 100 pL

of the stop solution and the absorbance of each well was read by a microtiter plate reader
within 10 min of adding the stop solution. Controls and standards for the calibration curve
were prepared and run on every plate per manufacturer’s protocols. Monoclonal mouse
antibodies KS19.1 and BM19.21 were used to detect CYFRA 21-1 in this assay. Samples
were run in duplicate and averaged to produce reported concentrations in ng/mL.

Electrochemiluminescence Immunoassays (ECLIA) were run on the automated Elecsys
CYFRA 21-1 assay compatible with the cobas e401 analyzer (Roche Diagnostics

GmbH, Germany) based on the sandwich method following manufacturer’s instructions.
Monoclonal mouse antibodies KS19.1 and BM19.21 were used to detect CYFRA 21-1.
Samples were run in triplicate and averaged to report CYFRA 21-1 values in ng/mL. Serum
sample results were determined via a master standard CYFRA 21-1 curve provided by the
cobas e401 analyzer software.

Chemiluminescent assays (ChLIA) were run on the Human CYFRA 21-1 ChLIA Kit
(Elabscience, Biotechnology, China) based on the sandwich-ChLIA method following
manufacturers protocols using reagents provided in the kit. In individual Microtiter wells
coated with polyclonal anti-CYFRA 21-1 antibodies, 100 pL of each sample was added and
incubated at RT for 90 min. Each well was emptied and 100 uL of biotinylated detection
polyclonal anti-CYFRA 21-1 antibody was promptly added to each well. Samples were
gently mixed and incubated for 60 min at RT. Three wash cycles with 350 pL wash buffer
were preformed then 100 pL of horseradish peroxidase conjugate was added to each well
and incubated for 30 min at RT. Five additional wash cycles were performed with 350 L
wash buffer each, aspirating wells between each wash. Finally, 100 pL of substrate mixture
solution was added to each well, incubated for 5 min at RT and covered before being
promptly read on the chemiluminescence immunoassay analyzer. Controls and standards for
the calibration curve were prepared and run on every plate per manufacturer’s protocols.
Samples were run in duplicate and averaged to calculate CYFRA 21-1 concentration in
pg/mL.
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For ELISA and ChLIA, samples were run in two separate cohorts: one cohort of 18 patient
samples and a second cohort of 40 patient samples. Serum samples results were determined
based on standard curves run on the same plate and same date as the sample cohort.

Free Solution Assays (FSA) were run on Compensated Interferometer Reader (CIR)
developed at Vanderbilt University, Nashville TN following previously published workflows
(Bornhop et al., 2016; Kammer et al., 2019b). Reference samples were formed by mixing 10
uL of serum sample and 30 pL of PBS. Binding samples were formed by mixing 10 pL of
serum sample and 30 UL solution containing probe anti-CYFRA 21-1 antibody (1.5 pg/mL).
Samples were incubated at RT using shaking (300 rpm) for 60 min before measurement with
FSA-CIR. The probe antibody used was a monoclonal mouse clone xC4-BM119.21 epitope.
Samples were run in triplicate and averaged to report CYFRA 21-1 values in ng/mL. See
Table 2 for comparison of detection method antibodies, manufacturers, and assay metrics of
quantification.

2.3. Analysis & statistics

R 4.0.3 software was used for statistical analysis. Values for ELISA and ChLIA samples

are represented as the average of two measurements, and FSA-CIR and ECLIA as the
average of three measurements. Standard curves for ELISA, ChLIA, and FSA-CIR assays
were fit using 4-parameter saturation isotherm curve and CYFRA 21-1 concentrations
estimated using the drc R package (Chetan et al., 2022). Standard curves and CYFRA 21-1
concentrations for the ECLIA were generated from the Roche cobas e401 analyzer software.

Duplicate and triplicate CYFRA 21-1 estimates were used to calculate the intra-assay
coefficient of variability (CV(%)). Pearson and Spearman correlation coefficients (r2) were
calculated between intra-assay estimates (ex. Between duplicate reads) and inter-assay

for comparison of CYFRA 21-1 measurement reproducibility within and between assays.
Concentrations were converted to ng/mL when comparing inter-assay concentrations. Lin’s
concordance correlation coefficient (CCC) (o, (King et al., 2007) was calculated to test
how well CYFRA 21-1 pairs of observations from the three additional assays conform to
the gold standard ECLIA assay. Lin’s CCC (p;) measures both precision (p) and accuracy
(CP)(Akoglu, 2018). The range of CCC is 0 to £1 and interpretation of agreement was
determined based on McBride et al. classification(Liao and Lewis, 2000) which states
agreement as >0.99 almost perfect; 0.95-0.99 substantial; 0.90-0.95 moderate; and <0.90
poor. The ECLIA assay was determined as the gold standard to back compare each assay
to, due to the detection method being certified through the Clinical Laboratory Improvement
Amendments (CLIA), the College of American Pathologists (CAP) accreditation programs
and FDA approval for clinical use.

