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Abstract

The blood-brain barrier (BBB) represents an obstacle in targeting and delivering therapeutics to

the central nervous system. In order to discover new BBB targeting molecules, we panned a

phage-displayed nonimmune human single-chain antibody fragment (scFv) library against a

representative BBB model comprised of hydrocortisone-treated primary rat brain endothelial cells.

Parallel screens were performed with or without pre-subtraction against primary rat heart and lung

endothelial cells in an effort to identify antibodies that may have binding selectivity towards brain

endothelial cells. After three rounds of screening, three unique scFvs, scFv15, scFv38, and

scFv29, were identified that maintained binding to primary rat brain endothelial cells, both in

phage and soluble scFv format. While scFv29 and to a lesser extent, scFv15, exhibited some brain

endothelial cell specificity in tissue culture, scFv29 did not appear to bind a BBB antigen in vivo.

In contrast, both scFv15 and scFv38 were capable of immunolabeling rat brain vessels in vivo and

displayed brain vascular selectivity with respect to all peripheral organs tested other than heart.

Taken together, scFv15 and scFv38 represent two new antibodies that are capable of binding

antigens that are expressed at the BBB in vivo.
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INTRODUCTION

The vascular network of the brain forms a biological barrier known as the blood-brain

barrier (BBB). The BBB possesses a unique vascular phenotype that is induced by

neighboring cells such as pericytes, astrocytes and neurons that together form the

neurovascular unit [1]. This phenotype is best characterized as a combination of properties

designed to maintain brain homeostasis, including tight paracellular junctions, a significant
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transporter repertoire, and a low basal level of pinocytosis, thereby rendering the BBB

selectively permeable to required ions, nutrients and cells [2]. While the BBB helps the

brain to maintain the specific environment necessary for neuron function, it also prevents

most small and large molecule therapeutics from gaining access to the brain [3]. The BBB is

therefore a major impediment to the treatment of central nervous system disease, and

effective delivery strategies remain scarce. One promising delivery method involves

targeting known receptor-mediated transport systems with antibodies to mediate non-

invasive drug delivery past the BBB. Two prominent examples of this approach are

antibodies that target the transferrin and insulin receptors [4, 5]. While these systems allow

for therapeutic amounts of drug to penetrate the BBB, they are inherently non-specific and

relatively inefficient. The current lack of brain drug delivery systems with ideal specificity

and efficiency has motivated the search for new antibodies capable of targeting and/or

transporting therapeutic payloads into the brain [2].

To address this problem, one useful approach that has been employed is antibody-based

screening. Such screens have been used to identify BBB cell surface proteins that can

mediate brain targeting and, in some cases, transport. For instance, large combinatorial

antibody libraries have been screened against brain endothelial cells in various formats, in

vitro or in vivo, to discover both antibody targeting molecules and cognate brain endothelial

cell proteins [6–9]. While, in some cases, the identified antibody-BBB antigen pairs look

promising for circumventing the BBB [10], only a handful of new antibodies have been

isolated [2]. However, multiple genomic and proteomic studies support substantial

differences in gene expression between the brain microvascular endothelium and the

peripheral microvasculature, particularly in areas of transport and signaling between the

brain and bloodstream [8, 11–13],

Thus, in order to access the unexplored BBB proteome and expand the repertoire of BBB

targeting antibodies, we panned a large phage-displayed library of nonimmune human scFv

on an in vitro BBB model based on primary rat brain endothelial cells that are capable of

mimicking key BBB characteristics such as elevated trans-endothelial electrical resistance,

improved tight junction integrity, and a molecular signature that moves towards the in vivo

BBB [6, 14]. Because of the aforementioned interest in antibodies that may be selective

towards the BBB and/or mediate BBB internalization, our screen employed phage

subtraction and internalization approaches. Three particularly interesting scFvs were isolated

from the screen, with two that were subsequently shown to preferentially bind to the rat

brain microvasculature in vivo.

MATERIALS AND METHODS

Cell isolation and culture

The brain microvascular endothelial cell (BMEC) isolation was performed as previously

described [14]. The purified BMECs were plated on collagen type IV and fibronectin

(Sigma-Aldrich, # C5533 and # F1141) coated tissue culture plates and cultured in

endothelial cell culture medium consisting of DMEM supplemented with 20% platelet-poor

bovine plasma derived serum (PDS, from Biomedical Technologies, # BT-214), heparin at 1

μg/mL (Sigma-Aldrich, # H3393), L-glutamine at 2 mM (Sigma-Aldrich, # G8540), 100×
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Antibiotic-Antimycotic (Life Technologies, # 15240-062), and basic fibroblast growth factor

at 1 ng/mL (bFGF, R&D Systems, # 233-FB). For the first two days of culture, the medium

also included 4 μg/mL of puromycin (Sigma-Aldrich, # P8833) for BMEC purification

purposes. Upon reaching confluence, BBB properties were induced by changing to serum-

free medium consisting of 50% DMEM and 50% Ham’s F-12 (Life Technologies,

#11765-054) with L-glutamine at 2 mM and Antibiotic-Antimycotic supplemented with 550

nM hydrocortisone for 24 hours before use.

