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Abstract

Objectives. Tumor-associated autoantibodies (AAbs) in individuals
with cancer can precede clinical diagnosis by several months to years.
The objective of this study was to determine whether the primary
immune response in form of IgM and gut mucosa-associated IgA can
aid IgG AAbs in the detection of early-stage colorectal cancer (CRC).
Methods. We developed a novel protein array comprising 492
antigens seropositive in CRC. The array was used to profile IgG, IgM
and IgA antibody signatures in 99 CRC patients and 99 sex- and age-
matched non-cancer controls. A receiver operating curve (ROC),
Kaplan–Meier survival analysis and univariate and multivariate Cox
regression analyses were conducted. Results. We identified a panel
of 16 multi-isotype AAbs with a cumulative sensitivity of 91% and
specificity of 74% (AUC 0.90, 95% CI: 0.850–0.940) across all CRC stages.
IgM and IgG isotypes were conversely associated with disease stage
with IgM contributing significantly to improved stage I and II sensitivity
of 96% at 78% specificity (AUC 0.928, 95% CI: 0.884–0.973). A single
identified IgA AAb reached an overall sensitivity of 5% at 99%
specificity (AUC 0.520, 95% CI: 0.440–0.601) balanced across all CRC
stages. Kaplan–Meier analysis revealed that se33-1 (ZNF638) IgG AAbs
were associated with reduced 5-year overall survival (log-rank test,
P = 0.012), whereas cumulative IgM isotype signatures were associated
with improved 5-year overall survival (log-rank test, P = 0.024).
Conclusion. IgM AAbs are associated with early-stage colorectal
cancer. Combining IgG, IgM and IgA AAbs is a novel strategy to
improve early diagnosis of cancers.
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INTRODUCTION

Colorectal cancer (CRC) is a major health threat in
both men and women. With estimated new cases
of more than 1.9 million and 930 000 deaths in
2020, CRC is the third most commonly diagnosed
cancer and the second leading cause of cancer
deaths worldwide.1 Despite a rapid decline in CRC
incidence rates during the 2000s, mostly because
of the introduction of population screening
modalities, such as colonoscopy and faecal occult
blood-based tests (FOBT), the overall decline in
CRC incidence rates and mortality has waned in
more recent years.2 The plateauing of mortality
rates in CRC in recent years could be attributed
to, among others, poor uptake of stool-based
screening3,4 and the rise in early-onset CRC
incidence by 1–4% among the younger
population (age < 50).1 CRC mortality is mainly
attributed to nodal and distant metastatic disease
often in individuals not diagnosed until the
advanced and symptomatic disease has
developed.2,5 The 5-year CRC survival rates are as
high as 90% in early-stage disease, plummeting
down to only 10–15% in metastatic CRC.6 Early
disease detection in pre-symptomatic individuals
with broadly acceptable screening modalities is,
therefore, a critical factor in reducing CRC
mortality rates in the future.7 Despite continuing
advances in population screening approaches, a
blood-based biomarker for the early detection of
CRC has not yet been developed to meet clinical
needs.

Cancers prompt an immunologic response
against aberrant self-antigens resulting in the
production of autoantibodies from the onset of
disease,8,9 often preceding clinical manifestation
of cancer by several months or years.10,11 A
significant number of reports have documented
the diagnostic capability of autoantibodies in
various cancers, including ovarian cancer,12 lung
cancer,13 prostate cancer,14 breast cancer,15

colorectal cancer,16,17 gastrointestinal cancer18

and primary cutaneous melanoma.19 However,
most of the autoantibody biomarker studies
explicitly exploit IgG immunoglobulin-isotype
autoantibodies that postdate the first-line
immune responses. IgM antibodies, in contrast,
are considered to be the first immunoglobulin
isotype that emerges during a humoral immune
response after an initial immunological challenge
and have been implicated not only in the early

recognition of external invading pathogens, such
as bacteria and viruses,20–23 but also in the
recognition and elimination of precancerous and
cancerous lesions.24–26 Consequently, exploring
IgM autoantibodies as early cancer detection tools
is purposefully more relevant and promising. As
cancer progresses, IgM antibody titres decline and
IgG responses spike up in the process of isotype
switching to provide long-term protection.27 IgA
isotype immunoglobulins have also attracted a
lot of attention in recent years, especially because
of their presence at mucosal surfaces and their
role as mediators of intestinal immunity.28,29

Although IgA antibodies are known for their
antimicrobial properties, their role in cancer has
also been explored.30–33 Serum IgA autoantibodies
have been recently found in sera of lung cancer
patients.34 Studying the primary (IgM), secondary
(IgG) and gut mucosa-associated (IgA) immune
responses points towards unique sets of
biomarkers capable of detecting colorectal cancer
at its earliest stages with a robust diagnostic
performance.

