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RESUMO

Santos, A. P. J. Identificacdo de novos biomarcadores de células tronco mesenquimais
de origem humana por meio de aptameros. 2020. 109 p. Tese de Doutorado — Programa
de Pds-Graduagdo em Ciéncias Biologicas (Bioquimica). Instituto de Quimica, Universidade
em Séo Paulo.

Células tronco sdo células indiferenciadas que podem ser distinguidas de outros tipos
celulares por meio da habilidade de se auto renovarem e de se diferenciarem em novos tipos
celulares. Células tronco mesenquimais (MSC) sdo células tronco adultas encontradas em
diferentes tecidos como tecido adiposo, polpa de dente e corddo umbilical. Estas células
podem se autodividir em células idénticas ou se diferenciarem em células de origem
mesodermal. Estas células tém sido estudadas em novas aplicagdes que envolvem terapia
regenerativas. Embora resultados encorajadores tenham sido demonstrados, terapias que
utilizam MSC ainda encontram uma grande barreira: a dificuldade no isolamento destas
células a partir de um ambiente heterogéneo. MSC sdo caracterizadas por populacdes
positivas em ensaios de imunomarcacao para 0s epitopos membranares CD29, CD73, CD90 e
CD105, presentes também em outros tipos celulares. Assim, o presente trabalho tem o
objetivo de identificar novos biomarcadores de MSC de origem humana, utilizando aptameros
de DNA produzidos pela técnica SELEX (Systematic Evolution of Ligands by EXponential
Enrichment) como ferramenta. Nossos resultados mostraram que MSC de diferentes origens
ligam-se a aptameros (oligonucleotideos de DNA ou RNA que atuam como ligantes
especificos de alvos moleculares) de DNA candidatos que atuam no isolamento de MSC por
meio da técnica FACS de separagdo celular, promovendo uma maior indugdo de diferenciacdo
em células especificas (condrocitos, ostedcitos e adipdcitos) comparada com a populagdo total
de MSC. Analises de citometria de fluxo mostraram que os aptameros candidatos se ligam a
50% das MSC de polpa de dente e ndo apresentam taxa de ligagdo significante para

fibroblastos e linfécitos de origem humana - utilizados como controles negativo. Além do



mais, imagens de imunofluorescéncia e confocal mostraram ligacdo na superficie da
membrana de MSC e a marcagdo interna de mondcitos a estes aptameros. Portanto, um
aptamero controle (CNTR APT) foi utilizado para comparar a especificidade dos aptameros
ligados a células viaveis, mostrando a ndo ligacdo deste aptamero a MSC. Porém, 40% da
populacdo de mondcitos ligou-se ao CNTR APT. Uma normalizacdo baseada na comparacao
entre as taxas de ligacdo entre células ligadas com aptdmeros candidatos e o aptamero
controle gerou uma taxa de especificidade entre 10-16 vezes maior para MSC contra 2,5 vezes
para 0s monocitos. Deste modo, embora os resultados tenham mostrado uma taxa de ligacao
entre mondcitos e aptameros, as MSC ligadas aos aptameros candidatos possuem uma maior
taxa de especificidade devido a uma maior presenca de antigenos que séo expressos em ambas
as células. Um ensaio de Pull Down seguido de espectrometria de massas foi utilizado para a
identificacdo de biomarcadores que se ligariam aos aptdmeros candidatos, e que ndo seriam
co-expressos por mondcitos e por antigenos ligados ao aptamero controle. Deste modo, a
proteina ADAM17 foi identificada nas amostras de APT10 ligadas as MSC. Tal proteina esta
relacionada a inibicdo de uma cascata de sinalizacdo da familia de proteinas TGF,
responsavel pela diferenciacdo de MSC. Assim, MSC com maior potencial tronco deveriam
expressar ADAM17 em maior quantidade. Tal proteina apresenta um sitio catalitico que
demonstra interagir com o APT10, de acordo com predi¢cdo Docking entre proteina e DNA.
Foi identificada também, a proteina VAMP3, que pertence a um complexo proteico
transmembranar responsavel pelos processos de endocitose e exocitose, e que podem ter um
papel importante na liberacdo de citocinas e outras moléculas relacionadas as respostas imune
e inflamatorias. Deste modo, o APT10 identificou proteinas importantes que devem estar
relacionas com a melhora de imunoterapias que utilizam MSC.

Palavras-chave: Células tronco mesenquimais, aptdmeros, Cell-SELEX, ADAM17, VAMPS3.



ABSTRACT

Santos, A. P. J. ldentification of new human mesenchymal stem cell biomarker by
aptamers. 2020. 109 p. Doctorate Dissertation — Post-Graduate Program in Biological

Sciences (Biochemistry). Chemistry Institute, University of Sdo Paulo

Stem cells are undifferentiated cells that can be distinguished from others by their ability to
self-renew and to differentiate into new specific cell types. Mesenchymal stem cells (MSC)
are adult stem cells that can be obtained from different sources, such as adipose tissue, bone
marrow, dental pulp, and umbilical cord. They can either replicate, originating new identical
cells, or differentiate into cells of mesodermal origin and from other germ layers. MSC have
been studied as new tools for regenerative therapy. Although encouraging results have been
demonstrated, MSC-based therapies still face a great barrier: the difficulty of isolating these
cells from heterogeneous environments. MSC are currently characterized by immunolabelling
through a set of multiple surface membrane markers, including CD29, CD73, CD90 and
CD105, which are also expressed by other cell types. Hence, the present work aimed to
identify new specific biomarkers for the characterization of human MSC using DNA aptamers
produced by the SELEX (Systematic Evolution of Ligands by EXponential Enrichment)
technique. Our results showed that MSC from different origins bound to DNA candidate
aptamers, that is, DNA or RNA oligonucleotides selected from random libraries that bind
specifically to biological targets. Aptamer-bound MSC could be isolated by fluorescence-
activated cell sorting (FACS) procedures, enhancing the induction of differentiation into
specific phenotypes (chondrocytes, osteocytes and adipocytes) when compared to the whole
MSC population. Flow cytometry analyses revealed that candidate aptamers bound to 50% of
the MSC population from dental pulp and did not present significant binding rates to human
fibroblasts or lymphocytes, both used as negative control. Moreover, immunofluorescence

images and confocal analyses revealed staining of MSC by aptamers localized in the surface



membrane of these cells. The results also showed internal staining of human monocytes by
our investigated aptamers. A non-specific control aptamer (CNTR APT) obtained from the
random pool was then utilized to compare the specificity of the aptamers bound to the
analyzed non-apoptotic cells, showing no staining for MSC. However, 40% of the monocytes
bound to the CNTR APT. Normalized data based on the cells bound to candidate aptamers
compared to those bound to the CNTR APT, revealed a 10 to 16-fold higher binding rate for
MSC against 2-fold for monocytes. Despite its low specificity, monocyte-aptamer binding
occurs probably due to the expression of shared markers with MSC, since monocytes are
derived from hematopoietic stem cells and are important for the immune system ability to
internalize/phagocyte external molecules. Given that, we performed a pull-down assay
followed by mass spectrometry analysis to detect which MSC-specific protein or other target
epitope not coexpressed by monocytes or the CNTR APT would bind to the candidate
aptamer. Distinguishing between MSC and monocyte epitopes is important, as both cells are
involved in immunomodulatory effects after MSC transplantations. ADAM17 was found to
be a target of the APT10, emerging as a possible biomarker of MSC, since its involvement in
the inhibition of the TGFp signaling cascade, which is responsible for the differentiation of
MSC. Thus, MSC with a higher stemness profile should overexpress the protein ADAM17,
which presents a catalytic site with affinity to APT10. Another target of Apt 10 is VAMP3,
belonging to a transmembrane protein complex that is involved in endocytosis and exocytosis
processes during immune and inflammatory responses. Overall, proteins identified as targets
of APT10 may be cell surface MSC biomarkers, with importance for MSC-based cell and
immune therapies.

Keywords: Mesenchymal stem cells, aptamers, Cell-SELEX, biomarkers, ADAM17,

VAMP3.
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1. INTRODUCTION

The research on stem cells and their use for regenerative medicine therapies has grown in
the last few years. Stem cells can be classified by their potential of differentiation as totipotent
(able to differentiate into all types of embryonic and extraembryonic cells), pluripotent (able
to differentiate into all three embryonic follicles), multipotent (able to differentiate into some
cellular types of the embryonic follicle) and unipotent (able to differenatiate into a single type
of mature cell) (Wagers et al., 2004). Embryonic stem cells (ESC) are pluripotent stem cells
that can differentiate into all types of somatic cells, forming all the three embryonic germ
layers. On the other hand, adult stem cells, formed in the post-embryo stages, can originate
only cells restricted to its original tissue (Can et al., 2008). Mesenchymal stem cells (MSC)
are multipotent stem cells found in most adult tissues, such as adipose tissue, synovial
membrane, dermis, periosteum, peripheral blood, menstrual blood, and in solid organs (liver,
spleen, lung, among others) (Baer et al., 2012).

Although MSC are of great clinical relevance, there is a lack of an unique MSC
marker that could be reliably used for isolation and purification of these cells. Thus, the
isolation of MSC from a heterogeneous tissue environment has always been difficult, since
their surface markers are also expressed by other cell types. Specific ligands such as small
molecules, antibodies and peptides have been developed for specific molecular recognition.
Nowadays, nucleic acid-related approaches are attracting significant interest for its possible
application in many biological processes, such as diagnostic, technologic and therapeutic ones
(Lauridsen et al., 2012). Recently, another type of molecular ligand called aptamer has draw
significant attention due to its many applications (Wu et al., 2012), such as the identification
and isolation of specific targets. The most known commercially available aptamer is

Pegaptanib (known as Macugen), an RNA aptamer that identifies vascular epidermal growth
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factor (Ng et al., 2006), a cell receptor target. Moreover, it is sold by Pfizer for age-related
macular degeneration therapy (Ng et al., 2006).
In this work, the aptamer technology appeared as a potential tool for purification and

identification of MSC by a specific target interaction.

1.1  Mesenchymal Stem Cells and their Potential for Medicine

Mesenchymal stem cells (MSC) are multipotent stem cells that were initially
characterized as plastic adherent and fibroblastoid cells found in many adult tissues, such as
adipose tissue and solid organs (Friedenstein et al., 1970 ; Baer et al., 2012). In recent years,
the focus on MSC has increased, since they show a great plasticity and potential for
therapeutic applications (Nery et al., 2013).

The main criterium defined for the identification of MSC, according to the
International Society of Cell Therapy (ISCT), is that those cells should express CD105, CD73
and CD90 surface markers and not express the markers CD45, CD34, CD14, CD11b, CD79a,
CD19 and HLA-DR surface molecules (Lin et al., 2012). Therefore, in addition to their plastic
adherent (fibroblastic-like) properties, cultured MSC have been characterized as CD45CD34"
CD105'CD73"CD90" cells (Dominici et al., 2006). Since a unique marker for MSC has not
been identified yet, safe isolation and purification from heterogeneous tissue environments is
still under development. This led to the conclusion that clinical applications of MSC depend

on well-determined identification and isolation procedures.

1.2  Aptamers
Looking for novel catalytic mechanisms for the molecular recognition functionalities,
ribozymes and DNA ligands drew significant attention for this subject. The aptamer ligands

are single-stranded RNA or DNA oligonucleotides with high specificity and affinity for their
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target molecules. Their ability to bind to molecular proteins originates from their sequence-
encoded three-dimensional conformations and their capacity to form intermolecular
interactions with the target (via hydrogen bonds, electrostatic and Van der Walls forces)

(Seelam et al., 2019).

RNA or ssDNA oligonucleotide Aptamer folding into 3D structure Aptamer-target recognition
(~100nt)

=% UeD

Figure 1. Schematic representation of the functionality of aptamers. The aptamer-target interaction is based
on three dimensional interaction points, where hydrogen bonds, electrostatic and Van de Walls forces act. An
aptamer 3D-structure is highly dependent on the ionic constitution of the environment. Adapted from Darmostuk

et al., 2015.

In vitro evolution of oligonucleotide-libraries leads to the selection of oligonucleotides
with desired recognition properties to a target molecule in a process called Systematic
Evolution of Ligands by Exponential Enrichment (SELEX). SELEX consists of iterative
rounds of DNA/RNA sequence selection that bind to a specific target, by favoring in vitro
amplification of sequences with better affinity and selectivity for the target. This is process
is intermediated by amplification of selected sequences exerting an artificial selection
pressure, and by negative selection rounds to subtract aptamers that might bind to sites other
than the selection target. Targets can range from small molecules, metallic ions to a whole
individual cell (Catherine et al., 2014; Ohuchi, 2012 and Ninjee et al., 2005).

The Cell-SELEX technique uses the whole individual cell as a target for the selection

of an aptamer froman initial DNA library. All the cell surface epitopes are included in the

process of aptamers selection against membrane proteins. Moreover these molecules are hard
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to be purified and has great value for the biomarkers research (Nery et al., 2009 and Chang et
al., 2013). Similar to conventional SELEX, an oligonucleotide library is incubated with
specific targets for the Cell-SELEX; in this case, cells are used for the selection. The unbound
DNA oligonucleotides are washed out and aptamers are separated from the target and
amplified by PCR (Darmostuk et al., 2015). Many surface proteins and receptors are restricted
to specific cell lineages, limiting them to a highly heterogeneous environment and granting
differentiation upon stimulation (Ulrich et al., 2009). Aptamers bound specifically to non-
identified epitopes are submitted to selection steps, followed by negative selection that uses

other cell types to eliminate non-specific aptamers that might bind to shared surface epitopes.

Therefore, Cell-SELEX is a technology of unbiased approach for biomarkers development

that does not require knowledge about the target cell protein composition (Chang et al., 2013).
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Figure 2. Schematic Cell-SELEX procedure with all relevant steps. The Cell-SELEX process utilizes

iterative steps of negative and positive selections, eliminating unbound and non-specific aptamers from a DNA
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library. Aptamers bound to the target cells are amplified and subjected to consecutive rounds until their

stringency increase (Pereira et al., 2018)

Under optimal buffer conditions, the unpaired bases of aptamers (RNA or DNA) form
local secondary structure motifs due to a base stacking and traditional base pairing. The
combined secondary structures acquire a defined tertiary structure that is essential for target
recognition and specificity (Hermann et al., 2000). In general, single strand (ss) DNA
aptamers are more likely to be applicable because of their superior stability and resistance to
enzymatic degradation, when compared to RNA aptamers. Additionally, the SELEX
procedure benefits from the decreased number of enzymatic steps that are necessary for
amplification, when compared to sSRNA (Marimuthu et al., 2012). The main advantages and
some drawbacks of using aptamers as binding agents compared to antibodies are summarized

in Table 1 (Zhou et al., 2017 and Keefe et al. 2010)

Table 1.: Advantages and drawbacks of the aptamer applications

Advantages Drawbacks ‘
In vitro production and selection Rapid degradation by nucleases
Easy modification with functional groups Rapid excretion via renal filtration
Greater stability (shelf life) Aptamer cross-reactivity

Increased bioavailability due to small size  Limited target range (electrostatic repulsion)

Low immunogenicity

Previous studies of our research group (Nery, 2013) identified sSDNA aptamers that
could bind to MSC from human adipose tissue. This work established the selection of
aptamers by the Cell-SELEX method in addition to a previous published separation
technique (Giordano et al., 2001). The process involves the collection of binding ssSDNA

molecules and the disposal of non-binding or weak-binding molecules from the
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combinatorial library (Daniels et al., 2003). The aptamer-purified cell source
(CD29°/CD90*/CD45") obtained by Nery (2013) was confirmed by specific morphology and
in vitro differentiation assay. The identified sequences were filed in patent applications in
Brazil (BR1020130217018), in the US (US14/915,170) and in the European Union
(14839532-0). In this work, we will validate and characterize these sequences and identify

the MSC target bound to the previously selected aptamers.