The primary rat heart and lung microvascular endothelial cells (HEC/LEC) were obtained

from VEC Technologies (Rensselaer, NY), and cultured per manufacturer’s instructions on

fibronectin coated tissue culture plates in MCDB-131 complete media (VEC technologies).

Screening on BMECs

All of the screening methods are based on protocols outlined in Zhou and Marks [15].

Before screening for phage internalization on BMECs, the human scFv displaying Fd-tet

library [16, 17] was first pre-subtracted for common endothelial antigens by serially

applying the library to T-75 flasks of HEC and LEC. Culture media for all cells was

replaced with 3 mL of MCDB-131 complete media for HEC and LEC, and 20 mL of serum-

free medium with hydrocortisone for BMECs, 1 hour before use. For the first round, 2×1011

colony forming units (cfu) of the scFv library were added to a flask of LECs containing 3

mL of MCDB-131 complete media and incubated for 1 hour at room temperature.

MCDB-131 complete media from the HECs was removed and replaced with the phage

containing MCDB-131 complete media from the LEC flask and incubated at room

temperature for another hour. The serum free media with hydrocortisone from the BMEC

T-75 flask was then removed and replaced with the medium from the HEC flask containing

the now pre-subtracted library. In parallel, 2×1011 cfu of the Fd-tet library were added to a

separate T-75 flask of BMECs containing 3 mL of serum free media for the non-subtracted

screen. The BMEC flasks were kept at 4°C for 1 hour and rocked for 5 minutes every half-

hour to encourage phage binding. The flasks were then washed quickly with 1 mL of

phosphate buffered saline (PBS, 137 mM sodium chloride, 2.7 mM potassium chloride, 10

mM dibasic sodium phosphate, 1.8 mM monobasic potassium phosphate, pH 7.4) five times.

Three mL of pre-warmed serum free media was added to the BMECs and the flasks were

moved to an incubator at 37°C and 5% CO2 for 40 minutes and gently rocked several times

to promote phage internalization. For rounds 2 and 3, the procedure described above was

repeated except the BMEC flasks were washed 3 times with 25 mL of PBS, followed by

addition of 20 mL of pre-warmed serum free media supplemented with hydrocortisone, prior

to incubation at 37°C for 15 minutes.

After round 1, BMECs were washed three times with 1 mL ice cold PBS. Subsequent rounds

were washed three times with 10 mL of PBS. The loosely bound phage were stripped from

the surface of the cells by adding of 4 mL stripping buffer I (500 mM sodium chloride, 0.2

M urea, 2 mg/mL polyvinylpyrrolidone in 50 mM glycine, pH 2.8) three times at room

temperature for 5 minutes. The stripping buffer fractions were recovered and neutralized

with 2 mL of 1 M Tris-HCL (pH 7.4), then placed on ice, and reserved for titering and

storage. The still adherent cells were washed two times in 10 mL of PBS at room
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temperature and then once with 2 mL of 0.25% trypsin/EDTA (Life Technologies, #

25200-056). Then, 2 mL of fresh trypsin/EDTA was added to the BMECs and incubated at

37°C for no longer than 10 minutes to detach the cells and further remove phage bound to

the outside of the BMEC. The detached cells were moved to a conical tube and centrifuged

at 300g at 4°C for 5 minutes. The cell pellet was then washed twice with 10 mL ice cold

hydrocortisone supplemented serum free media and then resuspended in 1 mL of ice cold

lysis Buffer (100 mM triethanolamine in ddH2O), triturated, and incubated on ice for 10

minutes. The lysate containing the “cell-associated fraction” was neutralized by triturating

with 0.5 mL of 1 M Tris-HCL (pH 7.4).

The phage were recovered from the cell-associated fraction by incubation with an excess of

log phase TG1 Escherichia coli cells from Agilent Technologies (Santa Clara, CA). Briefly,

0.75 mL of phage-containing fractions were added to 10 mL of log phase TG1 E. coli and

incubated at 37°C for 30 minutes, followed by another 30 minute incubation at 37°C while

shaking. A volume of 300 μL of the phage bearing TG1 was used for titer determination.