The identification of novel disease-related
autoantibody signatures requires high-content
antigen platforms that allow screening of
complex antibody repertoires from patient sera
accompanied by ease in data evaluation and
interpretation. In the recent decade, protein array
technologies have been employed as important
platforms to study protein–protein interactions,35

characterisation of binding specificity and cross-
reactivity of antibodies,36 peptide–protein
interaction37 and screening of serological markers
in cancer.16,19,38–40 The ability to facilitate the
characterisation of humoral immune responses to
large, annotated collections of proteins in a high-
throughput manner is one of the unique utilities
of protein arrays that can be exploited in
autoantibody-based biomarker discovery.

In this study, we utilised a customised colorectal
cancer protein array comprising of 492 antigens,
to screen sera from a total of 99 colorectal cancer
patients and 99 matched non-cancer controls. We
sought to discover autoantibody signatures that
can significantly aid in cancer diagnosis,
particularly in the early stages of cancer
development. This study fundamentally exploited
the essence of IgM in early cancer detection and
IgA in cancers associated with the gastrointestinal
tract as a way of augmenting the more traditional
IgG-based autoantibody signatures.
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RESULTS

Autoantibody repertoires in CRC and non-
cancer controls

Serum autoantibodies were characterised using
the CRC protein arrays (Figure 1) blinded to the
clinicopathological data of 99 CRC patients and 99
non-cancer controls (Table 1). Distinct IgG, IgM
and IgA profiles were established for each subject.
Out of the 492 antigens on the CRC protein array,
the average numbers of seropositive antigens for
IgG, IgM and IgA in CRC patients were 30, 29 and
19, respectively. In non-cancer controls, the
average numbers of seropositive antigens for IgG,
IgM and IgA were 25, 27 and 20, respectively
(Table 2). We noted higher overall seropositivity
in cancer patients compared to non-cancer
controls for all three immunoglobulin isotypes
reflected by the higher average number of
positives in cancer patients and the overall

number of antigens positive at least once in each
group (Table 2). In CRC patients, a total of 373,
291 and 228 antigens were seropositive for IgG,
IgM and IgA, respectively. On the contrary, the
seropositivity in non-cancer controls was markedly
lower with 328, 241 and 168 seropositive antigens
for IgG, IgM and IgA, respectively.

Autoantibody signatures in CRC detection

All seropositive antigens were ranked for each
immunoglobulin isotype in order to discriminate
between CRC and non-cancer controls. Data
analysis revealed that CRC sensitivity of the best-
performing markers ranging from 5% to 21%,
with specificities of 93–100%. A combination of
the individual markers led to a multi-marker panel
of 16 antigens comprising 6 IgG, 9 IgM and 1 IgA
antigens showing the highest combined
seropositivity for CRC (Table 3). Criteria for
patient assignment to the CRC group required at

Figure 1. Human recombinant protein array. A total of 720 expression clones corresponding to 492 recombinant human proteins at different

cDNA insert lengths were arrayed on a PVDF membrane in duplicate. The depicted array represents IgG, IgM and IgA antibody repertoires from

one single patient. The highlighted circle show immunoreactivity for IgM and IgA but not IgG, the square represents seropositivity for IgA and

IgG but not IgM, and the triangle represents seropositivity to IgG, but not to IgM and IgA. The enlarged section in the right panel shows the

non-redundant 5 9 5 pattern of protein distribution for rapid and accurate analysis.
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least one positive marker evaluation for the 16-
marker panel, with 43 patients seropositive to one
marker, 29 seropositive to two markers and 18
seropositive to three or more markers.

In order to assess the diagnostic performance of
the 16-marker panel, a receiver operating
characteristics (ROC) curve analysis was

constructed. The analysis resulted in an optimal
sensitivity of 91% at 74% specificity (AUC 0.90,
95% CI: 0.850–0.940, Figure 2a). We further
evaluated the diagnostic values of the multi-
marker panel in different stages of CRC in our
cohort. To achieve a balanced analysis, we grouped
stages I and II together because of the relatively
small number of stage I patients in the cohort.
Interestingly, the sensitivity and specificity of the
panel increased to 96% and 78%, respectively, for
early-stage CRC (stage I and II) with high accuracy
(AUC 0.928, 95% CI: 0.884–0.973, Figure 2b). The
sensitivity and specificity decreased in more
advanced CRC. The sensitivity of the panel was 86%
at 80% specificity for CRC stage III (AUC 0.884, 95%
CI: 0.800–0.968, Figure 2c) and 84% at 82%
specificity for CRC stage IV (AUC 0.885, 95% CI:
0.781–0.898, Figure 2d).

