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Objective: Reliable noninvasive biomarkers for early detection of colorectal cancer (CRC) are
highly desirable for efficient population-based screening with high adherence rates. We aimed
to discover and validate blood-based protein markers for the early detection of CRC.
Patients and methods: A two-stage design with a discovery and a validation set was used.
In the discovery phase, plasma levels of 92 protein markers and serum levels of TP53 autoan-
tibody were measured in 226 clinically recruited CRC patients and 118 controls who were free
of colorectal neoplasms at screening colonoscopy. An algorithm predicting the presence of CRC
was derived by Lasso regression and validated in a validation set consisting of all available 41
patients with CRC and a representative sample of 106 participants with advanced adenomas and
107 controls free of neoplasm from a large screening colonoscopy cohort (N=6018). Receiver
operating characteristic (ROC) analyses were conducted to evaluate the diagnostic performance
of individual biomarkers and biomarker combinations.

Results: An algorithm based on growth differentiation factor 15 (GDF-15), amphiregulin (AREG),
Fas antigen ligand (FasL), Fms-related tyrosine kinase 3 ligand (F1t3L) and TP53 autoantibody was
constructed. In the validation set, the areas under the curves of this five-marker algorithm were
0.82(95% CI, 0.74-0.90) for detecting CRC and 0.60 (95% CI, 0.52—-0.69) for detecting advanced
adenomas. At cutoffs yielding 90% specificity, the sensitivities (95% CI) for detecting CRC and
advanced adenomas were 56.4% (38.4%—71.8%) and 22.0% (13.4%—35.4%), respectively. The
five-marker panel showed similar diagnostic efficacy for the detection of early- and late-stage CRC.
Conclusion: The identified most promising biomarkers could contribute to the development
of powerful blood-based tests for CRC screening in the future.
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Plain language summary
What is the current knowledge?

e Early detection of colorectal cancer (CRC) can strongly reduce the burden of this disease.

e Screening by fecal occult blood tests (FOBTs) has been shown to reduce CRC mortality in
randomized controlled trials.

e Blood-based tests could be an important alternative or supplement to fecal tests for nonin-
vasive screening with potentially better adherence.

e Itisessential to identify biomarkers and evaluate their diagnostic performance in true screening
settings.

What is new here!?
e A five-marker algorithm was constructed and independently validated in prospective samples
from a cohort of screening colonoscopy participants during 2005-2014 (N=7197).
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e The five-marker algorithm showed comparable or even better
diagnostic performance in detecting CRC and its precursors than
plasma methylated Septin 9 and FOBT in external validations.

Introduction

With over 1.4 million new cancer cases and 693,900 deaths
estimated to have occurred in 2012, colorectal cancer (CRC)
is the third most commonly diagnosed cancer in males and
the second in females.! Randomized controlled trials and
observational studies have shown that screening by endo-
scopic examinations or stool-based tests yield a reduction in
CRC incidence and mortality.>> However, the participation
rates in endoscopy and stool-based screening offers are often
relatively low. For example, in an ongoing randomized clini-
cal trial (NordICC study) conducted in Poland, Norway, the
Netherlands and Sweden, the participation rates of screening
colonoscopy varied from 22.9% to 60.7%. The participation
rates of fecal occult blood tests (FOBTSs) varied from 7.0% to
67.7% across CRC screening programs worldwide.” The rela-
tively low compliance of endoscopic examinations and stool
tests might limit the screening efficacy on a population level.

Blood tests might potentially improve adherence in
population-based screening programs, given their minimally
invasive nature and straightforward implementation in routine
medical examinations.® To date, plasma methylated Septin 9
is the first and only blood-based test approved by the US Food
and Drug Administration (FDA) for CRC screening.’ How-
ever, the diagnostic performance of this test is not optimal,
with sensitivity for detecting CRC and advanced adenomas of
48.2% and 11.2%, respectively, at 91.5% specificity.!” Other
alleged promising blood biomarkers, such as autoantibod-
ies!! and microRNAs,'? were rarely validated in the targeted
screening populations.

