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Abstract: Pancreatic cancer is one of the deadliest cancers worldwide, mainly due to late diagnosis. Therefore, there is an
urgent need for novel diagnostic approaches to identify the disease as early as possible. We have developed a diagnostic
assay for pancreatic cancer based on the detection of naturally occurring tumor associated autoantibodies against Mucin-
1 (MUC1) using engineered glycopeptides on nanoparticle probes. We used a structure-guided approach to develop
unnatural glycopeptides as model antigens for tumor-associated MUCI1. We designed a collection of 13 glycopeptides to
bind either SM3 or 5ES, two monoclonal antibodies with distinct epitopes known to recognize tumor associated MUCI.
Glycopeptide binding to SM3 or SE5 was confirmed by surface plasmon resonance and rationalized by molecular
dynamics simulations. These model antigens were conjugated to gold nanoparticles and used in a dot-blot assay to detect
autoantibodies in serum samples from pancreatic cancer patients and healthy volunteers. Nanoparticle probes with
glycopeptides displaying the SM3 epitope did not have diagnostic potential. Instead, nanoparticle probes displaying
glycopeptides with high affinity for SES could discriminate between cancer patients and healthy controls. Remarkably,
the best-discriminating probes show significantly better true and false positive rates than the current clinical biomarkers

CA19-9 and carcinoembryonic antigen (CEA).
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Introduction

Pancreatic cancer (PC) is the fourteenth most common
cancer globally and the seventh leading cause of cancer-
related deaths.! The high lethality of this disease is a
consequence of the late detection of this tumor.”! In fact,
most patients are diagnosed with locally advanced or
metastatic disease, which renders them ineligible for surgery.
The 5-year relative survival rate according to the latest
statistical data in the US is only 11 % for all disease stages
combined.”! In particular it is around 40% for localized-
stage disease at diagnosis but it drops to 14 % for regional-
and to 3% for distant-stage disease at diagnosis. These
dismaying numbers highlight the importance for early
detection of PC as the most effective way to improve
survival.

In the clinical management of patients with PC, carbohy-
drate antigen 19-9 (CA19-9, a tetra saccharide also known
as sialyl-Lewis A) is the most routinely used biomarker.”!
CA 19-9 is considered a good diagnostic marker only in
symptomatic patients with sensitivity of 72 % and specificity
of 86 % resulting from the most recent meta-analysis of 79
studies conducted between 2002 and 2022 on a total of
20,991 patients.”! CA19-9 is not recommended for screening
the general population for PC but only for monitoring of
benign pancreatic diseases and the screening of high PC risk
individuals with a family history.”! To date, no biomarker
or panel of biomarkers with sufficient diagnostic accuracy
has been approved for the early diagnosis of PC.* There-
fore, finding alternative, possibly more sensitive and specific,
biomarkers is crucial to improve early detection, allowing
for prompt medical intervention and higher patient survival
rates.

One appealing possibility would be the exploitation of
circulating tumor-associated autoantibodies because of their
ready accessibility in serum samples.”*”! It is known that
developing tumors produce tumor-associated antigens,
which may elicit an immune response as a consequence of
immunosurveillance.! Tumor-associated autoantibodies ef-
fectively represent a natural amplification mechanism and
can be identified at a very early stage of the disease before
tumor-associated antigens can be detected, thus being
ideally suited for early diagnosis.”! Unfortunately, despite
strong interest in the application of autoantibodies as
biomarkers,®™ their exploitation for PC diagnosis is still
missing in the current clinical practice.

In this work, we focus on the detection of autoantibodies
against the tumor-associated form of Mucin-1 (TA-
MUC1)™ in the sera of PC patients. In healthy individuals,
MUCI is a heavily O-glycosylated protein expressed on the
surface of epithelial cells. The large extracellular domain of
MUCI, known as the variable number of tandem repeats
domain, consists of 20-120 tandem repeats of 20 amino acids
(AHGVTSAPDTRPAPGSTAPP) containing five O-glyco-
sylation sites (in bold letters) with the first sugar being N-
acetylgalactosamine (GalNAc).!"! In many types of epithe-
lial cancer, including PC," MUC1 is overexpressed and
glycosylation is dramatically altered. Specifically, TA-MUC1
is decorated only with simple and truncated
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carbohydrates.'”) The occurrence of autoantibodies against
TA-MUC1 was initially demonstrated using completely
unglycosylated peptides! and recombinant protein
portions,['”! as simplistic models of the heterogeneous nature
of this tumor associated antigen. Yet, glycosylation plays a
significant role in the 3D structure of TA-MUCI1!” and the
use of unglycosylated antigen models may result in a failure
to detect relevant tumor associated autoantibodies. Hence,
Blixt, Clausen and co-workers have used arrays of glycopep-
tides to detect autoantibodies that specifically recognize
glycosylated epitopes with varying degree of success.'
Notably, MUCI1 autoantibodies have been detected both in
patients with malignant tumors as well as in healthy people
with no history of cancer, which is currently interpreted as a
consequence of acute inflammation events or viral
infections."”? This observation underlines the importance of
using antigen models that specifically mimic tumor-associ-
ated epitopes of MUCI.

