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1 | INTRODUCTION

Abstract

Objective: Pericytes surround the endothelial cells of the microvasculature where
they serve as active participants in crucial vascular functions such as angiogenesis,
stability, and permeability. However, pericyte loss or dysfunction has been described
in a number of pathologies. Targeting pericytes could therefore prove instrumental in
the further development of vascular therapeutics.

Methods: To target the pericyte, a proteomic-based approach using antibody phage
display was conducted. We present a novel single-cell selection strategy, with a modi-
fied selection step to drive the selection of antibodies toward relevant pericyte epitopes.
Results: Characterization of the selected antibodies revealed two antibodies with
binding specificity for pericytes. The cognate antigen of one of the antibodies was
identified as pericyte-expressed fibronectin. This antibody was shown to be a potent
inhibitor of pericyte migration and to induce a pro-angiogenic response when included
in a pericyte-endothelial cell co-culture angiogenesis assay.

Conclusions: The selection method provides an efficient platform for the selection of
functional antibodies which target pericytes. We obtain an antibody that interacts
with a fibronectin epitope important for pericyte mobility and functionality. Targeting
of this epitope in pathologies where pericytes are implicated could potentially be of

therapeutic benefit.
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and as such belong to the vascular wall.%? The retina and the brain
have the highest ratio of PCs to ECs (1:1-1:3),% which highlights the

Charles-Marie Benjamin Rouget first described pericytes (PCs) in 1873
as a population of cells surrounding the microvessels. PCs are primarily
found around the microvessels where they connect to endothelial cells

(ECs) via processes that extend through the basement membrane (BM)

Abbreviations: PC, Pericyte; BM, Basement membrane; EC, Endothelial cells; CNS, Central
Nervous System; BBB, Blood-brain barrier; PDGFB, Platelet-derived growth factor subunit B;
TGF-beta, Transforming growth factor beta; HBVP, Human Brain Vascular Pericyte; VSMC,
Vascular Smooth Muscle Cells; HBMEC, Human Brian Microvascular Endothelial Cells; FN,
Fibronectin; MBVP, Mouse Brain Vascular Pericyte; Fab, Fragment antigen-binding; scFv,
Single-chain fragment variable; sdAb, Single-domain antibody; HRP, Horseradish peroxidase.
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special importance of the PC here to ensure central nervous system
(CNS) homeostasis.*~

PCs show an elongated stellate-shaped morphology, with an elab-
orate system of cytoplasmatic branches arising from the cell body that
partially ensheathe the endothelium. Through interruptions in the BM,
the PC forms direct connections to the EC in a peg-and-socket man-
ner. These connections contain adherence and gap junctions for sta-
bility and communication.”°
The PC is a multifunctional cell type serving as a coordinator and

effector of vascular functions including angiogenesis, vascular stability,
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and blood-brain barrier (BBB) formation.”*1"*> However, PC dysfunc-
tion, or loss, has been described in different pathologies, for example,
cancer and neurodegenerative diseases, including diabetic retinopa-
thy.21671% Within cancer, an overall tendency seems to be increased
PC coverage of the vasculature in well-differentiated tumors with low
metastatic potential and high growth rate. On the contrary, decreased
PC coverage correlates with compromised vascular structure and an
increased rate of metastasis.'”’'? Hence, a subtle balance of PC cover-
age seems to be pivotal for homeostasis of the vasculature. This makes
the PC a highly interesting target for drug intervention, supported by
the fact that several compounds targeting the PC are currently under-
going clinical trials.*’

Antibodies have proven to be excellent therapeutic agents due to
their ability to bind specific targets with high affinity. Therapeutic anti-
bodies were initially murine derived limiting the therapeutic potential.
However, protein engineering has innovated the area and enhanced
clinical efficacy. Human antibodies can now be obtained by recombi-
nant antibody technology, and especially, the phage display technique
has proven to be a versatile and powerful technology for finding spe-
cific antibodies for known antigens (by selection on purified protein). In
addition, the technology can be used for discovery of novel biomarkers
and clinically relevant antibodies.?%~2? Therefore, selection and isola-
tion of functional human antibodies targeting the PC could represent a
significant step forward in obtaining novel vascular therapeutics. When
targeting the PCs or ECs in the CNS with therapeutic antibodies, the
blood-brain barrier often constitutes an obstacle, which has to be
crossed. Bispecific antibodies has been engineered, which on one arm
bind the transferrin receptor, mediating transcytosis through the blood
brain barrier, and on the other arm targets antigens in the brain.?®

In the present study, we describe a novel single-cell selection
methodology, based on the antibody phage display technology. Phage
display relies on the physical genotype-phenotype linkage provided
by a filamentous bacteriophage.24 Display of foreign proteins is
achieved by introducing a library of genes into the phage genome in-
frame with one of the five coat proteins.?>2 The produced phage par-
ticles will each carry a gene variant from the library inside the phage
particle, while the encoded foreign protein is displayed on its surface.
For display of antibody fragments (Fab, scFv and sdAb), the minor
coat protein plll is the most attractive display fusion due to its toler-
ance for display of larger proteins.?’ Isolation of functional antibodies
through conventional phage display selections (biopanning on thou-
sands to millions of targets cells) is a challenging and laborious task
due to a typically high phage output number that requires screening
for identification of functional binders. Moreover, phage antibodies
binding highly expressed antigens will dominate the output from con-
ventional selections, whereas antibodies recognizing low-abundance
antigens will be less frequent. The bias for high abundant antigens is
further enhanced when successive selection and amplification steps
are performed. To ensure a high diversity of binders, one strategy is
to perform only one round of selection and apply a trypsin sensitive
helper phage to increase the proportion of clones selected through an-
tibody-antigen interactions.®® Other strategies for directing the anti-
body selection toward isolation of cell type-specific antibodies involve