2.4. Molecular visualization

The assay manufacturer specifications were evaluated to identify CYFRA 21-1 fragment
size. The CK19 amino acid sequence was obtained from the Uniprot database (uniport

ID P08727) (Consortium, 2022). The three-dimensional structure of CK19 was obtained
from Alphafold (alphafold ID AF-P08727-F1-v4) (Jumper et al., 2021; Varadi et al., 2023).
UCSF Chimera was used to visualize the structure, evaluate caspase binding sites, and
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calculate molecular weights (UCSF Chimera package from the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco, supported by
NIH P41 RR-01081) (Pettersen et al., 2004).

3. Results

3.1. Intra-assay concordance

ELISA: The measured range of CYFRA 21-1 values was 0.2—-24.26 ng/mL across all

58 samples and was concentrated to the lower half of the assay’s detectable range
(manufacturer reported range 0.79-50 ng/mL) (Supplemental Fig. 1:A,C). CYFRA 21-1
values between sample duplicates correlated with an r (Pearson) value of 0.9971 and did

not show a difference in sample distribution between duplicates (p = 0.22) (Supplemental
Fig. 1:B,D). Five samples did not produce a measurable value. Calculation of intra-assay
coefficient of variability yielded a value of 15.3%, just above the desired value of 10% (Reed
etal., 2002).

ECLIA: The measured range of CYFRA 21-1 concentration was 1.14-21.59 ng/mL. All
samples produced a measurable value. Calculation of intra-assay coefficient of variability
between triplicates yielded a value of 2.6%

ChLIA: The measured range of CYFRA 21-1 values was 0.038-0.691 ng/mL across 58
samples. Similarly to ELISA, CYFRA 21-1 values were concentrated to the lower half of
the assay’s detectable range (manufacturer reported 62.5-4000 pg/mL) (Supplemental Fig.
2:A,C). Duplicate sample CYFRA 21-1 values correlated with an R (Pearson) value of
0.821 and r (Spearman) value of 0.752. No difference in duplicate read concentration was
noted (p = 0.35) (Supplemental Fig. 2:B,D).

FSA-CIR: The measured range of CYFRA 21-1 concentration was 0.232-7.18 ng/mL.
Concentrations were measured at the lower end of the detectable range (80-10000 pg/mL)
(Supplemental Figure 3). Calculation of intra-assay coefficient of variability between
triplicates yielded a value of 9.8%.

3.2. Inter-assay comparisons

The range, mean, and standard deviation of replicates were compared across all assays
separately between the cancer and control groups (Fig. 1, Table 3). The following discussion
compares all assays back to ECLIA only, however correlation coefficients comparisons of
all assays can be found in Table 1. It is evident when comparing the mean CYFRA 21-1
concentrations between ELISA and ECLIA that the ELISA reported lower mean values in
both the cancer and control groups (2.60 vs 3.90 and 1.94 vs 3.33 ng/mL, respectively).
Additionally, the ELISA reported a higher standard deviation compared to the ECLIA in
both the cancer and control groups (0.464 vs 0.059 and 0.320 vs 0.112, respectively).
Although the calculated Pearson correlation coefficient was above 0.85 in both groups
(0.9486 in cancer and 0.8607 in controls) the concordance coefficient (o) was >0.90 only
in the cancer group ((p,) = 0.913), suggesting measured CYFRA 21-1 values were more
disconcordant between the ELISA and ECLIA assays in the controls yet showed moderate
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strength agreement in cancer samples. Interestingly, the Spearman’s correlation coefficient
reported improved correlation in controls, but worsened correlation in cancers.

Similarly, to ELISA, the mean of CYFRA 21-1 concentrations measured by FSA-CIR is
lower than ECLIA in both the control and cancer groups (1.9 vs 3.9 and 1.54 vs 3.33
ng/mL, respectively). Standard deviation was greater in the FSA-CIR cohorts compared

to ECLIA, demonstrating agreater range of measured values. Although the Pearson and
Spearman correlations were weak, the concordance coefficient (o) was also reported as
poor between all assays (controls = 0.0992 and cases = 0.—0.0911). These findings suggest
weak correlation between ECLIA and CIR values as well as poor strength agreement
between CYFRA 21-1 measurement values at a sample-to-sample level.

The CYFRA 21-1 measurements recorded from the ChLIA assay had the lowest
concordance with other assays, with concordance coefficient (p,) of 0.003 for both control
and cancer groups. The overall range reported by ChLIA was almost tenfold lower than the
other methods, with a measured range below 1 ng/mL for both controls and cases (0.062—
0.691 and 0.038-0.62 ng/mL respectively).