The rest was plated on two 150 mm 2xYT (16 g/L Bacto Tryptone, 10 g/L Bacto Yeast

Extract, and 5 g/L sodium chloride, pH 7.0) agar plates with 15 μg/mL tetracycline and

incubated at 37°C overnight. The phage harboring bacteria were subsequently scraped off

the plates using 2xYT media, expanded in 200 mL culture and phage in the culture

supernatant was recovered by standard polyethylene glycol (PEG) precipitation [15]. For

subsequent screening rounds, 1×1011 cfu of phage from the cell-associated fraction were

used, except for round 2 of the pre-subtracted library screen. The recovery of phage from

round 1 in this pool was lower than expected, so round 2 of the pre-subtracted screen was

treated the same way as round 1 (using less stringent conditions than round 2 for the non-

subtracted pool) except phage was applied in a ratio of 5:1 of cell-associated fraction to third

stripping fraction, and stripping buffer II (150 nM sodium chloride, 100 mM glycine, pH

2.5) was used in place of stripping buffer I.

DNA fingerprinting by BstN1 digestion

Estimates of post-screen pool diversity were determined by BstN1 digestion of scFv-

encoding inserts. Briefly, bacteria infected from phages isolated from the post-screen pools

were spread on TYE (10 g/L bacto tryptone, 15 g/L bacto yeast extract, and 8 g/L sodium

chloride, pH to 7.0) agar plates with 15 μg/mL tetracycline and allowed to grow overnight at

37°C into isolated colonies. Ninety-six of these were picked off the plate, expanded, and

stored in 15% glycerol at −80°C until experiment was performed. Whole cell PCR was

performed using Platinum® Taq (Life Technologies, # 10966-034) per manufacturer’s

instructions on each of the wells described above using primers that flank the scFv gene in

the phage DNA. The primer sequences were 5′-TTTTTGGAGATTTTCAACGTGA-3′, and

5′-GAATTTTCTGTATGAGGTTTTGCTAAA-3′ for the forward and reverse primers,

respectively. The PCR product was then digested with the restriction enzyme BstN1 (New

England Biolabs # R0168L) per manufacturer’s instructions. The digestion products were

run on a 3% agarose gel, stained with ethidium bromide and imaged using the Molecular

Imager Gel Doc XR System from Bio-Rad (Hercules, CA). The resulting images were

analyzed for distinct patterns in each lane and categorized accordingly.
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Enzyme Linked Immunosorbent Assay (ELISA) for phage binding

BMECs were cultured in 96 well tissue culture plates as described above. The day of the

assay, each well of BMECs was blocked with 250 μL of PBSCM (PBS with 1 mM of

calcium chloride and 0.5 mM of magnesium sulfate) supplemented with 40% goat serum

(PBSCMG) (Sigma-Aldrich, #G6767). The wells were washed three times with 250 μL of

PBSCM. Overnight cultures of phage harboring bacteria were centrifuged, and 50 μL of the

phage containing supernatant from each sample was incubated directly on the BMECs in the

presence of 100 μL of fresh PBSCMG. The plate was incubated for one hour at 4°C and then

washed once. An anti-M13-HRP antibody (GE Healthcare, # 27942101) diluted 1:500 in

PBSCMG was incubated in each well for one hour at 4°C. Following this, the cells were

washed three times in PBSCM and a colorimetric substrate was added to each well and

incubated for 30 minutes (ABTS (Sigma-Aldrich, # A9941) prepared by manufacturer’s

instructions). The plate was then read at 405 nm using an EL800 Universal Microplate

Reader from BioTek (Winooski, VT).

Preparation of soluble hexahistidine-tagged scFv

The following method for secreting the soluble scFv-His6 fusion is based on a protocol

described in Zhou and Marks [15]. An overnight bacterial culture harboring the scFv

secretion plasmid was used to inoculate 2xYT medium containing 100 μg/mL ampicillin and

0.1% glucose, which was then grown at 37°C until an OD600nm of 0.9 was reached.