masking of unwanted epitopes prior to the selections>* or stringent
negative selections combined with positive panning on the cell type of
interest.3233 Negative selection (also called subtraction or depletion)
is typically performed on cell types related to the positive cell line to
deplete the library for binders recognizing commonly expressed anti-
gens. A method combining single-round selection with extensive sub-
traction of unwanted library variants has previously been described
for isolation of antibodies against single cells in a heterogeneous pop-
ulation.®*% The selection strategy presented in this work follows the
same principles with exception of the method used to recover phage
antibodies bound to the target cell.

For the antibody selections, only a few target cells, PCs, were
spiked into a background of millions of irrelevant cells of different cell
types. Due to excess of background cells, antibodies binding com-
monly expressed antigens/epitopes will become adsorbed by these.
Antibodies bound to the target cells were recovered by aspiration
of individual target cells from the selection slide into a micropipette
(Figure 1 and Movie S1). With this method, the selection output was
drastically reduced and the ratio of interesting binders increased com-
pared to conventional phage selection methods.

We demonstrate the possibility of selecting antibodies against the
PC using the described selection strategy. We show that one of the
selected antibodies, the C3 antibody, had a functional effect on PC
behavior when applied in two different in vitro assays and we detect

the antigen recognized by this antibody by mass spectrometry.

2 | MATERIAL AND METHODS

2.1 | Microcapillary surface modification

A glass capillary (MBB-FP-M-0, Origio, Maaloev, Denmark) was at-
tached to a brass straight-arm needle holder (MINJ-4, TriTech Research,
Los Angeles, CA, USA) and cleaned by withdrawing chromic-sulfuric
acid solution into the capillary and subsequent incubation of the capil-
lary immersed in the solution overnight. The capillary was flushed and
rinsed in deionized distilled water (DDW), air-dried and subsequently
incubated for 3 hours in a silanization solution containing 2% dime-
thyldichlorosilane in 1,1,1-trichloroethane (Sigma-Aldrich, Brgndby,
Denmark). The capillary was rinsed in DDW, air-dried, and immersed in
a 1 mg/mL solution of Pluronic F127 (PF127) surfactant (Sigma-Aldrich)
dissolved in DDW. Surface-treated capillaries were stored in the PF127
solution and rinsed with DDW just prior to the time of use.

2.2 | Phage antibody selection

Human brain vascular pericytes (HBVP) (Sciencell Research
Laboratories, Carlsbad, CA, USA), HMEC-1 (ATCC, Wesel, Germany),
human aortic vascular smooth muscle cells (VSMC),% and ASF-2 fi-
broblasts (adult skin fibroblast)®” were grown in pericyte medium
(Sciencell), EGM medium (Lonza, Vallensbaek, Denmark), VSMC me-
dium, and ASF-2 medium (DMEM, with 10% FBS and penicillin/strep-
tomycin), respectively. Cell cultivation was performed at 37°C, 5%
CO,, and 95% humidity. HBVP were seeded in a Nunc Up-Cell dish
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FIGURE 1 Method for selection of antibodies by targeting only single cells. The selection process is performed in solution, and the few
target cells are subsequently identified under a microscope. The target cells are picked using in vitro fertilization equipment, and the antibody-
phages bound to the cell are treated with trypsin prior to infection of E. coli. The phage particles carry an antibiotic resistance gene. Hence, only

infected bacteria will give rise to colonies on the selective agar plate

(Thermo Scientific, Hvidovre, Denmark), with a temperature respon-
sive nano-coating, for non-enzymatic harvesting of adherent cells to
preserve surface antigens. The detached cells were harvested by plac-
ing the Up-Cell dish at room temperature for 20 min, and spun down
at 800 g, 6 min, washed once in PBS, and then fixed for 10 min at
room temperature in 2% PFA. The HBVP cells were then stained with
phalloidin (Alexa Fluor 568 phalloidin, Thermo Scientific), and 100
cells were spiked into a population of at least 10° background cells
(HBVP, HMEC-1, VSMC, and ASF-2). This cell suspension was incu-
bated with 102 phages (Predator Heavy Domain Antibody Library®8)
in 8 mL PBS containing 2% Marvel dried skimmed milk powder (MPBS)
in a 15- mL centrifuge tube. The selection suspension was incubated
for 2 hours at gentle rotation on an Intelli-Mixer at room temperature.
Non-binding phage antibodies were removed by washing five times
in PBS (centrifugation at 800 g for 6 min and resuspending the cell
pellet in fresh PBS). After the last wash, the cells were resuspended in
PBS containing DAPI (1:1000) (Thermofisher Scientific, Waltham, MA,
USA\). A small volume of the cell suspension was distributed on a poly-
L-lysine coated microscope slide. The phalloidin stained PCs were
identified under a microscope and specifically harvested by aspiration

into a glass capillary (modified as described above) positioned by a

micromanipulation stage (Narishige, Model MM-188, Nikon, Tokyo,
Japan). The picked cells (with bound phage) were eluted into micro-
centrifuge tubes and incubated with trypsin from Bovine pancreas
(Sigma-Aldrich) (final concentration of 1 mg/mL) for 20 min at 37°C
to reduce background of non-displaying phages.>>*’ The phages were

used for infection into XL1-Blue and plated on a selective agar plate.