The ECLIA assay was the only assay to report all measured CYFRA 21-1 concentrations
above 1 ng/mL for both control and cancer groups (measured ranges of 1.19-21.59 and
1.14-7.33 ng/mL, respectively). All three additional assays reported lower mean ranges and
CYFRA 21-1 concentrations compared to ECLIA (Table 3, Fig. 1). Distribution of CYFRA
21-1 concentrations across cancer stage (TNM 8th edition (Rami-Porta et al., 2014)) were
also plotted and compared between ECLIA, ELISA and FSA-CIR. Due to the goal of this
study and the selection of patient serum samples to be used, performance analytics were not
conducted, as the appropriate case:control cohort was not used to properly evaluate clinical
sensitivity nor specificity. However, analyte concentration by lung cancer staging can be
viewed in Supplemental Fig. 4.

4. Discussion

Despite growing evidence of CYFRA 21-1 utility as a tumor biomarker, it’s use as an early
detection marker in NSCLC has yet to be effectively supported in a clinical setting. This

is in part due to low sensitivity of current commercially available assays and inconsistent
data on CYFRA 21-1 fragment length and molecular size being measured in each assay.
There is clinical evidence of CYFRA 21-1 use as a tumor biomarker in a variety of
malignant and non-malignant disease states alike. Jeong et al. demonstrated increased
CYFRA 21-1 levels in thyroid cancer patients with distant metastasis as compared to

those without metastasis(Jeong et al., 2021). Additionally, CYFRA 21-1 levels have been
demonstrated to be elevated in patients with thymic carcinoma and oral squamous cell
carcinoma as compared to those with a benign pathology(Shiiya et al., 2021). CYFRA
21-1 has recently been demonstrated to be elevated in Idiopathic Pulmonary Fibrosis (IPF)
patients and correlated with disease progression(Molyneaux et al., 2022). This recent finding
gives further insight into the etiology of serum CYFRA 21-1 fragments, demonstrating
that CYFRA 21-1 may be a marker of epithelial cell destruction and turnover, a process
seen in both malignant and benign disease. Specifically in the context of lung cancer,
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CYFRA 21-1 has shown promise in recurrence surveillance in non-small cell lung cancer
(NSCLC) where high serum CYFRA 21-1 values correlated with poor prognosis (Stieber
et al., 1993). Additionally, CYFRA 21-1 offers promise as an early detection biomarker
through a study outlining how improved sensitivity of CYFRA 21-1 measurement via a
compensated interferometric reader (CIR) can improve discrimination between controls and
early-stage NSCLC (Kammer et al., 2021). Thus, CYFRA 21-1 assays prove important for
both diagnosis and surveillance of lung cancer. This study compared the measurement of
CYFRA 21-1 between four separate detection methods: ELISA, ECLIA, ChLIA and FSA-
CIR. We aim to provide insight into the variation in serum CYFRA 21-1 measurements

in the context of lung cancer, indicating the need to further characterize CYFRA 21-1
fragments for development of complimentary and unique CYFRA 21-1 signatures in
specific disease states by discussion of three key elements: (1) Detection methods and
analytics of each assay; (2) Comparison of serum CYFRA 21-1 measurements across
assays; and (3) Discrepancies of protein fragmentation and CYFRA 21-1 production.

4.1. Selected methods of detection for comparison of CYFRA 21-1 measurements

In this study, we utilized four different detection methods to measure CYFRA 21-1.

Enzyme-Linked Immunosorbent Assay (ELISA) relies on an antibody-complex binding
to the targeted antigen and inducing color change in the solution, either directly or indirectly.
In direct ELISA, the primary antibody targeting the antigen is conjugated with an enzyme
that results in color change of the solution that can subsequently be measured to calculate
the amount of antigen. In indirect ELISA, the primary antibody targets the antigen, however
a secondary antibody complexed to an enzyme (commonly horseradish peroxidase) is then
added which binds to the primary antibody and induces a color change. The amount of
bound enzyme conjugate is directly proportional to the concentration of CYFRA 21-1

in solution in ng/mL. After administration of substrate solution, the magnitude of color
change is measured in optical density (OD) units and is used to quantify CYFRA 21—

1 concentrations. The DRG ELISA kit uses an indirect detection method and reports a
CYFRA 21-1 lower limit sensitivity of 0.79 ng/mL.

