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Abstract

Background: Normal human tissues do not express glycans terminating with the sialic acid N-glycolylneuraminic
acid (Neu5Ge), yet Neu5Ge-containing glycans have been consistently found in human tumor tissues, cells and
secretions and have been proposed as a cancer biomarker. We engineered a Neu5Gc-specific lectin called SubB2M,
and previously reported elevated Neu5Gc biomarkers in serum from ovarian cancer patients using a Surface Plasmon
Resonance (SPR)-based assay. Here we report an optimized SubB2M SPR-based assay and use this new assay to ana-
lyse sera from breast cancer patients for Neu5Gc levels.

Methods: To enhance specificity of our SPR-based assay, we included a non-sialic acid binding version of SubB,
SubB,;,, to control for any non-specific binding to SubB2M, which improved discrimination of cancer-free controls
from early-stage ovarian cancer. We analysed 96 serum samples from breast cancer patients at all stages of disease
compared to 22 cancer-free controls using our optimized SubB2M-,;,-SPR assay. We also analysed a collection of
serum samples collected at 6 monthly intervals from breast cancer patients at high risk for disease recurrence or
spread.

Results: Analysis of sera from breast cancer cases revealed significantly elevated levels of Neu5Gc biomarkers at all
stages of breast cancer. We show that Neu5Gc serum biomarker levels can discriminate breast cancer patients from
cancer-free individuals with 98.96% sensitivity and 100% specificity. Analysis of serum collected prospectively, post-
diagnosis, from breast cancer patients at high risk for disease recurrence showed a trend for a decrease in Neu5Gc
levels immediately following treatment for those in remission.

Conclusions: Neu5Gc serum biomarkers are a promising new tool for early detection and disease monitoring for
breast cancer that may complement current imaging- and biopsy-based approaches.
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Background

Aberrant glycosylation is one of the hallmarks of can-

cer cells. Normal human tissues do not express glycans
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known to convert Neu5Ac to Neu5Gc. Nevertheless,
Neu5Gc-containing glycans have been consistently found
in human tumor tissues, cells and secretions [3—10], and
have been proposed as a tumor biomarker [6, 11, 12].

Little progress has been made towards the develop-
ment of a Neu5Gc biomarker-based assay for cancer
detection and patient monitoring due to the lack of
sufficiently sensitive and specific tools to detect this
potential glyco-marker in a clinically relevant biologi-
cal sample. We have improved upon the current meth-
ods for the detection of Neu5Gce [13-15] by developing
a lectin with enhanced sensitivity and specificity for this
glycan in the context of complex biological samples. This
new lectin is derived from the B-subunit of the Shiga
toxigenic Escherichia coli (STEC) Subtilase cytotoxin
(SubAB), which recognizes a2-3 linked Neu5Gc [16].
We used structure aided design to engineer this lectin
to ablate the recognition of Neu5Ac and to expand the
recognition from only a2-3-linked Neu5Gc to include
both a2-3 and a2-6 Neu5Gc linkages to substituent
sugars [17]. This improved Neu5Gc-specific lectin was
called SubB2M [17, 18]. In a SPR-based SubB2M assay,
we previously reported that the serum of ovarian can-
cer patients at all stages of disease has elevated levels of
Neu5Gc-containing biomarkers compared to cancer-free
females [19]. This demonstrated the potential utility of
Neu5Gce-containing biomarkers in the early detection of
ovarian cancer, for which there is currently no universally
applicable blood-based biomarker. The best currently
available biomarker for ovarian cancer is the human
cancer antigen 125 (CA125), also known as MUCI16, a
heavily glycosylated mucin [20]. Serum CA125 levels are
elevated in approximately 80% of ovarian cancer cases at
the time of diagnosis [21]. However, CA125 serum lev-
els may also be elevated in non-malignant conditions
including pregnancy, endometriosis, ovarian cysts, pelvic
inflammatory disease and in the follicular phase of the
menstrual cycle [22]. As a screening tool for ovarian can-
cer, longitudinal measurement of CA125 levels has been
shown to improve sensitivity and specificity for early
detection. However, outcomes from the largest ovarian
cancer screening trial to date, the UK Collaborative Trial
of Ovarian Cancer Screening (UKCTOCS) show that
screening including CA125 did not significantly reduce
mortality [23, 24]. Hence CA125 is currently the only
approved ovarian cancer serum biomarker, limited to
monitoring response to therapy and disease recurrence
in post-menopausal women [23].