In a previous study, we prospectively evaluated 92 plasma
proteins as potential biomarkers in the early detection of
CRC." Although promising results were reported, this
study was limited by relatively small sample size (N=92)
and the diagnostic potential of biomarkers for detecting
CRC-related precursors was not evaluated.!® In the current
study, we tested an updated panel of 92 tumor-associated
proteins and TP53 autoantibody in a much larger sample. We
aimed to discover individual biomarkers and define optimal
multi-marker combinations for the early detection of CRC
in a training set. Estimates of diagnostic performance of
identified biomarkers and multi-marker panels for detect-
ing CRC and its precursors were independently validated
in prospectively selected samples exclusively recruited in a
true screening setting.

Patients and methods
Study design and study population

In our analyses, a two-step approach with selection of bio-
markers and construction of multi-marker algorithms in a
discovery set and validation of the findings in an independent
validation set was adopted. Samples from two study popu-
lations were used, including clinically detected CRC cases
recruited at hospitals (used for marker discovery only) and
participants with CRC or advanced adenomas, as well as
control participants without colorectal neoplasms recruited
in a true screening setting (BLITZ study).

The prediagnostic samples from the BLITZ study

The BLITZ study (Begleitende Evaluierung innovativer
Testverfahren zur Darmkrebsfriierkennung [Evaluation of
innovative test method for early detection of colorectal can-
cer]) is an ongoing cohort of participants attending screen-
ing colonoscopy in Germany. Detailed information on the
BLITZ study has been reported elsewhere.'*!* Briefly, this
study is conducted in collaboration with 20 gastroenterol-
ogy practices in southern Germany since November 2005.
Participants are recruited at a preparatory visit at practices
typically 1 week before screening colonoscopy and are
invited to donate prediagnostic blood and stool samples.
Self-administrated questionnaires regarding potential risk
factors known or suspected to be related to CRC, such as fam-
ily history, smoking, diet and physical activity information,
are collected from all participants. The German screening
colonoscopy program, introduced in October 2002, offers
up to two screening colonoscopies at least 10 years apart to
men and women aged 55 years or older.'® The high quality
of screening colonoscopy in Germany is reflected in high
adenoma detection rates which have steadily increased since
the introduction of the screening program.!’

By September 2014, a total number of 7,197 participants
have been recruited (Figure 1). For this analysis, the following
exclusion criteria were applied: 1) missing plasma samples;
2) blood taken after screening colonoscopy; 3) inflamma-
tory bowel disease or previous CRC; 4) insufficient bowel
preparation (only for individuals with no significant findings
at screening colonoscopy); and 5) incomplete colonoscopy
(only for individuals with no significant findings at screen-
ing colonoscopy). From the remaining participants of the
BLITZ study recruited during 2005-2015 (N=6018), all 43
screening detected CRC cases, as well as random samples of
individuals with advanced colorectal adenomas (N=113) or
with no colorectal neoplasms (N=233), were included in this
analysis. Because this study was conducted in a true screening
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Clinical setting

Participants of screening colonoscopy
(N=7197)

Colorectal cancer patients

recruited at hospitals (N=239) Colorectal cancer (N=47)

Advanced adenoma (N=627)

Eligible samples for selection (N=6018)

Screening setting

Excluded (N=1179):
Missing plasma samples (N=139)
Blood samples taken after colonoscopy (N=470)
Inflammatory bowel disease or previous
colorectal cancer (N=46)
Incomplete bowel preparation (N=445)
Incomplete colonoscopy (N=79)

Non-advanced adenoma (N=1195)
Not further defined polyps (N=58)

Free of neoplasm (N=4091)

Selected samples for measurement

Free of neoplasm (N=233)

Colorectal cancer sample available

for analysis (N=226) Free of neoplasm (N=225)

Discovery set:
226 CRC vs 118 free of neoplasm
Single biomarker identification

Multi-marker prediction algorithm
construction

Advanced adenoma (N=113)

Advanced adenoma (N=106)

Multi-marker algorithm validation
Evaluation of diagnostic performance for detecting CRC and precursors