Electrochemiluminescence Immunoassay (ECLIA) is a detection tool relying on light
emission from labels on antibodies designed to bind the target molecule. ECLIA is a
quantitative method for measuring an antibody based on a change in electrochemistry
coupled with chemiluminescence (ECL). Specifically, these labels are designed to emit light
when electrochemically stimulated by an electric pulse. The labels are attached to antibodies
specific for the binding site on the target molecule. An additional antibody targeted at the
antigen is attached to paramagnetic beads that will fixate when a magnetic field is applied,
allowing the antigen-antibody complex to be separated from the rest of the solution. ECLIA
has a larger linear range as compared to ELISA and therefore requires fewer dilutions. For
CYFRA 21-1, ECLIA is reported to have an analytic specificity of 95% and an analytical
sensitivity lower limit of 3.3 ng/mL (Barillo et al., 2018).

Chemiluminescent immunoassay (ChLIA) relies on a micro plate pre-coated with
antibodies specific to the antigen target. Similarly to ELISA, this reaction can occur
indirectly or directly. In direct ChLIA, the primary antibody is labeled with a luminescent
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molecule which produces a light response upon binding the antigen. In the indirect method,
the immobilized antibodies capture the antigen from the sample and a second acridinium
ester-labeled antibody binds the antigen, producing a sandwich effect. The fixated antibody-
antigen complex is exposed to an alkaline solution, generating a chemical reaction that
produces a flash of light(Cinquanta et al., 2017). Unlike ECLIA which relies on electrical
input, ChLIA relies on a chemical reaction to produce chemiluminescence. The Elabscience
ChLIA kit reports a CYFRA 21-1 lower limit sensitivity of 37.5 pg/mL.

The antibodies traditionally used to detect CYFRA in immunometric assays such as ELISA
and ECLIA bind to both CYFRA 21-1 and full length CK19 and therefore should bind to
the two different sized molecules. However, additional detection methods have been trialed
that rely on optical detection and therefore quantification may not be based on absolute
number of bound biomarker molecules (Table 2).

Free Solution Assay measured by the Compensated Interferometric Reader (FSA-
CIR) relies on a label-free, optical detection method which measures change in analyte
conformation and hydration upon binding. The CIR uses an interferometric sensor based
on a simple optical train consisting of a laser, a capillary tube, and a camera. The laser
illuminates the capillary, and the light from this beam is refracted by the capillary tube,
producing a series of interference “fringes” whose radial position is dependent on the
refractive index of the liquid inside the capillary. Antibody probe is added to one aliquot of
patient serum and a refractive index-matched reference solution without antibody is added
to another aliquot of the same serum sample. The probe generates a conformational change
upon binding of the biomarker in the sample, causing a difference in the refractive index as
compared to the reference solution. By comparing the interferometric pattern produced by
the sample with and without the antibody, protein biomarker concentrations in the sample
drawn into the capillary tube can be quantified (Kammer et al., 2019b). The FSA-CIR shows
better analytic sensitivity for CYFRA 21-1 compared to more traditional assays. The lower
limit of quantification by FSA-CIR has been demonstrated to be 40 pg/mL as compared to
500 pg/mL by ECLIA (Kussrow et al., 2022). This increased analytic sensitivity has been
demonstrated to translate to increased discriminatory power of the test. As this technology
continues to develop, this increased discriminatory value potentiates the ability for CYFRA
21-1 to develop into a clinically useful biomarker for lung cancer, specifically early-stage
detection(Kammer et al., 2021a).

4.2. Comparison of detection methods

Our results reveal discordant CYFRA 21-1 values when measured by assays using different
target antibodies (Fig. 1, Table 3). In this study, the ECLIA Elecsys CYFRA 21-1 (Roche
Diagnostics GmbH, Germany) was held as the gold standard to compare CYFRA 21-1
measurements between assays due to its CAP and CLIA accreditation and FDA approval.
As previously outlined, the ELISA and ECLIA assays both use the same capture and
detection antibodies, KS19.1 and BM19.21, and detect CYFRA 21-1 using a sandwich
immunometric approach. There exists a strong positive correlation between ELISA and
ECLIA (R (Pearson) = 0.9257, r (Spearman) = 0.8975) suggesting a similar trend in

serum CYFRA 21-1 measurements. In addition to a reported strong correlation, ELISA
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and ECLIA showed a concordance coefficient (p,) of 0.913 in the cancer group, indicating
moderate agreement between CYFRA 21-1 measurements at a sample-to-sample level.
However, the concordance coefficient (o) in the control group was 0.685 suggesting poor
agreement between the assay when measuring control or normal CYFRA 21-1 values.

This indicates that factors such as detection technology, sample prep, and variability in
fragment length may impact analyte measurement in non-malignant samples. It is important
to note that the concordance coefficient measures not only the agreement between the rank
measurements of the sample (like the Pearson /) and trend correlation (like Spearman /), but
also how close the trend between measurements is equal to 1. This indicates that though the
assays may correlate, other factors may impact analyte measurement.