2.3 | Expression and purification of soluble
antibodies in Leishmania tarentolae T7-TR

Sub-cloning, expression, and purification of selected domain antibod-
ies fused to the Fc-region of rabbit IgG were conducted as previously
described.*® Antibodies secreted to the medium were ammonium sul-
fate precipitated by addition of ammonium sulfate to 30% W/V and
the pellet resuspended in protein A binding buffer and purified on a
protein A HP spinTrap column (GE Healthcare, Brgndby, Denmark)
according to the manufacturer’s protocol. Antibody purity and suc-
cessful incorporation of the rabbit Fc-region were analyzed by means
of SDS-PAGE and Western immunoblotting. Purified antibody con-
centration was measured at 280 nm on a Nanodrop 1000 spectropho-

tometer (Thermo Scientific).
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2.4 | Whole-cell Enzyme-linked immunosorbent
assay (ELISA)

For whole-cell ELISA, 10.000 HBVP, mouse brain vascular pericytes
(MBVP),** VSMC, and HMEC-1 cells were seeded per well in a 96-
well tissue culture plate and left in the incubator overnight for attach-
ment. The cells were rinsed with DPBS and fixed for 15 min at room
temperature in 3% paraformaldehyde-PBS (3% PFA-PBS). The cells
were then washed with PBS and blocked in 2% MPBS for 1 h at room
temperature. Incubation with primary antibody, C3 (20 pg/mL), was
carried out for 1 hour at room temperature before washing 3 x 5 min
in PBS-T. Secondary HRP-conjugated antibody, swine anti-rabbit HRP
(Dako, Glostrup, Denmark), was applied and incubated for 1 hour at
room temperature. The wells were washed, and the ELISA developed
using TMB substrate solution (Sigma-Aldrich). The chromogenic reac-
tions were terminated by addition of 1M H,SO,, and absorbances read
at 450 nm (corrected with the reference wavelength 655 nm) using
a microplate reader (Bio-Rad, Hercules, CA, USA). To account for
well-to-well variation of cell number, Janus Green Whole-Cell Stain
(Thermo Scientific) was used according to manufacturer’s protocol to

normalize the absorbance values (HRP activity).

2.5 | ELISA

Fibronectin specificity of the C3 antibody was tested by ELISA in 96-
well flat bottomed Maxi-Sorp plates (Nunc, Roskilde, Denmark). The
antigens, FN and alpha3 (proteasome subunit), were coated at a con-
centration of 2 pg/mL overnight at 4°C. The wells were then rinsed
in PBS and blocked in 2% MPBS for 1 hour at room temperature. The
blocking solution was discarded, and the C3, D4,%° and A2 (2-5 pg/
mL) antibodies were added to the wells and incubated for 1 hour at
room temperature. The wells were washed 3 x 5 min in PBS-T be-
fore addition of swine anti-rabbit HRP (diluted 1:300) (Dako, cat nr.
P0217, Glostrup, Denmark) secondary antibody for 1 hour at room
temperature and subsequently washed and developed as described
above.

2.6 | Immunoprecipitation and mass spectrometry

Three milligram Dynabeads Protein A suspension (Thermofisher
Scientific) was prepared according to manufacturer’s protocol and in-
cubated for 30 min at room temperature with 200 pL antibody at a
concentration of 200 pg/mL diluted in PBS. The beads were separated
from the supernatant by magnetic sorting and washed three times in
PBS-T. Bound antibody was then cross-linked to the beads using BS3
(bis(sulfosuccinimidyl)suberate) (Thermo Scientific) according to man-
ufacturer’s protocol. Antibody was mixed with approximately 50-fold
molecular excess of BS3 (0.25 mM) in conjugation buffer and incu-
bated for 30 min at room temperature, before quenching the cross-
linking in quenching buffer for 15 min at room temperature. The beads
were then washed three times in PBS-T and incubated with HBVP-
conditioned medium for 1 hour at room temperature. The beads were

washed three times in PBS-T, resuspended in 50 pL SDS sample buffer

(Bio-Rad, Kgbenhavn @, Denmark), and heated at 95°C for 5 min to
release the antigen. The antigen containing supernatant was cleared
of beads by magnetic sorting, separated by SDS-PAGE, and proteins
visualized by coomassie brilliant blue R-250 staining solution (Bio-
Rad). The protein band was excised and prepared for in-gel digestion
using porcine trypsin (Promega, Nacka, Sweden). The generated pep-
tides were isolated and desalted using reversed-phase microcolumns
(StageTips, C18; Thermo Fischer Scientific) and eluted directly onto a
MALDI target plate using a-cyano-4-hydroxyciannamic acid in 70%
acetonitrile and 0.1% trifluoroacetic acid (4 mg/mL). Peptides were
subsequently analyzed using an Autoflex Smartbeam Il instrument
(Bruker, Billerica, MA, USA) calibrated using a peptide mixture con-
taining seven calibrants (PepMix; Bruker). The acquired spectra were
annotated using FlexAnalysis (v3.3) and interrogated by peptide mass
fingerprinting using the Mascot search engine and the Swiss-Prot da-
tabase (version 2015_04). Propionylation of cysteine residues was set
as a fixed modification and the oxidation of methionine residues as a
variable modification. One missed cleavage was allowed and the pep-
tide mass tolerance set to 50 ppm. Protein identification was verified

by manual inspection of datasets.