Breast cancer is the most frequently diagnosed cancer
among women worldwide and is the leading cause of can-
cer death in over 100 countries [25]. Detection of breast
cancer at the early stages is associated with better patient
outcomes including lower morbidity and lower mortality
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rates [26]. Mammography is currently the main screening
tool for the early detection of breast cancer; however, this
method has limitations. For example, the sensitivity of
mammography in women with dense breasts is reduced
from 85% to 47-64% [27], yet these women have an
increased risk of developing breast cancer [28]. Cancer
antigen 15-3 (CA 15-3) is the most widely used serum
biomarker for breast cancer, and is approved for moni-
toring treatment efficacy only, due to the low sensitivity
in early detection [29, 30]. CA 15-3 is a secreted form of
MUCI, a heavily glycosylated mucin [31, 32]. High levels
of circulating CA 15-3 have been found in breast cancer
patients [33]; however, like CA125 for ovarian cancer,
levels of serum CA 15-3 are also elevated in other physi-
ological conditions, such as pregnancy [34] and coronary
heart disease [35]. Despite decades of research, there is
no single serum biomarker that has proved useful for
the early detection or monitoring of recurrence in breast
cancer [36, 37].

In this study we developed an improved SubB2M-
based SPR assay methodology and used this assay to ana-
lyze serum samples collected from breast cancer patients
to determine whether detection of Neu5Gc biomarkers
may be relevant in screening for and monitoring of breast
cancer.

Methods

Expression and purification of SubB2M and SubB,,,

The recombinant SubB2M and SubB,;, proteins were
expressed and purified as previously described [17, 38].
Briefly, SubB2M and SubB,;, were expressed in E. coli
BL21 (DE3) cells transformed with the SubB2M or SubB,,
expression constructs, respectively, as Hisc-tagged fusion
proteins, which were then purified by Ni-NTA affinity
chromatography.

Glycan array analysis of SubB2M and SubB,;,
Neu5Ac/Neu5Gce glycan array slides were purchased
from Z-Biotech (Aurora, Colorado, USA). A 16-subarray
slide array was used and glycan array analysis of SubB2M
and SubB,;, was performed as described previously [18]
and as described in Supplementary Table 1. The full list
of glycans on the array can be found at https://www.zbiot
ech.com/neu5gc-neubac-n-glycan-array.html.

Development and use of the SubB2M-,,,-SPR assay

for Neu5Gc serum biomarkers

SPR was conducted using the Biacore S200 system (GE)
with immobilization of SubB2M and SubB,,, performed
essentially as described previously [19]. For glycan analy-
sis, SubB2M was immobilized through flow cells 2 and 3
and SubB,;, was immobilized through flow cell 4 (cap-
ture levels: 5000—6000 Response Units (RU) onto a series
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S sensor chip CM5 (GE) using the EDC/NHS capture kit.
Glycans purchased from Chemily Glycoscience (Atlanta,
GA) were analysed across a five-fold dilution series in
PBS at a maximum concentration of 20 uM. Analysis was
run using single cycle analysis and double reference sub-
traction on the Biacore S200 evaluation software.

For glycoprotein analysis, SubB2M was immobilized
through flow cells 2 and 3 and SubB,,, was immobilized
through flow cell 4. Flow cell 1 was run as a blank immo-
bilization. After immobilization, a start up cycle of 0.5%
normal human serum (Sigma-Aldrich, Cat No. H4522)
was run over the immobilized SubB proteins for 10 steps
of 30s at 30 uL/minute flow rate to condition the chip. A
final wash of 10mM Tris/1mM EDTA was run for 30s
at a 30 uL/minute flow rate prior to beginning the data
collection. SPR analysis was performed using multi-cycle
analysis and double reference (values from flow cell 1 and
0.5% normal human serum only) subtraction using the
Biacore S200 evaluation software. At least two independ-
ent SPR runs were performed for each sample set.

For analysis of human sera, samples were diluted
1:200 in PBS and analyzed in duplicate in each SPR run
as described above. RU values obtained for each serum
sample with SubB,;, (flow cell 4) were subtracted from
the RU values obtained with SubB2M from flow cells 2
and 3 and averaged to obtain the final RUs used for con-
version to GPUs. Two independent SPR runs were per-
formed for each sample set.