Conversely, the assays using different target antibodies (ChLIA and FSA-CIR), showed
poor correlation with ECLIA (R (Pearson) = 0.0068, 0.0259, respectively). Interestingly,

the ChLIA assay reported values almost tenfold lower than that of ECLIA (mean values =
0.313 and 3.6 ng/mL, respectively), as well as tenfold lower than ELISA and FSA-CIR. The
ChLIA assay uses two polyclonal antibodies for analyte detection, and therefore the analyte
specificity may be lower than in methods with monoclonal antibodies, however this should
lead to a higher measured concentration, as the assay should be reporting CYFRA 21-1 and
off target interactions. Manufacturing information from the Human CYFRA 21-1 ChLIA
Kit (Elabscience, Biotechnology, China) reported no quality control studies on albumin or
immunoglobin cross reactivity.

The FSA-CIR assay reported values in a range comparable to ECLIA, reporting controls

as 0.08-7.68 ng/mL and cases as 0.08-4.14 ng/mL. Interestingly, the CIR had lower
concordance coefficients (p,) with ECLIA (0.0992 for controls and —0.0911 for cases).

As previously mentioned, it is hypothesized that the interferometer may produce values
different than the sandwich ECLIA and ELISA assays. Due to the label-free solution
method and quantification of the change in refractive index, the FSA-CIR measurements
may be representative of different fragment lengths or molecular weights, which may confer
additional disease information or diagnostic potential to the assay.

4.3. Caspase cleavage sites of CK19 do not align with caspase aa target sequences

Cytokeratins (CKs) are a group of filamentous proteins composing the intermediate
filaments found in the cytoskeleton of epithelial cells (Bodenmiiller, 1995). Cytokeratin

19 (CK19) is a 40 kDa protein composed of 400 amino acids, the smallest of the human
keratins. CK19 is known to be expressed in both simple and stratified epithelium, including
the epithelium covering the bronchial tree (Barillo et al., 2018), and has been shown to

be over-expressed in multiple epithelial carcinomas. There is no clear consensus in the
literature on the exact mechanism by which CK19 fragments are released into the serum.

It has been hypothesized that CK19 fragments are released from cells undergoing apoptosis
and subsequently detected in serum (Barillo et al., 2018). This hypothesis of passive CK19
proteolysis upon cell death is often cited as the primary mechanism of fragment release
into serum. However, by inhibiting protein translation and demonstrating the subsequent
decrease or elimination of detected CK19, Alix-Panabieres et al. suggest that CK19 release
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is perhaps an active process by viable cancer cells and not simply a byproduct of an
apoptotic process(Alix-Panabiéres et al., 2009).

It is believed that during apoptosis, CK19 is cleaved by caspases and resulting fragments
are released into the serum. These fragments are the targets for various quantification
methodologies using patient serum or plasma samples (Alix-Panabiéres et al., 2009). One
of the resulting fragments, cytokeratin fragment 21 (CYFRA 21-1), is often cited to be
cleaved by caspase 3 (Dohmoto et al., 2001), however recent literature suggests that other
caspases may additionally act on the fragment (Kumar et al., 2014; Schmeck et al., 2004). A
proposed caspase cleavage site is located between amino acids 235 and 238 of its sequence
(Dohmoto et al., 2001). Upon cleavage, two fragments are released; the fragment bearing
the C-terminus of CK19 is characterized as CYFRA 21-1. Two specific antibodies bind to
epitopes localized to the CYFRA 21-1 fragment upstream of the caspase cleavage; KS 19.1
is located at aa 311-335 and BM 19.21 at aa 346-367 (Stigbrand et al., 1998) (Fig. 2).

Although this antibody binding pattern suggests specific targeting of the CYFRA 21-1
fragment, there is no clear consensus on the molecular weight of the CYFRA 21-1

fragment being detected through currently available assays, suggesting that perhaps different
assays detect different fragment lengths. Uncertainty around this fragment length stems
from the incongruent literature evidence on caspase cleavage of CK19. In regulatory
apoptotic mechanisms, executioner caspases-3, —6, and —7 have the capacity of targeting,
and thus cleaving, numerous substrates. In the context of CK19 cleavage and production

of cytokeratin fragments, previous studies have worked to establish parallels among the
wide variety of effector caspase substrates, and to furthermore identify common cleavage
sites. Such efforts have resulted in the caspase-3 motif DEXD, where D is Asp, E is