2.7 | Immunohistochemistry

Histological sections from three human eyes without any signs of
ocular pathology were studied. The tissue had previously been em-
bedded in paraffin, and four microns of histological sections had been
sampled during autopsy at Aarhus University Hospital. The employ-
ment of this tissue was approved by the Regional Scientific Ethics
Committee (File number 1-10-72-299-12). The sections were placed
at 60°C for 15 min and then deparaffinized in HistoChoice (Sigma-
Aldrich) for 2 x 5 min and then 1:1 HistoChoice (Sigma-Aldrich) and
99% ethanol for 5 min. The sections were rehydrated in series of
ethanol solutions with concentrations of: 99%, 99%, 99%, 96%, 96%,
70%, and 50%. The sections were immersed in tap water, and antigen
retrieval was carried out using BD retrievagen (BD Bioscience, San
Jose, CA, USA) according to manufacturer’s protocol before equili-
bration in TBS. The sections were then blocked in 2% BSA-TBS with
10% goat serum for 1 hour at room temperature before addition of
primary antibody diluted in 2% BSA-TBS (C3, 20 ug/mL; anti-alpha
smooth muscle actin [x-SMA] [Clone 1A4, DAKO], 10 pg/mL) over-
night at 4°C. Non-bound primary antibody was washed away with
TBS for 3 x 5 min, and fluorescently marked secondary antibody
was applied for 1 hour at room temperature (goat anti-rabbit Alexa
488 [Invitrogen, Carlsbad, CA, USA] and goat anti-mouse Alexa 546
[Invitrogen] at 1:100 dilution in 2% BSA-TBS). The sections were
washed in TBS and mounted with VECTASHIELD including DAPI
(Vector Laboratories, Burlingame, CA, USA). Fluorescent images
were obtained using a Leica DMI3000 B inverted microscope (Leica
Microsystems, Wetzlar, Germany).

Human brain sections from the frontal cortex were supplied by
Professor Claudio Franceschi, University of Bologna, ItaIy.42 The tissue
was embedded in OCT cryoprotectant and sampled in 10 microns sec-
tions on a cryostat. Cryo sections were left at room temperature for
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5 min. and then blocked for 1 hour at room temperature in 2% BSA-
TBS with 10% goat serum (Sigma-Aldrich). The staining procedure
was carried out as above except a different set of primary antibodies
were applied C3, 20 pg/mL; anti NG2, 10 ug/mL (Millipore, Hellerup,
Denmark); Ulec Europaeus Agglutinin |, Vector Laboratories, 1:100
dilution (Vector Laboratories). Secondary antibodies were as follows:
1:100 dilution of goat anti-rabbit Alexa 546 (Invitrogen), 1:200 dilution
of Streptavidin Alexa 488 (Invitrogen). For C3 and NG2 stainings, the
images were obtained with a Leica DMI3000 B inverted microscope.
For the C3 and UAEI, co-staining image stacks were obtained with a
Zeiss LSM 780 confocal microscope (Zeiss, Oberkochen, Germany). All
images were background subtracted and contrast stretched in ImageJ.

2.8 | Immunocytochemistry

For immunostaining, 10.000 HBVP cells were seeded in an ibiTreat
u-Slide VI 0.4 (Ibidi, Martinsried, Germany) and incubated (37°C, 5%
CO, and 95% humidity) for 2 and 6 hours, respectively. The cells were
rinsed once in PBS, fixed in 4% PFA for 10 min, blocked in DMEM
with 10% FBS, and incubated with 20 pg/mL of purified antibody
diluted in blocking solution for 1 hour at room temperature. When
co-staining with phalloidin, cells were additionally permeabilized with
0.2% Triton X-100 (Sigma-Aldrich) for 10 min prior to incubation with
primary antibody. The cells were washed and incubated with Alexa
Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen) for 1 hour at
room temperature for detection of primary antibody. Cell nuclei were
counter stained with DAPI (VECTASHIELD Mounting Medium, Vector
Laboratories), and fluorescent images were obtained using a Leica
DMI3000 B inverted microscope (Leica Microsystems).

2.9 | Tube formation assay using HBVP and HBMEC

Several optimization steps were performed to determine time point of
data acquisition, cell density, and cell-to-cell ratio to provide compa-
rable and reproducible data.

The tube formation assay was carried out according to the IBIDI
protocol. Matrigel Growth Factor Reduced Basement Membrane
Matrix (Corning, Corning, NY, USA) was thawed on ice at 4°C over-
night. A p-Slide Angiogenesis slide (Ibidi) was placed on a cold rack in
the flow bench. 10 pL of thawed Matrigel was added to each of the
inner wells with precooled tips. Subsequently, the slide was incubated
(37°C, 5% CO, and 95% humidity) for 30 min to polymerize. Different
concentrations of antibody were added to individual cell suspen-
sions each containing a total of 6000 cells in a 1:1 ratio of HBVP and
HBMEC. After Matrigel polymerization, the antibody-cell suspensions
were added to each well (in a volume of 50 L) and the slide incu-
bated at 37°C, 5% CO, and 95% humidity. Each biological replicate
was made in technical replicates of five, and images of emerging tubes
were captured at different time points (3, 6, and 9 hours) by phase
contrast microscopy using a 4 x objective, Zeiss Axiocam ERc 5s (Carl
Zeiss Microscopy, Oberkochen, Germany) (Figs. S3 and S4). The im-
ages were processed by Imagel, and total tube length was quantified
by the Angiogenesis Analyzer plugin.*®