Development of glycoprotein units (GPUs) standard curve

for normalization of data from the SubB2M-,,,-SPR assays

SPR was conducted as described above with SubB2M
immobilized through flow cells 2 and 3 and SubB,;,
immobilized through flow cell 4. To generate an inter-
nal calibration curve, bAGP and CA125 were combined
at starting concentrations of 15ug/ml and 15units/ml,
respectively, in 0.5% normal human serum. For further
detail, see Supplementary Methods.

Mass spectrometry glycomic analysis of standard
glycoproteins

To confirm the presence of Neu5Gce on the glycoprotein
standards (bAGP and human CA125) N and O-glycans
were released and analysed by PGC-LC-MS/MS as previ-
ously described [39, 40]. For further details, see Supple-
mentary Methods.

Human serum samples

Victorian Cancer Biobank samples

Serum samples from cancer-free (normal) females and
serum samples from patients with Stage I (n=12), Stage
II (n=11), Stage IIIC (n=10) and Stage IV ovarian can-
cer (n=14) were obtained from the Victorian Cancer
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Biobank and have been described previously [19]. Twenty
four serum samples from patients with Stage I breast
cancer, 24 with Stage II breast cancer, 24 with Stage III
breast cancer and 24 with Stage IV breast cancer were
also obtained from the Victorian Cancer Biobank under
application number 17020. As described in our previ-
ous study [19], ‘normal’ controls are defined as patients
with an apparent non-malignancy diagnosis at the time
the sample is taken. The serum samples were collected
immediately pre-operatively using Serum Separation
Tubes (BD) and were processed and stored at —80°C
within 2 hours of collection. The patient data and serum
samples used in this project were provided by the Vic-
torian Cancer Biobank with informed consent from all
donors and use of the samples was approved by the Grif-
fith University HREC (GU Ref No: 2017/732) in accord-
ance with the National Statement on Ethical Conduct in
Human Research. The majority of the breast cancers in
the cohort were the most common form of breast can-
cer, invasive ductal carcinoma. The remainder included 8
cases of invasive lobular carcinoma and 6 cases of muci-
nous carcinoma. Information for each of the ovarian can-
cer serum samples used in this study can be found in our
previous publication [19] while information regarding
each of the breast cancer serum samples can be found in
Supplementary Table 2.

Circulating biomarkers of relapse in breast cancer (Circ.BR)
cohort

Circ.BR was established in 2013 as part of the Brisbane
Breast Bank [41]. Patients with breast cancer who are at
high risk for disease recurrence or spread (inclusion cri-
teria below) are followed prospectively for 5years, with
serial collection of blood samples taken at 6 monthly
intervals and tumor tissue collected at the time of sur-
gery. Human research ethics committees of The Uni-
versity of Queensland (ref. 2005000785) and The Royal
Brisbane and Women’s Hospital (2005/022) approved
the study with written informed consent obtained from
each subject. Serial blood samples from 9 patients who
experienced a relapse (median 4 samples per patient,
range 3-9) and 6 patients who were free from recurrence
(median 7 samples per patient, range 6—8) at the time
of the study were analyzed, with a median follow-up of
19.2months for the relapse group, and 43.9months for
the recurrence-free group. Detailed information for each
patient in the Circ.BR cohort are shown in Supplemen-
tary Table 3.

Circ.BR inclusion criteria

Invasive breast cancer, grade 3 or grade 2 (score>6)
invasive cancer and axillary lymph node positive; OR
grade 1 and grade 2 (score<6) invasive cancer with
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Fig. 1 Characterization of the SubB2M-,,,-SPR assay workflow used in this study. A SPR analysis of Neu5SAc/Neu5Gc glycan pairs. NCDI: No
concentration dependent interaction with glycan up to 20 uM. B Optimized SubB2M-,,,-SPR assay. Serum from cancer-free (normal) females and
ovarian cancer patients were analyzed by SPR with SubB2M immobilized onto the surface of the sensor chip through flow cells 2 and 3 and SubB,;,

immobilized onto the sensor surface through flow cell 4

RUs —— Glycoprotein Units (GPUs)

adverse features such as tumor size >5cm; Family history
(NBOCC group 3)/gene carrier; or previous history of
breast cancer.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 8.0. The mean GPUs between cancer-free (normal)
serum samples compared to cancer patient serum sam-
ples were analyzed by two-tailed, unpaired ¢-tests, with
a P value of <0.05 considered significant. Optimal cut-
off values from Receiver operating characteristics (ROC)
analyses were determined by maximizing the sum of
specificity and sensitivity.