Colorectal cancer (N=43)

Samples with valid

Colorectal cancer (N=41)
measurement results

Validation set:
41 CRC vs 106 advanced adenoma vs 107 free of neoplasm

Figure 1 STARD diagram showing the selection of study participants enrolled in the BLITZ study during 20052015 and the analysis scheme.
Abbreviations: CRC, colorectal cancer; STARD, STAandards for the Reporting of Diagnostic accuracy studies.

population in which CRC patients are expected to be on aver-
age slightly older and to include a somewhat large proportion
of men, we did not match for these factors as this might lead
to biased estimates of specificity in such a setting.'®

Clinically selected CRC samples

Given the limited number of CRC cases identified in the
screening setting even in a study as large as BLITZ, we addi-
tionally included 239 CRC patients recruited after diagnosis
but before treatment at four hospitals in southern Germany
for the discovery phase of this study. These patients were dif-
ferent from the much smaller number of such patients (n=54)
included in our previous study.'* The same questionnaire
data and medical records were collected, and blood samples
were obtained according to identical standard operating
procedures (SOPs).

All studies were approved by the ethics committee of the
Heidelberg University Medical School and the ethics com-
mittees of the state physicians’ boards of Baden-Wiirttemberg
and Rhineland Palatinate. Written informed consent was
obtained from each participant.

Classification of CRC and advanced

adenomas

CRC stage was classified according to the Union for Interna-
tional Cancer Control (UICC) tumor-node-metastasis (TNM)
stage classification (seventh version). Participants of screening

colonoscopy were classified according to the most advanced
finding reported in the colonoscopy and/or histology report.
Advanced adenomas were defined as adenomas with at least
one of the following features: 1) high-grade dysplasia (HGD);
2) villous or tubular—villous architecture; and 3) size =210 mm.
Relevant information was extracted from colonoscopy and
hospital records by two research assistants independently who
were blinded with respect to the blood test results.

Laboratory procedures

Sample preparation

Blood samples were collected in Sarstedt S-Monovette K3
EDTA or BD Vacutainer K3 EDTA tube prior to bowel
preparation for bowel colonoscopy (BLITZ study), or prior to
large bowel surgery or neoadjuvant therapy (239 CRC cases
from the clinical setting). The samples were transported to
the laboratory while preserving a cold chain and were cen-
trifuged at 2000-2500x g for 10 min, aliquoted and stored at
—80°C until further use. Details on the SOPs have also been
described previously."’

Protein profiling

A total of 92 predefined human tumor-associated protein
biomarkers were measured in 628 samples using Proseek
Multiplex Oncology I v2°®¢ (Olink Bioscience, Uppsala,
Sweden; the full protein marker list is provided in Table S1).
The panel of 92 protein biomarkers reflects various biologic
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mechanisms involved in carcinogenesis, such as angiogen-
esis, cell—cell signaling, growth control and inflammation.
All laboratory operations were conducted according to the
Proseek Multiplex Oncology I°°¢ User Manual at Olink
Bioscience. In short, the Proseek reagents are based on
the proximity extension assay (PEA) technology, where 92
oligonucleotide-labeled antibody probe pairs are allowed to
bind to their respective target present in the sample. A poly-
merase chain reaction (PCR) reporter sequence is formed
by a proximity-dependent DNA polymerization event and is
subsequently detected and quantified using real-time PCR.
The laboratory operators were blinded with respect to any
information regarding the study participants.

Antibodies against TP53

For the majority of study participants, including 239 cases
with clinically identified CRC, 39 cases with screening-
detected CRC, 82 participants with advanced adenomas and
208 controls free of neoplasm, measurements of antibodies
against TP53 were available from a previous study, which
has been reported elsewhere.? Briefly, antibodies against
TP53 were measured by multiplex serology, a fluorescent
bead-based glutathione S-transferase (GST) capture immu-
nosorbent assay, as described previously.?!:*

Data normalization and statistical analyses
Data normalization of protein profiling