We hypothesize it would be possible to develop a
diagnostic assay for PC by engineering artificial O-GalNAc
glycopeptides to mimic a specific cancer epitope via a
structure-based approach, starting from known antibody-
antigen complexes. These unnatural glycopeptides would
allow to detect subsets of autoantibodies that are truly
associated with the tumor thereby allowing stratification of
patients vs. healthy controls (Figure 1).

For the last several years, we have been investigating the
binding of unnatural glycopeptides that mimic TA-MUCI1 to
monoclonal anti MUC1 antibodies." The introduction of
unnatural modifications in the glycopeptide epitope modu-
lates and sometimes increases binding."®*<¢! We have also
used unnatural glycopeptides to elicit a humoral immune
response in mice and shown that the elicited antibodies
cross-react with natural TA-MUC1.[%*"! Finally, we and
another group have reported preliminary data suggesting
that unnatural MUCI1 glycopeptides may be used to detect
autoantibodies in prostate cancer!™ and in breast cancer.”

In this work, we report on the development of a
diagnostic assay for PC based on the detection of tumor-
associated autoantibodies with (un)natural glycopeptides as
model antigens for TA-MUCI1, immobilized on the hydro-
philic, poly(ethylene glycol)-based coating of gold nano-
particles (AuNPs). A small glycopeptide library was de-
signed via structural analysis starting from the known X-ray
structure of two TA-MUCI monoclonal antibodies complex-
ing MUC1 glycopeptides. The members of this library were
synthesized, and their binding was assayed experimentally
via surface plasmon resonance (SPR). Representative
variants were subjected to extensive molecular dynamics
(MD) simulations, which contributed to the understanding
of the observed results. Then a dot-blot assay was estab-
lished to verify the binding of these TA-MUC1 monoclonal
antibodies to the model antigens immobilized on AuNPs
nanoparticles (AuNP1-14). Finally, we analyzed the sera
from a group of 20 PC patients and 20 age- and sex-
matched healthy volunteers to evaluate the diagnostic
potential of our dot-blot assay. We conducted a retrospec-
tive observational clinical study to determine which mem-
bers of the nanoparticle library would provide case/control
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Figure 1. Diagnostic assay principle: designed unnatural glycopeptides are used as models of the TA-MUC1 antigen. A library of nanoparticle
probes displaying these peptides is employed to detect anti-MUCT autoantibodies in the sera of pancreatic cancer patients with each probe binding
a different subset of autoantibodies. Only probes detecting tumor-associated autoantibodies have diagnostic relevance. Created with

BioRender.com.

discrimination by binding antibodies in the plasma of
patients and healthy volunteers. Our work shows that it is
possible to exploit structurally engineered unnatural glyco-
peptides to develop a nanoparticle-based diagnostic assay
that detects subsets of autoantibodies associated with the
tumoral state. Remarkably, the presence of the GST*A
epitope (where T* stands for the Tn antigen -a-O-GalNAc-
Thr-) is demonstrated as an essential prerequisite for the
specific detection of tumor-associated MUCI1 autoantibod-
ies.

Results and Discussion
Design and Synthesis of a Library of TA-Muc1 Antigen Models