Glu, and X is any amino acid (Song et al., 2019; Timmer and Salvesen, 2007). Literature
outlines CK19 cleavage by caspase-3 during apoptosis to occur at amino acid cleavage

site 235-238 (Alix-Panabiéres et al., 2009), however the aa sequence in this region does

not align with the DEXD cleavage motif. In other words, the DEXD motif is not found

in the CK19 protein in the amino acid range of 235-238 and therefore caspase-3 would

not likely generate a CYFRA 21-1 fragment with a suggested weight of 18.4 kDa, as
previously described(Yu et al., 2017). Alternatively, there is evidence to support cleavage of
CK19 by caspase-6, a potent apoptosis-inducer characterized in Streptococcus pneumoniae
invasion of lung epithelium (Schmeck et al., 2004). Caspase-6 is known to cleave via

the motif VEXD which does align with the CK19 cleavage site aa 235-238 (Schmeck et

al., 2004). Further incongruency on CYFRA 21-1 molecular weights may be attributed to
manufactured detection methods developed in varying CK19 fragment lengths. For example,
a Chemiluminescent immunoassay (ChLIA) assay (Elabscience Biotechnology, China)
describes the detected CYFRA 21-1 fragment to be the length of amino acids 125-400,
producing a fragment of 31.5 kDa. Similarly, an Electrochemiluminescence immunoassay
(ECLIA) assay (Roche Diagnostics GmbH, Germany) states a detection of a fragment
approximately 30 kDa in molecular weight. Production of an approximately 30 kDa CYFRA
21-1 fragment implies a different cleavage site than caspase-6 (Fig. 3). If cleavage would
occur after residue 238 (Asp) as frequently stated (Dohmoto et al., 2001), a CYFRA 21-1
fragment of about 18 kDa should be produced. Contrarily, some CYFRA 21-1 assays do not
detect 18 kDa CK19 fragments; the Elecsys CYFRA 21-1 assay (Roche Diagnostics GmbH,
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Germany) expects the detection of a 30 kDa CYFRA 21-1 protein (Fig. 3). Hence, the actual
size of the protein being measured by each assay may have a role in the differences seen in
protein detection.

5. Conclusion

To our knowledge, this is the first study to compare serum CYFRA 21-1 levels in a patient
cohort between ECLIA, ELISA, ChLIA and FSA-CIR detection methods. Although the
use of CYFRA 21-1 as a biomarker has been investigated in malignant and non-malignant
settings, it’s utility as a tool for early detection of lung cancer has not yet been effectively
demonstrated in a clinical setting. One barrier to widespread clinical validation is the
varying results when measuring CYFRA 21-1 across different assay types, including those
that purport to measure the same analyte, leading to inconsistent results in the literature
about the performance of CYFRA 21-1 as a diagnostic biomarker. In this study, we
demonstrated quite discordant results between the four assays, but found these results are
potentially explained by assay detection methods and the biochemistry of CYFRA 21-1.
Overall, our study reveals discordant CYFRA 21-1 values when measured by assays using
different target antibodies (Fig. 1, Table 3). Across all assays, the comparison of cancer
groups between ELISA and ECLIA was the only assay comparison that yielded strong
positive correlation (R (Pearson) > 0.9) in conjunction with adequate agreement through
concordance coefficient (p,> 0.9). The ELISA and ECLIA assays detect CYFRA 21-1
using similar sandwich methods through capture by the same detection antibodies, KS19.1
and BM19.21. Despite any detection similarities, across all assay comparisons in the control
group, no comparisons yielded a strong positive correlation (R (Pearson) > 0.9) nor adequate
agreement through concordance coefficient (p,> 0.9). This indicates that factors such as
detection technology, sample prep, and variability in fragment length may impact analyte
measurement in non-malignant samples.

Additionally, the discrepancies of CYFRA 21-1 biochemistry contribute to poor
concordance in measured serum values. It is established that cytokeratin 19 exists as a

40 kDa molecule and is cleaved by caspases to produce the fragment CYFRA 21-1. These
caspase binding sites vary greatly between different literature studies and commercially
available detection assays, with reports of CYFRA 21-1 molecular weight varying from
18.4 kDa to 31.5 kDa. Perhaps different caspase activity and resulting variation in fragment
length could help define specific CYFRA 21-1 signatures for specific epithelial disease
states. Development of new complimentary CYFRA 21-1 assays can potentially widen
characterization of these disease states and expand CYFRA 21-1 clinical utility.

Of the methods utilized to detect CYFRA 21-1 in serum, some can discriminate between
different molecular sizes, and some are simply detecting antibody concentration, which
correspond to the absolute number of molecules bound to the target antibody. The
immunometric assays (ECLIA, ELISA and ChLIA) will effectively produce measurements
that reflect the absolute value of antibody bound to the target molecule, regardless of
whether the antibody is binding full-length CK19 or the resulting CYFRA 21-1 fragments.
However, due to the unique sensing paradigm of FSA-CIR, the measurements from FSA-
CIR could be due to an increased absolute number of molecules, different changes in
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confirmation shape upon antibody binding, or simply larger molecular fragments. Detection
methods based on optical detection of confirmation change of antibody binding could yield
differences in quantification based on full-length or fragmented protein capture. In other
words, the FSA-CIR may be reporting not only different concentrations of CYFRA 21-1,
but different fragment lengths or conformations (Bornhop et al., 2016). Different detection
paradigms in conjunction with inconsistent data on fragment length and molecular weight of
CYFRA 21-1 being detected by these assays likely contribute to discordant values reported
here in this study.