Results

Development of the optimized SubB2M-,,,-SPR assay

for detection of Neu5Gc serum biomarkers

In a previous study, we analyzed serum samples from
ovarian cancer patients with our SubB2M lectin via
the highly sensitive method of SPR [19]. This assay is
based on label-free detection of Neu5Gc biomarkers
that bind to the SubB2M lectin and elicit a response

in SPR (see Fig. 1). In this study we aimed to improve
this SPR-based assay by including a parallel analy-
sis of all samples with a non-sialic acid binding ver-
sion of SubB called SubB,;;. SubB,;, has the most
critical amino acid residue of the B subunit required
for binding Neu5Gc mutated from a serine to an ala-
nine (Ser12>Alal2) [16]. Mutation of this Ser residue
abolishes interactions with the C1 carboxylate group
of sialic acid and thus the SubB,;, mutant cannot
bind any sialylated glycans. Any binding to SubB,;,
observed with serum samples must be due to non-sialic
acid-dependent interactions of serum components with
the SubB protein, for example the binding of antibod-
ies that may recognize the SubB portion of the SubAB
toxin. The lack of binding to sialylated glycans by the
SubB,;, mutant has been described previously [16]
and was further confirmed herein with an analysis of
SubB,;, specificity using a Neu5Ac/Gc glycan micro-
array, where negligible binding was observed to either
Neu5Ac or Neu5Gce-containing glycans by this mutant
protein compared to SubB2M (Table S1 and Fig. S1).
The kinetics of the interaction of SubB2M and SubB,;,
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using SPR analysis with a range of paired synthetic oli-
gosaccharides presenting either a Neu5Ac or Neu5Gce
are shown in Fig. 1A and confirms the loss of all sialic
acid binding by SubB,;,. In the optimized SubB2M-,;,-
SPR assay for the analysis of serum samples, the SPR
Response Units (RUs) detected with SubB,;, for each
serum sample are subtracted from the RUs detected
with SubB2M to control for any non-Neu5Gc-depend-
ent binding of serum components to SubB2M (Fig. 1B).

To further refine our SubB2M-,,,-SPR assay we estab-
lished a standard curve using a mixture of two com-
mercially available Neu5Gc-containing glycoproteins
at known concentrations to be included as an internal
control in each SPR analysis to normalize all data from
all studies to common units. As the identity and nature
of the Neu5Gc glycoconjugates detected in the ovar-
ian cancer patient serum samples from our 2018 study
[19] is currently unknown, we selected a combination of
glycoproteins representing a high molecular weight gly-
coprotein with low Neu5Gc glycosylation and a lower
molecular weight glycoprotein with high Neu5Gc gly-
cosylation. These glycoproteins were the human tumor
antigen CA125 and bovine AGP (bAGP), respectively.
We have previously confirmed the presence of Neu5Gc
on bAGP [17] and CA125 [18], and this was reconfirmed
for both of the control glycoproteins by mass spectrom-
etry analysis (Fig. S2). The standard curve generated by
this mixture of glycoproteins diluted into 0.5% normal
human serum was used to calibrate the SubB2M-, ;,-SPR
assay. The response units (RUs) obtained for each serum
sample was converted to Glycoprotein Units (GPUs)
(representative standard curve shown in Fig. S3).

In our 2018 ovarian cancer study [19] we analyzed
serum samples from subjects in Stage I (n=12), Stage
II (n=11), Stage IIIC (n=10) and Stage IV ovarian can-
cer (n=14) as well as serum samples from 22 cancer-
free females. In the current study, we reanalyzed this
sample set using our optimized SubB2M-,;,-SPR assay
(Fig. 2). Figure 2A shows the data before subtraction of
non-specific binding to SubB,;, from each serum sample
while Fig. 2B shows the data after subtraction of SubB,;,
responses. As we saw with our original analysis of this
sample set [19], significantly elevated serum Neu5Gc bio-
marker levels were detected at all stages of ovarian can-
cer compared to cancer-free female controls.