Expression was induced by adding 1mM isopropyl-β-D-thiogalactopyranoside (IPTG, Fisher

Scientific, # 50213380) and allowed grow for 4 hours at 30°C. The bacteria was harvested

and the scFv recovered by serial incubation with a periplasmic extraction buffer (PPB, 200

g/L sucrose, 1 mM EDTA, 30 mM tris-HCl, pH 8.0) supplemented with DNAse I (Roche

Applied Sciences, # 10104159001) to 100 μg/mL, and cOmplete protease inhibitor cocktail

tablets, mini (Roche Applied Sciences, # 11836153001) and an osmotic shock buffer (OSB,

5 mM magnesium sulfate in ddH2O) supplemented with DNAse I and cOmplete, Mini. The

result was syringe filter sterilized, and dialyzed against PBS + 10mM imidazole. The scFv

were purified from the crude extract with HisPur Ni-NTA spin columns (Thermo Scientific,

# 88224) using manufacturer recommended protocol for purification by gravity flow. The

purified scFvs were eluted and subsequently dialyzed against PBS, and the purity of the

scFv was verified by SDS polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie

blue staining. Finally, the elution fractions were sterile filtered using Ultrafree centrifugal

filtration units (Millipore # UFC30GV25), and quantified using UV 280 absorbance and

extinction coefficients generated by ExPASy (http://web.expasy.org/protparam/).

Immunocytochemical labeling of cultured cells with soluble scFv

BMEC, LEC, or HEC were cultured as described above. The cells were washed once with

300 μL ice cold PBSCM, blocked for 30 minutes on ice with 300 μL of PBSCMG. The cells

were incubated with 300 μL of 100 μg/mL (~3 μM) scFv monomer in PBSCMG for 2.5

hours on ice. The cells were washed 2 times with ice cold PBSCM, and then the surface was

labeled with 250 μL of a mouse anti-c-myc antibody (Covance # MMS-150P) at a 1:250

dilution in PBSCMG for 30 minutes on ice. This was followed by 2 washes in ice cold

PBSCM and a 30 minute incubation with 250 μL of goat anti-mouse Alexa Fluor® 594 (Life
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Technologies # A11032) diluted 1:400 in PBSCMG. The nuclear stain, DAPI (Life

Technologies, # D1306) was applied for 4 minutes at room temperature at a concentration of

300 nM in 300 μL of PBS, and then the cells were washed three times with ice cold PBSCM

and post fixed for 8 minutes at room temperature with paraformaldehyde (4% w/v in PBS).

Finally, the cells were washed three times in PBSCM, with 0.5 mL of wash buffer and

visualized using an Olympus fluorescence microscope connected to a Diagnostic

Instruments camera run by MetaVue.

ScFv internalization was also assayed using a procedure similar to above except the

following: The scFv were pre-dimerized with the mouse anti-c-myc antibody at a molecular

ratio of 4 scFv to 1 anti-c-myc antibody in PBSCMG. The pre-dimerized scFv was incubated

with BMECs for 1 hour on ice and then transferred to an incubator at 37°C and 5% CO2 for

30 minutes to allow for internalization. The cells were next incubated with Alexa Fluor®

594 as described previously. The cells were then fixed in paraformaldehyde for 8 minutes

and washed 2 times in ice cold PBSCM. The cells were permeabilized using 0.6% Triton™

X-100 (Sigma-Aldrich, # X100) in PBSCMG for 30 minutes. Next, the cells were washed 2

times in ice cold PBSCM and incubated with goat anti-mouse Alexa Fluor® 488 (Life

Technologies, # A11029) diluted 1:400 in PBSCMG. The cells were then labeled with

DAPI, fixed again, and viewed under the fluorescent microscope as previously described. A

positive control antibody against the rat transferrin receptor (AbD Serotec, # MCA155G)

was used at a dilution of 1:200.

Flow cytometric analysis of cultured cells with soluble scFv

BMEC, LEC, or HEC were cultured as described above. The cells (~2×106 cells/T-25 flask)

were washed in PBS and detached from the T-25 culture flasks using 1 mL of accutase (Life

Technologies, # A11105-01). The cells were transferred to a conical tube, centrifuged at

800g for 10 minutes, and resuspended in PBSG (PBS with 40% goat serum) and blocked on

wet ice for 30 minutes. The cells from each flask were separated into 5 equal samples

containing ~4×105 cells which were centrifuged and resuspended in 300 μL scFv monomer

at 100 μg/mL (~3 μM) in PBSG and incubated for 60 minutes on ice. The cells were

centrifuged as above and washed once in 1 mL of ice cold wash buffer (PBS with 5% goat

serum) and centrifuged again. The samples were resuspended in mouse-anti-c-myc in 300

μL of PBSG at a 1:250 dilution and incubated on ice for 30 minutes. The cells were washed

once in 1 mL of ice cold wash buffer, centrifuged and resuspended in a goat anti-mouse

antibody conjugated to allophycocyanin (APC, Life Technologies, # A865) in 300 μL of

PBSG and incubated for 30 minutes. The cells were washed two times and resuspended in

flow buffer (PBS + 0.1% BSA + 5 mM EDTA) supplemented with Sytox® (Life

Technologies, # S7020)) diluted 1:10,000 and analyzed on a flow cytometer (Becton

Dickinson FACSCalibur).