We designed a small library of TA-MUCI1 antigen models,
most of them being glycopeptides with unnatural modifica-
tions (Figure 2). The envisioned design strategy contem-
plates: 1) a putative advantage of using relatively short
glycopeptides as antibody capture agents for assay conven-
ience; 2) peptides that are GalNAc-glycosylated and contain
a single well-established immunodominant regions within
the variable number of tandem repeats domain of MUCI;
and 3) the incorporation of unnatural chemical modifica-
tions to modulate antibody binding affinity thereby poten-
tially altering the identification of subsets of autoantibodies.
Our 14-member library comprises nine peptides whose
sequences are only nine amino acids long and mimic a single
epitope of either SE5P" or SM3P monoclonal antibodies,
see below. This collection of short peptides includes: three
unnatural glycopeptides and the natural counterpart to
mimic the GST*A epitope (glycopeptides 1-4); four un-
natural glycopeptides and the natural counterpart to mimic
the PDT*R epitope (glycopeptides 5-9). Additionally, we
included four full-length tandem repeat derivatives. Three
of them display a single Tn (10 and 11) or two Tn antigens
(12) at the same location of the short variants. The fourth
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full-length glycopeptide contains the noncanonical amino
acid (2S,3R)-3-hydroxynorvaline (Hnv) in the PDT*R
region (13)."% Finally, we included in the library an
unnatural Tn antigen mimic with a constraint bicyclic
structure (14).%) This compound was previously shown to
elicit a specific immune response in mice when conjugated
to CRM,y; (Cross Reactive Material 197) as a carrier
protein.’ The elicited immune response was directed
against the natural Tn antigen as demonstrated by staining
of human breast cancer cells. Unnatural glycopeptides (24,
6-9, and 13) were devised following a structure-guided
approach based on the X-ray structures of two mouse
monoclonal antibodies — SE5 and SM3 - in complex with
glycopeptides comprising the GST*A®! and PDT*R!"
sequences, respectively. These two antibodies were selected
according to several criteria. First, both can discriminate
with high specificity the tumor-associated form of MUCI1
from the healthy tissue variant. Second, they are character-
ized by distinct epitopes both affected by glycosylation: in
case of SE5, glycosylation of Thr is necessary for binding,!!
while SM3 binds a peptide epitope and accommodates Tn!'*?
but not larger O-glycans (core2).” Third, although both
antibodies were raised in mice, it has been shown that the
same molecular structures used for mice immunization are
immunogenic in humans."7**")

With these points in mind, the available structural
information was used to introduce unnatural modifications
that possibly favor binding of the glycopeptides to these two
monoclonal antibodies and to putative autoantibodies with
similar reactivity. More specifically, our design efforts aimed
at modulating well-conserved CH/n interactions observable
in crystallographic complexes. For instance, the fluorine
atom in Pro of compound 9 is expected to strengthen the
CH/n interaction between this residue and Trp91" by polar-
izing the C—H moieties of this proline that interact with the
aromatic ring of the tryptophan, in agreement with previous
studies.®! Similarly, variant 3 equipped with a N-propionyl
group attached to the sugar moiety is expected to establish
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Figure 2. Structures of the tumor-associated MUC1 (TA-MUC1) model antigens used in this work.

stronger CH/n interactions with H50" in the complex with
SES antibody due to the anticipated closer proximity of the
methyl group to the histidine, potentially enhancing the
binding affinity.”® On the other hand, glycopeptide 4 was
strategically designed as a negative control to impair the
affinity towards antibody 5SE5 by positioning the fluorine
atom on the Pro residue towards the aromatic ring of
Tyr100 -

All glycopeptides were synthesized using microwave-
assisted solid-phase peptide synthesis, following a protocol
we previously reported (Supporting Information)."®! The
synthesis of the glycosyl amino acid building blocks for the
preparation of compounds2 and 8 has been previously
reported by us.'"*! The synthetic route for the building
block required for glycopeptide 3 is described in Scheme S1.
Finally, compound 14 was synthesized according to our
methodology with the modifications shown in Scheme S2.*

Binding Studies of Glycopeptides 1-9 with 5E5 and SM3
Monoclonal Antibodies

We used a standard surface plasmon resonance (SPR) assay
to evaluate the binding affinity (Kp) of short peptides 1-9 to
SM3 and 5ES5 (Table 1 and Figures 3A and S1). These values
represent the affinity of homogeneous monomeric antigens
towards the immobilized antibody in a 1:1 binding model.’"!
Remarkably, a significant increase in binding strength was
observed in two cases compared to their natural counter-

Angew. Chem. Int. Ed. 2024, 63, €202407131 (4 of 12)

Table 1: Binding affinities (Kp) of short peptides 1-9 to antibodies 5E5
and SM3 determined via an SPR assay.

Peptide Ko (pM)H!
5E5

1 0.54+0.10
2 0.64+£0.14
3 0.08 +0.01
4 2.40£0.13
SM3

5 0.89+0.05
6 2.1940.21
7 1.62+0.11
8 1.46+0.18
9 0.1340.01

[a] Means + standard deviation from 3 assays.