IgM autoantibodies improve sensitivity for
early-stage cancer

Our multi-marker panel included 9 IgM
autoantibodies. We sought to specifically
understand whether IgM autoantibodies could aid
in the early recognition of cancer. Intriguingly,
the diagnostic value of the IgM autoantibody
panel was consistently higher for early-stage CRC
than for advanced disease. Although the overall
sensitivity and specificity for all stages were 51%
and 85% (AUC 0.701, 95% CI 0.628–0.775,
Figure 3a and e), the sensitivity of cumulative IgM
autoantibodies increased to 57% at 86%
specificity for cancer stages I and II (AUC 0.738,
95% CI 0.644–0.831, Figure 3b and e). The
sensitivity decreased for advanced stages with a
minor increase in specificity. The cumulative
sensitivity and specificity of the IgM panel were
48% and 89% for stage III cancer (AUC 0.689,
95% CI 0.564–0.814, Figure 3c and e) and 37%
and 92% for stage IV (AUC 0.677, 95% CI 0.531–
0.822, Figure 3d and e), respectively.

In contrast, the IgG autoantibody subset of the
panel showed relatively lower sensitivity for early
stages and higher for advanced stages. The overall
sensitivity of the cumulative IgG autoantibodies
was 64% at 86% specificity for all stages (AUC
0.772, 95% CI 0.705–0.839, Figure 3a and e). For
early stage (stages I and II), the sensitivity of the
IgG panel was 61% at 86% specificity (AUC 0.759,
95% CI 0.669–0.850, Figure 3b and e). The
sensitivity and specificity for stage III were 65%
and 86% (AUC 0.779, 95% CI 0.667–0.891,

Table 1. Clinicopathological features of the cohort

Colorectal cancer

patients

Non-cancer

controls

n = 99 n = 99

Gender, n (%)

Male 51 49

Female 48 50

Age (years)

Mean 63 56

Median 65 57

Range (age) 35–87 19–84

> 55 77 53

< 55 22 46

Tumor site

Colon 95

Rectum 4

Tumor (T) stage

T1/PT1 2

T2/PT2 18

T3/PT3 59

T4/PT4 20

Node (N) stage

N0 57

N1 19

N2 23

Metastasis (M) stage

M0 47

M1 19

Mx 33

Differentiation

Well 16

Moderately 70

Poorly 13

Table 2. Autoantibody seroprevalence in cancer and controls

analysed against 492 antigens

Immunoglobulin

isotype Subjects

Average

seropositive

per subject

(mean)

Overall

seropositive

antigens

(at least once)

IgG Cancer (n = 99) 30 373 (76%)

Control (n = 99) 25 328 (67%)

IgM Cancer (n = 99) 29 291 (59%)

Control (n = 99) 27 241 (49%)

IgA Cancer (n = 99) 19 228 (46%)

Control (n = 99) 20 168 (33%)

2021 | Vol. 10 | e1330

Page 4

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc

IgG, IgM and IgA AAbs in early detection of colorectal cancer MSI Roney et al.



Table 3. A panel of 16 autoantibody biomarkers and their frequency of occurrence in CRC and the non-cancer control group

Marker Uniprot ID UniProt KB Cellular location Antibody isotype CRC (n = 99)

Non-cancer

control (n = 99)

P53 P04637 Nucleus IgG 21 1

CERS5 Q9D6K9 ER IgG 21 2

CIRBP Q14011 Nucleus IgG 18 7

ZNF787 Q6DD87 Nucleus IgM 16 5

FAM13A O94988 Cytosol IgG 12 3

TBR1 Q16650 Nucleus IgM 11 0

CAMSAP3 Q9P1Y5 Cytoskeleton IgM 11 1

VCL P18206 Plasma membrane IgM 10 2

TCP4 P53999 Nucleus IgM 10 4

MBD3 O95983 Nucleus IgM 10 5

GOSR2 O14653 ER, Golgi IgM 8 0

FARP1 Q9Y4F1 Plasma membrane IgM 7 0

ZNF638 Q14966 Nucleus IgG 6 1

CCDC50 Q8IVM0 Cytosol IgG 6 1

PSMD10 O75832 Nucleus IgM 5 0

MON1A Q86VX9 Cytosol IgA 5 1

Figure 2. Diagnostic performance of 16-antigen multi-marker panel at different stages of CRC. ROC curve analysis of the multi-marker panel

showed (a) overall sensitivity of 91% at 74% specificity with high accuracy (AUC 0.90, 95% CI: 0.850–0.940) in discriminating CRC patients

(n = 99) from non-cancer controls (n = 99), (b) sensitivity of 96% at 78% specificity (AUC 0.928, 95% CI: 0.884–0.973) in detecting early-stage

(stages I and II) CRC (CRC n = 51, controls n = 99), (c) sensitivity and specificity of 86% and 80% (AUC 0.884, 95% CI: 0.800–0.968),

respectively, for CRC that had nodal spreads (stage III) (CRC n = 29, controls n = 99) and (d) overall diagnostic sensitivity of 84% at 82%

specificity (AUC 0.885, 95% CI: 0.781–0.898) for advanced-stage (stage IV) CRC that had metastatic disease (CRC n = 19, controls n = 99).
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Figure 3c and e) and for stage IV, 68% and 91%
(AUC 0.870, 95% CI 0.680–0.940, Figure 3d and e),
respectively.