25

2. JUSTIFICATION

Research on stem cells has gained prominence due to the high potential for regeneration and
self-renewal of these cells. The interest in this cell type has grown exponentially in recent
years due to its great potential application in the regeneration of damaged tissues and organs.
The growing number of research groups studying MSC and new researchers attracted by this
field accelerate the scientific discovery and development of new cellular therapies (Dominici
et al., 2006). Some examples of therapeutic treatments from bone marrow mesenchymal stem
cells (BM-MSC) include cardiovascular repair, pulmonary fibrosis treatment, spinal and
bone marrow lesions, and cartilage repair (Barry et al., 2004). Current methods of
purification and extraction of MSC based on plastic adhesion require too much time for
immediate therapeutic use in emergency procedures. Thus, it is necessary to develop new cell
recognition techniques to facilitate the identification and isolation of these cells. Previous
studies from our laboratory by Nery et al., 2013 (Doctoral Thesis defended), succeeded in the
selection of aptamers for adipose tissue mesenchymal stem cells (AD-MSC). Now, it is
necessary to characterize the selected aptamer and to identify biomarkers of MSC that might

enhance the aplicability of these cells to improve regenerative therapies.
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3. AIMS

We proposed to characterize selected aptamers developed against MSC of the human
adipose tissue and to compare the binding characteristics among different MSC types.

Aptamer binding properties were used to identify new possible biomarkers of human MSC.

3.1 Specific aims
» To characterize aptamers selected for AD-MSC concerning the binding to
MSC from different origins as well as to other cell types;
» To demonstrate the differentiation potential of aptamer-bound MSC;
» To identify a new biomarker of MSC according to the affinity of cells and

candidate aptamers.
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4. MATERIALS AND METHODS

4.1 Culture of mesenchymal stem cells

Human MSC from umbilical cord (UC-MSC) were obtained following protocols
approved by the Ethical Committee of the Institute of Medical Microbiology, Immunology,
and Hygiene - Technical University of Munich, Germany - and MSC from human dental
pulp (DP-MSC) were gently provided by Professor Dr. Ulrich Sack from the University of
Leipzig, Germany. The cells were cultivated in Mesenchymal Stem Cell Growth Medium
(PromoCell®) in 100 mm? plates, at 37°C in an incubator (5% CO, and 95% relative
humidity) for two weeks. The culture medium was changed every two days (followed by
washes with phosphate buffered saline - PBS). At the end of two weeks, cells were
trypsinized (0.25% Trysin - EDTA solution, Sigma Aldrich) for expansion or collected for
flow cytometry experiments and fluorescence microscopy. Immunostaining against CD45
antigen expressed by blood-derived cells were used to verify the degree of contamination by
blood cells. MSC were distingueshed from other cell types by immunofluorescence analyses

against CD29, CD34, CD90 and CD105 antigens (Yoshimura et al., 2006).

4.2 Isolation of MSC from Umbilical Cord

Fresh human umbilical cords were provided by the Medical Clinic of the Technical
University of Munich (Klinikum rechts der Isar der Technischen Universitdt Miinchen),
Germany, and washed in phosphate buffer saline (0.01M PBS, pH 7.4). Under sterile conditions,
the stem cell bearing Wharton’s jelly was collected, cut in small pieces and digested with 1
mg/mL solution of collagenase and hyaluronidase (Sigma Aldrich), diluted in PBS and incubated
for 30 minutes at 37°C. To block the protease activity, cell suspension was filled with
supplemented MSC medium and centrifuged at 300 X g for 5 minutes. The supernatant was

discarded and the pellet was transferred to a pre-coated cell culture flask (75 cm®, Corning®)
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containing supplemented MSC medium. Cells were allowed to attach to the plastic surface for 2

weeks without changing the medium.

4.3 Isolation of peripheral blood mononuclear cells from whole blood or buffy
coat

Prior to separation, fresh human bood of different individuals was 1:2 diluted with
PBS. Peripheral blood mononuclear cells (PBMC) were isolated using 50 mL Leucosep™
tubes and Ficoll solution (Biochrom) carefully overlayed into the diluted cell suspension. The
mixture were centrifuged at 2500 x g for 20 minutes at 4°C. Cells and liquid components
were separated in distinct layers according to their density. Between two liquid phases (Ficoll
solution and blood plasma), a white layer of leukocytes was collected and the isolation of

PBMC was completed after washing twice with PBS.

4.4 Cellular staining with aptamers

Aptamers were synthetized (Table 2) with a 6-carboxyfluorescein (6-FAM)
fluorophore conjugated to the 5’ end of the sSDNA.The sequences had an 18 carbon chain
spacer to separate the 6-FAM fluorophore from the DNA strand. In this way, 15 sequences of
ssDNA aptamers (IDT Sintese Biotecnologia) selected for AD-MSC by Cell-SELEX and one
non-specific control aptamer (IBA Lifesciences) were synthetized for characterization
purpose (Table 2). Cells were initially incubated with slow rolling in their appropriate
medium for 30 minutes at 25°C for the recovery of surface epitopes. Following the cell
centrifugation step at 300 X g for 5 minutes, 2 x 10° cells were resuspended in PBS (500 pL).
In parallel, 1 pM solution of aptamers (conjugated with 6-FAM; Empga: 495 nm - blue laser /
EXmax: 517 nm - green laser) has undergone a temperature folding process. The aptamer

solution was diluted in selection buffer solution (1:5 dilution: 125 mM Hepes, 7 mM KCI, 9
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mM CacCl, - 2H,0, 6 mM MgCl,, 725 mM NaCl, 50 mM glucose at pH 7.4) and incubated at
95°C for 20 minutes and subsequently cooled down to 25°C for 20 minutes (folding process).
Finally, cells were incubated with the folded aptamers for 20 minutes under soft stirring,
washed the aptamer-cell suspension and used the aptamer-stained cells for the detection

methods described below.

Table 2.: Sequences of DNA aptamers selected for AD-MSC by Cell-SELEX technique.

DNA Sequence (5’'-37)

APT1 6-FAM-C18-GGGAGACAAGAATAAGCGGACCCAAGCCGACCGCCCCCCATGAGT CGGGGTGTAAGGAGGCTCACAACAGGC
APT2 6-FAM-C18-GGGAGACAAGAATAAGCGGAGGGCCGCCTGGAACAATGGGTTCGGCGCGAAGGAGGCTCACAACAGGC
APT3 6-FAM-C18-GGGAGACAAGAATAAGCGGCACGGACGGGCCGCACGCGCTIGAGCCCGGGGAAGGAGGCTCACAACAGGC
APTS 6-FAM-C18-GGGAGACAAGAATAAGCGGCAGGGGCGGGCCGCATGCGCTTIGAGCCCGGGGAAGGAGGCTCACAACAGGC
APT6 6-FAM-C18-GGGAGACAAGAATAAGCGGCCGCAGGCCGACCGGTTCCCTTGAGTCGGGGTGGAAGGAGGCTCACAACAGGC
APT7 6-FAM-C18-GGGAGACAAGAATAAGCGGCCGAAGGGCGTCGGAGCGCGCCATCACAGGGGGAAGGAGGCTCACAACAGGC
APTS 6-FAM-C18-GGGAGACAAGAATAAGCGGCCGGGGGGCGTCGGAGCGCGCCATCACAGGGGCAAGGAGGCTCACAACAGGC
APTO 6-FAM-C18-GGGAGACAAGAATAAGCGGCCGGGGGGLGTCGGAGCGCGCCGTCCCAGGGGGAAGGAGGCTCACAACAGGC

APTI0 6-FAM-C18- GGGAGACAAGAATAAGCGGGCGGGGGCGCCTGGAACGATGGGTTCGGCGCGAAGGAGGCTCACAACAGGC

APT11 6-FAM-C18-GGGAGACAAGAATAAGCGGGCGGGGGGCGCCGGAGCGCGCCATCGCAGGGGGAAGGAGGCTCACAACAGGC

APTI2 6-FAM-C18-GGGAGACAAGAATAAGCGGGGCAGGCCGACCGGTTCCCTTGAGTCGGGGTGGAAGGAGGCTCACAACAGGC

APT13 6-FAM-C18-GGGAGACAAGAATAAGCGGGGGATCGCCTGGAACGATGGGTTCGGCACGAAGGAGGCTCACAACAGGC

APT14 6-FAM-C18-GGGAGACAAGAATAAGCGGGGGCACCGCCCTGGAGCGATGGGCTCGGGCTGTAAGGAGGCTCACAACAGGC

APT1S 6-FAM-C18-GGGAGACAAGAATAAGCGGGGGCACCGCCCTGGAGCGATGGGCTCGGGCTGTAAGGAGGCTCACAACAGGC

APT16 6-FAM-C18-GGGAGACAAGAATAAGCGGGGGCATCCCGCTGGACCCATGGCGTGCGCGGATAAGGAGGCTCACAACAGGC

CNTRAPT 6-FAM-C18-GGGCGCAGCAGGG
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4.5 Flow cytometry assay

The binding of aptamers to MSC, PBMC and hematopoietic stem cells (HSC) was
quantitatively analyzed by flow cytometry (CitoFLEX Mibi, plate loader, Beckman Coulter).
Following the aptamer staining protocol previously described, cells were additionally stained
with specific human monoclonal antibodies for 20 minutes. For MSC identification, the
antibodies (BD Biosciences) used were anti-human CD73 (1:50; phycoerythrin or PE
conjugated; EXmax: 546 nm / Empax: 578 nm), CD90 (1:50; allophycocyanin fluorophore or
APC conjugated; EXmax: 650 nm / Empa: 660 nm) and CD105 (1:50; fluorochrome
conjugated in tandem that combines phycoerythrin or PE - and a cyanine dye or Cy5 or
PECY5; EXmax: 482 nm / Empa: 678 nm). For PBMCs, anti-human CD14 (1:10; Life
Technologies; Pacific Blue or PB fluorophore; Exmax 401 nm / Emmax 452 nm), CD14 (1:50;
Dako; APC conjugated), CD45 (1:20, Dako; PB conjugated), CD4 (1:50; Beckman Coulter;
Phycoerythrin-Texas Red® -X or ECD; EXmax 488 nm / Empax 613 nm), and CD8 (1:50;
Beckman Coulter; PE conjugated) were used. For HSC, staining was performed with anti-
human HLA-DR (1:50; Beckman Coulter; PB conjugated) and CD117 (1:15; Dako; APC
conjugated). Annexin V (cellular protein that detect early apoptosis; 1:20; APC conjugated)

was also added to the cell-aptamer solution for 15 minutes to identify apoptotic cells.

4.6 Immunofluorescence microscopy analysis

For the qualitative analysis of aptamer-bound cells, an immunofluorescence
microscopy was performed using the same aptamer staining protocol. Cells were stained for
20 minutes with 1 uM of the fluorescence-labelled aptamer solution. Afterwards, monoclonal
antibodies anti-human CD90 (1:100; BD Biosciences, APC conjugated) and anti-human
CD14 (1:5; Invitrogen, APC conjugated) were added for 20 minutes for MSC and PBMCs

recognition, respectively. HOECHST 33342 DNA dye (1:10000, Thermo Scientific) was
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added to the solution for 10 minutes. Adhered cells and cells in suspension were washed with
PBS and analyzed in an 8 well chamber slide (Ibidi®) on a Confocal Leica SP5 microscope.
All the antibodies were chosen in order not to overlap the emission wavelength of the aptamer

fluorophore (6-FAM).

4.7 Cell deathassay via apoptosis

Cell death rates of MSC and PBMCs were measured the by flow cytometry (CytoFLEX
Mibi) following staurosporine reagent protocol (Sigma Aldrich). This reagent induces cell death
in human MSC in a time-dependent manner. 2 pug/mL staurosporine was standardized as the
optimal concentration to quantify cell death. The time points of induction of cell death by
staurosporine were 30 minutes, 1 hour or 2 hours of incubation at 37°C. We used DMSO as
negative control of apoptosis induction and we made the analyses at the same time points of
incubation. After staurosporine exposition time, MSC and PBMCs were stained with aptamers
for 20 minutes (after the folding process) with annexin V (Life Technologies; 1:20; APC
conjugated) for 15 minutes and with anti-human CD14 antibody (Life Technologies, PB

conjugated) for 20 minutes prior to analysis.

4.8 Characterization of recovered aptamer-stained cells

To recover live aptamer-bound MSC for further analyses, it was performed a
fluorescence-activated cell sorting (FACS) experiment, which is a specific flow cytometry
method that allows the sorting of selected cell groups from a mixture into different containers.
Initially, cells were stained with 6-FAM-conjugated aptamer, cell type-specific antibodies and
the apoptosis detector annexin V (APC conjugated) or LIVE/DEAD Cell agqua stain (1:1000;
Invitrogen; Exmax: 405 nm; Emmsx: 512 nm), as previously described. For each experiment, we

started with 2 x 10° cells. Sorted cells were tested for the anti-human CD90 (APC conjugated)
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and CD105 (PECy5 conjugated) markers by regular flow cytometry to confirm their MSC
profile. The analysis of isolated aptamer-stained MSC was performed one hour after
collection of the cells and two weeks after cell culture under expansion conditions. FACS and
regular flow cytometry experiments were carried out using the BD FACSAria II® (BD

Biosciences) and CytoFLEX Mibi (Beckman Coulter) equipments, respectively.

4.9 Monocyte isolation and aptamer-staining analysis

Human monocytes were sorted from human PBMCs by FACS (BD FACSAria 1I®)
using anti-human CD14 (1:10; APC conjugated) antibody as cell marker. Collected
monocytes (CD14" cell subpopulation) were incubated with aptamer solutions (APT1, APT3,
APT10, APT15 and CNTR APT), immediately after the sorting. Stained cells were added to
an 8 well chamber slide (Ibidi®), without attaching to the plastic surface, and were analyzed

by immunofluorescence using a Confocal microscope (Leica SP5).

4.10 Differentiation of aptamer-sorted DP-MSC

Based on the binding rate results obtained by flow cytometry and immunomicroscopy,
a FACS experiment was performed following the previously described protocol. For the
isolation of aptamer-stained DP-MSC it was used the candidate aptamers APT1, APT3,
APT9, APT10 and APT15. Sorted aptamer-bound MSC were kept in cell culture to evaluate
their stem cell-differentiation potential. Each aptamer-sorted cell population was
differentiated into chondrocytes, adipocytes and osteocytes during 14 days under specific
culture medium (Chondrogenic, Adipogenic and Osteogenic differentiation medium, HyClone
- GE Healthcare). After the differentiation procedure, MSC-derived chondrocytes, adipocytes
and osteocytes were fixed in 4% paraformaldehyde (4% PFA) and stained with 1% (v/v)

toluidine blue (pH 2.5), 0.5% (v/v) oil red-O (6:4 final diluted) and 2% (v/v) Alizarin Red S
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(pH 4.1) for 30 minutes to detect the different cell types. The differentiation rate of sorted
aptamer-MSC (APT-MSC) compared to undifferentiated MSC (UND MSC) and non-sorted
differentiated MSC (CTL MSC) was analyzed using the TissueFAXS system

(TissueGnostiscs).