Immunohistochemical labeling of rat tissue sections with soluble scFv

Rat brain, heart, lung, liver, and kidney were dissected from a male Sprague-Dawley rat,

snap frozen, and 7 μM cryosections were prepared. Prior to use, the sections were removed

from the freezer and allowed to thaw and air dry for approximately 20 minutes. The sections

were wetted in sterile PBS at room temperature. Next, tissue sections were blocked in PBSG
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for 30 minutes. ScFv monomer was diluted to 100 μg/mL (~3 μM) in 300 μL of PBSG and

incubated on the tissue sections on ice for 2.5 hours (kidney used 50 μg/mL scFv). The

sections were washed twice with ice cold PBS and the mouse anti-c-myc antibody diluted

1:250 in 300 μL of PBSG was incubated on the sections for 30 minutes on ice. The sections

were next washed twice and incubated with an Alexa Flour® 594 conjugated anti-mouse

antibody diluted 1:400 and isolectin B4 conjugated FITC (IB4-FITC, Sigma-Aldrich #

L2895) diluted 1:100 in PBSG for 30 minutes. The samples were washed three times and

fixed in 4% paraformaldehyde for 10 minutes at room temperature. Kidney sections serial to

the scFv labeled sections were labeled in a similar manner but with an anti-rat CD31

antibody (Thermo Scientific, # MA1-81051) to visualize endothelial cells in place of the

IB4-FITC. The sections were viewed using an Olympus fluorescence microscope connected

to a Diagnostic Instruments camera run by MetaVue.

RESULTS

Screening of phage display scFv library on BMECs

The screen was performed using a rat in vitro BBB model described previously [14]. The

model employs primary rat brain microvascular endothelial cells (BMECs) that are purified

by puromycin treatment, and after confluence, BBB properties are induced with

hydrocortisone [14]. This model was chosen as the cellular screening platform because

hydrocortisone induction enhances the in vivo relevance of the model by leading to increases

in trans-endothelial electrical resistance, improvements in tight junction morphology, and

molecular changes that move the model more towards the in vivo situation [6, 14].

A library of 5×108 human-derived scFvs displayed on the surface of Fd-tet phage [16, 17]

was panned against the BMECs. This library was chosen primarily for its multivalent

display of scFv (3–5 copies per phage) to help bias the screen towards antibodies capable of

internalization [18]. To this end, the screen was designed to enrich the recovered pools for

internalized phages; but, as the data below indicate, the screen will also recover those

antibody-bearing phage that bind well to the BMEC cell surface (Figure 1A). Within this

functional screen, one path incorporated a pre-subtraction step prior to each round of

screening in which the phage libraries were first incubated successively on primary rat heart

(HEC) and rat lung (LEC) endothelial cell lines prior to using the unbound phage for

screening on BMECs (Figure 1A, see Materials and Methods for details). The rationale was

to attempt to remove phages that bind to common endothelial cell antigens and help promote

brain selectivity. The parallel screening path did not employ subtraction in order to access

the diversity of the entire antibody library and corresponding BMEC antigens. The pre-

subtracted or non-subtracted phage pools were then incubated on hydrocortisone-induced

BMECs grown in a tissue culture flask, first on ice as a binding step and then at 37°C to

allow for possible phage internalization. The surface of the BMECs was subsequently

washed and stripped with a low pH buffer. After trypsinization and lysis, the phages that had

either internalized or were incompletely stripped were recovered in TG1 E. Coli, titered and

this cell-associated fraction was used for the next round of screening (Table 1). As one

exception to this strategy, it was noted that the diversity of the cell-associated fraction

resulting from round 1 of the pre-subtraction screen was quite low and thus for round 2
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phage recovered in the last stripping wash were combined with the cell-associated fraction

(Table 1). The screen progress was followed both by phage titer and by BstN1 restriction-

based DNA fingerprinting (Table 1 and Figure 1B). While the titer in the pre-subtracted

screens continued to increase throughout three rounds of enrichment, by round 3 the

diversity had been reduced to just two unique digestion patterns (Table 1). By contrast, the

amount of phage recovered from the non-subtracted library increased from round 1 to round

2, but plateaued in round 3, and the diversity remained comparatively high. At this point, the

scFv-bearing phages were analyzed on a clonal basis.