parts: glycopeptides 3 and 9 bound with 7-fold increased
affinity to SE5 and SM3, respectively. The comparable
affinity of glycopeptide 8 and its natural counterpart § is
consistent with the results in our previous study where we
describe in detail the impact of Hnv in the PDT*R region
on SM3 binding."*" In compounds 2 and 6, replacing a C-H
moiety with a C—F in the methyl group of GalNAc does not
enhance the binding affinity. A plausible explanation is that
the favorable polarizing influence exerted by the fluorine
atom on the proposed CH/n contact, is counterbalanced by
the concomitant decrease in the number of CH groups
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Figure 3. (A) SPR curves (left panel) and the response — concentration fit (right panel) for glycopeptide 3 binding to antibody 5E5. (B)
Representative frames derived from MD simulations for antibody scFv-5E5 in complex with the truncated version of glycopeptide 1 (1a, left panel),
3 (3a, middle panel) and 4 (4a, right panel); evolution of the distances between antibody residues Y100", H50" and F102" and the glycopeptides
residues mainly involved in molecular recognition; to estimate the distances, the center of the aromatic rings was used in these calculations;
hydrogen bond lengths between the sugar and the antibody. (C) Molecular structure showing the atoms involved in dihedral angle definition (left
panel, ¢ =05-C1-O1-CB; y=C1-0O1-CP-Ca; 3' = O1-CP-Ca-N). Plots of the ¢/y and ¢/y' distributions derived from MD simulations of the
complex 3a/scFv-5E5 (right panels).
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available for interaction. Indeed, similar effects have been
previously reported by Barbero and co-workers.""! Addi-
tionally, changes in the solvophobic contribution promoted
by the fluorine atom may also contribute to the lower
affinity for their respective antibodies compared to their
natural counterparts, compounds 1 and 5.5 In fact, the X-
ray structure of an analog of glycopeptide 6 in complex with
scFv-SM3 reveals the lack of CH/n interactions between the
GalNAc and the aromatic side chain of Trp33™.The distance
between these groups is 8.4 A, significantly greater than the
4.7 A observed for a naturally occurring analog.”

To gain insight into the origin of the affinity of
glycopeptides 1, 3 and 4 for the SES antibody, we performed
molecular dynamics (MD) simulations with a truncated
version of these glycopeptides (compounds 1a, 3a and 4a,
Figure 3B) in complex with scFv-5ES5. We conducted three
independent 500 ns MD simulations for each complex,
resulting in a total trajectory time of 1.5 us per complex
(Figures 3B, 3 C and S3). In the case of glycopeptide 3a,
these calculations confirm that the N-propionyl group of the
sugar and the C-terminal Pro residue interact through CH/n
interactions with His50™ and Tyr100", respectively, analo-
gously to what observed for the truncated version of the
natural counterpart (referred to as 1a in Figure 3B) in the
X-ray structure reported by us.”™ These interactions are also
observed in the simulations conducted in this work on the
complex la/scFv-5E5 (Figure 3B), validating our computa-
tional approach. Yet, the simulation shows an additional
CH/n interaction between the CH;CH, group of 3a and the
antibody, which is not present for 1a suggesting that such a
contact may improve the affinity of glycopeptide 3 com-
pared to 1. In contrast, glycopeptide 4, which was designed
as a negative control, shows a different behavior. The
incorporation of a (4S)-4-fluoro-L-proline residue into glyco-
peptide 4 (modeled as 4a, Figure 3B) does not modify the
interactions between the sugar and the antibody. However,
this substitution prevents the CH/n interaction P’-Y100",
and has a negative impact on the CH;(Thr)-F102" inter-
action as clearly shown by the distance evolution traces for
the molecular moieties involved in these interactions. This
result provides an explanation for the lower affinity
observed for 4 in comparison to glycopeptides 1 and 3.

Furthermore, according to our MD simulations (Figur-
es 3C and S3), the glycosidic linkage is rather rigid for all
the three peptides, displaying the exo-anomeric conforma-
tion centered at ¢/y~65°/120° in all replicas, which agrees
with the typical eclipsed conformation found for the Tn-Thr
derivatives.’” Moreover, the side chain of the glycosylated
residues is rigid in solution with a conformer characterized
by x' =60°.

In parallel we have conducted ITC assays with glycopep-
tides 1 and 3 (see Supporting Information and Figure S2).
The ITC data indicate that the affinity of the unnatural
glycopeptide 3 is 5-fold higher than that of the natural
glycopeptide (compound 1), which agrees well with the SPR
data, showing approximately a 7-fold enhancement. In both
cases, the binding is driven by enthalpy (2AH;.,.=—8.19 kcal/
mol and AH; .= —9.15 kcal/mol), with a difference of about
1 kcal/mol in favor of the unnatural glycopeptide. This result
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is consistent with our MD simulations, which suggest an
enhancement of the CH/n interaction in glycopeptide 3.