The raw data of the protein profiling were first normalized
following the standard protocol from the manufacturer and
using the Olink Wizard of GenEx software (MultiD, Géte-
borg, Sweden). For each data point, the raw quantification
cycle value (Cg-value, in log2 scale) was exported from
the Fluidigm Real-Time PCR Analysis Software. The Cq-
value is defined as the calculated cycle number at which the
PCR product crosses a threshold of detection and is used to
represent the expression levels of respective proteins in the
current study. The first step of normalization was to subtract
the raw Cq-value for the extension control for the correspond-
ing sample to correct for technical variation. The calculated
Cqg-values (dCg-value) were further normalized against the
negative control determined in the measurement, which
yielded ddCq-values (hereafter, Cq-value, in log2 scale)
and could be used for further analyses. Limit of detection
(LOD) was defined as the mean value of the three negative
controls plus three calculated standard deviations. A total of
30 samples with invalid test results were excluded from this
analysis. Missing data and data with a value lower than LOD
were replaced with LOD in the following statistical analyses.

Statistical analyses

In our analysis, the discovery set samples included CRC cases
recruited in the clinical setting and 118 randomly selected
controls free of neoplasm from the BLITZ study (Figure 1).
The validation set was defined in such a way that it represents
atrue screening setting, i.e., only participants from the BLITZ
study were included.

The plasma protein levels (Cq-value) were first com-
pared between CRC cases and neoplasm-free controls in
the discovery set samples and validation set samples using
Wilcoxon rank-sum test (hereafter, Wilcoxon test). The
Benjamini—-Hochberg method was additionally employed to
correct for multiple testing.

A multi-marker algorithm was derived by applying
the Lasso logistic regression model based on significant
biomarkers identified in the discovery set samples. A
second prediction algorithm was built by combining the
measurements of the selected protein biomarkers from the
Lasso logistic regression model with TP53 autoantibody
measurements using logistic regression. Both prediction
algorithms were further validated using receiver operating
characteristic (ROC) curves in the validation set. Areas
under the curve (AUCs) and sensitivities at cutoffs yield-
ing 80% and 90% specificity, respectively, and their 95%
Cls of the multi-marker algorithms were calculated and
reported. In addition, we conducted subgroup analyses on
the diagnostic performance of the multi-marker algorithms
according to sex, age (<65 vs =65 years) and cancer stage
in the validation set.

Statistical analyses were performed with the statistical
software R version 3.0.3.2 All tests were two-sided, and
p-values of 0.05 or less were considered to be statistically
significant.

Results

Figure 1 shows the STAndards for the Reporting of Diagnos-
tic accuracy studies (STARD) diagram, showing the selection
of study participants enrolled in the BLITZ study during
2005-2015 and also the scheme of analysis. The discovery set
included 226 clinically recruited CRC cases and 118 controls
free of colorectal neoplasms. The validation set included 41
CRC cases, 106 participants with advanced adenomas and
107 controls free of colorectal neoplasms, all of whom were
recruited in the screening setting.

Table 1 provides the distribution of characteristics of the
study population of the discovery set and the validation set.
In both sets, CRC cases were on average a few years older
than controls free of neoplasm and advanced adenomas. In
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Table | Characteristics of the study population in the discovery set and validation set

Group Discovery set Validation set
CRC (N, %) Control (N, %) CRC (N, %) Advanced Control (N, %)
adenoma (N, %)
Total 226 118 41 106 107
Age (years)
<60 50 (23.1) 49 (42.6) 7(194) 37 (36.3) 46 (43.8)
60-64 32 (14.8) 29 (25.2) 11 (30.6) 31 (30.4) 22 (21.0)
65—-69 30 (13.9) 17 (14.8) 5(13.9) 10 (9.8) 17 (16.2)
=70 104 (48.1) 20 (17.4) 13 (36.1) 24 (23.5) 20 (19.0)
Mean £+ SD 67.8£12.0 62.017.3 66.816.9 63.547.1 62.216.3
Sex
Male 129 (57.1) 52 (44.1) 29 (70.7) 56 (52.8) 44 (41.1)
Female 97 (42.9) 66 (55.9) 12 (29.3) 50 (47.2) 62 (57.9)
UICC TNM tumor stage
| 67 (29.6) - 14 (34.1) - -
Il 64 (28.3) - 3(7.3) - -
1] 67 (29.6) - 21 (51.2) - -
v 28 (12.4) - 3(7.3) - -
CRC location
Colon 139 (61.5) - 23 (56.1) - -
Rectum 87 (38.5) - 17 (41.5) - -
Unknown - - 1 (2.4) - -
Advanced adenoma subclass
HGD - - - 14 (13.2) -
Villous - - - 56 (34.0) -
Adenoma = | cm - - - 36 (52.8) -