Clonal assessment of recovered scFvs

Antibody-bearing phage clones were individually assessed in a BMEC cell-based phage

ELISA to determine those clones capable of binding BMECs. Out of 395 individual clones

sampled from rounds 2 and 3 of the pre-subtracted and non-subtracted pools, 39 clones

yielded an elevated ELISA signal. Evaluation of these clones based on BstN1 digestion

patterns, reduced the number of potentially unique binding antibody-bearing phage clones to

22. Further evaluation of these 22 clones by phage-based immunocytochemistry revealed 10

phage clones with definitive binding to cultured BMECs (Figure 1C). Sequencing of the 10

clones yielded three unique scFv sequences, one designated scFv38 appeared in both pre-

subtracted and non-subtracted pools resulting from round 3 of screening, scFv29 was found

in round 3 of the pre-subtracted pool, and scFv15 was found only in round 2 of the pre-

subtracted pool.

These three scFv were subcloned, expressed in bacteria and purified via a hexahistidine tag

(Figure 2A). Purified scFv were used to immunolabel BMECs, HECs, and LECs.

Fluorescent microscopy and flow cytometry were used to assess their qualitative and

quantitative BMEC binding specificity, respectively. ScFv29 originated from the pre-

subtracted screens and exhibited very clear preferential binding to BMEC’s without

detectable binding to either the HECs or LECs (Figure 2C), and this finding was

corroborated by flow cytometry (Figure 2B and 2C). In contrast, scFv15, which also

originated in the pre-subtracted pool, exhibited more limited binding to BMECs and also

yielded detectable binding to HECs and LECs (Figure 2B). While there was certainly less

BMEC specificity for scFv15 compared with scFv29, flow cytometric quantification

indicated that scFv15 binding to BMECs was increased compared with binding to either

HECs or LECs (Figure 2C, p<.05). ScFv38 was found in both non-subtracted and pre-

subtracted pools, and accordingly bound all three cell types with roughly the same intensity

(Figure 2B and C).

Since one of the objectives of the screen design was to bias towards internalizing antibodies,

the endocytosis capability of the three antibodies was assessed. Briefly, purified scFv38,

scFv29, and scFv15 were pre-dimerized with an anti-c-myc antibody since scFv

multimerization has been shown to help promote internalization and the antibodies were

selected using the multivalent Fd phage display system [19, 20]. The pre-dimerized scFvs

were incubated with BMECs on ice for 30 minutes and then placed at 37°C for 30 minutes

to allow for internalization. The antibody distribution was then visualized by a dual

fluorophore detection to assay for both external and internal antibody localization (Figure
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3A). ScFv38, scFv29, and scFv15 did not appear to internalize appreciably, although with

limited overall in vitro labeling of scFv15, internalization could not be completely ruled out.

In contrast, a positive control antibody, OX-26, that recognizes the rat transferrin receptor,

which is known to internalize [18], did demonstrate internalization in this assay as

evidenced by punctate vesicles in the perinuclear and cytoplasmic regions of the cell

(Figures 3A and 3B).

In vivo organ binding distribution of scFv38, scFv29, and scFv15

Since the screen was performed in vitro and some interesting cellular binding selectivity was

exhibited for clones scFv29, and scFv15, the in vivo organ binding distribution was assessed

using rat tissue cryosections. First, purified scFv38, scFv29, and scFv15 were used to

immunolabel rat brain sections (Figure 4). Interestingly, scFv clones scFv38 and scFv15

clearly bind to brain capillaries having excellent co-localization with the vascular marker,

IB4 lectin, but no brain capillary labeling was detected for scFv29 although this scFv

produced the highest and most selective binding signal on cultured BMECs.

To assess the organ specificity of the scFv that bind to brain endothelial cells in vivo, scFv15

and scFv38 were also used to immunolabel rat heart, lung, liver, and kidney cryosections

(Figure 4). As predicted by the binding patterns in cultured cells in vitro (figure 2b and 2c),

scFv15 and scFv38 immunolabeled the heart vasculature. However, in contrast to the in

vitro-based immunocytochemistry results, neither scFv15 or scFv38 appeared to bind the in

vivo lung vasculature, nor did they immunolabel the in vivo kidney or liver vasculatures.

Thus, the antigens targeted by these two antibodies are at the very least differentially

expressed in the brain compared with these peripheral vascular beds. Taken together, scFv38

and scFv15 both target a BBB resident antigen in vivo and do so with vascular selectivity

with respect to all peripheral organs tested other than heart.

