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We present an innovative approach allowing the identification, iso-
lation, and molecular characterization of disease-related exosomes
based on their different antigenic reactivities. The designed strat-
egy could be immediately translated into any disease in which exo-
somes are involved. The identification of specific markers and their
subsequent association with exosome subtypes, together with the
possibility to engineer target-guided exosome-like particles, could
represent the key for the effective adoption of exosomes in clinical
practice.

The common approach in oncology diagnosis is currently rep-
resented by tissue biopsy, which over time has managed to
earn the title of “gold standard” for microscopic and macro-
scopic examination of tumor tissues together with radio
imaging-based investigations." Even though tissue biopsies
represent a truthful tool in cancer detection and, despite the
successes that this technique has accumulated over the years it
remains very invasive and risky for the patient.” In addition to
invasiveness, which in some cases can cause negative impli-
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cations from a clinical point of view,** one of the major pro-
blems, and above all relating to small tumor masses, lies pre-
cisely in the impossibility, for tissue biopsy, to provide a wide
assessment of tumor heterogeneity.”

A large contribution in the analysis of tumor heterogeneity,
mostly considering the neoplasm in its continuous molecular
evolution, is currently provided by the liquid biopsy.® In fact,
taking into consideration the circulating tumor components in
blood vessels and body fluids - known as the tumor circu-
lome” - liquid biopsy aims to provide significant information
about tumor dynamism, managing in many cases to anticipate
the still-in-use prognostic and diagnostic approaches,® always
in association with the common investigation techniques in
oncology.

Exosomes are a subtype of extracellular vesicles (EV),
30-150 nm in diameter, with an essential role as mediators of
both physiological and pathological processes, including
cancer,” neurodegenerative diseases,'® and cardiovascular
disease."" Together with their cargo of proteins, nucleic acids,
and lipids, exosomes are secreted through endosome-mediated
exocytosis by all cells and widely released in the blood, urine,
cerebrospinal fluid, and other body fluids.”'*>"* Due to these
features, exosomes are potentially capable of capturing the
different biological properties associated with pathological
alterations and could be used to design innovative biomarkers
for longitudinal measures during disease progression, particu-
larly relevant for those diseases in which early detection could
significantly impact disease prognosis. Indeed, representing a
molecular footprint of the cell of origin, exosomes are con-
sidered a promising tool to design reliable liquid biopsy
options for non-invasive monitoring of disease evolution,
recurrence, and response to therapy.'*"®

In the last decade, a wide array of efficient protocols for
exosome purification have been published but none of them
allows the association of a specific marker with an exosome
subtype and the exosome subtype with a particular function
and/or group of functions.’®"® Indeed, the current standards
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for exosome characterization are largely based on the adoption
of a set of markers that, similarly to those used in the identifi-
cation of stem cells, can heavily differ among different tumor
types and genetic backgrounds."’

Here, we describe an innovative method that is not based
on a priori definition of exosome-associated markers by apply-
ing a phage display approach to a preclinical model of hemato-
logical malignancy, used as a proof of principle. Phage display
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is a powerful tool that allows the identification and the iso-
lation of peptides with high affinity and specificity by a target-
guided selective pressure.’® During the last few years, we suc-
cessfully validated the screening of random peptide libraries
(RPLs) as a method to identify phage-derived peptide binders
for the idiotypic determinants of the immunoglobulin B cell
receptors (IgBCRs).>' >* Using a multiple myeloma preclinical
model, we demonstrated that tumor B cell-derived exosomes
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Fig. 1 Workflow of the in vivo phage display screening. (1) Ep-myc-derived cells (1 x 10° cells) were subcutaneously (s.v.) injected in the mice. (2)
10 pl of Ph.D.-C7C phage display peptide library was directly injected into the tail vein of mice bearing a palpable Ep-myc-derived tumor mass on
the flank (5-6 mm in maximal diameter). (3) Tumor masses were collected, and phages were recovered through acidic elution. (4) The eluted
phages were amplified by infecting Escherichia coli and used for the following cycle of selection. (5) Ultimately, the DNA of the isolated phage
clones was sequenced to determine the amino acid sequence of the insert.