Microcirculation VG TR o aa ik

2.10 | Scratch wound assay

HBVP were seeded in a 12-well plate at 10° cells/well and grown to a
confluent monolayer overnight. Two intersecting straight “scratches”
were made with a p200 pipet tip. Cell medium was aspirated, and the
cells were rinsed in DPBS to remove cell debris. Cell medium with an
antibody concentration of 50 pg/mL was then added to the wells with
PBS diluted medium used as a control. Each biological replicate was
made in technical replicates of three. Images were captured at differ-
ent time points (2, 4, 6, 8, 10, 12, and 24 hours) with a Zeiss Axiocam
ERc 5s (Carl Zeiss Microscopy). Each scratch wound area was analyzed
by measuring the cell-free area using ImagelJ’s freehand selection. The
dataset was blinded and scored independently by two investigators.

2.11 | Statistical analysis of tube formation
assay and scratch wound assay

Data were shown as the mean + SEM and statistically compared by
a parametric, unpaired Student’s t-test. The statistical analysis was
performed by statistical software (GraphPad Prism 6.0, GraphPad
Software, Inc., La Jolla, CA, USA).

3 | RESULTS

3.1 | Selections and screening

For selection of antibodies against the PC, primary human brain
vascular pericytes (HBVP) were used as target cells. PC morphol-
ogy visualized by phalloidin-marked F-actin and positive staining for
the PC marker PDGFR-beta (Figure 2) in combination with previous
reported phenotypic validation (positive for a-SMA, NG2, CD13,
CD73, and CD105 and negative for CD31, CD34, and CD45)*
verified PC identity. The phage antibody selections were performed
by means of cell suspension biopanning followed by selection as
outlined in Figure. 1. Multiple selections were performed in paral-
lel using the “Predator” single-domain phage antibody library.®®
Typically, using this method, an output of 1-10 antibody clones per
target cell aspirated can be expected. In the selection, eight PCs
were specifically picked from the suspension of background cells
and resulted in the recovery of 12 antibody clones. Dilution series
ELISA was performed to screen and prioritize the antibody clones
for further characterization (Fig. S1). The antibody clone, C3, was
selected for further characterization.

3.2 | Antibody characterization

The single-domain antibody gene for C3 was sub-cloned into pMJ-
LEXSY-rFc,*° containing the rabbit IgG Fc-encoding region (hinge re-
gion and CH2-CH3 domains) and expressed in Leishmania tarentolae
(TR/T7). The purity was confirmed by SDS-PAGE, while the presence
of the Fc-region was verified by Western immunoblotting (Fig. S2).
Whole-cell ELISA against cell types observed adjacent to the
pericyte in vivo confirmed the specificity of the C3 antibody. An
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FIGURE 2 Pericyte morphology visualized by phalloidin-marked F-actin and PDGFR-beta. Staining of HBVP with Alexa Fluor 568 phalloidin
(A), with primary rabbit anti-PDGFR-f antibody and secondary goat anti-rabbit Alexa Fluor 546-conjugated antibody (B) and control staining
with secondary antibody only. Cell nuclei were stained with DAPI (blue). Scale bars=40 pm
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FIGURE 3 Determination of antigen expression level by
whole-cell ELISA. Primary antibody, C3-rFc, was applied on human
brain vascular pericytes (HBVP), mouse brain vascular pericytes
(MBVP), human vascular smooth muscle cells (VSMC) and a human
microvascular endothelial cell line (HMEC-1). C3-rFC was detected
with a secondary swine anti-rabbit HRP-conjugated antibody

approximately 10-fold binding preference for PC to EC was observed,
whereas a fourfold binding preference for PC to VSMC was observed
(Figure 3). Furthermore, only slight cross-species reactivity between
human and mouse was detected.

3.3 | Antigen identification

To assess antigen distribution, C3 was applied in immunocytochem-
istry. Fluorescent images taken at different time points after seeding
of cultured PCs revealed a change in antigen distribution over time
(Figure 4). Cell boundaries were visualized by F-actin marked with
phalloidin (red). After 2 hours, the antigen was predominantly present

intracellularly but after 10 hours, increased extracellular deposition

of antigen was observed. This was especially evident when the cells
were not permeabilized before immunostaining and hence only allow-
ing extracellular access of the antibody.

As it was evident that large amounts of antigen were secreted
by cultured PCs, antigen immunoprecipitation was performed on
PC conditioned medium. Bound antigen was eluted and analyzed by
SDS-PAGE. One clear band around 250 kDa was observed (Figure 5),
which was excised, digested, and subsequently analyzed by mass
spectrometry. With 42 peptide matches, the antigen was identified
with high confidence (Mascot score = 264; sequence coverage: 12%)

as fibronectin (FN) (Swiss-Prot accession number P02751).