DISCUSSION

This study demonstrates that scFvs having the capability to selectively bind the BBB in vivo

can be identified using the hydrocortisone-induced primary BMEC model as a phage

display-based screening substrate. While other in vitro BBB models based on primary

BMECs or immortalized BMECs have been used as screening substrates [10, 19], it was

expected that the hydrocortisone-induced model might provide a more robust screening

platform given the advantages in BBB phenotype previously demonstrated [14, 21, 22].

After evaluating roughly 400 phage clones by applying phage ELISA, phage

immunocytochemistry and DNA sequence filters, the overall diversity was reduced to three

scFvs capable of binding BMECs as soluble proteins. The imposition of these various

evaluation filters, along with pre-subtraction and internalization screening pressures, likely

contributed to the low numbers of recovered scFvs. Moreover, as a result of antibody

affinity, antigen abundance and clonal expression bias, it is relatively commonplace for such

screens to result in a limited diversity of targeting antibodies [10, 18, 23]. While the

resultant scFv diversity was lower than desired, it may be possible to further expand the

diversity by performing pure binding screens rather than including internalization selection

pressure. For example, employing a binding screen on the immortalized RBE4 brain
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endothelial cell line using a yeast display library yielded 34 different binding antibodies

[19].

The screen was designed in an attempt to bias towards identification of endocytosing

antibodies [10, 18, 24, 25], although the recovered scFvs did not appear to be capable of

internalization, at least using the in vitro assay employed in Figure 3. For the most part,

internalization screens have been performed using immortalized cell lines or cancer cell

lines [18, 24] that endocytose avidly given their enhanced proliferative status. By

comparison, primary rat BMECs were used as the screening platform in this study and these

cells are fairly non-proliferative, as is the in vivo BBB [14]. Moreover, one of the prevailing

phenotypes of the in vivo BBB is a substantially reduced amount of vesicle-based trafficking

[26], a property that in our experience also appears to manifest itself in primary in vitro BBB

models (Figure 3B). This phenomenon can be visualized in Figure 3, where both primary

endothelial cells and the RBE4 immortalized endothelial cell line were assayed for anti-

transferrin receptor antibody internalization. It can be seen that the amount of transferrin

receptor labeling on the cell surface (red) and the number of cells possessing multiple

internalized vesicles (green) is decreased in primary BMECs when compared to the highly

proliferative immortalized RBE4 cell line (Figure 3). Thus, the beneficial signal-to-noise

often afforded by an internalization selection pressure was likely muted in the BMEC

screen, leading to the identification of antibodies that either do not internalize, or do so

sparingly in primary cultured BMECs. Interestingly, in an attempt to further explore the

internalization capacity of scFv15 and scFv38 in the RBE4 cell line because of its enhanced

endocytosis phenotype, it was found that scFv15 and scFv38 did not cross-react with the

RBE4 cells. Therefore, while the primary culture based BMEC model used in the screen was

apparently non-ideal for internalization screening, the model offered benefits in that scFv15

and scFv38 which interact with the BBB in vivo would not have been identified using the

RBE4 cell line.

Pre-subtraction has been used to predispose screens toward cell-type specificity [10, 24, 27],

and this approach was effective in this study as well. ScFv29 originated from the pre-

subtraction screen and appeared to display BMEC specificity on the in vitro cultured cell

screening substrates. ScFv15 also originated from the pre-subtraction screen and while it

still bound to HECs and LECs, scFv15 still exhibited elevated binding to BMECs. When

moving toward the in vivo environment in terms of binding the vasculature in rat brain tissue

sections, scFv29 proved to bind an antigen that is expressed at detectable levels only in the

cultured cells. This in vitro artifact is a well-known challenge of performing screens using in

vitro cell-based platforms because, while a primary BMEC expression profile is more in

vivo-like than an immortalized cell line, it is still substantially different from the true in vivo

situation [6, 28]. In particular, although the addition of hydrocortisone to the rat BMEC

model does beneficially move many transcripts towards the in vivo BBB expression profile,

some transcripts are also artificially upregulated as well [6]. This phenomenon, along with

typical aberrant cellular regulation associated with in vitro culture can help explain the

identification of scFvs like scFv29 that only bind in vitro. In contrast to scFv29, scFv15 and

scFv38 bound brain capillaries in vivo. In addition, these two antibodies demonstrated

binding to an antigen expressed in brain and heart vasculature that was not detected by scFv
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immunolabeling of the lung, liver, or kidney. Despite the heart cross-reactivity, there are

very few if any potential brain targeting antibodies or peptides that have been demonstrated

to have the BBB selectivity that is demonstrated by scFv15 and scFv38, as oftentimes the

targeted receptors are ubiquitously expressed like the transferrin or insulin receptors [2, 3].