4.11 Pull down assay with aptamers

DP-MSC were detached from cell culture flasks using TrypLE selected enzyme (1X)
solution (Gibco®) for 3 minutes at 37°C, followed by its dilution with DMEM Low medium.
Live DP-MSC have recovered their epitopes during 1 hour at 37°C in the same medium. After
that, cell pellets were resuspended in 50mM tris-HCL, 150 mM NaCL buffer - pH 8.3 and
sonicated for 2 minutes (0°C, 40 kHz, Branson®). The resultant DP-MSC were incubated
with a protease inhibitor solution (Thermo Scientific) for 15 minutes and centrifuged for 15
minutes at 25°C, 10.000 X g. Resuspended pellets were incubated with 5 uM biotin-
conjugated aptamer (one biotin molecule was conjugated to the 5* end of APT10 and CNTR
APT DNA sequences) for 20 minutes. Aptamer-bound MSC were submitted to a pull down
assay based on affinity chromatography. Biotin-APT-bound MSC were added to 50 pL of
agarose resin bead (Fluka) composed by streptavidin molecules. MSC not bound to any
aptamer were washed out by centrifugation (300 X g, 2 minutes). Resin beads were washed 3
times with selection buffer and submitted to a temperature denaturation process (95°C, 30
minutes) in 200 uL of 6M urea buffer (in PBS). Biotin-aptamer molecules bound to
streptavidin agarose beads were recovered in the supernatant after centrifugation. Digested
protein epitopes from DP-MSC bound to the biotin-aptamers were maintained at 4°C for the

mass spectrometry preparation.
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4.12 Mass spectrometry of APT10-stained MSC

Digested proteins from DP-MSC that bound to APT10 and CNTR APT were
submitted to a SDS-PAGE (5% acrylamide stacking gel, 25 mA; and 16% acrylamide running
gel, 30 mA) in 10% SDS loading buffer. After running in a 10% SDS, 0.25M Tris-HCI,
1.92M glycine buffer - pH 8.3, the gel was stained overnight with Comassie R-250 solution
(Thermo Scientific) and destained for 2 hours (10% acetic acid and 30% ethanol). Stained
bands were cut from the gel in 1 mm? small pieces and washed with a 40% acetonitrile (ACN)
solution in 50 mM NH4HCO; buffer (pH 7.0) in a thermomixer at 250 X g for 30 minutes,
Samples received 60 pL of 10 mM Dithiothreitol (DDT) in 50 mM NH4;HCO3 buffer (pH 7.0)
prior digestion with 100 ng trypsin (from a 0.005 ug/uL stock) in 10 mM NH4HCO; + 5%
ACN for 16 hours at 37°C. The digestion reaction was stopped by adding 10% formic acid
(FA). Samples were purified using columns previously activated with 100 pL of absolute
ACN and equilibrated 3x with 100 pL of 0.1% FA. Purification was done by a centrifugation
step of 4 minutes at 400 X g. Next, 3 washes with 100 pL of 0,1% FA were performed.
Samples were eluted by concentration gradient, using 50% ACN and 0.1% trifluoro acetic
acid (TFA) solution and 70% ACN and 0.1% TFA solution, respectively. Eluted samples
were dried in a speed vaccum and the final product was analyzed by mass spectrometry at

Easy nLC-LTQ-Orbitrap Velos (performed at CEFAP biomass, University of S&o Paulo).

4.13 Bioinformatic analysis of APT10 bound to candidate biomarkers

4.131 Prediction of aptamer 3D-structure
Aptamer tertiary structures were generated by a protocol inspired by the work of Jeddi and
Saiz, 2017, where the secondary structure prediction supported the inference of a 3D-ssSRNA

structure, further modified to create the sSDNA aptamer.
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The DNA aptamer sequences were converted into their respective RNA counterparts and used
together with secondary structure information as input for tertiary structure prediction via
RNA-Composer webservice (Biesiada et al.,, 2016 ; Popenda et al., 2012). Calculated
structures were then converted to their respective DNA analogues using a script implemented
with the 3DNA package (Lu and Olson, 2003), while Maestro (Schrodinger Drug Discovery,
v2019.4) was used to edit the sugar moieties, add hydrogen atoms and generate the charges

using the force-field (OPLS3e).

4.132 Homology model generation
Disintegrin and metalloproteinase domain-containing protein 17 (or ADAM17, UniProt code:
P78536) core, ranging from the amino-acids Pro218 to [le432, was modelled after
ADAMI10’s ectodomain structure (PDB ID: 6BE6, resolution: 2.8 A, (Seegar et al., 2017).
ADAMI17 and ADAMI0’s ectodomain cores share 30% sequence identity and 53%
similarity. A template structure missing residues and loop fragments (residues 357 — 360) was
modelled prior to homology modelling generation, using Prime (Jacobson et al.,2004). Loops
underwent further refinement using extended sampling option and refining side-chains within
7.5 A range. OPLS3e force-field and implicit solvent model (VSGB) was used in all
calculations (Roos et al, 2019). ADAM17 metalloprotease domain (2DDF, resolution: 1.7 A)
was retrieved from the PDB and fixed using Protein Preparation Wizard. Engineered mutated
residues were changed back to match the reference sequence (Ala266Ser, Gly353Val,
GIn452Asn), and the product structure was then minimized. Three-dimensional protein
structures were generated by homology modelling using the Prime program implemented in
the Schrodinger Drug Discovery (v2019.4) software suite with standard options, using
secondary-structure prediction options to guide the query-template alignment. Protein

complexes were prepared using the protein preparation tool and further refined with a
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restrained minimization step, allowing heavy atoms to vary within 0.5 A of limit, in order to
fix steric clashes. All models were inspected for Ramachandran outliers, which were fixed by
energy minimization. lllustrations of structures were made with PyMol v2.3 (PyMOL system,

Schradinger).

4.133 Protein aptamer molecular docking
Docking of proteins with aptamers was carried out using the HDOCK webserver platform
(Huang et al. 2014 ; Yan et al., 2017) by providing both the protein structural models and the
predicted aptamer structures as PDB files. HDOCK is a shape complementarity-based
docking algorithm specialized in the interaction between protein and nucleic acids. It
calculates the minimal free-energy conformation for the protein-aptamer complex, which is
provided as a 3D-complex output. Aptamer-protein complexes for each system were selected
based on their energy values and underwent visual inspection and software analysis, to
quantify the number and geometry of hydrogen-bonds, polar and hydrophobic interactions.
Complexes where aptamers would bind in transmembrane regions were disregarded. The
Nucplot software (McDonald et al., 1994 ; Luscombe et al., 1997) was used for identification

and characterization of DNA-protein interactions, especially hydrogen bonds.

4.14 Statistical analysis

Flow cytometry and TissueFAXS results were submitted to statistical analysis of One
Way Analysis of Variance (ANOVA) followed by post hoc Dunnett test or Bonferroni test,
respectively,using Graph Prism 5.0 software (GraphPad Software, USA) . Significance of data

was set at alpha lower than 0.05.
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5. RESULTS AND DISCUSSION

5.1 Validation of surface markers from human MSC, Lymphocytes and

Monocytes

MSC have been isolated from different human tissues, such as adipose tissue, dental
pulp and umbilical cord, and were verified regarding a panel of surface antigens expression.
The most frequently used positive surface markers expressed by MSC are CD73, CD90 and
CD105. These proteins are used as indicator of MSC purity, which cannot be confirmed only
by traditional colony microscopy. Therefore, UC-MSC were tested for the expression of
CD73 (phycoerythrin [PE] conjugated) and CD90 (allophycocyanin [APC] conjugated)
biomarker epitopes expression by flow cytometry analysis. We separated MSC from debris
(Figure 3) based on the size and granularity of the cells, as shown by the forward scatter
(FSC-A) channel versus the side scatter area environment (SSC-A) (the peak generated by the
light through the cells). Doublets were then excluded by analyzing the width and the height
signal of one scatter (FSC-W versus FSC-H).

Thereafter, the final gate for the fluorescence intensity of surface markers was
obtained from the signal area in the y-axis gated (Figure 4A). Negative controls (MSC
without antibodies) were defined as unstained cells despite their basal fluorescence (less than
1%). Basal fluorescence can be attributed to a general autofluorescence in the PE channel,
which is stronger than in APC channel, since the longer wavelengths are generally less prone
to detect autofluorescence. CD90" and CD73" MSC subpopulations were siginificantly shifted
in the y-axis for both markers, which featured > 98% of cells positive for the respective

antibodies (Figure 4B).
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Figure 3. Setting of populations of different cell types by flow cytometry. A) Pseudocolor plots of MSC
populations separated by the area of the signal generated by size and granularity (FSC-A versus SSC-A) of the
cell’s path in the laser (left) by flow cytometry; double cells exclusion (middle) by the size of the signal height
and interval time (FSC-H versus FSC-W); unstained MSC (right) with negative cell population in the gate APT+
(positive for aptamer-stained cell) detected by the SSC-A scatter channel and 6-FAM fluorescence emission
channel (aptamer positive); B) PBMCs separated in lymphocytes and monocytes populations according to the
size and granularity of the cells (left); doublet cells exclusion by size (middle); unstained cells with no

population at gate APT+ for stained cells (right).

This led to the assumption that isolated cells represented a MSC-containing sample.

For all human MSC sources there were similar percentages for the specific surface markers
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CD73 and CD90, as indicated in the representative image of UC-MSC (Figure 4). However,
the overlap of surface antigens with other cell types, as fibroblastoid cells, must also be taken
into consideration, since CD73 and CD90 protein expression alone cannot exclude a possible
non-stem-like fibroblast contamination, as fibroblast preparations from different origins were

shown to express both markers as well (Alt et al. 2011).
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Figure 4. Flow cytometry analysis of known MSC surface markers. A) Pseudocolor plots of unstained UC-
MSC (top) and anti CD90/CD73 stained MSC in percentage of live cells (98% of positive cells for the verified
antigens); B) Quantitative and statistical analysis of the flow cytometry data image (n = 4, P < 0.05); NC =

Negative control (unstained MSC).
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Human peripheral blood mononuclear cells (PBMCs) were used as negative control
for any potential unspecific aptamer staining, given that PBMCs also originate from the bone
marrow. Hence, they reflect a highly heterogeneous cell compartment that has to be simplified
and characterized for their use as a control. Human PBMCs are isolated from peripheral blood
and identified as any other blood cell with a round nucleus (i.e. lymphocytes, monocytes, NK
cells or dendritic cells) (Verhoeckx et al, 2015). Lymphocytes consist of T cells, B cells and
NK cells, which can be used in therapies to recover a patient immune system response.
However, cell populations employed are generally not of high purity due to the difficulty of
isolating these cells (Neudorfer et al., 2007).

Lymphocytes and monocytes are especially easy to separate by FSC-SSC scatters
based on their different size and granularity. Lymphocytes consist of T cells (CD45, CD4,
CD8 and CD3), B cells (CD19) and NK cells. CD4" T helper cells and cytotoxic CD8" T
cells represent the subdivided populations of T cells. CD45 is a type | transmembrane protein
present in differentiated hematopoietic cells (except erythrocytes and plasma cells) under
different isoforms, being mainly expressed by lymphocytes (Holmes, et al. 2006).

To verify lymphocyte population’s gate in the FSC-SSC analysis, both T cell
populations were investigated for the human CD4 (phycoerythrin-Texas Red-x [ECD]
conjugated) and CD8 (PE conjugated) presence by flow cytometry (Figure 5). As indicated in
the image of the pseudocolor plot (Figure 5A), both populations were detected in the
lymphocyte gate with CD4" subpopulation comprising 34 + 1,8% and CD8" cells comprising
26 + 1,2% of cells (Figure 5B). This ratio is comparable to CD4" and CD8" T lymphocytes
from peripheral blood, which ranges from 30 to 50% for CD4" cells and 21 to 30% for CD8"

cells (Bliakher et al. 2005).
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B) Quantitative and statistical analysis of the flow cytometry data (n = 4, P < 0.05).

Thereafter, the putative monocyte population was investigated for the anti-human

CD14 (APC conjugated) marker, which also detects dendritic-like cells. CD14 was described

as a monocyte/macrophage differentiation antigen present in the surface of myeloid cell

lineages, such as monocytes, macrophages and dendritic cells. Therefore, monocytes showed

significantly more CD14 antigen (> 90% of stained cells) than the lymphocytes population,
where CD14 is virtually absent (Figure 6).

In the same experiment, we additionally discriminated lymphocyte population by the

characterization of T cell and B cell specific markers CD3 (APC conjugated) and CD45 (APC
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conjugated), respectively (Figure 6). Lymphocyte population showed a staining of 68% of the

cells for CD3 and 53% for CD45 antigens (Figure 6B).
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Figure 6. Flow cytometry analysis of known lymphocyte and monocyte surface markers. A) Pseudocolor
plots of lymphocyte and monocyte populations, gated by size and granularity based on FSC-SSC scatters,
stained and analyzed by APC-conjugated detection antibodies against CD3, CD45 and CD14 specific markers;
B) Quantitative analysis of flow cytometry data, comprising all used markers (n=2) and statistical analysis

P<0.05.
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CD3 antigen is part of the TCR/CD3 complex that facilitates T cell activation. It is
generic to CD4" and CD8" cell population of T lymphocytes, exclusively expressed by
lymphocyte populations (Chetty et al. 1994). On the other hand, CD45 antigen is a
membrane-bound protein composed by an intracellular tyrosine phosphatase domain,
presenting many isoforms. CD45 can be considered a pan-leukocyte marker due to its
presence in hematopoietic stem cells, T cells, B cells, and also monocytes, even thought, it is
most prominently expressed by T cells in the lymphocytes compartment. Indeed, monocytes
showed high percentage of cells stained for the CD14 marker while this antigen was absent in
lymphocyte population. CD14 is a myeloid differentiation antigen expressed primarily by
peripheral blood monocytes and macrophages (Haziot et al., 1988). This information was
confirmed since only monocytes were 95% positive for CD14 population. Therefore, results
suggested that FSC-SSC gates designated for lymphocytes and monocytes were accurate.
Despite it, monocytes showed expression of the dendritic cell marker CD11c (data not shown,
n=1), which has not been reported in human lymphocytes (Geissmann et al., 2003; Geissmann
et al., 2010). CD14" monocytes might also function as dendritic cell precursors by
upregulating CD11c. Taken together, it is possible that the observed population resembled
true monocytes, whichare inherently plastic and express various surface antigens under

certain conditions.

5.2 Quantification of aptamer binding rate on human MSC from different origins

The pool of aptamer sequences identifying AD-MSC was previously selected by the
Cell-SELEX technique at our laboratory. This aptamer pool was sorted by Magnetic-
Activated Cell Sorting (MACS) for the recognition of MSC, which resulted in positive CD90

and CD29, or only CD29 or CD90 surface markers subpopulations (flow cytometry data).
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Besides that, after the aptamer pool sequencing, we confirmed, using the software “Mfold”,
that each DNA oligonucleotide sequence had its predicted secondary structure (Zucker,
2003), which estimates the Gibbs free energy (AG°® < 0) of the most stable secondary
structures. Therefore, 32 aptamer sequences identified for AD-MSC were classified into
different categories, according to their predicted secondary structures and their obtained
analogue sequences: Class I, BR5, Class 11, R12 and Class Ill, as defined by Dr. Arthur Nery
and colleagues.

For the current work, based on pre-defined structural similarity, 15 aptamers were
synthetized and studied for their characterization using different cell types, including MSC
from multiple origins. We had chosen the aptamers sequences 3 and 5 from Class |, aptamer
6 from BR5 group, aptamers 7, 8 and 9 from Class I, aptamers 10, 11, 12 and 13 from R12
group, aptamers 14 and 15 from Class Ill, and aptamers 1, 2 and 16, which did not have
predefined secondary structures to be classified into any of the classes/groups. We ordered
the chemical synthesis of the aptamers (IDT - Integrated DNA Technologies) with a 6-FAM
fluorophore (6- carboxyfluorescein) modification at the 5-DNA terminus. And finally, we
performed flow cytometry assays for the characterization of MSC-bound aptamers by testing
cells from human lipoaspirate (AD-MSC) and DP-MSC, using human fibroblast cells as
negative control.

First, we compared the binding rates of different amounts of aptamers using two
concentrations of aptamer 9 (APT 9): 100 nM and 1 uM for 1 billion of human DP-MSC
(Figure 7). The DNA sequence was folded into its tertiary structure by a temperature
“folding” process. Afterward, APT9 was incubated with DP-MSC and flow cytometry results
showed that, when the aptamer concentration was increased, the binding rate of aptamer-
stained MSC increases from 7.1% to 17.8%. For this assay, we excluded debris and doublets

from the analysis, as described previously, resulting in an 84% of total analyzed cells. The
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histogram graph (Figure 7A) and the pseudocolor plot (Figure 7B) showed the fluorescence
intensity shift (represented by x axis: 6-FAM conjugated APT 9) between the negative
control (unstained DP-MSC) and the APT 9 range concentration. We used APT 9 for the cell
staining analysis, based on the preliminary results for AD-MSC performed by Dr. Arthur
Nery (Nery, 2013). Therefore, the concentration of aptamers used for their binding

characterization was defined as 1 uM.
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Figure 7. Verification of aptamer standard concentration by MSC binding rate analyses. Aptamer binding
quantification by flow cytometry using DP-MSC to verify the standard concentration used for the aptamer
characterization analysis, where 84% of cells were considered MSC population. A) Histogram analysis of DP-
MSC bound to APT9: light grey peak represented unstained MSC (less than 1%), dark grey peak represented
100 nM APT9 (channel emission by 6-FAM conjugated fluorophore) bound to cells (7,1%), red color peak
represents 1 uM APT 9 stained MSC (17,8%); B) Pseudocolor plot representing the shift of events, evidenced by
the appearance of a subpopulation of cells when stained with APT9: the same staining percentage performed by
yellow color (unstained MSC), black color (100 nM APT9) and red color (1 pM APT 9) events; y-axis analyzed

by granularity on side scatter - SSC-A.