5.1. Further investigations

Reconciliation of CYFRA 21-1 discrepancies ultimately depends on the validation of the
CK19 protein structure, as well as identification of a molecular pathway defining CK19
cleavage. Although some work has outlined the CK19 conformation, the confidence in

the structure of the loop domains specifically remains very low(Jumper et al., 2021,

Varadi et al., 2022). Hence, experimentation using mass spectrometry coupled with

protein crystallography with nuclear magnetic resonance (NMR) may serve to reduce

the uncertainty in the conformation of these domains. Additionally, understanding CK19
conformation may give an indication as to how anti-CYFRA 21-1 antibodies (i.e., KS19.1
and BM19.21) physically bind to the CYFRA 21-1 fragment, and if they have the capability
of binding the whole CK19 protein as well.

Additionally, further investigation is essential to properly assess caspase activity on CK19
and the resulting fragmentation. Characterization of differing fragment lengths may help
define specific CYFRA 21-1 signatures in epithelial disease states, opening doors of
developing new complimentary CYFRA 21-1 assays. In vitro expression and isolation of
the full-length CK19 protein would allow for testing of the effects of different caspases

(i.e., caspase-3, —6, and —7), as well as determining fragment sizes via immunoblotting.
Additionally, identifying and isolating a CK19 fragment would allow for cleavage site
determination via sequencing processes such as Edman degradation. Further characterization
of the heterogeneity of CK19 fragments may open doors to attribute different fragment
lengths to different disease states. Such an example can be seen in the expansion of troponin
(cTn) assays for the diagnosis of acute myocardial infarction (Lan and Bell, 2019). This
assay has been expanded to include cardiac troponin | (cTnl) and cardiac troponin T (cTnT),
specific markers for distinct phases of cardiac infarction and different associations with
outcomes (Welsh et al., 2019).

ECLIA was the only assay to report a CYFRA 21-1 range of above 1 ng/mL across all

58 patients (1.19-21.59 and 1.14-7.33 ng/mL for control and cases, respectively). This
uncovers the need to study CYFRA 21-1 serum levels in a large cohort representative

of a disease-free population. Such studies have been conducted in Chinese and Korean
populations. In the Chinese population, a median CYFRA 21-1 value across 3366
participants was reported to be 1.38 ng/mL (Dai et al., 2018). In the Korean population,

a median CYFRA 21-1 value was reported as 1.49 ng/mL out of 4096 participants, with
the study suggesting CYFRA 21-1 reference intervals (RI) be continuously verified and
established in each clinical laboratory (Yoon et al., 2023). However, no such study has been
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conducted in other countries, leaving gaps in knowledge of normal CYFRA 21-1 values
in populations across the globe. Understanding a normal pattern or distribution of CYFRA
21-1 in the population is imperative to improving the biomarker’s utility in NSCLC and
other malignant and non-malignant disease states alike.

5.2. Limitations

One limitation of this study is the small patient cohort size (N = 58) and slight male

bias (male = 60.1%). Future studies should aim to analyze larger cohorts for broader
representation and application of findings. The goal of this study was not to complete

a performance study and evaluate different CYFRA 21-1 assays’ ability to differentiate
between specific NSCLC stages, treatment response, or recurrence rates. Such studies
should be conducted to evaluate assay utility in measuring CYFRA 21-1 in specific
NSCLC settings. Additionally, this study only evaluated CYFRA 21-1 measurements on
four detection platforms; ECLIA, ELISA, ChLIA, and FSA-CIR. Detection methods such
as electrochemiluminescence (ECL) coupled to nanocrystals, ring-opening polymerization
(ROP), or surface plasma resonance (SPR) (Aydin et al., 2023; Lu et al., 2021; Wang et al.,
2016), among others, were not evaluated, nor were CYFRA 21-1 measurements compared
between different manufacturing companies’ products of the same detection technology.