Our panel included a single IgA autoantibody
signature. The sensitivity and specificity of the IgA
marker were consistent throughout different cancer
stages. The overall sensitivity and specificity were 5%

and 99% (AUC 0.520, 95% CI 0.440–0.601, Figure 3a
and e). Early-stage sensitivity of IgA was 6% at 99%
specificity (AUC 0.524, 95% CI 0.425–0.623, Figure 3b
and e). At 99% specificity, the sensitivity for stage III
was 3.4% (AUC 0.522, 95% CI 0.391–0.634, Figure 3c
and e) and for stage IV was 5.3% (AUC 0.521, 95% CI
0.375–0.667, Figure 3d and e).

Figure 3. Autoantibody isotypes differentiate between clinical stages of CRC. ROC curve analysis of IgM, IgG and IgA-specific autoantibody

markers revealed (a) overall sensitivity of the panel of IgG, IgM and IgA autoantibodies in the cohort (CRC n = 99, controls n = 99) (b)

sensitivities of the markers in detecting early-stage (stages I and II) CRC (CRC n = 51, controls n = 99), (c) sensitivities of the markers in detecting

stage III CRC (CRC n = 29, controls n = 99), (d) sensitivities in detecting metastatic CRC (stage IV) (CRC n = 19, controls n = 99) and (e)

sensitivities of IgG, IgM and IgA autoantibody markers in different CRC stages. IgM autoantibody panel showed significantly higher sensitivity in

the early cancer stages and then gradually declined in the advanced stages (Fisher exact test, P = 0.004), whereas IgG showed a relatively lower

sensitivity and specificity profile for early stages than for the advanced stages.
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Autoantibodies and CRC prognosis

Since the 9-marker IgM autoantibody panel was
predominantly associated with early-stage CRC
and IgG autoantibodies were found more
frequently in advanced cancers, we investigated
whether patient groups always positive for IgM or
IgG showed different clinical outcomes. In order
to investigate patient survival in those two
groups, we conducted a 5-year Kaplan–Meier
analysis (Figure 4, Supplementary figures 1 and 2).
The IgM autoantibodies were significantly
associated with improved patient survival (log-
rank test, P = 0.024, Figure 4a). A significant
association was observed between a number of
clinicopathological factors and overall survival in
univariate Cox regression analysis. Univariate Cox
analysis showed that IgM autoantibodies were
significantly correlated with better patient survival
(P = 0.039, Supplementary table 2). However, the

prognostic value of IgM autoantibodies was not
independent of patients’ clinicopathological
variables as observed in a multivariate Cox
regression analysis (P = 0.069, Supplementary
table 2). We next examined whether the presence
of autoantibodies to the six identified IgG
autoantigens showed any association with clinical
outcomes. Kaplan–Meier analysis revealed that
the group of 63 CRC patients positive for IgG
autoantibodies did not differ in clinical outcome
when compared to patients without IgG
antibodies (log-rank test, P = 0.353, Figure 4b).

There is an ongoing debate on whether
autoantibodies to p53 are associated with patient
outcomes in cancer.24,41–43 In order to investigate
the association between patient outcome and
autoantigens, we performed a 5-year Kaplan–
Meier survival analysis for all 16 autoantibody
markers identified in our study. Notably, the
presence of autoantibodies to p53 showed no

Figure 4. Autoantibodies and patient survival. Kaplan–Meier survival analysis of autoantibody panels revealed (a) cumulative presence of IgM

autoantibodies (+ seropositive, � seronegative) was significantly associated with improved survival (IgM+ n = 50, IgM� n = 49) (log-rank test,