3.4 | Antigen validation

Firstly, an ELISA experiment on purified FN was carried out to confirm
the specificity of C3 (Figure 6). Along with two FN-specific antibodies,
D4 (scFv)*° and A2 (single domain-rFc), previously selected in our labo-
ratory, C3 showed specific binding to FN with no cross-reactivity ob-
served against milk proteins or a proteasomal subunit. Secondly, C3 was
applied in immunohistochemistry on human retina and cerebral cortex
sections (Figure 7). Intense perivascular staining was observed around
the microvessels in the retina (Figure 7A,B). Furthermore, a-smooth
muscle actin («-SMA)-positive cells, a frequently used PC marker, were
embedded in the C3 stained FN-containing matrix (Figure 7C). This is in
line with the literature describing the PC as a mural cell embedded in the
EC basement membrane. Although the retina sections exhibited excel-
lent morphological preservation, it proved difficult to target PC and EC
markers with commercial antibodies here—most likely because of the
fixation technique used. In an attempt to preserve the epitope recog-

nized, cerebral cortex tissue*?

was snapfrozen, cryo-sectioned, and only
gently fixed. Although the morphology was clearly inferior compared to
the retina sections, it was possible to target commonly used EC and PC
markers in this set-up (Figure 7E-I). As expected, C3 showed a perivas-
cular staining pattern abluminal to the endothelial cells marked by Ulex
Europaeus Agglutinin | (UAE 1). Furthermore, the C3 antibody showed
an identical staining pattern to NG2 chondroitin sulfate proteoglycan-
positive cells. In this set-up, NG2 appeared to be the best commercial
marker for quiescent PCs compared to PDGFR-beta and alpha-SMA
(data not shown).
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FIGURE 4 The C3 antibody targets an extracellular antigen secreted by the pericyte. HBVP stained with Alexa Fluor 568 phalloidin (red) and
C3-rFC detected with a secondary goat anti-rabbit Alexa Fluor 488-conjugated antibody (green). Cell nuclei are stained with DAPI (blue). HBVP
were permeabilized, fixed in PFA, and stained 2 hours (A) or 10 hours (B) after cell seeding to visualize antigen presentation at different time

points. Non-permeabilized HBVP stained before fixation 10 hours after cell seeding (C). Control staining of HBVP with secondary antibody only

(D). Scale bar=40 pm
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FIGURE 5 Immunoprecipitation of fibronectin by the C3
antibody. C3-rFc was cross-linked to protein A Dynabeads and
incubated with HBVP-conditioned medium. Captured antigen was
released, separated by SDS-PAGE, and visualized by coomassie
staining. 1: Marker, 2: C3-rFc cross-linked to protein A Dynabeads
incubated with PBS, 3: C3-rFc cross-linked to protein A Dynabeads
incubated with unconditioned medium, 4: C3-rFc cross-linked to
protein A Dynabeads incubated with conditioned medium. Only one
target protein was captured by C3-rFc (arrow)

3.5 | Invitro wound healing assay

Initially, the physiological effect of the C3-FN interaction was investi-
gated in a scratch wound assay using cultured PCs to observe effect on
cell migration. Interestingly, after an initial 20% closing of the wound,
the C3 antibody completely inhibited PC migration from 4 hours and
onwards, while the isotype control (A2-rFc) and medium-only control
closed the wound approximately linear (Figure 8). As the cognate an-
tigen of A2-rFc is also FN, it is indicated that blockage of a unique FN
epitope by the C3 antibody had a potent anti-migratory effect on PCs.
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FIGURE 6 Validation of antibody-fibronectin binding by ELISA.
C3-rFc was tested together with two previously isolated anti-FN
antibodies (A2 and D4) on purified FN and detected with a secondary
swine anti-rabbit HRP-conjugated antibody. The proteasomal subunit
a7 and skimmed milk powder in PBS (MPBS) was used as negative
controls. A negative control for non-specific binding of secondary
antibody to FN was performed by omitting primary antibody

3.6 | Invitro angiogenesis tube formation assay

The effect of FN blockage by the C3 antibody was analyzed in an in
vitro PC/EC co-culture tube formation assay. A preliminary experi-
ment revealed that the PC in itself only had limited tube formation
ability, while ECs readily formed tubes. Moreover, a 1:1 ratio of PC
to EC provided optimal conditions for tube formation (Fig. S4), cor-
responding well with the ratio observed in vivo in the brain and ret-
ina. After a 3- hour sprouting period, a 25% increase in tube length
was observed compared to controls and 50% compared to the anti-
angiogenic antibody L36* (Figure 9). After 6 and 9 hours of sprouting,

the differences were less pronounced.

4 | DISCUSSION

In this study, a novel phage display selection method was developed
for the selection of antibodies against the PC, with the prime focus
on identifying novel therapeutic candidates with regulatory effects

on PC function. However, the described selection method can easily
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FIGURE 7 The C3 antibody showing staining around the microvessels in human retina and cerebral cortex. A-C: Human retina stained with
the C3 antibody (orange). An intense staining around the microvessels was observed (A+B). Alpha-SMA-positive cells (green) were observed
embedded in the C3 antibody staining pattern (C). D: control staining on retina with secondary antibody only. E-L: Immunostaining on human
cerebral cortex. E: NG2-positive cells (orange). F: C3 antibody staining (orange) observed along the microvasculature. G-I: Co-staining with the
C3 antibody (orange) and UAEI, a marker of endothelial cells in the microvasculature (green). C3 staining was observed on the abluminal side of
endothelial cells. J-L: Control staining with secondary antibody only. A-L: Cell nuclei were stained with DAPI (blue). Scale bar=50 pm
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FIGURE 8 Effect of C3-rFc on scratch wound closure rate in pericyte cell cultures. Migration of cells into the cell-free area was measured at
time intervals of 2 hours during the cultivation of HBVP with A2 (anti-FN antibody), C3 and medium only (control). Pictures of the cell migration
at 0, 6 and 8 hours are presented (A). Data from three separate scratch assays were aggregated and % of open wound (area not occupied