Overall, this study provides insight into the variation in serum CYFRA 21-1 measurements ,
indicating the need to further characterize CYFRA 21-1 fragments for development of
complimentary and unique CYFRA 21-1 signatures in specific disease states. This is the
first work to investigate differences between detection methods for CYFRA 21-1 in the
context of lung cancer management to explore potential new avenues for CYFRA 21-1
assay development.
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C. Comparison of CYFRA 21-1 Estimates on ELISA vs. CIR
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Fig. 1. Scatterplot of inter-assay comparisons of ELISA, ECLIA, ChLIA and CIR.
The R value refers to calculated Pearson correlation coefficient. (ELISA: Enzyme-Linked

Immunoassay. ECLIA: Electrochemiluminescence Assay. ChLIA: Chemiluminescent
Immunoassay. FSA-CIR — Free Solution Assay measured by the Compensated

Interferometric Reader.)
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Fig. 2. Schematic of cytokeratin 19 structure and select commercial antibody binding sites.
Two antibodies are known to bind specifically to the amino acid sequences upstream of

the caspase cleavage site. KS19.1 binds at amino acids 311-355 and BM19.21 binds at
amino acids 346-358. Cytokeratin 19 (CK19) is known to be 40 kDa, however there is no
consensus on the molecular weight of the fragments produced upon cleavage. CK19 cleaved
at amino acids 235-238 produces a fragment CYFRA 21-1 (Created with biorender.com).
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Fig. 3. Cytokeratin 19 structure and resultant fragment lengths from different cleavage sites.

Uncleaved CK19 is known to have a molecular weight of 40 kDa (grey protein). The

antibody binding epitopes of KS19.1 and BM19.21 remain on the C-terminus fragment

regardless of cleavage site. Caspase cleavage by caspase-6 suggests a CYFRA 21-1
fragment production of 18.4 kDa (blue protein). CYFRA 21-1 molecular weight as

proposed by commercially available assays suggests a CYFRA 21-1 fragment of 31.5 kDa

(green protein). (Created with biorender.com and chimera.com).
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Table 2 Patient demographics stratified by lung cancer status.
Age reported in years. Smoking defined as current smoker if smoked within at least one year of sample

collection date. Staging reported as TMN Version 8.

No Cancer (N =22)

Cancer (N = 36)

All Patients (N = 58)

Age (mean + STDEV) 67.31+£9.31 68.18 + 8.55 67.47 £8.93
Gender (%)

Male 13 (59.1) 22 (61.1) 35(60.3)

Female 9 (40.9) 14 (38.9) 23(39.7)
Race

African American 1(4.5) 3(3.8) 4(6.9)

Asian 1(4.5) 0(0) 1(1.7)

Caucasian 20(91) 33(91.7) 53 (91.4)
Smoking (%)

Current Smoker 11 (50) 12 (33.3) 23(39.7)

Former Smoker 10 (45.5) 19 (52.8) 29 (50)

Never Smoked 1(4.5) 2(5.6) 3(5.2)

NA 0(0) 3(8.3) 3(5.2)
Pack Years (mean + STDEV)  64.43 + 31.50 62.74 £ 30.08 63.26 + 30.12
Staging (%)

1 0(0) 17 (47.2) 17 (29.3)

1 0(0) 13 (36.1) 13 (22.4)

& 1v 0(0) 6 (16.7) 6 (10.3)
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Table 3

Inter-assay comparisons of ELISA, ECLIA, ChLIA and CIR.

Page 23

Cancer (N=36)

ECLIA ELISA ChLIA CIR
Range (ng/mL) 119-21.59 07902426 0.062-0.691 0.08™-7.68
Mean (ng/mL) 39 2.6 0.3 1.9
Standard Deviation (ng/mL) 0.059 0.464 0.083 0.742
7 Concordance Coefficient (Pe) 0.913 -0.003 -0.0911
R (Pearson) value 0.948 0.005 0.0275
Tr (Spearman) value 0.868 -0.0593 0.197
Controls (N=22)
Range (ng/mL) 114-733  (79*5gg  0.038-0.62 0.08%.4.14
Mean (ng/mL) 3.33 1.94 0.326 1.54
Standard Deviation (ng/mL) 0.112 0.32 0.14 0.872
7 Concordance Coefficient (Po) 0.686 -0.003 0.0992
R (Pearson) value 0.861 0.0079 0.0244

0.927 -0.0593 -0.102

fr (Spearman) value

Overall, all three assays (ELISA, ChLIA and CIR) report a concentration range lower than ECLIA. Mean values between ELISA and ECLIA
between cancer and controls report a lower value for all three assays compared to the ECLIA assay.

*
Values recorded as ‘0.0 are reported as the Limit of Detection (LOD).

*ok

Concordance compared to ECLIA, calculated using Lin’s concordance correlation coefficient (CCC) (pc) (King, Chinchilli et al., 2007).

7LVaIues compared to Roche ECLIA across all assays.

(ELISA - Enzyme-Linked Immunoassay, ECLIA — Electrochemiluminescence Assay, ChLIA — Chemiluminescent Immunoassay, CIR —
Compensated Interferometric Reader).
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