Abbreviations: CRC, colorectal cancer; HGD, high-grade dysplasia; UICC TNM, Union for International Cancer Control tumor node metastasis.

addition, the proportion of men was somewhat higher in the
CRC group and in the advanced adenoma group than in the
control group. Approximately half of the CRC cases were
diagnosed in early (I or IT) stages. A slightly higher propor-
tion of CRCs was diagnosed at early stage (stage I/II) for the
discovery set than for the validation set (57.9% vs 41.4%).
More cancer patients had their tumor located in the colon
than in the rectum.

Results of univariate analysis comparing the blood
expression differences of the 92 individual protein biomark-
ers between CRC patients, advanced adenoma patients and
controls free of neoplasm are summarized in Tables S2 and
S3. Overall, 39 proteins showed statistically significant dif-
ferent expression levels between CRC cases and controls free
of neoplasm in the discovery set (adjusted p-values <0.05). A
total of 12 of them were successfully replicated in the valida-
tion set even though included a much lower number of CRC
cases (n=41). The respective results are listed in Table 2. All
12 proteins showed statistically significant higher expression
levels in CRC cases than in controls. Two of them, i.e., GDF-
15 and AREG, individually predicted the presence of CRC
with an AUC>0.70.

We used the Lasso logistic regression models to construct a
multi-marker prediction algorithm based on the 39 significant
biomarkers identified in the discovery set. The following four
proteins were selected in the algorithm: GDF-15, AREG,
Fas antigen ligand (FasL) and Fms-related tyrosine kinase 3
ligand (FIt3L). Another prediction model combining these
four proteins with TP53 autoantibody was further constructed.
In the discovery set, the apparent AUCs of the four-marker
algorithm and five-marker algorithm for discriminating CRC
vs controls free of neoplasm were 0.87 (95% CI, 0.83-0.90)
and 0.89 (95% CI, 0.85-0.92), respectively.

Table 3 and Figure 2 show the comparison of the two
prediction algorithms in detecting CRC and its precursors
in the validation set. The AUC of the four-protein panel for
discriminating CRC vs controls free of neoplasm was 0.81
(95% CI, 0.73—0.88). Adding TP53 autoantibody to the four-
protein panel conferred a modest improvement in terms of
AUC (0.82, 95% CI, 0.74-0.90), but strong improvement
could be observed at the left side of the ROC curve. When
defining cutoffs yielding 90% specificity, the sensitivity
of the four- and five-marker algorithm for detecting CRC
was 53.6% (95% CI, 26.8%—70.7%) and 56.4% (95% CI,
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Table 2 Diagnostic performance of 12 significant protein markers

Protein Discovery set Validation set

marker Fold change (CRC vs free of neoplasm) p-value* Fold change (CRC vs free of neoplasm) p-value*
GDF-15 1.68 <0.001 1.42 <0.001
AREG 1.34 <0.001 1.32 <0.001
TRAILR-2 1.23 <0.001 1.28 <0.001
IL-6 1.56 <0.001 1.48 0.014
AM 1.23 <0.001 1.28 0.004
HE4 1.24 <0.001 1.19 0.014
TNFR-2 1.21 <0.001 I.16 0.014
ILT3 1.21 <0.001 1.14 0.043
CEA 1.29 <0.001 1.86 <0.001
CXCL9 1.27 0.001 1.42 0.040
TNFR-1 1.17 0.001 1.24 0.014
HGF 1.14 0.007 1.27 0.032

Note: *p-values were adjusted for multiple testing (Benjamini-Hochberg method).