Fig. 2 Ex vivo tumor-specific targeting of selected phage ligands. The representative confocal images were derived from the OCT-embedded
tissue samples from the tumor-harboring mice cut in 8-10 pm sections. Therefore, areas not perfectly under focus are correlated with the section
thickness. Moreover, from each sample, we selected the more representative images of multiple serial cross-sections. Non-specific binding can be
excluded given the absence of the FITC signal in the sections incubated with the wild-type phage (on the left) with respect to the ones incubated
with the tumor-specific ®8 (right panel). Confocal images were acquired at the same magnification as shown in the figure (scale bar = 75 pm).
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express the IgBCR of their parental malignant B-cells, thus
constituting a personal “barcode” of tumor clones, which can
be subsequently targeted by the idiotypic specific binders.®
Unlike our previous works in which we used the IgBCRs as
bait for the screening, to verify the suitability of this techno-

Fig. 3 In vivo targeting and biodistribution of FITC-conjugated phage
clones. FITC-conjugated phage particles were intravenously adminis-
tered in tumor-harboring mice and healthy control. After 2 hours of cir-
culation, animals were anesthetized and fluorescence was measured
using a Bruker In vivo Xtreme X-ray/optical imaging system. Images
were acquired demonstrating a clear fluorescence accumulation into
the tumor mass of FITC-conjugated ®8 recipients with respect to the
wild-type recipients and to the tumor-free control.

>

4,00E+009 —

2,00E+009

Concentration (particles/ml)

000E 4000 HHHH Hﬂﬂﬂﬂﬂﬂﬂww e

View Article Online

Nanoscale

logy even in the absence of an unequivocal exosome marker,
in this work we adopted Ep-myc transgenic mice lacking
immunoglobulin expression.>*

Ep-myc B-lymphoma cells were isolated from the tumor
mass of Ep-myc tumor-bearing mice and subcutaneously re-
inoculated into wild-type syngeneic mice (ESI Fig. 1At). After 4
cycles of reinoculation, we established an Ep-myc B-lymphoma
xenograft model with homogeneous phenotypic characteristics
in terms of the survival rate and time of tumor onset (ESI
Fig. 1B and Ct). A constrained random phage display library
(CX7C) was intravenously injected into Ep-myc tumor-bearing
mice. After 1 hour of circulation, the mice were perfused to
remove nonspecific binders. Tumor tissues were collected,
phages from the tumor mass were amplified and used for the
following cycles of selection (Fig. 1). After three biopanning
cycles, 20 independent phages were randomly chosen to
retrieve the selected epitopes’ amino acid sequence (ESI
Table 11). To verify the tumor specificity of the clones, phages
were conjugated with fluorescein isothiocyanate (FITC) as a
fluorophore and used in the cytofluorimetric analysis (ESI
Fig. 21). Based on the percentage of clonal identity and the
high-affinity binding to target tumor cells, phage clone 8
(CNAGHLSQC) was chosen for further characterization studies.

The binding of the selected phage (®8) to the target tumor
cells was identified by confocal analysis of the sections of
fresh tumor tissues stained with ®8-FITC conjugated, demon-
strating a clear overlap of the signal derived from ®8-FITC
(green) and that of wheat germ agglutinin staining (red)
directed against glycoproteins of the cancer cells within the
tumor mass (Fig. 2). Wild-type (WT) phage was used as a
control and no fluorescence signal was recorded.
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Fig. 4 In vitro validation and characterization of exosome preparations. (A) Size distribution and the concentration of EV particles were determined