After setting the correct concentration of aptamers for further characterization

analyses, we analyzed the aptamer staining for MSC from different origins. For that, we
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checked by flow cytometry the binding rate of AD-MSC and DP-MSC (confirmed
subpopulations positive to CD29, CD73 and CD90 surface markers) using the 15 selected
aptamers. We also analyzed binding rate nature of human fibroblast cells and aptamers for a
negative control comparison, based on their similar structural morphology (Figure 8). Using
the same flow cytometry analysis strategies, we excluded debris and doublets from the total
number of cells in order to find the binding rate of 1 uM aptamers (6-FAM conjugated) to
the human cell types (DP-MSC, AD-MSC and fibroblast).

Results showed that aptamers with similar structures (e.g. Class Il, represented by
aptamers 7 and 9) had a higher binding rate to MSC depending on the cell origin (Figure
8A). APT10 presented the highest average binding rate to all MSC types: 50.5% of stained
DP-MSC, 41% of stained AD-MSC and 5.7% of stained fibroblasts. Moreover, we verified
that DP-MSC were the cell type with best binding rate results.

Aptamer binding to fibroblast revealed only a small percentage of stained cells. We
showed that APT1, APT2, APT3, APT5, APT6, APT7, APT8, APT9, APT10, APT11,
APT12, APT13, APT14, APT15 and APT16 presented a 42% =+ 1.4 average binding to DP-
MSC, 24.3% = 1.8 average binding to AD-MSC, and 2.8% * 0.6 average binding to
fibroblasts (Table 3).

Besides that, the analysis also showed that the stained cell subpopulation clearly
shifted when bound to aptamers. When analyzing APT10 stained cells in a single
representative experiment (Figure 8B), we found that from a total of 63.5% viable cells,
69.8% of DP-MSC were stained for the aptamer. The subpopulation shift was not
pronounced following staining of fibroblasts. A population of 80% viable cells showed
16.8% of APT10-stained cells, due to unspecific staining through auto fluorescence emission

in this replicate.
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Table 3.: The average of binding rate of aptamers and cells.

42.8% 23.2% 3.3%
APT2 29,7% 22.7% 0,4%
APT3 36% 20.9% 0,8%
APTS 38% 19,2% 0,6%
APTG6 38,2% 17,5% 0,4%
APT7 50,2% 23.5% 7,9%
APTS 41,6% 22.3% 2,3%
APT9 49,3% 28,6% 6,5%
APT10 50,5% 40,9% 5,7%
APTI1 44.4% 21,5% 4,6%
APT12 41,8% 31,6% 2,1%
APT13 42.5% 24.7% 1,3%
APT14 40,9% 25,1% 0,7%
APTIS 42.3% 21% 3,6%
APT16 40,4% 22% 2,4%
A El Human MSCs from dental pulp B
3 Human MSCs from adipose tissue
3 Human Fibroblasts Unstained Aptamer-Stained
8,0M7] 8,0M7
APT16 I i N — -
6,0M7 6,0M7 E
APT15 I e, =
APT14 I e N — 4,0M] 4,0M7] ?_
APT13 I e — 7
APTI2 I . i .
APT1l I e, — ° e
APT10 X . — 10 10 10 10 10 10 10 10
APTO X — - -
APTS I e, —
APT7 A I e — 10M ] 10M ] =
APTE (e z
APTS I — 50M som° 8
PR —— ol _
APT2 - — 7 1 i
APT1 - . 1% 10° 10t 10 100 1% 10t 10
© S & APT 10FAM

Binding Rate (%0)
Figure 8. Flow cytometry analysis of aptamer binding rates (%) to diverse cell types. A) Binding of
aptamer (1uM) (as 6- fluorescein-isothiocyanate fluorescence emission) to DP-MSC (black), AD-MSC (grey)
and fibroblast cells negative control (white); the average binding rate of 15 aptamers were 42%, 24.% and 2.5%

for DP-MSC, AD-MSC and fibroblast cells, respectively; B) Pseudocolor plots with a comparison between
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APT10-stained cells; on the left are cells in the absence of aptamer staining (fibroblasts above and DP-MSC
below) with less than 1% of positive cells in the APT " region, gated for aptamer-stained cells; on the right are the

aptamer-stained cells with 63.5% of DP-MSC (below) and 16.8% of fibroblasts (right) APT10-stained cells

The aptamers with higher binding rates presented well defined structured stem loops
according to their predicted secondary structures. Cell profile analysis showed a
subpopulation of cells that can be related to conserved groups of cells with higher (or
different) replication characteristics and differentiation potential than the cells purified by
classical methods (Baghaei et al. 2017). Therefore, aptamers with similar secondary structures

could recognize MSC biomarkers with differential expression rates, according to cell origin.

5.3 Verification of aptamer binding to viable cells

We investigated whether the selected aptamers for human DP-MSC would bind to
dead or apoptotic cells, since the DNA oligonucleotides can potentially bind, non-specifically,
to intracellular molecules (Figure 9B). Staurosporine (Streptomyces staurospores) is a non-
selective protein kinase inhibitor that is frequently used to induce cell death in a wide range of
cells (Kabir et al. 2002). In this work, staurosporine was used to induce cell death, which was
monitored by means of annexin V-APC staining. Annexin V is an indicator of apoptosis that
binds to exposed phosphatidylserine (PS) on the plasma membrane surface when the
membrane asymmetry is lost (Koopman et al. 1994). Therefore, if aptamers were non-
specifically binding to apoptotic cells, such binding rates would be increased upon
staurosporine treatment. Since MSC are non-hematopoietic stem cells that can directly or
indirectly modulate immune responses, it was important to evaluate the aptamer effect on
human PBMCs (Wang et al., 2018) and to verify the effects on apoptosis in aptamer-stained

cells.
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We standardized experimental staurosporine concentration at 2 pg/mL, since higher
concentrations did not further change cell mortality. We diluted the drug in dimethyl
sulfoxide (DMSO) and used the solvent as negative control for death measurement after 2
hours. For all the samples, tested time points were 30 minutes, 1 hour and 2 hours after the
staurosporine exposure at 37°C. Upon treatment with DMSO (Figure 9A), only MSC showed
significant annexin V staining in the autofluorescence unbiased population (30%) compared
to lymphocytes and monocytes populations (less than 10%) after 2 hours of experiment. Thus,
results for the staurosporine treatment suggested that MSC had more apoptotic potential,
although displaying a constant level of staining over the time during the main experiment.
Besides that, lymphocytes and monocytes slightly and drastically increased their apoptotic
potential within the last hour of incubation, respectively.

To complete the cell death assay, we checked the apoptotic potential for cells stained
with aptamers. We used APT10 to investigate the relation between the binding profile and
cell death severity. The results (Figure 9B) showed a significant increase (from 34% to 52%)
in apoptotic potential for APT10-stained MSC, 2 hours after death induction compared to the
time point control (O hour - not enough time for the staurosporine-induced effect).

On the other hand, apoptotic cell death of lymphocytes and monocytes stained for
APT10 remained constant over time (15% and 90% of average, respectively). Despite
monocytes showed a constant aptamer staining for 90% of cells, this result might be related to
other cellular mechanisms than apoptotic death, such as the Ca®*-dependent activated state
that enhances annexin V staining. Annexins are proteins that interact with calcium-dependent
membrane lipids due to many reasons, including calcium channel activities, endo and
exocytosis, cytoskeleton-anchorage and membrane trafficking (Lizarbe et al., 2013).
Macrophages are described to react with foreign molecules, assuming an activated state

resultant from different causes, such as phagocytosis, vacuole production and internal calcium
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variation (Petricevich at al., 2008). Such characteristics contribute to 90% monocyte
population binding rate from annexin VV and DNA aptamers. This aptamer-related binding is
more likely to result from mechanisms such as phagocytosis than from an aptamer-binding
specificity. Moreover, aptamer may act as a foreign molecule that enables the Ca**-dependent
activated state.

Therefore, the MSC-aptamer staining increases due to death mechanisms of uptake or
endocytosis. The non-specific aptamer internalization may result in binding to sites that are

not specific for the target cell, increasing the variables that can influence target binding and

apoptotic effects, which should be excluded from the binding analysis.
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Figure 9. Quantitative flow cytometry analysis of apoptosis induction by staurosporine. A) DMSO effect in
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cells over time (right), with higher amount of DP-MSC apoptotic stained cells; B) Plot showing APT10-stained
cells (6-FAM conjugated) over time (left) for DP-MSC after 2 hours of staurosporine induction; cell death
histograms (right) represented by annexin V (APC conjugated) of APT10 stained and treated cells (DP-MSC,
lymphocytes and monocytes). Flow cytometry data with p<0.05 relative to control, n = 3. Analysis of variance

one-way ANOVA followed by the Dunnett posthoc test.

Cell death assay to induce controlled and quantifiable apoptosis by staurosporine
exposure was performed with the annexin V ligand. Such approach is frequently used to
assess apoptosis as annexin V strongly binds to extracellular exposed phosphatidylserine (PS)
when membrane asymmetry is lost (Engeland el at. 1998). Since apoptotic potential was
increased over time (2 hours), aptamers might bind to exposed epitopes on apoptotic cells. In
the negative control (DMSO), only MSC were efficiently stained by annexin V, evidencing
their delicate stem cell nature. However, for the staurosporine treatment, cell death induction
of aptamer-bound monocytes and lymphocytes remained constant, suggesting that aptamer
binding does not increase apoptosis in these cells. The analysis is additionally hampered, as it
was found that even viable monocytes show a considerable amount of annexin V-binding at
exposed PS sites (Appelt et al. 2004). On the other hand, annexin V binding can also be
increased due to calcium (Ca®") elevation in the course of cell activation (Rysavy et al. 2014).
Therefore, for the further experiments, only negative annexin V-viable cells would be
analyzed although activated cells could also be included, veiling the true apoptotic state of the

cells.

5.4 Binding efficiency and specificity between viable cells and candidate aptamers
Based on quantitative analyses of aptamers staining to DP-MSC and AD-MSC , we
chose four candidate aptamers to check the cell binding-efficiency, since cells demonstrated

increased binding rate to aptamers when induced to apoptosis. The candidate aptamers APT1,
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APT3, APT10 and APT15 were evaluated by flow cytometry to investigate the aptamer-
staining efficiency with DP-MSC, UC-MSC and PBMCs following exclusion of
apoptotic/activated cells. For this analysis, we also used a non-specific aptamer (CNTR APT)
to analyze the cell-binding specificity, since its sequence is composed by a random ssDNA
that was not selected for any of the tested cell types.

Thus, we studied the cell-aptamer stainingexcluding apoptotic/activated cells via
annexin V labeling (APC conjugated). In this way, in Figure 10 we can identify viable cells
stained by the candidate aptamers through the binding rate analysis when we select only the
APT/ 6-FAM positive subpopulations and eliminate the annexin/APC positive
subpopulations. We can see from the graphs a greater staining for all cell types when they are
bound to APT10 and APT15. In a quantitative analysis of the aptamer-binding capacity, the
mean staining of viable lymphocytes was very low for all the aptamers (2.0% for APT10;
0.9% for APT15 and 0.2% for CNTR APT). On the other hand, MSC and monocytes
displayed enhanced staining efficiencies compared to the non-specific aptamer. For MSC, we
found a binding rate for APT1, APT3, APT10, APT15 and CNTR APT of 4%, 4.8%, 32.6,
23.6 and 2.5% for DP-MSC and 4.3%, 4%, 49.9%, 42.5% and 5% for UC-MSC, respectively.

In contrast to MSC, monocytes had a high binding rate for all aptamers in all flow
cytometry analysis. The average of aptamer-stained monocytes were 40.4% for APT1, 47.6%
for APT3, 87.2% for APT10, 64% for APT15 and 34.5% for CNTR APT.

Therefore, APT10 and APT15 binding showed significant statistical differences
compared to CNTR APT for all cell types, except APT15 for lymphocytes. In this way, MSC
showed a higher specificity for APT10 in comparison to CNTR APT, since the fold increase

was 16X for DP-MSC and 10X for UC-MSC, over only 2.5 fold increase for monocytes.
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Figure 10. Binding rate efficiencies and specificities of candidate aptamers to lymphocytes, monocytes and
MSC. Human cell types were stained with aptamers APT1, APT3, APT10, APT15 and CNTR APT (6-FAM
conjugated) and annexin V (APC conjugated) for the quantification of viable cells. To exclude early apoptotic
cells co-stained by aptamers, dot plots for DPMSC, UCMSC and PBMCs were gated for aptamer- positive and
annexin V-negative populations (APT+/Annexin-). APT10 showed significantly increased binding compared to
that of the non-specific aptamer (CNTR APT) for DP-MSC, UC-MSC and monocytes, with a 16X, 10X and
2.5X rate efficiencies, respectively. p <0.05 in relation to control aptamer; n = 3. Analysis of variance one-way

ANOVA followed by the Dunnett posthoc test.

The pseudocolor dot plot shows differences in the viable cell population when they are
stained by aptamers (Figure 11). In this case, we can see singular examples of DP-MSC, UC-
MSC, lymphocytes and monocytes stained by APT10, APT15 and CNTR APT. We can see
the shift of the non-apoptotic positive population stained with aptamers on the Q1 quadrant
(aptamer” axis/annexinV"~ axis) for MSC/lymphocytes, and the Q2 quadrant (aptamer”
axis/annexinV" axis) for monocytes. All dot plot image data were compared to those of the
unstained cell population (Q4 quadrant). Therefore, when viable cells (annexinV" population)

were positive for aptamer labeling (aptamer-6FAM™ population), 20% to 50% of the MSC
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populations were recognized by APT10 and APT15 against 1% stained by CNTR APT. For
the PBMCs population, 1.4% to 2.5% of lymphocytes were stained by APT10 and APT15
against 0.1% are stained by CNTR APT binding. However, analysis of the monocyte
population, which are all positive for annexin V, revealed that 80% to 94% of the cells were

stained by APT10 and APT15, in comparison to 30% positive for CNTR APT binding.
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Figure 11. Flow cytometry analysis of binding rates (%) of aptamers to DPMSC, UCMSC, PBMCs and
monocytes. (A) Quantification of viable DPMSC by CNTR APT, APT10 and APT15 (fluorescence emission in
the FITC channel - Q1); (B) Quantification of viable UCMSC by CNTR APT, APT10 and APT15 (Q1
discrimination); (C) Quantification of viable PBMCs by CNTR APT, APT10 and APT15 (Q1 discrimination);
(D) Quantification of the viable population of monocytes discriminated by annexin V (Q2) to exclude early

apoptotic cells co-stained
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The whole positive staining for annexin V can be explained by an activated state or an
early apoptotic influence presented by monocytes. Moreover, these results showed good
staining for APT10-stained MSC and monocyte cells. The lower specificity rate observed in
monocytes can be related to an overexpression of monocyte-MSC shared markers, to which
APT10 could be binding. According to what was demonstrated by Gongalves et al. (2017),
interactions between MSC’s cellular membrane and monocytes regulate immune responses
that are important for a successful transplantation therapy using MSC. Since monocytes and
their progeny dendritic cells (DC) are key players in innate and adaptive immunity, they have
three main functions: phagocytosis, antigen presentation, and cytokine production (Jakubzick
et al. 2017). It is known that monocyte-derived DCs feature receptor molecules for
intracellular non-self DNA, as Toll-like receptor 9 (TLR9) and mechanisms to take up
extracellular DNA via antimicrobial peptide LL37. Thus, it is very unlikely that classical
monocytes purposefully take up DNA (Chamilos et al. 2012). This might be explained by the
extensive CD11c expression, which hints to an abundant DC-like phenotype in the monocyte
compartment, contributing to the aptamer uptake. Such uptake mechanisms would be
unspecific and generic for DNA oligonucleotides. Taken together, it is likely that APT10 gets
ingested by activated monocyte-derived DCs, leading to intracellular staining (Colling et al.,

2013).