Receiver operating characteristic (ROC) analyses were
performed on the serum Neu5Gc levels detected with
the optimized SubB2M-,,,-SPR assay before and after
SubB,;, subtraction (Supplementary Table 4, Fig. S4).
Subtraction of binding due to SubB,,, improved the abil-
ity of our SPR-based assay to distinguish cancer-free indi-
viduals from ovarian cancer patients at all stages to 100%
specificity and 100% sensitivity.
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Serum Neu5Gc levels can discriminate breast cancer
patients from cancer-free individuals with high specificity
and sensitivity

We then used the refined SubB2M-,,,-SPR assay to
determine whether elevated levels of Neu5Gc biomark-
ers could be detected in serum from patients with breast
cancer compared to cancer-free controls. We analyzed
a collection of breast cancer serum samples across all
stages of disease (24 Stage I, 24 Stage II, 24 Stage III and
24 Stage IV) with the same set of cancer-free females
used for the ovarian cancer analyses. The SubB2M- -
SPR analysis (Fig. 3) shows that significantly elevated
levels of Neu5Gc biomarkers were detected in serum
samples from all stages of disease. Detailed clinical infor-
mation for each of the serum samples can be found in
Supplementary Table 2.

ROC analyses were performed to assess the ability
of serum Neu5Gc levels detected with the optimized
SubB2M-,,-SPR  assay to discriminate cancer-free
females from patients from each stage of breast cancer
(Supplementary Table 5, Fig. S5). When all stages are
considered as one group with an optimal ROC cut-off
value (>10.49 GPUs), as would be the case for a diagnos-
tic screen, the SubB2M-,;,-SPR assay has 98.96% sensi-
tivity and 100% specificity to distinguish patients with
breast cancer across all stages of disease from cancer-free
individuals (Fig. 4). In summary, this test achieves 100%
specificity and 100% sensitivity for patients with Stage
II-IV disease, however, due to one individual data point
in the Stage I group, below the limit of detection of our
assay, the overall sensitivity did not reach 100%. These
data indicate that the detection of serum Neu5Gc-bio-
markers with SubB2M has potential to detect breast can-
cer at all stages of disease.

Analysis of serum Neu5Gc levels using SubB2M

has potential utility for treatment monitoring in breast
cancer

The Circ.BR cohort is a collection of breast cancer
patients with serum samples collected at 6 monthly inter-
vals, allowing us the opportunity to analyze Neu5Gc bio-
marker levels over the course of disease in these patients
at high risk for disease recurrence or spread. Detailed
clinical information for each patient can be found in
Supplementary Table 3. Analysis of the available serum
samples from 15 cases (6 cases in remission, 9 cases with
relapse) from this cohort showed a trend for a decrease
in Neu5Gc levels immediately following the first line of
treatment in the cases who did not have a tumor recur-
rence, but only in some of the recurrence cases. Figure 5
shows a representative plot from one remission case and
one relapse case, with the remaining cases shown in Sup-
plementary Fig. S6. These data demonstrate the potential
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Fig. 2 Analysis of cancer-free and Stage I-IV ovarian cancer patient serum samples with the optimized SubB2M-,,,-SPR assay. Twenty two serum
samples from cancer-free (normal) females, 12 patients with Stage | ovarian cancer, 11 with Stage Il ovarian cancer, 10 with Stage IlIC ovarian cancer
and 14 with Stage IV ovarian cancer were analyzed by the optimized SubB2M-SPR assay. The mean GPUs from duplicate analyses for each serum
sample determined A) before and B) after subtraction of binding due to SubB,;, are shown. Error bars==£ 1 SD from the mean for each group.
Statistical analysis was performed using two-tailed unpaired t-tests. **** = P-value <0.0001 compared to Normal. Duplicate, independent assays
were performed with both showing the same trends. One representative assay is shown. C Descriptive statistics of data from ovarian cancer patient
serum samples and cancer-free controls

utility of the assessment of serum Neu5Gc levels to mon-
itor treatment response during breast cancer and war-
rants further exploration and validation.

Discussion

CA125 is currently the best performing serum biomarker
for ovarian cancer, but due to its limitations, it is not
currently used as a screening tool [23]. Using our new,
optimized SubB2M-,,,-SPR assay, we are able to distin-
guish cancer-free females from ovarian cancer patients
at all stages of disease with 100% specificity and 100%
specificity.