P = 0.024), (b) cumulative presence (+) and absence (�) of IgG autoantibodies had no association with overall patient survival (n = 63, IgG�
n = 36) (log-rank test, P = 0.353), (c) presence of anti-p53 IgG autoantibodies showed no association with overall patient survival (p53+ n = 21,

p53� n = 78) (log-rank test, P = 0.903) and (d) presence of anti-CTLC-associated antigen se33-1 (ZNF638) IgG autoantibodies was associated

with poor 5-year survival in CRC patients (ZNF638+ n = 6, ZNF638� n = 93) (log-rank test, P = 0.012).
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significant association with patient survival (log-
rank test, P = 0.903, Figure 4c). No association
with patient survival was seen in 14 further
antigens (Supplementary figures 1–3), apart from
CTLC-associated antigen se33-1 (ZNF638). Patients
seropositive for se33-1 (ZNF638) IgG
autoantibodies had a significantly poorer 5-year
survival (Figure 4d) than those who were negative
for the marker (log-rank test, P = 0.012).
Univariate Cox regression analysis revealed that
se33-1 (ZNF638) autoantibodies were associated
with poor patient survival (HR = 4.139, 95% CI
1.260–14.800, P = 0.02, Supplementary table 3). In
the univariate analysis, other significant
prognostic factors for patient survival included
age, cancer stages such as tumor (T) and node (N)
stage. Subsequent multivariate Cox regression
analysis revealed that se33-1 (ZNF638) was not an
independent predictor of 5-year survival
(HR = 2.473, 95% CI 0.685–8.930, P = 0.167,
Supplementary table 3). However, as expected,
there was a significant association between
metastasis and patient survival (HR = 5.812, 95%
CI 2.168–15.581, P = 0.000) as well as with age
(HR = 1.077, 95% CI 1.02–1.138, P = 0.008,
Supplementary table 3).

DISCUSSION

This study aimed to investigate whether IgM and
IgA immune responses specific to selected tumor
antigens are associated with cancer and whether
these, in combination with IgG autoantibodies,
may improve detection of early-stage CRC. To
achieve this, we characterised IgG, IgM and IgA
antibody repertoires in CRC patients and matched
controls using a customised array of 492 proteins
previously shown to be immunoreactive in CRC.16

Our rationale was that, as several antigens
identified in an earlier IgG autoantibody
screening were also immunoreactive with IgM in
the same patients, a wider screen encompassing
several hundred CRC antigens would likely
identify IgM autoantibodies potentially detectable
prior to measurable IgG response.24 We also
sought to extend the study to IgA antibody
responses, to take into account the potential
activation of intestinal mucosal immunity in CRC
as demonstrated in other cancers including
recently in lung cancer.34

Serum analysis conducted in this study revealed
a novel set of 16-biomarkers comprising a
combination of IgG, IgM and IgA autoantibodies

with a robust performance in detecting early-
stage CRC. We report for the first time to our
knowledge specifically the potential of IgM
autoantibodies in detecting early-stage cancer.
The IgM autoantibody signatures identified in this
study were more sensitive in detecting early-stage
cancer, with 57% for stages I and II, decreasing to
48% for stage III and 37% for stage IV. Antigen-
specific IgG sensitivity, on the other hand, was
initially 61% for stages I and II and rose gradually
to 65% for stage III and 68% for stage IV. These
data highlight the substantial contribution of the
IgM autoantibody subset to improving the overall
sensitivity for early-stage disease. As the sensitivity
and specificity of the identified single IgA
autoantibody were similar across all stages, the
stage-dependent IgM and IgG autoantibody
conversion potentially reflects isotype switching in
antigen-activated B cells while the anti-tumor
immune responses are building up during cancer
progression.27 IgM autoantibodies present at
advanced stages of CRC are likely attributed to
new antigens evolving during tumor progression.

Autoantibodies to tumor antigens are
understood to rise in patients at very early disease
stages because of possible changes in antigen
expression and structural conformity within the
tumor, loss of tolerance mechanisms, presence of
mutations or disease-associated post-translation
modifications.9 It is further conceivable that
proteins that incite autoantibody production may
have a plethora of biological functions in humans.
Overall, we have identified eight proteins that are
located in the nucleus, three cytosolic proteins,
two proteins located in the endoplasmic
reticulum, two plasma membrane proteins and
one cytoskeleton protein. Among the identified
antigens, we have previously reported
autoantibodies to p53, se33-1 (ZNF638) and
CerS5.16,44,45 Antibodies to the tumor suppressor
protein p53 have been frequently reported in CRC
and other types of cancer, such as oesophageal
cancer, lung cancer, ovarian cancer, breast cancer,
lymphoma, bladder cancer, hepatocellular
carcinoma and melanoma.19,46 Recently, p53 has
been exploited as a target to stimulate T-cell-
mediated killing of cancer cells in an antibody-
based therapy, indicating that antigen-targeted
antibody-based therapies might present a route to
targeted cancer treatment.47 Novel antigens
associated with the humoral immune response
could therefore be exploited similarly. Zinc finger
protein 638 (ZNF638) for instance, also known as
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cutaneous T-cell lymphoma-associated antigen
(CTCL) Se33-1 or NP220, is a DNA-binding nuclear
protein,48 which has been previously identified as
a marker for cutaneous T-cell lymphoma (CTCL).49