Abbreviations: AM, adrenomedullin; AREG, amphiregulin; CEA, carcinoembryonic antigen; CRC, colorectal cancer; CXCL9, C-X-C motif chemokine 9; GDF-15, growth
differentiation factor |5; HGF, hepatocyte growth factor; HE4, WAP four-disulfide core domain protein 2; IL-6, interleukin-6; ILT3, Inmunoglobulin-like transcript 3; TNFR-1,
tumor necrosis factor receptor-1; TNFR-2, tumor necrosis factor receptor-2; TRAILR-2, TNF-related apoptosis-inducing ligand receptor-2.

Table 3 Diagnostic performance of multi-marker panels for detecting CRC in the validation set

Marker panel AUC (95% CI) Sensitivity (95% CI)
At 90% specificity At 80% specificity

CRC vs controls free of neoplasm

Four-protein panel 0.81 (0.73-0.88) 53.6 (26.8-70.7) 63.4 (48.8-82.9)

Four-protein panel + TP53 autoantibody 0.82 (0.74-0.90) 56.4 (38.4-71.8) 66.7 (48.7-82.1)
Advanced adenomas vs controls free of neoplasm

Four-protein panel 0.58 (0.51-0.65) 18.9 (8.5-27.4) 23.6 (15.1-38.7)

Four -protein panel + TP53 autoantibody 0.60 (0.52-0.69) 22.0 (13.4-35.4) 31.7 (18.3-45.1)

Note: Four-protein panel includes GDF-15, AREG, Fas and Fit3L.
Abbreviations: AREG, amphiregulin; AUC, area under the curve; CRC, colorectal cancer; FIt3L, Fms-related tyrosine kinase 3 ligand; GDF-15, growth differentiation factor 15.

A Colorectal cancer vs free of neoplasm B Advanced adenoma vs free of neoplasm

1.0
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07 08
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02 03 04 05 06 07
Sensitivity
03 04 05 06
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0.1
0.1

AUC (95% Cl) AUC (95% Cl)
Four-marker algorithm: AUC=0.81 (0.73-0.88) Four-marker algorithm: AUC=0.58 (0.51-0.65)

g Five-marker algorithm: AUC=0.82 (0.74—0.90) g Five-marker algorithm: AUC=0.60 (0.52-0.69)
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1-Specificity 1-Specificity

Figure 2 Comparison of ROC curves of the four- and five-marker panel for detecting: (A) CRC vs controls free of neoplasm; (B) advanced adenomas vs controls free of
neoplasm.
Abbreviations: AUC, area under the curve; CRC, colorectal cancer; ROC, receiver operating characteristic.
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Colorectal cancer vs free of neoplasm:
A four-marker algorithm

Sensitivity
03 04 05 06 07 08 09 1.0

0.2
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All stage, AUC=0.81 (0.73-0.88)

Stage I/ll, AUC=0.85 (0.75-0.92)
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Figure 3 Comparison of ROC curves of (A) the four-marker panel and (B) five-marker panel for detecting early- and late-stage CRCs.
Abbreviations: AUC, area under the curve; CRC, colorectal cancer; ROC, receiver operating characteristic.

38.4%—71.8%), respectively, and at cutoffs yielding 80%
specificity, the sensitivity of the four- and five-marker algo-
rithm for detecting CRC was 63.4% (95% CI, 48.8%—82.9%)
and 66.7% (95% CI, 48.7%—82.1%), respectively.

Both algorithms also showed modest diagnostic efficacy
for detecting advanced adenomas, with AUCs of 0.58 (95%
CIL, 0.51-0.65) and 0.60 (95% CI, 0.52-0.69) for the four-
protein algorithm and the five-marker algorithm, respectively.
At the cutoffs yielding 90% specificity, the sensitivities of
the four-protein algorithm and the five-protein algorithm for
detecting advanced adenomas were 18.9% (95% CI, 8.5%—
27.4%) and 22.0% (95% CI, 13.4%—-35.4%), respectively.