by cells) represented in the column chart (B). C3-treated pericytes showed inhibition of migration after 6 hours compared to the control (no
antibody) and A2 (B). Values are expressed as the means + SEM (n = 3). *Statistical significance: P < 0.05
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FIGURE 9 C3-rFcincreased in vitro tube formation in a pericyte
and endothelial cell Matrigel co-culture. The total tube lengths were
quantified during the cultivation (3, 6 and 9 hours) of a 1:1 ratio of
HBVP and HBMEC incubated with L36 (anti-angiogenic antibody),
A2 (anti-FN antibody) and C3 in two different concentrations. A
significant pro-angiogenic effect was observed after 3 hours, with a
30% increase in tube lengths observed. Values are expressed as the
means + SEM (n = 4), and P-values are given on the chart

be implemented for isolation of antibodies against other cell types.
We have successfully selected antibodies against K562 leukemia cells
spiked into a background of another leukemia cell line (1301 cell) (Figs
S5 and Sé). Additionally, the method has been applied for isolation of
antibodies specific for circulating tumor cells (CTCs) in colorectal can-
cer patients (unpublished results). The low number of output clones
and the relatively high frequency of antibodies with binding prefer-
ence for the cell type of interest reduce the workload of subsequent
antibody screenings. This is particularly relevant when the cell mate-
rial for screening is scarce (eg primary cell lines). Depletion strategies
for directing antibody selections toward relevant antigens or epitopes
are widely used. It is generally accepted that such strategies can in-
crease the representation of antibodies against desired epitopes on
purified protein by competitive de-selection with a related antigen
carrying a common epitope.46 However, for selections on complex
targets such as cell surface antigens, the efficiency of library deple-
tion steps is more difficult to assess. A few studies have reported
reduction in cross-reactivity of fourfold to 10-fold to blood cells in
a selection against colorectal cancer cells,*? and complete depletion
of binders to red blood cells after four rounds of extensive subtrac-
tion of antiserum from a mouse immunized with a prostate cancer cell
line.% In the presented work, a synthetic antibody library was used
for isolation of PC-specific antibodies. This library has previously been
applied in a direct cell panning procedure against PCs with only lim-
ited success.®® Although a considered fraction of the initially screened
384 clones had promising binding signal on PCs compared to medium,
most of these clones revealed to be unspecific in a second screening
against HMEC-1, ASF-2, and VSMCs. As a consequence, only the two
presented antibody clones (M3H12 and M4E7) showed to be specific
for PCs.

For the antibody selection using the strategy presented here, cells
neighboring the PC in vivo were used as background cells. From this,
a panel of 12 antibodies targeting the PC was obtained and whole-cell

ELISA was used to validate the specificity of these antibodies relative
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to adjacent cell types. From the selected antibodies, two clones (C3
and C8) showed binding preference for PCs with C3 being the most
PC-specific candidate. Interestingly, C3 also revealed an approxi-
mately sixfold higher binding signal on HBVP compared to MBVP. The
increased signal on HBVP compared to MBVP indicated that the epi-
tope is either poorly conserved between mouse and human, or, the an-
tigen expression level is higher in human derived cultured PCs. VSMC
are generally considered to be closely related to PCs.*” Hence, identi-
fication of antigens uniquely expressed by either of these cell types is
a challenging task. Furthermore, as the PC has been suggested to have
stem cell like characteristics, a certain degree of heterogeneity in the
in vitro cultivated PCs and VSMCs should be expected. The fourfold
change in binding observed between the two cells types could possi-
bly be a result of cellular drift in the cultures, used for ELISA, toward
similar phenotypes. Consequently, although the C3 antibody showed
moderate binding signal to VSMC, it was chosen for further analysis.
In vitro cultivation of cells isolated from tissue is known to provoke
a change in gene expression,*® it is therefore difficult to conclude to
what extend a fourfold increase of binding of C3 to PCs compared the
VSMCs translates to specificity observed in the tissue.

By comparing the C3-rFc staining patterns on HBVP after 2 hours
and 10 hours of cultivation, a change in antigen location was ob-
served. After 2 hours, the C3-rFc staining was primarily located in-
tracellularly, whereas after 10 hours increased extracellular staining
was detected. Identification of FN as the cognate antigen correlated
well with the staining observed on human retina and brain sections.
Intense staining was observed around the blood vessels, abluminal to
the endothelial cell, and a similar staining pattern was observed with
the commonly used PC marker NG2. Furthermore, another commonly
used PC marker, alpha-SMA, was applied. As expected, alpha-SMA-
positive cells were located within the C3 stained FN-containing matrix
in retina sections. This is consistent with the presence of FN in the
shared basement membrane between EC and PC, in which the PC is
embedded.