The SubB2M-,,,-SPR assay is an improved version of
our previously described SubB2M-SPR assay [19]. We
have demonstrated the specificity of the SubB2M lectin
for Neu5Gc-containing glycans in our current (Fig. 1) and
previous [17, 18] SPR binding analyses of Neu5Ac/Gc-
glycan pairs, and with Neu5Ac/Gc glycan microarrays;

to our knowledge it binds no other biomolecule. In the
new method described herein we have included subtrac-
tion of weak, non-specific binding of serum components
to SubBA,, to eliminate false positive results detected
with our assay due to potential protein-protein interac-
tions (such as anti-SubB antibodies). The inclusion of the
SubB,;, mutant improved the specificity and sensitiv-
ity of our assay to distinguish cancer-free females from
early-stage ovarian cancer patients. Additionally, we now
report Neu5Gc biomarker levels as GPUs. Including a
standard curve in each SPR analysis allowed us to con-
vert Neu5Gc biomarker levels in patient serum samples
to GPUs to control for assay-to-assay variability and to
accurately compare data from independent studies.
While screening mammography is used worldwide for
early detection of breast cancer, this method has limita-
tions, including accessibility for women in low-income
countries [42], and there is currently no single serum



Shewell et al. BMC Cancer (2022) 22:334 Page 7 of 11
A B
250 50 Early stage only
2004 ° 40_ **:* *kkk
8 o8
o 150 w 307 2
E ES E ofig
O 100 . o 207 T -%
v £3 10 o o abdans
50 Hkkk e %& $]s @
| e 0 D
T P T T T . ; .
> \ N\ Q> N \ Q
& O & @ @ & @
eo« G}(b %\’b %‘\,’bg \’bg S %\@Q %\@Q
C
Normal | Stagel | Stagell | Stage Stage
11 \%
Number of 22 24 24 24 24
samples
Minimum | 0.4233 | -3.674 10.91 19.00 29.66
Maximum 10.08 37.86 30.74 73.66 203.4
Mean 5.430 22.25 18.18 39.96 85.60
SD 2.076 8.953 5.659 13.28 51.21
Fig. 3 SubB2M-,,,-SPR analysis of cancer-free and Stage | - IV breast cancer serum samples. A 22 serum samples from cancer-free females, 24
Stage |, 24 Stage Il, 24 Stage lll and 24 Stage IV serum samples were analyzed by SubB2M-,,,-SPR assay. The mean GPUs from duplicate analyses
for each serum sample are shown. Error bars== 1 SD from the mean for each group. Statistical analysis was performed using two-tailed unpaired
t-tests. **** = P-value <0.0001 compared to Normal. Duplicate, independent assays were performed with both showing the same trends. One
representative assay is shown. Only values above 0 are shown. B Cancer-free controls compared to early stage breast cancer samples only (Stage |
and Il samples only from Fig. 3A). C Descriptive statistics of data from breast cancer patient serum samples and cancer-free controls

biomarker for the early detection of breast cancer. Our
analysis of 96 breast cancer patient serum samples from
Stages I-IV, showing that serum Neu5Gc levels can dis-
tinguish patients with early-stage breast cancer from
cancer-free individuals with high specificity and high
sensitivity, and has perfect discriminative ability to distin-
guish later stage breast cancer from cancer-free individu-
als, indicates that SubB2M detection of serum Neu5Gc
levels has the potential to be developed into a tool for
the early detection of breast cancer. It is important to
note that this cohort, whilst comprising mostly invasive
ductal carcinoma, also included the less common inva-
sive lobular carcinoma, and six cases of mucinous carci-
noma. Mucinous carcinoma of the breast is a rare form
of invasive ductal carcinoma, making up 2-3% of breast
cancer patients. That all of these cancers could be differ-
entiated from cancer-free controls by our assay supports
the broad applicability of the approach. Our analysis of
serially collected serum samples from the Circ.BR cohort
showed that SubB2M detection of Neu5Gc levels also has
potential to be used to monitor response to treatment,
although further investigation of its utility, using a larger
cohort, is required.