Validation of the Designed Glycopeptides as TA-MUC1 Model
Antigens: Development of a Dot-Blot Assay

Gold nanoparticles (AuNPs) have been successfully used in
diagnostic immunoassays, mostly in the form of lateral flow
assays.” Most commonly, AuNP-based immunoassays ex-
ploit antibody-functionalized nanoparticles. However, it is
also possible to immobilize antigens on AuNPs and to
develop serological (antibody) tests.*” We have previously
reported on the preparation of AuNPs functionalized with
TA-MUC1 glycopeptides as immunogenic
formulations.'®®¥! These nanoparticles present multiple
copies of the peptide immobilized on top of a compact, self-
assembled monolayers of amphiphilic alkyl-PEG600 thiols*
anchored to the gold surface. Similar coatings were shown
to allow unhindered protein-receptor interaction,”” and
unhindered  enzymatic cleavage of DNA —-RNA
heteroduplexes,” most likely due to their hydrophilic
nature.™

We envisioned the possibility of using analogous nano-
particles for the development of a serological assay,
although with a reduced antigen loading to favor unhindered
antigen-antibody interaction. Briefly, AuNPs with a 13 nm
core diameter were surface coated (passivated) with a
mixture of carboxy- and amino-terminated alkyl-PEG600
thiols. Then, thiolated antigen models (glycopeptides 1’13’
Supporting Information, or compound 14) were coupled to
the nanoparticle coating using an amine-to-thiol heterobi-
functional linker (Figure S4). As previously demonstrated,
peptide loading can be controlled by varying the molar
fraction of amino terminated PEG600 derivative xyy, during
the passivation reaction.® In this study, we used Xy, =0.06
which resulted in a peptide loading of approximately 50
peptides/AuNP as estimated by amino acid analysis.’”
Successful glycopeptide conjugation was confirmed via
agarose gel electrophoresis (Figure S5). All prepared
AuNPs (AuNP1-14) are negatively charged as indicated by
their electrophoretic migration towards the cathode and
confirmed by the negative (-potential (Table S1). In case of
AuNP14 that are functionalized with Tn mimic 14 — a small
neutral molecule — only minor differences in physicochem-
ical properties were observed when compared to the
passivated nanoparticles used as a starting material (AuNP-
PEG, Figure S4). Nevertheless, an evident and reproducible
electrophoretic shift was observed (Figure S5), demonstrat-
ing nanoparticle functionalization. Further evidence for the
conjugation of compound 14 was provided by a lectin-driven
aggregation assay (Figures S6 and 7). Both AuNP14 and
AuNP11 (with a Tn antigen in the PDT*R region, used as a
positive control) underwent aggregation upon titration with
soybean agglutinin (SBA), a well-established, commercially
available lectin with selectivity for GalNAc in the context of
O-linked glycopeptides.*!! These results confirmed that
nanoparticles AuNP14 were indeed functionalized with
glycan-like structures that mimic Tn.
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Figure 4. (A) Representative fluorescence images of the membranes used for the determination of the binding affinity of 5E5 antibody to AuNP1-4
and AuNP12 via a dot-blot assay. Each column of dots corresponds to a different AuNP probe with three technical replicates. Images are shown in
false colors. (B) Binding curves for monoclonal antibodies 5E5 or SM3 to AuNP probes AuNP1-9 displaying TA-MUC1 model antigens. The Ky,
values were obtained via a nonlinear curve fitting — using a one-site binding equation — of the fluorescence intensity values (average of the 3
technical replicates) measured at varying antibody concentration. The K, values are reported in Tables 2 and 3.

Next, we developed a dot-blot assay to investigate the
binding of monoclonal antibodies SM3 and 5E5 to nano-
particles AuNP1-14. These experiments were required to
validate antibody binding in the context of the diagnostic
assay format that we later applied to the human serum
specimens. Differently from the SPR measurements re-
ported above, in this case the antigens are immobilized (on
the AuNP surface) while the antibodies are free in solution.
Multivalent antigen presentation on a surface allows for
bivalent antibody binding which is essentially irreversible as
observed in many cases.”? This implicates that binding
affinities cannot be measured under equilibrium conditions.
Therefore, the results of these experiments (Kp,,,, apparent
binding affinities from a one site - specific binding model)
should be taken as association or affinity parameters*! and
not as thermodynamic constants and used only for compar-
ison purposes among the different library members under
the specified experimental conditions. To this purpose, the
functionalized AuNPs were spotted onto nitrocellulose
membranes and adsorbed by physisorption. After spotting,
the membranes were subjected to a series of washing and
blocking steps before overnight incubation at 4°C with
antibodies SM3 or 5E5 (see details in the Supporting
Information). The membranes were then washed again and
incubated with a fluorescently labeled anti-mouse secondary
antibody. The final step was the visualization of the
membranes with a laser scanner. The acquired images were
quantitatively analyzed by densitometry. This approach
allowed the evaluation of the binding affinity of each
antibody for 5 to 7 nanoparticle probes in parallel. In fact,
the selected nanoparticle probes were applied to separate
membranes and each membrane was incubated independ-
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ently and in parallel with different concentrations of a
particular antibody. Then for each nanoparticle probe, a
plot of integrated fluorescence intensity versus antibody
concentration was generated (Figure 4). The data were fitted
to a one-site binding model, affording an apparent binding
affinity designated KDapp.[“] These values are a measure of
the affinity of the selected antibody for a given antigen on a
multivalent scaffold — specifically nanoparticles AuNP1-
1414

We initially evaluated and compared the binding of SES
and SM3 to nanoparticles functionalized with full-length
tandem repeat peptides to validate the dot-blot assay. From
the data in Table 2, it is possible to appreciate that 5SES
binds as expected to AuNP10 and AuNP12, both displaying
natural glycopeptides containing the GST*A region. !