Fibronectin is an extracellular matrix protein secreted as a solu-

4950 and it is found only

ble dimer by various cell types, including PCs,
in organisms with an endothelium-lined vasculature. PCs have been
shown to express ten times more FN than endothelial cells giving an
indication that the PC is an important producer of secreted FN in the
microvessels.’ FN is a highly complex molecule with multiple binding
sites for other ECM proteins, growth factors, and cells surface recep-
tors.>? FN is encoded by a single gene and exists in several possible
monomeric isoforms produced by alternative splicing. Thus, different
isoforms of FN can be expressed in a tissue-dependent and cell type-
specific manner.”® The alternatively spliced extra-domain A (EIIIA) and
extra-domain B (EllIB) have been observed to be elevated during vas-
cular development, vascular remodeling, and in pathological conditions
such as cancer and atherosclerosis.’* Functionally, FN is essential for
blood vessel vasculogenesis, angiogenesis, and homeostasis.”>™’ In
the microvessels, FN is located between the EC and PC where the FN
fibrillar and microfilament bundle arrangement in the ECM (adhesion
plagues) serves to anchor the PC to the EC.*’ In the formation of vas-

cular networks, these PC-EC interactions are positively and negatively
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modulated, regulating cell adhesion, cell migration, and organization of
the cytoskeleton.*?°6-58 The cell integrin a4plis believed to be of spe-
cial importance for PC interaction with FN. In primary PCs negative for
a4, a4pl integrin adhesion was affected.” Furthermore, o4 integrin-
deficient mice embryos displayed increased microvessel size in the
cranial regions, reduced PC coverage and abnormal distribution. o4
integrin expression was only observed in PCs and not ECs of the de-
veloping vasculature, indicating that a4p1 integrin interaction with FN
is important for PC attachment and migration in developing vessels.®°

In recent years, FN has been suggested as an interesting drug
target, as the role of the tumor stroma and its ECM components in
tumor growth and progression is becoming evident. Furthermore, the
abundance and accessibility of the ECM may allow for efficient de-
livery of antibodies to tumor environment. Certain isoforms of FN
have been shown to accumulate around the neovasculature in the
tumor environment. In the tumor neovasculature, accumulation of
oncofetal isoforms of FN has been observed. Here, the EllIA and EIlIB
are of special interest and two monoclonal antibodies targeting either
form have been selected by phage display: F8 and L19, respectively.®?
The alternatively spliced EIlIB was validated as an oncofetal antigen
highly specific for tumor growth and angiogenesis and injection of
labeled L19 showed selective uptake in tumor lesions. In addition,
L19 was successfully armed by conjugation to different cytokines for
delivering potent cytotoxic effects to the tumor environment.%3
Interestingly, the number of pericytes surrounding the tumor vessels
may correlate with the expression level of FN. Tumor vessels with high
abundance of FN seems to have a thick layer of PCs attached, while
tumor vessels with no FN only have a single layer or no PCs attached
at all.*? Consequently, an impairment of the PC-FN interaction could
impact vascular development and stabilization of the tumor vascula-
ture and serve as an attractive target in cancer therapy.®*

The potential functional effect of the C3 antibody was therefore
investigated in in vitro wound healing and tube formation assays. After
6 hours, C3-FN interaction was found to inhibit PC migration com-
pletely in a scratch wound assay. In the tube formation assay, C3 had
a significant pro-angiogenic effect after 3 hours, with a 25% increase
in total tube length. These results strongly suggest that C3 block a
functional interaction site on FN secreted by the PC. The greatest
impact was observed on PC migration. As the tube formation assay
performed here involve both PCs and ECs in a co-culture system, the
lack of migration of the PCs could potentially explain the increased
total tube length measured in the initiation process of tube formation,
that is, as the PCs are prevented from migration, they are prevented
from taking part in vessel stabilization. In the initiation of angiogenesis,
ECs are believed to be stimulated by angiogenic factors allowing the
EC to invade the surrounding extracellular matrix.®®> Vascular active
ECs at the tip of an angiogenic sprout secretes PDGFB as a dimer,
which interacts with the heparin sulfate proteoglycans of the extracel-
lular matrix for local retention.** This concentration gradient attracts
PDGFR-p-positive PCs to the newly formed vessel and contact intro-
duces further maturation through different transduction pathways
including TGF-beta signaling and angiopoietin-1/2—Tie-2.147:8:66 |t
can be hypothesized that the blockade of the PC-FN interaction by

the C3 antibody prevents PCs from migration along the PDGFR-b gra-
dient, thus allowing ECs forming tubes with an increased length, due
to lack of PC stabilization.

The extra tube formation observed may mimic the uncontrolled
blood vessel sprouting observed in various cancers where PC loss or
dysfunction is observed.®”®® In this context, the C3 antibody could
have therapeutic benefit in cancers where overexpression of FN and
increased PC coverage are observed by blocking the attachment of
PCs to the tumor vasculature.

In conclusion, we successfully demonstrated the possibility of
selecting functional antibodies against the PC using the selection
strategy outlined herein. We show that an antibody, C3, targets a FN
epitope important for pericyte interaction and functionality. This FN
epitope could serve as a potential interesting drug target in the devel-

opment of novel vascular therapeutics.

PERSPECTIVES

The ability to specifically and effectively target different components
of the vasculature is instrumental to normalize a diseased vasculature
during a pathological state. Therefore, we have developed a novel
antibody single-cell selection method, which can be implemented in
drug discovery as a fast and efficient selection procedure of functional
therapeutic antibodies. With an antibody obtained by the described
selection strategy, we show the possibility of modulating pericyte
behavior by affecting a PC interaction with ECM FN. Mapping this
PC-FN interaction, and other interactions between vascular cells and
the ECM, will provide interesting new drug target candidates.
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