Both prediction algorithms showed similar overall diag-
nostic performance for detecting early-stage CRC (TNM
stage I/IT) and late-stage CRC (TNM stage I1I/IV), as shown
in Figure 3. For instance, the AUCs of the five-marker algo-
rithm for detecting early- and late-stage CRC were 0.84 (95%
CI, 0.73-0.92) and 0.81 (95% CI, 0.70-0.91), respectively.
The differences were not statistically significant (p=0.77).

Sex- and age-specific results for the different outcomes
are provided in Tables S4 and S5. Both panels showed slightly
higher AUCs for detecting CRC among women and in the
younger age group (<65 years), but subgroup-specific Cls
were wide and overlapping. Furthermore, adding age and
sex to the five-marker panel in the regression models did
not further improve the diagnostic performance for detecting
CRC and its precursors (Figure S1).

Discussion

In this study, we evaluated the diagnostic performance of 92
plasma proteins and serum TP53 autoantibodies for detect-
ing CRC and its precursors in a head-to-head manner using
a large set of samples. A total of 12 protein biomarkers
showed significantly higher expression levels in CRC patients
than in controls free of neoplasm in both the discovery set
and validation set which was entirely derived from a true
screening setting. Moreover, a five-marker panel including
GDF-15, AREG, FasL, FIt3L and TP53 autoantibody was
constructed and validated. In the validation set, the AUCs
of the five-marker panel for detecting CRC and advanced
adenomas were 0.82 (95% CI, 0.74-0.90) and 0.60 (95% CI,
0.74-0.90), respectively. Of note, the panel showed similar
diagnostic performance for detecting early- and late-stage
CRCs.

For the 12 identified protein markers which showed
significantly higher plasma levels in CRC patients than con-
trols free of neoplasm, previous research has demonstrated
involvement in various mechanisms relating to carcinogen-
esis, such as inflammation, anti-apoptosis and angiogenesis.
A description of the biological function of these markers is
provided in the Supplementary materials.

Of the five markers included in the final panel, GDF-15
and AREG exhibited very good diagnostic performance
for detecting CRC, with AUCs higher than 0.70 even when
used as single prediction markers. GDF-15 (also known as
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macrophage inhibitory cytokine-1) is a divergent member of
the human TGF-beta superfamily and a mediator of systemic
inflammatory response?* and has been reported to be related
to various types of cancer.’*?” AREG belongs to the EGF
family, which has been suggested to have pro-neoplastic
effects in tissues of a wide variety of organs, such as colon,
lung, and stomach, through proinflammatory mechanisms.?$%
Our results regarding GDF-15 are in line with previous stud-
ies.?*3! For instance, Mehta et al*®® reported that high levels
of GDF-15 in blood were associated with increased risk of
CRC in a nested case—control study including 618 incident
CRC patients and 950 matched controls. Regarding AREG,
previous research mostly focused on its role as a predictive
marker in selecting patients for specific, targeted therapy.’?33
However, the current analysis along with our previous
research’ also demonstrated that AREG carries excellent
diagnostic potential for CRC detection and might be a good
candidate to be included in multi-marker panels in the future.

The vast majority of studies evaluating blood-based bio-
markers for CRC screening have been exclusively conducted
in clinical settings. Some of these studies have reported
higher levels of sensitivity and specificity,**** which typically
could not be confirmed in rigorous validation in screening
settings, however. In clinical settings, cases are typically
symptomatic and have undergone a variety of diagnostic
procedures (such as colonoscopy) leading to the diagnosis.
Some patients may even have had initial therapeutic inter-
vention before collection of blood samples. Controls often
consist of or include patients with other diseases, and there
may be differences in sample collection and processing pro-
cedures between cases and controls. All of these factors can
influence apparent diagnostic performance and easily lead to
false-positive findings.>® We therefore paid utmost attention
to avoid such bias by a rigorous study design in which inde-
pendent validation of biomarkers identified in the discovery
set was performed in a validation set that exclusively relied
on participants recruited prior to screening colonoscopy in
a true screening setting.