It is also worth noting that the Kp,,, values measured in
this work are lower compared to a previously reported value
for a not immobilized GST*A peptide (1.7 nM, ) likely as

Table 2: Apparent binding affinities of SM3 and 5E5 antibodies for full-
length tandem repeat MUCT glycopeptides immobilized on AuNPs.?

Probe Kpapp/HE/mL (NM)©

SM3 SE5
AuNP10 >2 0.023+0.010 (0.15)
AuNP11 0.02340.016 (0.15) >10
AuNP12 0.02940.005" (0.19) 0.02740.004 (0.18)
AuNP13 0.038 +£0.006 (0.25) >10

[a] Means =+ standard deviation from 3-6 assays; values within
brackets are expressed in nM assuming 150 kDa as the molar mass of
the antibodies. [b] Mean value +0.5xmax. deviation from 2 assays.
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a result of divalent antibody binding to the multivalent
AuNP probes. Also, consistent with the known selectivity of
5ES, no binding was observed for AuNP11 or for the
unnatural version AuNP13, which lacks the GalNAc unit in
the GSTA region required for binding.*! The results with
SM3 were also consistent with its known binding character-
istics. SM3 bound to AuNP11-13, all displaying the PDT*R
region,"™ whether in its natural form or as an unnatural
mimic. A much weaker binding was instead observed for
AuNP10, which displays the unglycosylated PDTR
sequence.”! These results are in line with those previously
reported by us for full-length tandem repeat glycopeptides
11 and 13 using biolayer interferometry experiments.’

Overall, these results validate the binding assay, which
was then used to screen the affinity of the two selected
antibodies for all other nanoparticles in the library (Ta-
ble 3). AuNP1-9 display sequences with only nine amino
acids including one single binding motif specific for either
5ES or SM3. According to their sequences, AuNP1-4 were
assayed with SE5 and AuNP5-9 with SM3, respectively.
Each of these two groups contained nanoparticles with the
natural version of the peptide (AuNP1 and AuNP5) as a
reference. In all cases, except for AuNP4 used as a negative
control, binding was retained, albeit with small variations
compared to the natural peptides. These results are in close
agreement with the results of the SPR analysis of the free
glycopeptides, except for derivative AuNP6, which shows
comparable binding to the other nanoparticle probes of the
SM3 series, although free peptide 6 had detectably lower
affinity in the SPR assay. This discrepancy is most likely a
consequence of the different approaches for estimating
antigen-antibody affinity whereby binding of antibodies to
immobilized antigens is implicitly affected by the bivalent
nature of the antibody. Finally, AuNP14, displaying the Tn
mimic, was assayed both against SM3 and 5ES5 because the
presented antigen model lacks a peptide backbone. No
binding was observed to any of the two antibodies consis-
tently with the notion that these antibodies not only
recognize the sugar moiety but also the peptide
sequence.!'8!

Table 3: Apparent binding affinities of antibodies 5E5 and SM3 for
short TA-MUCT antigen models immobilized on AuNPs.

Probe KDapp (pg/mL)[a]
5E5

AuNP1 0.025+0.012
AuNP2 0.01840.005
AuNP3 0.010-£0.002
AuNP4 >2

SM3

AuNP5 0.017£0.004
AuNP6 0.01940.003
AuNP7 0.0110.002
AuNP8 0.01740.001®
AuNP9 0.0066 4-0.0004

[a] Means +standard deviation from 3-6 assays. [b] Mean value =
0.5xmax. deviation from 2 assays.
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These studies show that the conjugation of the model
antigens to the surface of the nanoparticles does not have a
major impact on the antigen-antibody interaction. Addition-
ally, our library allowed us to directly compare the effect of
shortening the probing peptide sequences on the nano-
particles, which turned out to be very limited (AuNP1 vs.
AuNP10 and AuNPS5 vs. AuNP11).

Detection of TA-MUCT Autoantibodies in Sera

After having established the dot-blot assay, we applied it to
the detection of autoantibodies against TA-MUCI in sera
specimens. To this purpose, we designed a retrospective,
observational, case-control clinical study recruiting a group
of 20 pancreatic cancer patients and 20 age- and sex-
matched healthy volunteers at the Hospital San Pedro
(Logroiio, Spain).