5.5 Analysis of aptamer binding sites on MSC

The aptamers selected by Cell-SELEX are supposed to bind to surface membrane
epitopes in human MSC. Therefore, based on our flow cytometry results of aptamer-binding
rates to different cell types, we analyzed the aptamer-binding specificity to MSC and PBMC
by confocal microscopy and immunofluorescence. First, we checked the staining of adhered

DP-MSC bound to APT1 and APT9 (6-FAM) by immunofluorescence (Figure 12). We could
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observe increased staining of APT9 compared to APT1 in DP-MSC. Moreover, we used the
DNA blue fluorescent dye (Hoechst) to check the nuclear unspecific staining caused by
aptamer binding to cell membrane (Figure 12A). DP-MSC were stained for aptamers (green
color) and for the nucleus (Hoechst, blue color). When we merged the emission channels, we
found some staining of DP-MSC bound to APT9, apparently localized in the surface
membrane by comparing brightfield (unstained cells, grey) to fluorescent images (stained
cells, green). We also observed staining for fibroblasts, used as negative control to compare to
the APT9 binding profile in the green channel (Figure 12B). Fibroblasts did not bind to
APT9, as concluded from the comparison of the overlapping images. These results
corroborate our data concerning APT9 binding rate to MSC and fibroblasts, similar to the

results for APT1 staining, which showed lower binding to MSC.
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Figure 12. Immunofluorescence of DP-MSC and fibroblasts stained with aptamers. A) DP-MSC immuno-
analysis for APT1 and APT9 staining (6-FAM; green); Hoechst fluorescent dye (HOECHST, blue) used for
nuclear DNA staining; Phase Contrast (unstained cells, grey) images were added for staining overlay (Merge);
scale bar = 500 um; B) Fibroblasts stained with APT9 showed no fluorescence emission; scale bar = 20 um. 20X

Nikon Eclipse TE300.



61

Furthermore, because cells feature a huge variety of surface proteins, Cell-SELEX
yields many sequences with comparable affinities for a whole set of epitopes. The greater
interest is to determine the aptamer-target-interaction location on MSC, whereas the unknown
epitopes might differ from the already known markers CD29, CD73, CD90 or CD105. Since
immunofluorescence experiments corroborated the results of aptamers binding rate to MSC,
we decided to check the co-staining between aptamers and the MSC surface marker CD90 in

DP-MSC (Figure 13).

CONTRAS 6-FAM CD90 MERGE

APT 11 APT 10 APT 8

APT 12

Figure 13. Co-staining analysis of DP-MSC bound to aptamers and antibodies against specific surface
marker epitopes by immunofluorescence microscopy. Intensity analysis of DP-MSC stained with APTS,
APT10, APT11 and APT12 (6-FAM conjugated, green) and anti-CD90 surface marker (APC conjugated, red).
Phase contrast resolution was used to overlap immunofluorescence staining (merge) of CD90 surface marker and
candidate aptamers with higher binding rate observed by flow cytometry. Scale bar = 100 pm; 20X Nikon

Eclipse TE300.
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Adhered DP-MSC were stained with APT8, APT10, APT11, APT12 (6-FAM) and
anti-CD90 (APC conjugated) for the co-staining analysis by immunofluorescence
microscopy. In this way, we can see cells co-stained with aptamers (green) and CD90 surface
marker (red) when the images are merged (orange/light; co-staining). Moreover, we can also
observe aptamer staining of epitopes that were not shared with CD90 marker and that were
apparently located in the intracellular space (Phase Contrast). Based on this data, we could
corroborate the aptamer binding to the plasma membrane, since there was a shared surface
marker staining. However, we needed specific images to confirm the location of the aptamer
staining in the cells.

Therefore, we performed Z-stack images by confocal microscopy (Figure 14) of
adhered UC-MSC stained with APT10 and CNTR APT (6-FAM), which showed the greater
specific binding rate by flow cytometry. The possible unspecific binding of DNA aptamers
due to their nucleic acid nature (negative charge) was excluded given that the random control
aptamer (CNTR APT) did not stain MSC (Figure 14A). On the other hand, we saw similar
staining of UC-MSC and DP-MSC for APT10. Because of that, we performed Z-stack images
to further analyze this feature internally. Since we could see from Z-stack images that APT10
apparently bound to cell surface membrane, we checked the shared staining of CD90 surface
marker from a zoomed image of MSC bound to APT10 (Figure 14B). The most common cells
found in a processed lipoaspirate tissue are blood cells (Zuk et al, 2001), then cellular
heterogeneity showed by MSC population can be also explained by derived-like

subpopulation of immune cells inserted in a whole population of MSC.
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Figure 14. Confocal images of live and adhered UC-MSC, stained with a panel of aptamers and anti-
CD90 surface marker antibodies. A) Confocal microscopy analysis of viable UC-MSC adhered in a plastic
slide chamber stained with APT10 and non-specific CNTR APT (6-FAM conjugated, green color), followed by a
Z-stack approximate image of UC-MSC bound to APT10; B) Z-stack phase contrast image of UC-MSC co-
stained with anti-CD90 (APC, red) surface marker and APT10. 40x pictures captured by Confocal Leica SP5

microscope.

The non-specific control aptamer (CNTR APT) showed no binding staining to UC-
MSC, suggesting no affinity of DNA to cell surface molecules. All selected aptamers for
MSC bound to the adhered cells, but APT10 displayed the highest and most defined levels of
staining. Albeit APT1, APT3, APT9 and APT15 showed staining to some degree, its location

remained arbitrary. APT10 signals were mostly observed at the cell edges, extending out to
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the spindle-shaped plasma membranes. Thus, we also found cells with altered morphology
(including membrane vesicles), reflecting non-intact MSC. On the other hand, Figure 14
shows the middle layer of a single cell bound to APT10, which is probably restricted to the
cell surface, where CD90 surface marker was stained in the plasma membrane. Staining of
APT10 in the border location, as observed for CD90,corroborates the hypothesis of this
candidate aptamer binding to the surface membrane of MSC.

Previous flow cytometry experiments showed that APT10 and APT15 stained PBMCs.
This could be explained by two hypothesis: 1. PBMCs and MSC share common surface
antigens that are recognized by Cell-SELEX selected aptamers; or 2. monocytes actively
internalize the DNA oligonucleotides, contributing to unspecific binding. To test whether the
selected aptamers are ingested by phagocytosis or if they bind to surface epitopes, PBMCs
were analyzed by confocal microscopy after aptamer incubation. We used PBMCs in
suspension bound to aptamers and we detected a staining of some of these cells when they are
bound to APT10 (Figure 15A). No staining was observed from aptamer-unstained cells,
CNTR APT or APT15 cells. From all the tested aptamers, only APT10 was markedly bound
to the cells. The other aptamers showed slight staining, not robustly present throughout the
sample. A Z-stack was applied to single cells in the APT10 sample, showing that fluorescence
is restricted to the plasma membrane.

Due to the lack of specific cell lineage markers, it was not clear which cell type was
observed. To tackle this issue, monocytes were sorted by FACS with anti-CD14 antibody
APC conjugated) from whole blood containing PBMCs (Figure 15B). The live CD14" cell
population was stained with APT10 and analyzed by confocal microscopy. Indeed, monocytes
were efficiently stained with APT10 when compared to the unstained control. The previously
reported intracellular staining of PBMCs was also observed in the current staining analysis of

monocytes. The results suggested an active internalization mechanism of DNA
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oligonucleotides performed by monocytes, since the non-specific CNTR APT resulted in high

staining of monocytes as determined by flow cytometry.

A UNSTAINED CNTR APT . APT 10

2

PBMCs

APT 10

Figure 15. Confocal microscopy of live PBMCs and isolated monocytes stained with a panel of aptamers.
A) Viable and freshly isolated PBMCs were stained with APT10, APT15 and CNTR APT and analyzed by
immunofluorescence. As only APT10-stained PBMCs showed affinity to the cells, they were submitted to a Z-
stack zoom imaging. B) Analysis of isolated monocytes (CD14+ population separated by FACS) stained with
APT10, which revealed a corroborated internal cellular staining of APT10 exhibit by Z-stack images. 40x

images captured on Confocal Leica SP5 microscope.

Therefore, we found by confocal image microscopy that APT10 binds to monocytes
and MSC most efficiently. Moreover, APT1, APT3, APT9 and APT15 did not bind to
PBMCs. When analyzed for binding to MSC, only a slight staining at undefined sites or no
staining was observed. From Z-stack recordings, APT10-staining appeared to be localized in

the intracellular space of monocytes and on the plasma membrane of MSC. A proportion of
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stained MSC featured advanced vesicles (Figure 14A), which typically occurs during cell
death via apoptosis (Coleman et al. 2001). Annexin V cell death experiments showed that
APT-MSC-staining increased with apoptotic potential. This suggests that APT10 binding is
not restricted to viable cells.

Candidate aptamers were developed for MSC by Cell-SELEX, meaning that they
should target membrane epitopes and therefore be localized at the plasma membrane.
However, monocytes bound to APT10 in the entire cell area, including intracellular sites.
Because of that, results suggest that there might be common extracellular and intracellular
MSC receptors bound by APT10, that might be also expressed in monocytes. Nevertheless,
the confocal images did not show staining for non-specific aptamer binding, which stands in
contrast to a mechanism restricted to phagocytic uptake.

Further support for the results comes from flow cytometry analysis, since the
efficiency rate of candidate aptamers is higher for MSC than for monocytes. This staining
discrepancy between confocal microscopy and flow cytometry may be due to the weak
brightness of 6-FAM and higher sensitivity for the fluorescence dye of the flow cytometer.
However, APT10 was found to bind to MSC population and CD14" monocytes in both flow
cytometry and fluorescence microscopy analysis. Thus, whilst MSC are efficiently stained at
the plasma membrane compared to the whole cell labelling of monocytes, the binding site for

APT10 on MSC surface membrane may reveal an unknown MSC epitope to be characterized.

5.6 Hematopoietic stem cell labeling in PBMCs

Considering that the candidate APT10 showed staining for MSC and PMBCs by both
flow cytometry and immunofluorescence techniques, we checked if PBMCs would present
any specific stem cell surface marker. HSCs are stem cells with pluripotency and self-renewal

properties involved in the generation of all types of blood cells. Furthermore, these cells are
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important immunological players in the transplantation context, as they interact with the T-
cell class of receptors (via HLA system) (Ng and Alexander, 2017).

HLA antigens are characterized by polymorphic glycoproteins that present a binding
site recognized by immune cells’ receptors. Although reports emphasize that HLA antigens
are expressed by HSCs, HLA-DR complexes can be released by T-cells and B-cells when
macrophages are present in the environment (Jendro et al., 1991). CD45 marker is a receptor-
linked protein tyrosine phosphatase that is responsible for T-cell activation, and also a marker
of leukocytes. Furthermore, it is also a negative antigen for the characterization of MSC
(Altin and Sloan, 1997). CD14 is a membrane associated protein produced by monocytes,
macrophages and dendritic cells, that acts as a myeloid differentiation marker (Marcos, et al.
2010). CD117 is a tyrosine kinase receptor responsible for cancer cell progression and
maintenance of stem cells (Foster, 2018).

Given that, we investigated the affinity profile of aptamer-stained PBMCs regarding
the surface markers CD117 and HLA-DR (expressed by HSCs), CD45 (expressed by
leucocytes) and CD14 (expressed by monocytes).

Lymphocytes stained with aptamers (CNTR, APT10 and APT15) and the described
antibodies were identified by flow cytometry (SSC-A scatter versus FSC-A scatter) (Figure
16). Apoptotic cells were excluded from the analysis via annexin V labeling (APC

conjugated) using the “Unstained” density plots as reference (Fig 16: v, vi, vii and i).
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Figure 16. Characterization of stemness surface marker and aptamer staining in human lymphocytes by

flow cytometry. PBMCs were stained with APT10, APT15 and CNTR APT and viable lymphocytes (annexin V

negative population, 26% of the total cells) were analyzed for immunostaining with anti-CD117, HLA-DR

(HSCs marker), CD45 (leucocyte marker) and CD14 (monocyte marker) antibodies. Flow cytometry density

plots show 94% CD45" (xi, xii and xiii) cells and 1.5 to 4% of CD14" (xvii, xviii and ixx), CD117" (xiv, xv and

xvi) and HLA-DR+ cells (viii, ix and x). Lymphocyte population exhibit low stemness profile and a 0.5 to 3%

aptamer staining.



69

Annexin V negative population was evaluated concerning APT10, APT15 and CNTR
APT staining (6-FAM conjugated). 99.4% of viable lymphocytes (26% of the lymphocyte
population) were CD45+ (Fig 16 xi, xii, xiii), whilst presenting very low positivity for the
tested aptamers (0.6%). 2% of monocyte CD14" co-stained for aptamers (1.4 - 3%), which
evidences a low CD14" cells contamination in the whole population (Fig 16 xvii, xviii and ix).
For the HSC analysis, only 3% of the cells were positive for CD117 (Fig 16 xiv, xv and xvi)
and HLA-DR (Fig 16 viii, ix and x) antigens. 3.5% and 0.5% of these cells were labeled by
aptamers, respectively. Therefore, the CD45" lymphocyte population shows weak staining for
all aptamers, indicating that this population is not recognized by aptamers.

We also analyzed the monocyte population when they were CD45%, HLA-DR®,
CD117" and CD14" and positive for CNTR APT, APT10 and APT15 labeling (Figure 17). As
described above, the analysis of SSC-A and FSC-A scatter plots showed the size and
granularity of monocytes. Given that, basically all the monocyte population (99%) might be in
an activated state (annexin V-binding can be increased due to Ca** elevation), this population
presented 99% of HLA-DR™ (Fig 17 v, vi and vii), CD45" (Fig 17 viii, ix and x) and CD14"
(Fig 17 xiv, xv and xvi) cells.

On the other hand, only HLA-DR" cells similarly bound to aptamers as previously
verified (34.3% of CNTR APT", 72.3% APT10" and 75.1% APT15").

In CD45+ population, 26.9%, 65.5% and 69.9% were CNTR APT", APT10" and
APT15", respectively. Regarding the CD14" population, 6.4%, 34.9% and 31% of the cells
were respectively co-stained with CNTR APT, APT10 and APT15. Finally, 24 to 29.9% of
the monocytes population were positive for the HSC marker CD117, while simultaneously
staining for CNTR APT, APT10 and APT15 in a rate of 4.4%, 11.6% and 9.8%, respectively.

Since only 2.5-5% of HLA-DR", CD45", CD117" and CD14" cell populations bound to the
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analyzed aptamers, we hypothesized that the selected aptamer could be phagocytised/uptaken

by these cells.
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Figure 17. Characterization of stemness surface marker and aptamer binding in human monocytes cells
by flow cytometry. PBMCs were stained for APT10, APT15 and CNTR APT. Activated monocytes (annexin V
positive population, 30 - 99% of the total cells) were analyzed regarding CD117*, HLA-DR", CD45" and CD14"
populations. Flow cytometry density plots showed for these populations a 99% of staining for CD45 (viii, ix and
x), CD14 (xiv, xv and xvi) and HLA-DR (v, vi and vii) markers and 30% of cells positive for CD117 (xi, xii and

xiii) cell population. Further, 4 (CNTR APT) to 75% monocytes APT labeled with aptamers.
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On the other hand, we observed the same increasing pattern of the binding rate of
these cells when they are bound to APT10 and APT15. Since MSC are known to demonstrate
immunoregulatory properties by releasing cytokines and grow factors as a result of their
interactions with immune cells, the results suggest that selected aptamers might interact with
unknown epitopes co-expressed by both MSC and monocytes. The aptamer staining might
also be enhanced via phagocytosis/internalization, since the highest specificity binding rates
(10-16%) were obtained when the aptamers bound to MSC (Figure 10).

Cell-cell interactions between MSC and immune cells showed to modulate immune
suppression, which also influences inflammatory processes, such as hematopoietic stem cell
engraftment and MSC differentiation (Wang et al., 2018). Thus, it is possible that surface
markers shared by MSC, HSCs, monocytes and other immune cells might be antigens that

interact with aptamers.