While most studies have focused on anti-p53
autoantibodies,41–43,50–52 the prognostic utility of
other autoantibodies has also been
explored.24,51,53–57 In this current study, we have
reported that patients with autoantibodies to the
ZNF638 protein had poorer 5-year survival.
However, autoantibodies to p53 and the
remaining 14 markers in our panel showed no
prognostic ability, which is consistent with our
previous study.24 Ceramide synthase 5 (CerS5), one
of the members of ceramide synthases (CerS1-6), is
not only found to be involved in apoptosis,
autophagy and cell proliferation58–60 but also in
tumor suppression.61 Although CerS5 is expressed
ubiquitously in mammalian tissue,62,63 we have
previously shown that high CerS5 expression in
colorectal cancer tissue is correlated with poor
patient survival.44 In addition, CerS5 has also been
found to be associated with other cancers, such as
endometrial cancer,60 breast cancer64 and large-
cell lung carcinoma.65 Autoantibodies to CIRBP
were previously reported to be elevated in breast
cancer patients, predicting a transition of ductal
carcinoma in situ into invasive breast cancer.66

There were several limitations to our study.
First, the 492 proteins constituting the protein
array were selected mainly because of their ability
to induce immunoreactivity with IgG antibodies in
cancer patients.16 Although we showed that IgG-
specific antigens can be immunoreactive with IgM
antibodies,24 we are potentially missing subsets of
IgM antigens that did not yet develop IgG
responses. Second, the antigens in our study are
derived from a eukaryotic Escherichia coli
expression system; hence, they do not incorporate
any posttranslational modifications excluding
those from detectable antibody repertoires.
Furthermore, the protein array is developed under
denaturing conditions, thereby omitting the
possibility to identify structural epitopes.
Nevertheless, our results demonstrate the
capability of this protein array platform to
identify dozens of novel antigens, which is further
reinforced by the identification of established
antigens such as p53, which contains
predominantly linear epitopes.19,46 Finally, a
critical aspect of this study is its moderate cohort
size of 99 CRC patients and 99 controls. However,
prior characterisation of all 492 antigens as

immunoreactive in a cohort of 43 CRC patients in
our previous study makes this set substantially
more robust.16 The robustness of the screening is
yet again highlighted by the identification of
autoantibodies previously characterised by other
groups and in our earlier studies.

Success in cancer treatment largely depends on
the stage at diagnosis, with earlier diagnosis
offering better outcomes of curative treatment
and long-term patient survival.67–70 Although
many studies have focused on cancer diagnosis,
early cancer detection remains challenging,
particularly because of the difficulties in finding
biomarkers with high sensitivity and
specificity.71,72 A significant number of reports to
date have documented the diagnostic capability of
serum autoantibodies in various cancers, with
sensitivity and specificity ranging from 55% to
84% and from 80% to 98%, respectively.12–16,18,19

However, studies particularly focused on early-
stage cancer detection with autoantibodies are
scarce and predominantly exploit IgG responses.
Many of these study outcomes exhibit low
sensitivity and specificity, ranging from 22% to
65% only for early-stage CRC, which is far from
reaching the current clinical expectations.73 We
argue that studies conducted in early-stage cancer
research have not focused enough on the early
events in a growing tumor. Thus, our study
specifically aimed at early immune responses, such
as the IgM response, to create an opportunity for
improved early cancer detection. Previously, IgM
autoantibodies against recombinant scFv have
been exploited in early-stage non-small-cell lung
cancer (NSCLC) detection, which reported a better
sensitivity and specificity of 80% and 87%.74 In our
earlier studies, we have shown that a combination
of IgG and IgM autoantibodies can reach high
predictive values for the presence of colorectal
cancer, albeit with a moderate sensitivity of 77.3%
at 82.1% specificity.24 Several other studies have
investigated the diagnostic value of IgM, IgG and
IgA autoantibodies, with most of these studies
reporting single or two protein marker assays.18,75

In contrast, this study has identified a
comprehensive 16-marker multi-isotype panel
comprising IgM, IgG and IgA autoantibodies.