The serum samples were analyzed against the complete
nanoparticle library. Each nanoparticle probe, correspond-
ing to a distinct TA-MUCI antigen model, was spotted in
triplicate on wet nitrocellulose membranes (Figure S8). For
each patient (or healthy volunteer) the serum was analyzed
in triplicate, i.e. on three individual membranes. The binding
of IgG autoantibodies to the spotted AuNP probes was
revealed by incubation with a fluorescently labelled Dy-
Light™ 800 anti-human IgG secondary antibody. Data
normalization and exhaustive statistical analysis are detailed
in the Supporting Information.

The resulting normalized fluorescence intensities for
pancreatic cancer patients (cases, red) and healthy volun-
teers (controls, blue) are shown in Figure SA and the
corresponding p-values are reported in Table S2. These
results are obtained with the limitation of having normalized
cases and controls separately. Therefore, data analysis was
further refined carrying out a permutation test. In simple
words, the null hypothesis of this test states that, for each
AuNP probe, all fluorescence intensities come from the
same distribution and therefore cases and controls cannot be
distinguished. The result of this test (Table S3) confirmed
the null-hypothesis for all nanoparticle probes displaying
(un)natural glycopeptides mimicking the PDT*R epitope
(AuNP5-9, AuNP11, and AuNP13, labels in red in X-axis
of Figure 5A) which therefore cannot not be used to stratify
cases vs. controls. Notably, AuNP14 probe gave substan-
tially higher fluorescence intensities for both cases and
controls but also did not allow discrimination. This last
result indicates that the Tn mimic on AulNP14 is recognized
by autoantibodies that are present in all individuals, likely
Tn autoantibodies,*” but their presence cannot be used for
diagnostic purposes because it is not specific for cancer.

Remarkably, AuNP probes displaying (un)natural glyco-
peptides mimicking the GST*A epitope with GalNAc
glycosylation, i.e. the SES epitope, can instead discriminate
between cases and controls (AuNP1-3, AuNP10, and
AuNP12, labels in black on the X-axis of Figure SA).
AuNP4, presenting a glycopeptide with a weak affinity to
SES5 that was used as a negative control, is the only
nanoparticles of this group not able to discriminate cases vs.
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Figure 5. Results of the serological assay using AuNP probes to detect TA-MUC1 autoantibodies in the sera of pancreatic cancer patients and
healthy volunteers. (A) Normalized fluorescence intensities for PC cases in red and healthy controls in blue. Labels in red on the X-axis indicate
probes that do not discriminate cases and controls after application of a permutation test. Labels in black are for probes with diagnostic potential.
(B) Scatter plot matrix showing histograms and correlations between the integrated intensity data obtained for patients (red dots) and controls
(blue dots) for AuNP probes that discriminate cases and controls. (C) Antibody levels in healthy volunteers (control) and in pancreatic cancer
patients divided by sex using AuNP3. Box plots represent the interquartile range with the median as a horizontal line. Whiskers encompass the
maximum and minimum values of the population. **: p <0.01; ****: p <0.0001. (D) Receiver operating characteristic (ROC) curve for TA-MUC1
autoantibodies detected by AUNP3. The area under the curve (AUC) is 0.918 (95 % confidence interval: 0.832-1.000), 85 % sensitivity, 90%
specificity (red dot) with a threshold at 11.63 arbitrary fluorescence units (AFU). Blue dot (CA19-9) and orange dot (CEA) are also plotted for
comparison using sensitivity and specificity values from recent meta-analysis studies.®*"

controls. This result is in agreement with the knowledge that
the Tn-GSTA epitope is highly cancer-specifically expressed
as shown by SES immunohistochemistry and that only Tn-
GSTA induces IgG antibodies after vaccination in cancer/
older people.’” Additionally, antibody SE5 has been used to
produce chimeric antigen receptor T cells (CAR-T cells)
that effectively suppressed tumor growth in pancreatic
cancer.

Next, a correlation analysis was performed to identify
redundant data. For probes AuNP1-3, AuNP10, and
AuNP12, affording fluorescence signals that show associa-
tion with disease status, moderate-to high correlation can be
observed for every probe pair (Figures SB and S9). This
result is not unexpected since the displayed model antigens
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on each AuNP probe are “small” variations of the same
structural theme, namely the GST*A epitope. It also
suggests that stratification of pancreatic cancer patients vs.
healthy volunteers can be possibly achieved using just one
single AuNP probe. Correlation coefficients >0.57 were
observed between the data obtained with AuNP3 and data
from the other discriminating AuNP probes (AuNP1, 2, 10
and AuNP12), suggesting that serum analysis with this probe
encompasses most of the information obtainable with any of
the other probes. The data obtained with AuNP1 are
however only modestly correlated with those obtained with
AuNP10 and AuNPI12, which display full-length tandem
repeat sequences with the natural Tn antigen. This modest
correlation implies that AuNP1 binds a somewhat different
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subset of autoantibodies compared to the AuNP probes with
full-length natural peptides, possibly because it displays only
a single epitope mimic. Therefore, our data analysis further
focused on data obtained with AuNP3, which combines
structural simplicity with very good association properties.