5.7 Confirmation of the surface profile of FACS-sorted aptamer-stained MSC

The aptamer-MSC characterization indicated APT10 and APT15 as promising
markers for MSC. In view of that, we wanted to demonstrate if the MSC population bound to
those aptamers retained the CD90+/CD105+ profile. Therefore, MSC were stained with
APT10 and APT15. The aptamer-positive populations were isolated and recovered by FACS.
The collected “aptamer-sorted MSC” were immunolabeled for MSC markers (CD90 and
CD105) and monocyte marker (CD14), and submitted to a standard flow cytometry analysis.

In order to confirm the binding potential of MSC to aptamers, “aptamer-sorted MSC”
were analyzed under three different conditions: 1. concomitant analysis and FACS isolation
(Fresh “aptamer-sorted MSC”, Figure 18); 2. FACS isolation followed by two weeks in
culture (Cultured “aptamer-sorted MSC”, Figure 19); and 3. a second FACS isolation after

two weeks in culture (Fresh “aptamer-sorted MSC” after cultivation, Figure 20). The MSC
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cell population was defined as described before (SSC-A scatter versus FSC-A scatter). After

debris, doublets and apoptotic cells exclusion, aptamer positive cells (6-FAM fluorescent

emission) were identified and isolated by FACS.

After labeling and isolating MSC bound to aptamers by FACS, a restaining of fresh

“aptamer-sorted MSC” was done using anti-surface marker antibodies (CD90 and CD105).

These fresh isolated cells were analyzed by flow cytometry to check the the population

stemness profile (Figure 18). It was found that 99% of cells were positively labeled for MSC

CD90" and CD105" populations. Conversely, only 2.2 to 7.6% of the cell population was

positive for the CD14 monocyte marker. Additionally, the fresh “aptamer-sorted MSC”

maintained the aptamer staining verified prior to FACS isolation, suggesting that the possible

target should bind the aptamers in a stemness way.
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Figure 18. Flow cytometry analysis of MSC surface marker profiles of freshly isolated aptamer-positive

population of MSC by flow cytometry. Fresh aptamer-sorted MSC stained with APT10 and APT15 by FACS.
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The positive aptamer population were isolated and the flow cytometry results showed that restained cells are
99% labeled for CD90 and CD105 antigens. For the CD14 monocyte marker, only 2-7% of cells were stained.

Remaining aptamer transitory staining was also observed after isolation of fresh aptamer-stained MSC.

After the first FACS isolation of the MSC population bound to APT10 and APT15,
the cells were recovered and kept in sterile conditions for proliferation during two weeks.
Then, these first time-sorted cells were stained for CD90, CD105 and CD14 surface markers
immunofluorescence for profile evaluation by flow cytometry (Figure 19). Differently from
the freshly sorted cells, it was observed that aptamer-isolated MSC lose their binding to
aptamers effectiveness after cultivation, but keep their MSC surface profile. This can be
conclude since the whole population (99%) was stained by anti-CD90 and CD105
immunofluorescence. The negative labeling for the monocyte surface marker CD14 (less than

1%) ensured that APT10 and APT15 bound specifically to MSC.
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Figure 19. Flow cytometry analysis of MSC surface marker profiles after in vitro culture of aptamer-
sorted MSC. Aptamer-sorted MSC isolated and recovered by FACS were cultivated in vitro and analyzed
regarding CD90, CD105 and CD14 surface markers by flow cytometry. APT10 and APT15-sorted population
showed a loss of aptamer staining after in vitro cultivation but remained the MSC marker profile, with 99% of

staining for CD90" and CD105" cells and 1% labeled for CD14 monocyte marker.

Since “aptamer-sorted MSC” lost the aptamer staining after their in vitro cultivation, a
second time isolation of these sorted MSC was performed by FACS. Those cells were
restained with APT10 and APT15, isolated and recovered for their surface marker profile
verification (Figure 20). The new fresh “aptamer-sorted MSC” were analyzed for CD90,
CD105 and CD14 expression by flow cytometry. 90% of APT10-sorted MSC were CD90"

and CD105", while not expressing the monocyte surface marker CD14. Analysis of the
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“APT15-sorted MSC” after cultivation showed 92% of CD90" cells and 72% of CD105"

population. Additionally, 2.4% of APT15-sorted MSC expressed the monocyte marker CD14,

indicating a possible weak differentiation process.
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Figure 20. Flow cytometry analysis of MSC surface marker profiles of fresh aptamer-restained MSC after

in vitro cultivation. Aptamer-sorted MSC recovered by FACS and cultivated in vitro were isolated for a second

time using APT10 and APT15. These new fresh aptamer-stained cells were analyzed regarding CD90, CD105

and CD14 surface markers by flow cytometry. Fresh APT10-sorted population stained 90% of CD90" and

CD105" cells; fresh APT15-sorted cells were and 92% and 72% stained for CD90 and CD105; aptamer-sorted

MSC lost some staining after in vitro cultivation even after their restaining for FACS experiment (3-11% for

APT10 stained cells and 2-7% for APT15 stained cells).

These results showed a shift in aptamer staining after cell sorting, since the labeling

decreases after the isolation and cultivation processes (Figure 20). Thus, when sorted cells
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were positive for CD90 marker, APT10 and APT15 presented a staining of 3.9% and 2.2%
respectively.

On the other side, CD105" population showed 11.4% and 7.7% of APT10 and APT15
staining. Regarding the unstained MSC (Figure 20), it was observed a heterogeneous cell
population that disappeared after the aptamer staining and isolation of the cells. In this way,
besides aptamer-sorted MSC having preserved the CD90" and CD105" phenotypes, they are
still able to proliferate, replicating the stem cell population. Therefore, MSC antigens bound
to aptamer might be in some way involved in a microenvironment, which maintains stemness
capacities of MSC. A recent study by Grasso et al. (2016) showed that different subsets of
populations (tumorigenic CD133" and CD133" cells) derived from sorting experiments
preserved their functions. At the same time, it was showed that CD133- population isolated
from human melanoma cell lines preserves the CD133" phenotype characteristics (by in vitro
and in vivo methods) This could be due to the inclusion of several sorting experiments for the
complete subpopulations purification to reduce the heterogeneity influence of isolated cells
(Grasso et al., 2016). Another study (Neftel et al., 2019) analyzed four different populations
of glioblastoma cells (sorted) showing that they varied in the same four states, even after their
isolation. These cell subpopulations kept their heterogeneity when analyzed after an in vivo
procedure, possibly due to an association with genetic drivers that converge to the same
cellular stages.

Therefore, when aptamer-stained cells are subjected to sorting experiments, it is
supposed that they may recover the heterogeneity of the provided initial MSC populations.
This occurs due to their genetic capacity of recovering to an initial cell state of heterogeneity
(meaning undifferentiated coexisting with progenitor cells). It is known that MSC have a
heterogeneous microenvironment, in which progenitors cells are present in a quiescent state

(Klimczak and Kozlowska, 2015). Considering that, MSC are not a homogeneous population,


https://www.ncbi.nlm.nih.gov/pubmed/?term=Klimczak%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26823669
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kozlowska%20U%5BAuthor%5D&cauthor=true&cauthor_uid=26823669
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sorted-aptamer stained cells maintained their MSC phenotypic profile. Moreover, recovered
cells did not show any CD14" population, indicating that aptamers do not bind specifically to

monocytes.

5.8 Differentiation potential of isolated aptamer-stained MSC

Since aptamer-stained MSC maintained their surface marker profile after sorting
experiments, it was performed a cell sorting procedure (FACS) of aptamer-stained DP-MSC
using the aptamers APT1, APT3, APT10 and APT15 for the MSC. APT1 and APT3 were
included in order to investigate if a small binding rate would mean that any specific target is
interacting with aptamer. The “aptamer-sorted MSC” were recovered and cultivated during
two weeks under sterile conditions for a differentiation study of these aptamer-MSC
population. MSC that were not subjected to the sorting isolation were used as undifferentiated
(UND) and differentiated (CTL) controls for osteogenesis, chondrogenesis and adipogenesis
differentiation, the mean phenotypes induced by MSC. Aptamer-sorted MSC and non-sorted
MSC (CTL) were kept in specific optimal cell culture conditions for each type of
differentiation for 14 days. Undifferentiated cells (UND) were cultivated in stemness cell
culture conditions.

Differences in cell morphology of the adhered MSC, as described by Allameh et al.
(2016), were verified during the differentiation period (Figure 21). Non-sorted UND cells
remained with the same morphology profile on both day 0 and day 14 of differentiation. In the
meanwhile, non-sorted CTL presented a differentiated shape profile. APT-sorted MSC
showed the same pattern of CTL differentiation, which could be confirmed by quantitative
and qualitative analyses of the specific cell types staining. All samples were fixed on day 14
of differentiation. Osteogenic, chondrogenic and adipogenic-differentiated MSC were stained

with alizarin red S, toluidine blue and oil red-O, respectively. Analysis was performed using



78

the TissueFAXS equipment, based on a high resolution brightfield microscopy image that is

integrated to single cell labeling quantification.

ipogenesis
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Osteogenesis
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Figure 21. Cellular differentiation of heterogeneous MSC and aptamer-sorted MSC. In vitro differentiation
assay of adhered derived-MSC under specific conditions during 14 days. Non-sorted differentiated MSC
(positive control) and aptamer-sorted MSC were induced to differentiate into chondrocytes, adipocytes and

osteocytes cells. Non-sorted undifferentiated MSC were used as negative control. APT1, APT3, APT10 and
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APT15 were used for FACS cell isolation and differentiation processes were captured by brightfield microscopy;
n=3.

The differentiation potential was investigated (Figure 21) by an image analysis to
quantify the intensity of histochemical stained cells, which is based on a mask created by the
software StrataQuest® (multishade mask - detected by color tonalities). The detecting colors
used for this analysis were red for osteogenic-derived MSC, dark-brown dots for adipogenic-
derived MSC and dark-purple for chondrogenic-derived MSC. These masks were all
established by a comparison between UND and CTL controls (negative and positive) and they
were used to quantify single cells in a tissue environment (tissue cytometry) according to their
staining intensity.

Chondrogenic differentiation secrete an extracellular matrix composed of anionic
proteoglycan and glycosaminoglycan molecules, which interacts with a cationic toluidine blue
dye that produces a purple tone for cartilaginous tissue (Bergholt et al., 2019 and Terry et al.,
2000). Adipogenic induction is identified by the occurrence of lipid vacuoles. Oil red O is a
lipophilic dye that reacts with fat and produces a reddish color stain (Bumbrah, et al., 2019).
Osteogenic differentiation can be identified based on the mineralization of a calcium matrix
that interacts with the alizarin red S dye, forming calcified deposits (Shah et al., 2016). CTL
and APT-derived MSC samples showed higher tendency to be differentiated compared to
UND sample, which had not been induced to differentiation into chondrocytes, adipocytes
and osteocytes. CTL, APT3, APT9 and APT15-sorted MSC underwent differentiation, and
APT-sorted MSC displayed a tendency of enhanced differentiation into the three cell types.
Moreover, the mean color intensity of APT3-derived MSC and APT15-derived MSC was
significantly higher compared to the intensity of CTL-differentiated MSC into osteocyte and

adipocyte phenotypes, respectively.
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Figure 22. Differentiation potential of MSC quantified by tissue cytometry. Quantification of
chondrogenesis, adipogenesis and osteogenesis process originated from sorted and non-sorted DP-MSC.
Comparison between the undifferentiated MSC (UND) as negative control, the differentiated cells from non-
sorted MSC (CTL) as positive control, and differentiated cells from aptamer-sorted MSC (In this figure, APT3,
APT9 and APT15-sorted MSC). Mean intensity units are Mask-based on the color tonalities of the induced cell
types (purple for chondrocytes, reddish-brown for adipocytes and red for osteocytes). Analysis procedured by

TissueFAXS method, statistical analysis (CTR as control) with Bonferroni post hoc test, n=3

The other APT-derived MSC samples, such as APT1 and AP10 sorted cells (n=1),
were not available for triplicate analysis due to their sensitiveness to differentiation medium.
Even though, they presented a tendency to produce a better differentiation performance than
conventional differentiation of MSC (Figure 23). When determining the efficiency of
chondrogenesis, adipogenesis and osteogenesis induction, all APT-derived MSC showed
higher mean color intensities compared to undifferentiated controls. The exception is given by

APT10-derived MSC differentiated into adipocytes, since they showed a lower mean staining
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intensity in comparison to UND samples. However, because this experiment has only one

replicate, we cannot reach a conclusion.
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Figure 23. Mean color intensity comparison for aptamer-sorted and non-sorted differentiated MSC
determined by tissue cytometry. Quantification of chondrocytes, adipocytes and osteocytes originated from
DP-MSC by mean color intensity comparison between undifferentiated MSC (UND), differentiated cells from
not sorted MSC (CTL) and differentiated cells from aptamer-sorted MSC (APT1, APT3, APT9, APT10 and

APT15-sorted MSC).

The differentiation potential of APT-derived MSC was better for APT3 and APT15-
sorted MSC, as they showed increased tendency to differentiate compared to UND and CTL
controls. This was mainly significant regarding APT3-derived MSC differentiation into
osteocytes and APT15-derived MSC differentiation into adipocytes. Even though, all

aptamers maintained the capacity to undergo differentiation process. These results are
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important to assume that interactions between aptamers and specific cell surface targets, as
previously shown, maintain cell function above expectations.

Recently, aptamers sparked therapeutic interest because of their vast applications, such
as the first aptamer approved drug. Maccugen® is an aptamer that binds to vascular
endothelial growth factor (VEGF), replace antibodies in their use as high-affinity binders,
leading to therapeutic effects (Zhou and Rossi, 2016). Furthermore, aptamers have been
selected as molecular probes, pharmaceutical drugs and diagnostic tools for diseases based on
their interaction with proteins of therapeutic or diagnostic relevance, such as the prostate-
specific membrane antigen (PSMA), coagulation factor 1Xa (FIXa), human epidermal growth
factor receptor 2 (HER-2) and protein tyrosine kinase 7 (PTK7). In view of the high-affinity
binding characteristics of aptamers, these will benefit from specific cell targeting and isolation
for therapeutic applications. MSC-based therapies might be explored by aptamers that
recognize specific targets expressed by MSC, and the importance of biomarkers discovery

was explored in this work.

5.9 Identification of surface proteins bound to aptamers

It has been defined that aptamers were presenting an interesting result for the
interaction with MSC from different origins. After all necessary characterizations for pattern
determination between aptamers and MSC, the specific antigen that was interacting with
aptamers was sought.

Based on our results, we decided to analyze which biomarkers would bind to APT10,.
In this way, APT10 and CNTR APT sequences were used to exclude the interaction with
unspecific antigens. These sequences were chemically synthetized with a biotin molecule

coupled to the 5’end of the DNA oligonucleotides. This biotin molecule was also separated by
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an 18 carbon chain from the first nucleotide belonged to the strand, as the aptamer sequences
synthetized before.

The biotin-aptamers were attached to a streptavidin molecule immobilized in agarose
bead for a Pull Down assay. To make sure this interaction was correctly performed, standard
experiments (using biotin-APT10 sequence) were performed to find the better conditions for
the aptamer coupling (Figure 24). After following the protocol procedures for the incubation
of aptamer (5 uM) and streptavidin (0.6 pg) at 25°C, the binding between biotin-aptamer and
streptavidin molecules was verified.

Biotin-streptavidin has a non-covalent interaction that forms a strong complex
composed by biotin vitamin molecule and streptavidin bacterial protein, which may be
disrupted under elevated temperatures (Holmberg et al., 2005). This high binding affinity
brings an advantage to detect proteins that interact with biotinylated DNA ligands.