Currently, colonoscopy is the gold standard
screening tool with a sensitivity and specificity of
over 98%. However, colonoscopy is an expensive
procedure, invasive in nature, shows increased risk
of perforation and requires frequent repetitions
usually every 3–5 years once pathologies were
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identified.7 Concurrently, there is a growing
popularity of faecal occult blood testing (FOBT)
for population screening, but adherence to FOBT
is as low as 40% and the test, especially
immunochemical FOBT (FIT), has lower sensitivity
in detecting early-stage cancer (stages I and II)
than advanced stages (stages III and IV)76–78 and
may also lead to overdiagnosis of benign polyps
and therefore to overtreatment.79 Moreover,
screening uptake rates among indigenous and
ethnic minority groups worldwide are even lower
because of multiple socio-psychological and
cultural factors, such as the feeling of shame, lack
of confidence in self-screening test procedures.80

A significant preference for blood-based CRC
screening tests over primary colonoscopy,
sigmoidoscopy and FOBT is observed among a
wide range of ethnicity and race.81

Moreover, the incidence rate of interval cancers
(I-CRC) is on the rise, which could be as high as
9%.82,83 I-CRC occurs because of missed lesions by
any screening means or a new cancer growth
between screening appointments.84 There has
been a growing concern about the monitoring of
interval cancers because of a lack of available
tools. The development of autoantibody-based
tools to complement the existing diagnostic
procedures and patient follow-ups has been
recently attempted in breast cancer recently.85

Similar developments in other cancers, including
CRC, would further bolster the ongoing efforts.
From a clinical perspective, autoantibody-based
biomarker panels with a robust sensitivity for all
cancer stages could play an important role in the
monitoring of occult and minimal residual disease.
Nonetheless, very few autoantibodies have been
examined as biomarkers in this manner, and in
this aspect, our study may present an exciting new
approach in the future.

In conclusion, we show for the first time that
screening serum cancer-associated IgM
autoantibodies may enhance the detection of
early-stage cancer. By showing that IgM
autoantibodies are found more frequently in
early-stage CRC and combined with IgG
autoantibodies, which are more sensitive in
advanced CRC, we demonstrate a crucial
complementarity of multi-isotope antibody
responses in patients with CRC. Although IgA
autoantibodies were less prevalent in CRC, the
identified IgA antibody did improve the overall
performance by incorporating antigens potentially
associated with mucosal membranes in the gut. In

summary, combining IgG, IgM and IgA represents
a novel isotype-augmented strategy for detecting
cancer in the very early stages of disease, thereby
improving patient outcomes.

METHODS

Patient cohort and clinical samples

This study was approved by Mater Misericordiae Ltd,
Australia, Human Ethics Committee HREA Study Reference
Number: HREC/18/MHS/58. Informed consent was obtained
from all patients by the Victorian Cancer Biobank (VCB),
Australia (VCB number: 18020), and clinical samples were
collected between 2000 and 2013. Clinicopathological
information and 5-year follow-up data were recorded. In
total, serum samples from 99 confirmed CRC patients
collected before any therapeutic interventions and 99 non-
cancer controls were included in this study. CRC patients
and non-cancer controls had no previous history of cancer,
systemic inflammatory or autoimmune disease and were
not on immunosuppressive medication. The serum samples
were kept at �80°C until used.

The cohort comprised 51 male and 48 female CRC patient
samples, and 49 male and 50 female non-cancer controls
(Table 1). Ninety-five CRC patients had the tumor in their
colon and there were four patients with rectal tumors. The
average age for CRC patients was 63 and 56 for non-cancer
control subjects. Tumors were staged according to the 6th
edition of the UICC TNM classification of malignant
tumors.86 Mx cases with uncertain or not evaluated
metastatic spread were assigned the respective lower (i.e.
less advanced) stage categories in accordance with the UICC
TNM system rules. In total, 52% of the (51/99) patients were
in early-stage cancer (T1–4, N0, M0), 29% in (29/99) had
nodal spread with no distant metastases (T1–4, N1–2, M0),
and 19% (19/99) had metastatic disease (T1–4, N1–2, M1). A
total of 70 patients had moderately differentiated, 16 well-
differentiated and 13 poorly differentiated tumors.

Customised CRC protein arrays

Colorectal cancer protein arrays comprising 492 proteins
were used to screen serum samples for autoantibodies.
Protein array composition was selected based on protein
immunoreactivity in CRC patients from data analysis
collated in an earlier CRC autoantibody study published by
this group.16 The IgG antibody repertoires from 43 CRC
patients and 40 non-cancer controls identified using large
37 830-clone recombinant human protein arrays were
reanalysed. Expression clones immunoreactive with CRC
patients were identified and sequenced (Engine, Berlin,
Germany). Annotated proteins predominantly or exclusively
immunoreactive with autoantibodies from CRC patients
were selected for the CRC protein array. Tumor-associated
antigens identified by IgG autoantibodies were shown to
also elicit IgM responses in cancer patients by ELISA.24 In
addition, naturally occurring antigens immunoreactive in
most of the CRC patients and non-cancer controls were
chosen as positive control antigens and added to the CRC
protein array. The CRC protein arrays were custom-made
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and QC-certified by Engine GmbH, Germany, by availing of
the hEx1 human recombinant protein expression library.87

A total of 720 E. coli expression clones encoding the total
of 492 proteins were spotted in duplicates and induced on
PVDF membranes in the presence of isopropyl b-D-1-
thiogalactopyranoside (IPTG) allowing overexpression of the
His6-tagged fusion proteins. The CRC protein array contains
full-length as well as shorter-length cDNA clones
representing full-length as well as partial proteins. Clones
expressing identical proteins at different cDNA inserts were
spotted on the array separately.