The normalized fluorescence intensity data from the sera
analysis with AuNP3 were statistically tested against sex and
age variables (Figure 5C). There was no correlation with
either sex (p=0.37) or age (p=0.40) indicating indistin-
guishable MUCI autoantibodies levels in groups based on
these variables. Furthermore, sex specific case/control anal-
ysis shows that patient stratification is not sex sensitive. The
relationship between MUCI autoantibodies levels and
various other clinical parameters was also examined (Ta-
ble S4). No significant correlations were identified. Interest-
ingly, there was also no correlation with other biomarkers
currently in use for the follow-up of pancreatic cancer, such
as CA19-9 and carcinoembryonic antigen (CEA), suggesting
that autoantibodies against MUCI are an independent
biomarker and could improve the diagnosis of pancreatic
cancer beyond current possibilities.

Finally, to better understand the biomarker potential of
the autoantibodies identified by probe AuNP3, a receiver
operating characteristic (ROC) curve™® was built (Fig-
ure 5D). The curve illustrates the relationship between
sensitivity, which represents the fraction of actual positives
correctly assigned by the test, and specificity, denoting the
fraction of actual negatives. For probe AuNP3, an area
under the curve (AUC) of 0.918 was obtained, with a
sensitivity of 85 % and specificity of 90 %.

In comparison, in recent meta-analysis studies, the AUC
for the antigen CA19-9 was 0.8474 (sensitivity 72 % and
specificity 86 %),”! while for the carcinoembryonic antigen
(CEA) was 0.67 (sensitivity 50 % and specificity 78 %).”"
These values demonstrate that the tumor associates auto-
antibodies detected by AuNP3 outperform CA19-9 and
CEA antigens in terms of both sensitivity and specificity,
establishing them as a promising biomarker for pancreatic
cancer detection.

Conclusions

Here we present a dot-blot-based assay for the detection of
circulating tumor-associated autoantibodies against MUC1
with diagnostic potential for pancreatic cancer (PC). To this
end, we combined X-ray information and molecular model-
ing to design a library of (un)natural glycopeptides binding
to two monoclonal antibodies — SM3 and 5ES — that have
been developed to recognize TA-MUCI and are character-
ized by distinct epitopes both affected by glycosylation. We
validated the design of our model antigens by SPR analysis
and used them to prepare a library of nanoparticle probes.
These probes were used in a dot blot assay for antibody
detection, which was validated against SM3 and 5ES. Finally,
the library of nanoparticle probes was used to detect TA-
MUCI IgG autoantibodies in sera from PC patients and
healthy volunteers. Our results show that nanoparticle
probes that were good binders of 5E5 (i.e. with glycopep-
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tides mimicking the GST*A epitope) discriminated between
PC cases and controls. In contrast, none of the nanoparticle
probes that were good binders of SM3 (i.e. with glycopep-
tides mimicking the PDT*R epitope) achieved this goal.

Autoantibodies to MUC1 and aberrant glycoforms of
MUCI1 have been widely detected in cancer patients, but
studies so far have not been able to establish their diagnostic
value.™ One reason could be the use of assays involving
larger MUCI antigens with multiple epitopes (i.e. PDTR
and GSTA +/-Tn etc.) while here we dissect the MUCI1
epitome down to single, distinct, epitope mimic and present
them on individual multivalent probes. Remarkably AuNP3,
one of the nanoparticle probes with highest discriminatory
potential, displays a short glycopeptide with an unnatural
modification on the saccharide residue suggesting that our
structural based approach may help selecting autoantibodies
subsets that have higher tumor specificity. The autoanti-
bodies detected by this probe show significantly better true
and false positive rates for PC identification than current
clinical biomarkers and are suggested as an independent
biomarker that could improve disease diagnosis.

Finally, we also emphasize that our approach has
allowed the development of TA-MUCI model antigens that
are short and simple glycopeptides significantly reducing the
synthetic effort and increasing their attractivity for clinical
diagnostic applications. Future work is focused on the
development of more selective glycopeptide nanoparticle
probes and on the application of our diagnostic assay in
suitable validation cohorts.

Supporting Information

Synthesis and characterization of glycopeptides and Tn
mimic 14, SPR curves, MD simulations, preparation and
characterization of the nanoparticle probes, lectin binding
assay, clinical sample collection, dot-blot assays on serum
samples, data analysis and statistical analysis of the dot-blot
assay results.
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