Therefore, denaturation conditions at 25°C were tested and analyzed in a 10%
polyacrylamide gel electrophoresis (Figure 24A). After biotin-coupled APT10 binding to the
streptavidin agarose bead, unbound biotin-aptamer was analyzed after the first bead washing
(Lane 2) until there was no more unbound DNA (Lane 3). Since the biotin-aptamer was
strongly complexed to the beads, two elution conditions were tested: 6M urea solution (Lane
4) and 10% SDS-6M urea solution (Lane 6) at 25°C. Both conditions revealed none or very
weak disruption of biotin-coupled aptamers from the agarose beads (Lanes 5 and 7). To
confirm the immobilized aptamer status, we also included in the polyacrylamide gel 1 pM
biotin-APT10 (positive control, Lane A). Results allowed to conclude that denaturation at

25°C did not break the biotin-streptavidin complexes.
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Figure 24. Confirmation of biotin-aptamer DNA binding to streptavidin-immobilized beads for affinity
chromatography assays. 10% polyacrylamide gel electrophoresis was performed to select the standard
conditions to analyze the link between biotin-APT10 and streptavidin molecules immobilized in agarose for pull
down assay. A) Unbound biotin-APT after 1% and 3™ washes (Lanes 2 and 3) from the molecule complexes;
elution of biotin-APT by denaturation at 25°C (Lane 4: 6M urea solution, Lane 6: 10% SDS + 6M urea solution);
remained biotin-aptamer on agarose beds (Lane 7). B) Unbound biotin-APT after 1% and 3™ washes (Lanes 2 and
3) from the molecule complexes; elution of biotin-APT by denaturation at 95°C (Lane 4: 6M urea solution, Lane
6: 10% SDS + 6M urea solution); remained biotin-aptamer on agarose beads (Lane 7). The pure biotin-APT10
sequence (70 bp) was used as DNA staining-positive control in the polyacrylamide gel; 100 bp DNA Ladder

(Thermo Fisher Scientific)

For the second denaturation condition (Figure 24B), a 10% polyacrylamide gel
electrophoresis confirmed the binding between biotin-APT10 and streptavidin molecules after
the first and third washes (Lanes 2 and 3). After an elution of the biotin-aptamer at 95°C, both
conditions (6M urea solution and 10% SDS-6M urea solution) resulted in a recovery of the
biotin-aptamer sequences (Lanes 4 and 6, respectively). Moreover, the Lanes 5 and 7 exhibit a

low proportion of biotin-aptamer that remained linked to streptavidin molecules, confirming
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the restoration of biotin-aptamer from the streptavidin agarose beads. Pure biotin-APT10 was
used in the polyacrylamide gel as a positive control for DNA presence.

Since the biotin-aptamer DNA was confirmed to be associated with streptavidin
molecules, the correct conditions for the pull down assay were established. We adapted our
protocol according to SAPA assay (streptavidin-agarose pull down assay), which has been
used to detect proteins from a nuclear extract (Wu, 2016).

For the pull down assay, we first detached DP-MSC from the culture plate using
TryPLE enzyme, which presents a gentle activity to decrease the impact on the cell surface
membrane. We tested three protein extraction conditions (Figure 25A): trypsin treatment,
0.1% triton X-100 detergent, and a sonication process. Differently from the previous
experiment, we did not use ionic buffers mixed to soft detergents as the final method, since
such a protocol had been developed for nuclear proteins, and not plasma membrane epitopes.
Therefore, as we needed to find exclusive extracellular proteins, cells were rapidly sonicated
incubated with protease inhibitor, after the plasma membrane recovering process. After the
cellular membrane lysate incubation with the biotin-aptamer-streptavidin complexes, the
antigens that bound to APT10 and CNTR APT were eluted under denatured conditions and
submitted to 16% SDS-polyacrylamide gel electrophoresis. After this experiment, we could
identify the protein extract (proteins not bound to the APT-streptavidin complex), the washing
steps to eliminate the unbound proteins, and the eluted proteins for each condition. For the
both trypsin and Triton reagent conditions, there were no differences in protein content
between APT10 and CNTR APT eluted samples. However, the sonication process resulted in
a different protein content for APT10 and CNTR APT samples standing out as the best
procedure. Following the sonication protocol, proteins were extracted from the gel (Figure 25)

(black square area) and analyzed by mass spectrometry.
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Figure 25. Verification of membrane surface proteins bound to aptamers in a pull down assay with DP-
MSC and blood cell lysates. 16% SDS-PAGE analysis of proteins linked to biotin-aptamer-streptavidin
complexes in a pull down assay. A) Protein pattern obtained from a pull down assay that used DP-MSC lysates
acquired under 3 conditions: 0.25% trypsin treatment, 0.1% Triton X-100, and sonication. All procedures were
applied for streptavidin-immobilized APT10 and CNTR APT. The sonication protocol resulted in the unbound
proteins extract (which did not bound to aptamer complexes), the unbound proteins in washing steps, and the

eluted proteins in APT10 and CNTR APT samples. B) Protein pattern obtained from a pull down assay that used
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blood cell lysates by sonication protocol treatment. The results show the unbound proteins extract, the unbound
proteins in washing steps and the eluted proteins in APT10 and CNTR APT samples. All eluted proteins shown
by the black square area were recovered from the gel and sent to mass spectrometry analysis. PageRuler

Prestained Protein Ladder (Thermo Scientific).

We introduced human blood cells as another negative control for the pull down assay
and mass spectrometry analysis, since it is necessary to validate the results here reported, and
because MSC might be in contact with these microenvironment situations. Fresh human blood
cells were submitted to the same pull down protocol as used for DP-MSC and were analyzed
in a 16% SDS-polyacrylamide gel (Figure 25B). The gel revelaed the unbound proteins that
did not interacted to the aptamer-streptavidin-membrane lysate, the washing steps of unbound
proteins, and the eluted proteins that were binding to APT10 and CNTR APT samples. These
antigens bound to aptamers were recovered from the polyacrylamide gel and submitted to
mass spectrometry analysis. APT10 and CNTR APT bound to a higher amount of proteins,
which could not be discriminated by the SDS-PAGE. In fact, we used PBMCs as a negative
control for most of our results, but as observed before, there are possible antigens that might
be co-expressed by immune cells and MSC. Therefore, to identify specific biomarkers of
MSC, it is necessary to exclude proteins that may bind to the negative controls: CNTR APT

and blood cells.

5.10 Analysis of MSC biomarkers bound to specific aptamers

The proteins obtained by pull down assay coupled to a SDS-PAGE trypsin-digest were
sent to a mass spectrometry analysis to identify biomarkers for MSC. The samples were
divided into “APT10-proteins for MSC”, “CNTR APT-proteins for MSC”, “APT10-proteins
for blood cells”, and “CNTR APT-proteins for blood cells”. Treated samples were analyzed

by CEFAP Biomass facility (IB-USP) and protein identification was performed by Proteome
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Discovery 1.4 software (SEQUEST search engine, Thermo Scientific). The analysis is based
on NCBInr and Uniprot protein online data banks, which correlate amino acid sequences to
the peptide mass spectrum results based on algorithms. Mass spectrometry analysis resulted in
2148 proteins for APT10 bound to the MSC lysate, 3550 proteins for CNTR APT bound to
the MSC lysate, 1163 proteins for APT10 bound to the blood cell lysate and 1392 proteins for
CNTR APT bound to the blood cell lysate. First, the proteins from the CNTR APT groups
that appeared in the APT10 groups were eliminated, remaining only proteins specific to
APT10 binding. The list of “APT10-proteins for MSC” that excluded the non-specific
proteins shared with CNTR APT group is found in Attachment 1 (51 remained proteins). For
the “APT10-proteins for blood cells”, 31 proteins were not shared with CNTR APT/blood cell
group.

It was then necessary to eliminate the remaining proteins that appeared both in MSC and
blood cell / APT10-groups. Therefore, 11 proteins only appearing in “APT10-proteins for
MSC” were identified (Table 3) and evaluated in terms of functionality and location.

All proteins characterized as MSC antigens and with binding specificity to APT10
were verified on RSCB PDB and the Uniprot online data bank. We verified the function and
location of these proteins, and a significant number of proteins were membrane proteins from
the endoplasmic reticulum and Golgi complex. They were also composing cytoskeleton and
cytoplasmic enzymes, meaning that they could be proteins binding to aptamers during an
apoptotic stage or after aptamer internalization. Another possibility is the internalization via
endocytosis, since there are studies showing that recognition by cell surface receptors might
promote aptamer uptake (Zhou and Rossi, 2009).

Nevertheless, two promising proteins were identified with extracellular location on
human MSC: Disintegrin and metalloproteinase domain-containing protein 17 (ADAM17)

and VAMP3 (vesicle-associated membrane protein 3). Based on Uniprot data bank analysis,
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ADAM17 is a transmembrane metallopeptidase (extracellular, transmembrane and
cytoplasmic domains) with several functions including signaling pathway regulation of the
transforming growth factor beta receptor (TGF-B), a receptor of the growth factor involved
with the differentiation of MSC. VAMP3 is involved in vesicular transportation from the
plasma membrane to Golgi complex via endocytosis. This protein has a transmembrane (is an
anchor for a membrane protein), a cytoplasmic and a vesicular domains. Its involvement in
immunity by its extracellular vesicles, which are known to be secreted by MSC, has already
been reported (Uniprot data bank).

The amino acid sequence of human ADAML17 has two isoforms (depending on the
alternative splicing), but the peptide sequence found by mass spectrometry (that binds to
APT10)  was: NYGKTILTKEADLVTTHELGHNFGAEHDPDGLAECAPNEDQGGK
(Figures 26A and 26B). ADAM 17 cleaves important cell surface proteins (Uniprot data
bank).

For VAMP3, there is only one isoform and one amino acid sequence. The peptide

sequence found by mass spectrometry was: LQQTQNQVDEVVDIMR (Figure 26C).

MROSLLFLTSVVPEFVLAPRPPDDPGFGPHQRLEKLDSLLSDYDILSLSNIQQHSV
/\ RKRDLOTSTHVETLLTFSALKRHFKLYLTSSTERFSQNFKVVVVDGKNESEYTVK
WODFFTGHVVGEPDSRVLAHIRDDDVIIRINTDGAEYNIEPLWREVNDTKDKRML
VYKSEDIKNVSRLOSPKVCGYLKVDNEELLPKGLVDREPPEELVHRVKRRADPDP
MKNTCKLLVVADHRFYRYMGRGEESTTTNYLIELIDRVDDIYRNTSWDNAGEFKGY
GIQIEQIRILKSPQEVKPGEKHYNMAKSYPNEEKDAWDVKMLLEQFSFDIAEEAS
KVCLAHLFTYQDEFDMGTLGLAYVGSPRANSHGGVCPKAYYSPVGKKNIYLNSGLT
STKNYGKTILTKEADLVTTHELGHNFGAEHDPDGLAECAPNEDQGGKYVMYPIAV
SGDHENNKMFSNCSKQSIYKTIESKAQECEFQERSNKVCGNSRVDEGEECDPGIMY
LNNDTCCNSDCTLKEGVQCSDRNSPCCKNCQFETAQKKCQEAINATCKGVSYCTG
NSSECPPPGNAEDDTVCLDLGKCKDGKCIPFCEREQQLESCACNETDNSCKVCCR
DLSGRCVPYVDAEQKNLFLRKGKPCTVGFCDMNGKCEKRVQDVIERFWDEFIDQLS
INTFGKFLADNIVGSVLVESLIFWIPFSILVHCVDKKLDKQYESLSLEFHPSNVEM
LSSMDSASVRIIKPFPAPQTPGRLOQPAPVIPSAPAAPKLDHQRMDTIQEDPSTDS
HMDEDGFEKDPEFPNSSTAAKSFEDLTDHPVTRSEKAASFKLORONRVDSKETEC



MROSLLFLTSVVPEVLAPRPPDDPGFGPHQRLEKLDSLLSDYDILSLSNIQQHSV
RKRDLOTSTHVETLLTFSALKRHFKLYLTSSTERFSQONEFKVVVVDGKNESEYTVK
WODFFTGHVVGEPDSRVLAHIRDDDVIIRINTDGAEYNIEPLWREVNDTKDKRML
VYKSEDIKNVSRLOSPKVCGYLKVDNEELLPKGLVDREPPEELVHRVKRRADPDP
MKNTCKLLVVADHREFYRYMGRGEESTTTNYLIELIDRVDDIYRNTSWDNAGEKGY
GIQIEQIRILKSPQEVKPGEKHYNMAKSYPNEEKDAWDVKMLLEQFSFDIAEEAS
KVCLAHLFTYQDFDMGTLGLAYVGSPRANSHGGVCPKAYYSPVGKKNIYLNSGLT
STKNYGKTILTKEADLVTTHELGHNFGAEHDPDGLAECAPNEDQGGKYVMYPIAV
SGDHENNKMFESNCSKQSIYKTIESKAQECFQERSNKVCGNSRVDEGEECDPGIMY
LNNDTCCNSDCTLKEGVQCSDRNSPCCKNCQFETAQKKCQEAINATCKGVSYCTG
NSSECPPPGNAEDDTVCLDLGKCKDGKCIPFCEREQQLESCACNETDNSCKVCCR
DLSGRCVPYVDAEQKNLFLRKGKPCTVGFCDMNGKCEKRVQDVIERFWDFIDQLS
INTEFGKFLADNIVGSVLVEFSLIFWIPFSILVHCV

MSTGPTAATGSNRRLOQOTONQVDEVVDIMRVNVDKVLERDQKLSELDDRADALQA
GASQFETSAAKLKRKYWWKNCKMWAIGITVLVIFIIIIIVWVVSS
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Figure 26. Amino acid sequences of ADAM 17 and VAMP3 proteins found by spectrometry mass for

MSC. Proteins ADAM17 and VAMP3 amino acid sequences found by mass spectrometry for APT10 derived

samples from the pull down assay with MSC. A) Isoform A of ADAM17 human protein, which is altered by

alternative splicing. B) Isoform B of ADAM17 protein. Both isoforms contain the peptide sequence (red:

residues 389-432) found by mass spectrometry. C) The only isoform sequence of VAMP3 human protein and its

peptide sequence found by mass spectrometry (red: residues 15-30). Information and sequence provided by

Uniprot online data bank.

Table 4.: Description of proteins identified by mass spectrometry when bound to the complex
“APT10-MSC surface lysate” after a pull down assay.

Accession
number

P61803

Q15836

P78559

P21964

Q15645

Protein description

Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit DAD1 OS=Homo
sapiens OX=9606 GN=DAD1 PE=1 SV=3 - [DAD1_HUMAN]

Vesicle-associated membrane protein 3 OS=Homo sapiens OX=9606 GN=VAMP3 PE=1
SV=3 - [VAMP3_HUMAN]

Microtubule-associated protein 1A OS=Homo sapiens OX=9606 GN=MAP1A PE=1 SV=6 -
[MAP1A HUMAN]

Catechol O-methyltransferase OS=Homo sapiens OX=9606 GN=COMT PE=1 SV=2 -
[COMT_HUMAN]

Pachytene checkpoint protein 2 homolog OS=Homo sapiens OX=9606 GN=TRIP13 PE=1
SV=2 - [PCH2_HUMAN]
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000303 Eukaryotic translation initiation factor 3 subunit F OS=Homo sapiens OX=9606 GN=EIF3F
PE=1 SV=1 - [EIF3F_HUMAN]

Q86Y82 Type-1 angiotensin Il receptor-associated protein OS=Homo sapiens OX=9606
GN=AGTRAP PE=1 SV=1 - [ATRAP_HUMAN]

Q8TCJ2 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit STT3B OS=Homo
sapiens OX=9606 GN=STT3B PE=1 SV=1 - [STT3B_HUMAN]

P78536 Disintegrin and metalloproteinase domain-containing protein 17 OS=Homo sapiens OX=9606
GN=ADAM17 PE=1 SV=1 - [ADA17_HUMAN]

P46778 60S ribosomal protein L21 OS=Homo sapiens OX=9606 GN=RPL21 PE=1 SV=2 -
[RL21_HUMAN]

Q9UGPS8 Translocation protein SEC63 homolog OS=Homo sapiens OX=9606 GN=SEC63 PE=1 S\VV=2
- [SEC63_HUMAN]

Therefore, the peptide sequence of ADAM17 represents a part of the catalytic site of
this enzyme (Maskos et al., 1998), to which APT10 supposedly binds in MSC surface area.
VAMP3 should have an affinity to APT10, which is associated with MSC-secreted

extracellular vesicles or internalization of the aptamer (Rani et at., 2015).