Serum screening

To characterise IgG, IgM and IgA antibodies in patient sera,
CRC proteins arrays were prepared with minor
modifications as previously described.16 Briefly, all serum
samples and detection antibodies were preabsorbed for 4 h
in blocking solution on PVDF sheets coated with E. coli
containing an empty expression vector to remove cross-
reactive background antibodies. Each CRC protein array was
assigned to a particular patient or control sample and
incubated with preabsorbed serum at 1:200 dilution
overnight at room temperature. The arrays were washed in
Tris buffer and incubated with rabbit anti-human IgM
antibody (SAB3701400; Sigma-Aldrich, St Louis, MO, USA) at
1:1000 dilution followed by a secondary goat anti-rabbit-
680 antibody (5366; Cell Signaling Technology, Danvers,
MA, USA) at 1:25 000 dilution. The arrays were scanned at
700 nm using an Odyssey CLx imaging system (LI-COR
Biosciences, Lincoln, NE, USA) to identify IgM binding. The
protein arrays were stripped with pre-warmed stripping
solution (500 mM Tris–HCl, SDS solution 20% (w/v) 100 mL,
0.07% (v/v) 2-mercaptoethanol) and re-probed for IgA
detection with a goat anti-human IgA antibody (I0884;
Sigma-Aldrich) at 1:1000 dilution followed by a secondary
donkey IRDye680 anti-goat antibody (925-68074; LI-COR
Biosciences) at 1:25 000 dilution and scanned using Odyssey
CLx at 700 nm. At this point, protein arrays were stripped
again and re-probed for IgG detection. To identify IgG
antibodies in sera, the stripped protein arrays were
incubated with mouse anti-human IgG (I6260, Clone GG-7;
Sigma-Aldrich) at 1:5000 dilution followed by alkaline
phosphatase (AP)-conjugated goat anti-mouse IgG-AP
antibody (A1418; Sigma-Aldrich) at 1:5000 dilution and
AttoPhos substrate (S1000; Promega, Madison, WI, USA).
The arrays were scanned using GE Typhoon FLA 9000 Gel
Imaging Scanner (GE Healthcare, Chicago, IL, USA).

Protein array analysis

High-resolution images of CRC protein arrays were analysed
using Visual Grid (GPC Biotech, Martinsried, Germany) as
previously described.16 Briefly, each protein is present in
duplicate in a specific pattern on the array; only proteins
showing distinct signals in both positions were defined as
positive (Figure 1). Unique IgG, IgM and IgA antibody
signatures were generated on the CRC protein arrays for
each subject and were then compared between cancer and
non-cancer control groups. Non-specific secondary antibody
binding was identified in serum-free experiments and
excluded as previously described.88

Statistical analyses

We applied a two-step approach to select a differential
autoantibody marker combination. To find biomarkers with
high diagnostic potentials, IgG, IgM and IgA positives
identified on the protein array were ranked according to
their frequency of occurrence in cancer patients and non-
cancer controls. Thus, biomarkers with a high frequency of
occurrence in cancer and low frequency in non-cancer
controls were compiled. Markers with the most significant
association with the cancer group compared to the non-
cancer control group were then selected. Next, we applied
binary logistic regression to the selected IgG, IgM and IgA
autoantibody markers to create predicted probability
values. A receiver operating characteristics (ROC) curve was
constructed based on the predicted probability scores to
evaluate the performance of the combinatorial biomarker
panel. At least one positive marker evaluation was required
to assign an individual to the CRC group. The predicted
probability values were evaluated to determine optimal cut-
off points for prediction, in this case, maximum sensitivity
and specificity. Five-year survival analysis was done using
the Kaplan–Meier method. Patients with follow-up
information over 5 years were censored at year 5 post-
diagnosis. Univariate and multivariate Cox regression
analyses for age, sex, differentiation and tumor, node,
metastasis (TNM) stages were conducted using the Cox
proportional hazard regression model to investigate the
impact of the variables on overall patient survival. All
statistical analyses were conducted in SPSS 27 (SPSS,
Chicago, IL, USA), GraphPad Prism 8.3.1 (GraphPad
Software, San Diego, CA, USA) and MS Excel. All the
findings were considered statistically significant at
*P < 0.05, **P < 0.01 and ***P < 0.001.
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