by the tunable resistive pulse sensing (TRPS) method (gNano, I1zon Science Ltd). The size distribution has a mean value of 125 nm (St. dev 32.2 nm),
and the solution has a concentration of 3 x 10° particles per ml. (B) Flow cytometric analysis of exosomes derived from the serum of representative
Ep-myc mice incubated with the FITC-conjugated bacteriophage ®8. First, total exosomes were purified by the standard purification protocol based
on size exclusion chromatography. Then, the exosomes derived from the different preparations (control and Ep-myc-derived exosomes) were
stained with ®8 (green) and analyzed using a BD FACSCanto Il flow cytometer. Exosomes were gated in FSC-A vs. SSC-A. Stringent gating strategies
to exclude debris that exhibit autofluorescence were applied. The mean fluorescence intensity (MFI) was evaluated using FlowJo software and rep-
resented as a histogram including ten independent replicates.
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Fig. 5 Microscopy analysis of bacteriophage-mediated exosome trapping. Topographic images of the bacteriophage coated samples (left), the
phage incubated with control exosomes (center) and the phage incubated with Em-myc exosomes (right). Images were acquired by atomic force
microscopy in tapping mode in air (top panels) and environmental scanning electron microscopy in low vacuum (bottom panels). Both techniques
show an enrichment of Ep-myc derived exosomes with respect to those incubated with tumor-free derived exosomes.
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Fig. 6 Heat map of differentially expressed miRNAs in exosome subpopulations. The biotin-conjugated ®8 bacteriophage was used to trap and
molecularly characterize an Ep-myc-derived exosome subpopulation and analyzed in comparison with both CD63-sorted and total exosome
counterparts. Data are represented as normalized values (ACt = cel-miR-39-3p, Ct — target miRNA Ct) and the intensity plot (top bar) shows the

relative up-regulation (red) and down-regulation (blue).
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The ®8-mediated tumor-specific targeting was also in vivo
validated, phages were again used in combination with FITC
for conjugating to primary amines on the phage proteins and
used as a probe. Phage particles were intravenously adminis-
tered, and after 2 hours of circulation, conversely to the con-
trols, an evident accumulation of fluorescence in Ep-myc sub-
cutaneously tumor-bearing mice was seen in ®8 FITC-conju-
gated recipients (Fig. 3).

Based on these positive results, we aim to validate this
approach for the identification and selection of cancer-
released exosomes. After a preliminary exosome purification
protocol based on size exclusion chromatography (Fig. 4A), we
tested the ability of phage 8 in exosomes detection. In contrast
to the exosomes purified from control mice, FACS analysis
identified a distinct ®8 FITC-conjugated positive exosome sub-
population in the exosome preparations derived from the Ep-
myc-derived exosomes (Fig. 4B).

Encouraged by these pieces of evidence, and to validate the
potential phage-mediated exosome trapping ability, we per-
formed a prelaminar bacteriophage coating of atomically flat
substrates followed by a short incubation with the target exo-
somes. Both atomic force microscopy (AFM) and environ-
mental scanning electron microscopy (ESEM) showed an
appreciable enrichment of Ep-myc derived exosomes with
respect to those incubated with tumor-free derived exosomes
and to the substrates coated with the WT phage (Fig. 5).

To verify whether the described approach could satisfy the
need for reliable technologies for the molecular characteriz-
ation of disease-related exosome subcategories, we lastly ana-
lyzed three differently sorted exosome subpopulations (total,
CD63, ®8) by qRT-PCR analysis of a predefined set of miRNAs
that were reported to be associated with exosomes.

Even if not directly addressed to identify the expression
levels of miRNAs, the analysis results highlighted the deregula-
tion of crucial tumor progression, invasion, and proliferation
players such as miR-15a,>> miR33a-5p,*® and miR-151a-5p.>”
The unsupervised hierarchical clustering showed that the total
and CD63 positive exosomes demonstrated substantial
uniform expression levels of miRNAs, whereas exosomes
sorted for their affinity to ®8 showed an independent
exosome-derived miRNA profile (Fig. 6).

Conclusions

We described a proof-of-principle approach of phage display
technology as a tool for the identification and isolation of
disease-related exosomes. In this regard, phage-based techno-
logy could be crucial in the era of personalized therapy.
Indeed, the majority of neoantigens should arise from
random, spontaneous mutations with little overlap between
individual patients. Such a “private” antigen expression indi-
cates the need for a personal biopanning procedure making
the proposed model a potentially revolutionary approach.
Adapting our validated approach to the enormous possibilities
given by the use of patient-derived xenograft (PDX), the
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reported in vivo phage-display-based platform could represent
the cornerstone for a comprehensive molecular characteriz-
ation of disease-related exosomes. Capturing the biological
implications of exosome production and release in different
pathological contexts could be useful for further describing
innovative biomarker nanotechnological platforms to be
applied to diseases in which exosomes play a role, such as
cancer and neurodegenerative disorders, and greatly impacting
the new era of liquid biopsy.
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