Advanced adenoma is the most important precursor of
CRC, which a substantial risk of development into CRC in
the long run.>”*° Early detection and removal of these pre-
cancerous lesions could therefore reduce the risk of CRC
occurrence. To date, it is still a major challenge to detect
advanced adenomas using blood-based tests, and most studies
found very poor diagnostic performance for this outcome.
Although some candidates, such as miRNA-135b* and a
panel of BAG4, IL6ST and CD44,*' were reported in some
studies to present good sensitivity for detecting advanced

adenomas, these findings were either derived from studies
having limited sample size or using clinically identified cases,
thus requiring further independently validation in larger
screening populations. In our study, the five-marker panel
presented limited diagnostic efficacy in detecting advanced
adenomas, with an AUC of 0.60 (95% CI, 0.52—-0.69). Even
though the sensitivity for detecting advanced adenomas
was higher than reported for other blood tests, major efforts
should be made to identify blood-based tests with higher
diagnostic accuracy for detecting advanced adenomas in
addition to CRCs.

It should also be noted that the diagnostic performance
of our proposed five-marker panel was still inferior to
diagnostic performance of the most widely used stool test
— fecal immunochemical test (FIT),*>* and also a multi-
target stool DNA test — Cologuard™, combining FIT with
four stool DNA markers.***¢ However, our panel exhibited
comparable diagnostic performance compared to the plasma
methylated Septin 9, the only US FDA approved blood-
based test for CRC screening. The sensitivity of methyl-
ated Septin 9 for detecting CRC and advanced adenomas
were reported to be 48.2% and 11.2%, respectively, at a
specificity of 91.5%.!° When adjusting the cutoff yielding
the identical specificity as reported by Church et al,'® the
sensitivities of the five-marker panel for detecting CRC and
advanced adenomas were 56.4% and 20.7%, respectively
(not reported in the “Results” section), suggesting slightly
better diagnostic performance. Nevertheless, identification
of supplementary markers that could further enhance the
diagnostic performance of our algorithm to levels competi-
tive with the best available stool tests in further research
would be highly desirable.

Specific strengths and limitations deserve careful consid-
eration when interpreting our results. Strengths include that
we adopted a two-step approach, with biomarker discovery
and subsequent validation in an independent sample set. Of
note, the validation set consisted of prediagnostic samples
from a large cohort of participants attending screening
colonoscopy, therefore representing the target population for
CRC screening. Moreover, both CRC and its precursors were
included in the validation set, therefore rendering a thorough
overview of the diagnostic potential of all examined biomark-
ers and the multi-marker panels. In addition, a large number
of markers were tested simultaneously using state-of-the-art
techniques, making a direct comparison of the diagnostic
performance of all tested markers possible.

Limitations of our study include the small sample size
of CRC included in the validation set, despite the very
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large screening population recruited, reflecting the very low
prevalence of CRC in a true screening population. Further-
more, to what extent the identified markers are CRC specific
was not addressed in our study and should be assessed in
further research. Therefore, before translation of these find-
ings to clinical application, further assessment including
patients with other diseases would be necessary. Finally, our
analysis was based on the analysis of a single blood sample
measurement by a multiplex assay per participant only. Given
relatively high coefficients of variation (CV) reported for
the protein measurements in the multiplex assay (average
intra-CV was 5% and average inter-CV was 20% for our
analysis), there seems to be potential to improve diagnostic
performance by repeat measurements and by using other
laboratory techniques (such as enzyme-linked immunosor-
bent assay) which should be explored in further research.

Conclusion

We identified several promising individual protein markers
that carry diagnostic potential for the early detection of CRC.
We also showed that a five-marker panel including GDF-15,
AREG, FasL, FIt3L and TP53 autoantibody exhibited good
diagnostic performance for detecting CRC and advanced
adenomas. Although not competitive in diagnostic perfor-
mance with the best-established stool-based CRC screening
markers, the identified biomarkers could contribute to the
development of a powerful blood-based test for CRC screen-
ing in the future.
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