Neu5Gc is well known to be found in human cancers
(in cells, tissues and secretions) [3, 5-9, 43], and may
be found in trace amounts in some healthy human tis-
sues [44]. The source of Neu5Gc in humans is assumed
to be dietary incorporation following consumption of
animal-derived food. Dietary acquisition of Neu5Gc
and metabolic incorporation into human cells forms the
basis of the ‘xenosialitis’ hypothesis, which proposes that
autoantibodies against Neu5Gc at the cell surface pro-
mote inflammation and pathology (see reference 45 for a
recent review) [45]. The direct biochemical evidence for
dietary uptake and expression in humans involved three
human subjects consuming Neu5Gc in the form of por-
cine submaxillary mucin [44]. Alternatively, it has been
proposed that human cancer cells can produce endog-
enous Neu5Gc by providing electron donors that cir-
cumvent the CMAH inactivating truncation found in the
human enzyme [46]. The current study and our previous
data [19] report elevated levels of Neu5Gc in serum can
differentiate breast and ovarian cancer patients (n=143)
from cancer-free controls, and supports the hypothesis of
endogenous production of this biomarker by tumor cells
in addition to potential dietary uptake.
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Fig. 4 ROC curve depicting the ability of serum Neu5Gc levels
determined by the optimized SubB2M-,,,-SPR assay to distinguish
breast cancer patients from cancer-free (normal) individuals.
Sensitivity% (true positive rate; ability to detect disease) is plotted
against 100%-specificity% (false positive rate or 100%-true negative
rate; ability to detect lack of disease). ROC analyses were performed
with the data shown in Fig. 3A using Graphpad Prism 8.0
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A limitation of this study is that we have not ana-
lysed serum Neu5Gc levels in cancer-free individuals
with other diseases or conditions, however there are
no studies reporting elevated serum levels of Neu5Gc
in any other, non-malignant condition. Non-quanti-
tative immunohistological staining with anti-Neu5Gc
chicken IgY antibodies indicate that Neu5Gc is present
in human atherosclerotic atheromas [47] and in muscle
tissue from patients with muscular dystrophy [48], but
these studies have not addressed serum Neu5Gc. Our
future studies will investigate serum Neu5Gc levels in
individuals with a range of non-malignant conditions.

There has been a recent increase in reports of SPR-based
biosensors for clinical applications, including cancer diag-
nostics, detection of bacterial and viral infections and diag-
nosis of cardiovascular disease, and this has been reviewed
extensively [49-52]. In summary, while SPR-based plat-
forms have not yet been implemented in the clinical setting,
the advances in integrated, automated and portable SPR
instruments, capable of detecting biomolecules with high-
sensitivty using small volumes of biofluids, mean this tech-
nology shows great potential for clinical translation in the
near future. Our development of the purpose-engineered
SubB2M lectin implemented in the SubB2M-,;,-SPR
assay provides a sensitive, specific and practical reagent
for the measurement of Neu5Gc-containing glycoproteins
in serum, which are an under-explored class of circulating
tumor biomarkers. The detection of Neu5Gc glycosylation
via SubB2M may also be used in conjunction with existing
biomarker assays to improve specificity and sensitivity and
represents a promising area for future studies.
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Fig. 5 Representative plots of serum Neu5Gc levels determined by SubB2M-,,,-SPR assay for A) one remission case and B) one relapse case from
the Circ.BR cohort. The mean GPUs from duplicate analyses for each serum sample are shown. Error bars= =+ 1 SD from the mean for each group.
Two independent assays were performed with both showing the same trends with results from one assay presented. Plots for the remaining
cases are shown in Supplementary Fig. S6. Clinical information for each patient is shown in the top right of each plot with treatment history and
metastases overlaid. ALND: Axillary lymph node dissection, ILC: Invasive Lobular Carcinoma, Mast: mastectomy, SNB: sentinel node biopsy, WLE:
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Conclusions

Minimally invasive, rapid and reliable methods for the
early detection of ovarian and breast cancer will have a
significant impact on patient survival rates. Biomark-
ers that can accurately and specifically monitor response
to treatment and disease progression would also drasti-
cally improve patient outcomes. Our SubB2M lectin
assay offers the opportunity to exploit measurement of
Neu5Gc biomarkers as a path to achieve these outcomes.
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DOI: https://doi.org/10.1093/glycob/cww118. Supplementary Table S2.
Details for each of the normal (cancer-free) individuals and breast cancer
patients used in this study. Supplementary Table S3. Details for each

of the breast cancer patients from the Circ.BR cohort used in this study.
Supplementary Table 4. Optimal cut-off values, sensitivity and specificity
for distinguishing Stage |, II, Il and IV ovarian cancer patients from normal
(cancer-free) individuals using serum Neu5Gc levels determined by opti-
mized SubB2M-SPR assay before and after SubBy, subtraction. Sensitivity
and specificity were determined from the Receiver operating character-
istic (ROC) curves (Fig. S4). Optimal cut-off values were selected to give
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