5.11 Bioinformatic analysis of APT10 binding to ADAM17 and VAMP3

ADAMs are single-pass transmembrane proteins with a characteristic modular domain
organization. ADAM17 has an ectodomain that contains an N-terminal signal sequence and
an adjacent pro-domain, followed by metalloproteinase, disintegrin, and cysteine-rich
domains (Figure 27A). Docking of the aptamer on the ADAMI17’s surface (Table 4) was
generated based on the metalloprotease domain’s crystallized structure, while a homology
model of the cysteine-rich and disintegrin domains were considered for discussion. ADAM10
structure suggests that the cysteine-rich domain prevents access of protein substrates to the
active site, which results in auto inhibition (Seegar et al.,, 2017). Similarly, ADAM17
inhibited state was modelled by including the disintegrin and cysteine-rich domains (Figure

27B), delimiting the surface where a potential inhibitory aptamer could interact (Figure 27C).
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Figure 27. Modeling of ADAML17 interaction with aptamer 10. A) ectodomain organization evidencing the
following features: SS, signal sequence; Pro, pro-domain; M, metalloproteinase (blue); D, disintegrin (green); C,
cysteine-rich (light orange); The red box encompasses the portion of the protein visualized in the structural
model. B) Structural model of ADAMI17’s based on ADAM10 homologue and the respective structure co-
crystallized with the inhibitor (cyan ball and sticks model); C) ADAMI17’s metalloprotease domain and its

suggested interaction with the sSSDNA aptamer.
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Table 5.: Scoring information of ADAM17 and aptamer interaction, as predicted by HDock.

Lowest energy structure was chosen for structural interpretation.

Rank Docking Ligand rmsd
Score (A)
1 -269.03 59.36
2 -245.87 62.91
3 -244.24 55.03
4 -237.63 58.69
5 -235.63 66.83
6 -235.43 59.59
7 -233.58 58.36
8 -233.52 60.07
9 -229.51 52.81
10 -229.37 57.3

ADAM17 or TACE is a tumor necrosis factor (TNFa) converting enzyme that
participate in several transmembrane ectodomains cleavage, and is associated with resultant
signaling processes (Granato et al., 2018). ADAM enzymes are catalytic Zn®*-dependent and
has both proteolytic and adhesion properties. 21 types of ADAM were described for human
species and some of them may lose their enzymatic potential according to the different phases
of cellular cycle, which can be related to the decrease in extracellular [Zn**] (Gooz, 2010).
ADAML1Y7 is involved in inflammatory processes. It is reported as an enzyme for adhesion
substrates: TNFa and TNFa receptors, IL-6 receptor, 1L-15 receptor, L-selection and others
molecules (Tang et al., 2011). TGF-p is another substrate for the ADAM17 enzyme, Since the
peptidase cleaves this transmembrane growth factor and inhibits TGF-§ signaling processes
(Malapeira et al. 2011). TGF-B is involved in the differentiation process of MSC through cell
interactions and extracellular signaling factors, meaning that several cascade pathways
develop and influence chondrogenesis, adipogenesis and osteogenesis (Grafe et al., 2018). All
these factors corroborate the APT10 binding to MSC, since the undifferentiated state of these

cells is promoted by ADAM17, inhibiting the TGF-p signaling process during differentiation.
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Moreover, when these ADAM17-expressed stem cells are bound to APT10 and are isolated
by sorting methods, the new set of subpopulation has their ADAML17 catalytic site blocked by
APT10. Consequently, MSC remain multipotent for later differentiation induction. Thus, it is
possible that there is a reactivation of TGF-B signaling as suggested by the tendency of
enhanced differentiation potential of MSC, when the cells bound to aptamers have been
isolated. Furthermore, our results also showed that after cycles of aptamer-sorting isolation,
the aptamer binding rate decreases for these sorted-MSC. Nether the less, MSC remained
labeled with fluorescent aptamers after hours of the isolation experiment, meaning APT10
was still bound to the catalytic site of ADAML17, and MSC were halted from undergoing
spontaneous differentiation.

In parallel, vesicle-associated membrane protein 3 (VAMP3, Q15836) sequence was
modelled as full-length, using rat VAMP2 (sequence identity of 78% and 99% similarity in
covered regions). VAMP3 acts in the regulation of endocytosis and belongs to a
transmembrane complex of proteins named soluble N-ethylmaleimide-sensitive factor
activating protein receptor (SNARES), which are involved in content transportation into
intracellular localities (Zhu et al., 2017). Two structures from VAMP2 were used as template
in order to generate models with different protein conformations: the VAMP2 alone model
(based on the NMR structure 2KOG, Ellena et al.,2009) and the VAMP2 within the SNARE
complex (3HD7, resolution: 3.4 A, Stein et al., 2009). As the structural model of human
VAMP3 is not available, its binding with APT10 presented a tricky understanding in terms of
binding location in the secondary structures (Figure 28).

MSC contain extracellular vesicles that play important roles in the communication of
cells related to immune processes, and in cell differentiation (Phan et al., 2018). Moreover,
MSC release soluble cytokines and other molecules that depend on the microenvironment of

their location (Leuning et al., 2018). In this way, it is hypothesized that APT10 binds to the
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VAMP3 membrane vesicle since the derived-MSC protein influences the extracellular
membrane sites of MSC according to immune and inflammatory responses. These signaling
cascades might result in specific endocytosis and exocytosis transportation (Harrel et al,
2019). In our results, there was considerable binding rate for aptamers and monocytes that

correlates to the regulation of activation and proliferation of immune cells.

A - Selected
; ssDNA aptamer

Figure 28. VAMP3 interaction with aptamer 10 model. A) Structural model of human VAMP3’s based on rat
VAMP2 homologue and the respective structure co-crystallized with ssDNA aptamer; B) VAMP3’s SNARE
final complex based on rat VAMP2 homologue protein, which revealed a tricky understanding due the

complexity and lack of information regarding human VAMP3.
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5. CONCLUSION

Aptamers selected to identify MSC from different origins presented important results
regarding binding features and biomarker discovery. Aptamer-target interaction increased
accordingly with the apoptosis induction of cells, based on the enhanced internalization
potential of the ssDNA ligands. However, immunofluorescence microscopy and tissue
cytometry were precise to show the binding sites of aptamers, which were external for MSC
and both internal and external for monocytes. On the other hand, lower specificity binding
rate exhibited by monocytes (2.5X) compared to MSC (10-16X) suggests unspecific
interactions between aptamers and monocytes. Aptamer-sorting of MSC proved the
maintenance of CD90 and CD105 surface markers, besides showing that MSC yet exhibit
aptamer staining after recovering subpopulations of cells and the maintenance of a
multipotent population able to differentiate into various cellular phenotypes. Pull-down assays
identified ADAM17 and VAMP3 transmembrane proteins that interact with APT10. These
possible biomarkers are supposedly involved in stemness potential. ADAM17 may act in
undifferentiated MSC due to the possible inhibition of TGFp differentiation signaling. When
bound to APT10, the active site of ADAM17 is blocked, increasing multipotency
differentiation potential of aptamer-sorted MSC. In addition, VAMP3 interaction with APT10
reveals specificity of the microenvironment, where MSC are present, since this protein is
involved in the endocytosis and exocytosis of different molecules. Moreover, it is known that
the MSC secretome plays a great role in immune responses and differentiation mechanisms.
Overall, the herein identified proteins will be subject for further investigations aiming the

improvement of MSC-based therapies.
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PERSPECTIVES

Based on the obtained results, further work might be developed, considering the

importance of the MSC biomarkers identified by aptamer binding, as described above:

L X4

X/
L X4

X/
L X4

To determine binding kinetics between aptamers and purified ADAM17 and VAMP3;

To investigate effects of APT10 on ADAML17 enzymatic activity;

To demonstrate the differences in immune environment and responses when MSC are

aptamer-purified;

To test aptamer 10-treated MSC in vivo for cell regeneration therapy.
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ANEXO |

Accession Description (Proteins found to DP-MSC bound to APT10

P07437 Tubulin beta chain OS=Homo sapiens 0X=9606 GN=TUBB PE=1 SV=2 - [TBB5_HUMAN]

PO1891 HLA class | histocompatibility antigen, A-68 alpha chain OS=Homo sapiens OX=9606
GN=HLA-A PE=1 SV=4 - [1A68_HUMAN]

Q15286 Ras-related protein Rab-35 OS=Homo sapiens OX=9606 GN=RAB35 PE=1 SV=1 -
[RAB35_HUMAN]

Q86Y82 Syntaxin-12 OS=Homo sapiens OX=9606 GN=STX12 PE=1 SV=1 - [STX12_HUMAN]

P525g7 Heterogeneous nuclear ribonucleoprotein F OS=Homo sapiens OX=9606 GN=HNRNPF
PE=1 SV=3 - [HNRPF_HUMAN]

QOY4EG WD repeat-containing protein 7 OS=Homo sapiens OX=9606 GN=WDR7 PE=1 SV=2 -
[WDR7_HUMAN]

P56192 Methionine--tRNA ligase, cytoplasmic OS=Homo sapiens OX=9606 GN=MARS PE=1 SV=2
- [SYMC_HUMAN]

Q86Y82 Type-1 angiotensin Il receptor-associated protein OS=Homo sapiens OX=9606
GN=AGTRAP PE=1 SV=1 - [ATRAP_HUMAN]

Q8TCI2 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit STT3B OS=Homo
sapiens OX=9606 GN=STT3B PE=1 SV=1 - [STT3B_HUMAN]

P50552 Vasodilator-stimulated phosphoprotein OS=Homo sapiens OX=9606 GN=VASP PE=1 SV=3 -
[VASP_HUMAN]

095255 Multidrug resistance-associated protein 6 OS=Homo sapiens OX=9606 GN=ABCC6 PE=1
SV=2 - [MRP6_HUMAN]

QY262 Eukaryotic translation initiation factor 3 subunit L OS=Homo sapiens OX=9606 GN=EIF3L
PE=1 SV=1 - [EIF3L_HUMAN]

Q8N6C5 Immunoglobulin superfamily member 1 OS=Homo sapiens OX=9606 GN=IGSF1 PE=1

SV=3 - [IGSF1_HUMAN]




015061 Synemin OS=Homo sapiens OX=9606 GN=SYNM PE=1 SV=2 - [SYNEM_HUMAN]
Q15417 Calponin-3 OS=Homo sapiens 0X=9606 GN=CNN3 PE=1 SV=1 - [CNN3_HUMAN]
Q6ZU65 Ubinuclein-2 OS=Homo sapiens 0X=9606 GN=UBN2 PE=1 SV=2 - [UBN2_HUMAN]
015127 Secretory carrier-associated membrane protein 2 OS=Homo sapiens 0X=9606 GN=SCAMP2
PE=1 SV=2 - [SCAM2_HUMAN]
AGNISE Golgin subfamily A member 6-like protein 10 OS=Homao sapiens OX=9606
GN=GOLGAG6L10 PE=3 SV=4 - [GG6LA_HUMAN]
075431 Metaxin-2 OS=Homo sapiens OX=9606 GN=MTX2 PE=1 SV=1 - [MTX2_HUMAN]
Q8I1ZY?2 ATP-binding cassette sub-family A member 7 OS=Homo sapiens OX=9606 GN=ABCA7
PE=1 SV=3 - [ABCA7_HUMAN]
Q15822 Neuronal acetylcholine receptor subunit alpha-2 OS=Homo sapiens OX=9606 GN=CHRNA2
PE=1 SV=2 - [ACHA2_HUMAN]
P78536 Disintegrin and metalloproteinase domain-containing protein 17 OS=Homo sapiens OX=9606
GN=ADAM17 PE=1 SV=1 - [ADA17_HUMAN]
095714 E3 ubiquitin-protein ligase HERC2 OS=Homo sapiens OX=9606 GN=HERC2 PE=1 SV=2 -
[HERC2_HUMAN]
QOUPX6 UPF0258 protein KIAA1024 OS=Homo sapiens OX=9606 GN=KIAA1024 PE=2 SVV=3 -
[K1024 HUMAN]
P20645 Cation-dependent mannose-6-phosphate receptor OS=Homo sapiens OX=9606 GN=M6PR
PE=1 SV=1 - [MPRD_HUMAN]
Q8WX93 | Palladin OS=Homo sapiens OX=9606 GN=PALLD PE=1 SV=3 - [PALLD_HUMAN]
P0O1111 GTPase NRas OS=Homo sapiens OX=9606 GN=NRAS PE=1 SV=1 - [RASN_HUMAN]
PAGTT8 60S ribosomal protein L21 OS=Homo sapiens OX=9606 GN=RPL21 PE=1 SV=2 -

[RL21_HUMAN]




Translocation protein SEC63 homolog OS=Homo sapiens OX=9606 GN=SEC63 PE=1 S\VV=2

p

QOUGP8 | [SEC63_HUMAN]

094933 SLIT and NTRK-like protein 3 OS=Homo sapiens OX=9606 GN=SLITRK3 PE=2 SV=2 -
[SLIK3_HUMAN]

QUBZF9 Uveal autoantigen with coiled-coil domains and ankyrin repeats OS=Homo sapiens OX=9606
GN=UACA PE=1 SV=2 - [UACA_HUMAN]

P04350 Tubulin beta-4A chain OS=Homo sapiens OX=9606 GN=TUBB4A PE=1 SV=2 -
[TBB4A_HUMAN]

P68032 Actin, alpha cardiac muscle 1 OS=Homo sapiens OX=9606 GN=ACTC1 PE=1 SV=1 -
[ACTC_HUMAN]

000303 Eukaryotic translation initiation factor 3 subunit F OS=Homo sapiens OX=9606 GN=EIF3F
PE=1 SV=1 - [EIF3F_HUMAN]

014828 Secretory carrier-associated membrane protein 3 OS=Homo sapiens OX=9606 GN=SCAMP3
PE=1 SV=3 - [SCAM3_HUMAN]

P11279 Lysosome-associated membrane glycoprotein 1 OS=Homo sapiens 0X=9606 GN=LAMP1
PE=1 SV=3 - [LAMP1_HUMAN]

P61803 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit DAD1 OS=Homo
sapiens 0X=9606 GN=DAD1 PE=1 SV=3 - [DAD1_HUMAN]

015836 Vesicle-associated membrane protein 3 OS=Homo sapiens 0X=9606 GN=VAMP3 PE=1
SV=3 - [VAMP3_HUMAN]

P78559 Microtubule-associated protein 1A OS=Homo sapiens OX=9606 GN=MAP1A PE=1 SV=6 -
[MAP1A_HUMAN]

P21964 Catechol O-methyltransferase OS=Homo sapiens 0X=9606 GN=COMT PE=1 SV=2 -
[COMT_HUMAN]

Q15645 Pachytene checkpoint protein 2 homolog OS=Homo sapiens OX=9606 GN=TRIP13 PE=1

SV=2 - [PCH2_HUMAN]




Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase 3 OS=Homo sapiens OX=9606

Q9PO3S | SN=HACD3 PE=1 SV=2 - [HACD3_HUMAN]

P55060 Exportin-2 OS=Homo sapiens 0X=9606 GN=CSE1L PE=1 SV=3 - [XPO2_HUMAN]

Q8ND30 Liprin-beta-2 OS=Homo sapiens 0X=9606 GN=PPFIBP2 PE=1 SV=3 - [LIPB2_HUMAN]

Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial OS=Homo sapiens

P21912 | 5x=0606 GN=SDHB PE=1 SV=3 - [SDHB_HUMAN]

015400 Syntaxin-7 OS=Homo sapiens OX=9606 GN=STX7 PE=1 SV=4 - [STX7_HUMAN]

Magnesium transporter protein 1 OS=Homo sapiens OX=9606 GN=MAGT1 PE=1 SV=1 -

QOHOU3 | ' \MAGT1 HUMAN]

Cytochrome c oxidase subunit 5A, mitochondrial OS=Homo sapiens 0X=9606 GN=COX5A

P20674 | pE=1 Sv=2 - [COX5A_HUMAN]

P49327 Fatty acid synthase OS=Homo sapiens OX=9606 GN=FASN PE=1 SV=3 - [FAS_HUMAN]

Unconventional myosin-lIb OS=Homo sapiens OX=9606 GN=MYO1B PE=1 SV=3 -

043795 | MYO1B_HUMAN]

Q14254 Flotillin-2 OS=Homo sapiens OX=9606 GN=FLOT2 PE=1 SV=2 - [FLOT2_HUMAN]

Anexo 1. Lista de proteinas relativa a ligacdo do aptamero APT10 as DP-MSC, obtida por

espectrometria de massas.