While it remains to be determined whether or not scFv15 or scFv38 will transport into the

brain parenchyma, it should be noted that simply targeting the BBB and providing a local

drug reservoir, or internalizing into the BBB and using the endothelial cells as reservoirs for

trophic molecules can also be beneficial for therapeutic efficacy [29, 30]. Thus, given their

tissue selectivity, scFv15 and scFv38 offer promise as BBB targeting reagents, pending

further in vivo evaluation of their targeting and transport attributes.
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BBB blood-brain barrier

scFv single-chain variable fragment

BMEC brain microvascular endothelial cell

DMEM dulbecco’s modified eagle medium

PDS platelet depleted serum

HEC heart microvascular endothelial cell

LEC Lung microvascular endothelial cell

PBS phosphate buffered saline

PEG polyethylene glycol

ELISA enzyme linked immunosorbent assay

PBSCM PBS supplemented with calcium and magnesium

PBSCMG PBSCM supplemented with 40% goat serum

APC allophycocyanin

SDS sodium dodecyl sulfate

PAGE polyacrylamide gel electrophoresis

DAPI 4′,6-diamidino-2-phenylindole

FITC fluorescein isothiocyanate
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Figure 1.
Antibody library screening on in vitro BBB model. A) Step 1: Display of a library of human

scFv on fd-tet phage. Step 2: One path employed pre-subtraction techniques using rat HEC

and LEC in an attempt to promote brain specificity. The parallel screening path did not

employ library subtraction. Step 3: Library incubation with BMECs to allow for binding and

internalization of the antibody bearing phage. Following incubation, the BMECs were

washed and stripped. Step 4: The BMECs were lysed to recover the phage stilal associated

with the cells because of internalization or stripping-resistant binding. Step 5: Library pools

were analyzed on a clonal basis by phage titer, BstNI restriction mapping, and in the final

rounds, phage immunocytochemistry. B) Sample BstN1 digestion pattern on an agarose gel.

Patterns are categorized by number to indicate the clustering used to compile the statistics

reported in Table 1. C) Sample images from clonal phage immunocytochemistry using

BMECs to determine which clones displayed a binding phenotype. Image on left is a non-

binding clone, and image on right is scFv38 in phage format. Scale bar is 50 μm
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Figure 2.
Production and assessment of soluble scFv binding profiles in cultured cells. A) Purified

scFv electrophoresed on an SDS-PAGE gel stained with Coomassie blue. scFv38 is shown.

B) Quantitative antibody binding resulting from flow cytometric analyses of scFv15,

scFv38, and scFv29 on BMEC, HEC, and LEC. Experiments were performed on cells

cultured in separate triplicate wells. Expressed are the specific signals after subtraction of

the irrelevant, anti-botulinum (ABN) scFv background as mean ± S.D., n=3. *p<0.05,

**p<0.005 computed using a student’s two-tailed t-test assuming unequal variances. Bar

graph is representative of 3 independent experiments. C) Purified ABN scFv (negative

control), scFv15, scFv38, and scFv29 scFv as well as anti-CD31 antibody (positive control)

were incubated on BMECs, HECs, and LECs. The scFv immunolabeling concentration was

100 μg/ml (~3 μM) and is most likely saturating the targeted receptors. Scale bar is 50 μm

and images are representative of 5 independent experiments. The histograms at the right of

each row of images are flow cytometry histograms for each respective antibody

representative of the triplicate samples quantified in Panel B. The x-axis of the histograms

represents antibody binding intensity in arbitrary fluorescent units. The filled line represents

the ABN scFv negative control, the solid line is binding signal arising from BMEC, the

dotted line is binding signal from HEC, and the dashed line is binding signal from LEC.
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Figure 3.
Assay for antibody internalization. A) BMECs or RBE4 (last row only) cells were incubated

with 100 μg/mL (~3 μM) of scFv pre-dimerized with 9E10 (anti-c-myc) first on ice for 30

minutes and then at 37°C for 30 minutes. As an internalization positive control an anti-

CD71 (anti-transferrin receptor IgG, OX-26) antibody was employed. The BMEC or RBE4

cell surface was subsequently labeled with Alexafluor594 (red) for 30 minutes. The cells

were fixed with 4% paraformaldehyde, permeabilized with triton X100 and the interior of

the cell labeled with Alexafluor488 (green). Subsequently the cells were labeled with the

nuclear stain, DAPI (merged column only). Note the accumulated, punctate intracellular

green fluorescence in the anti-CD71 samples indicative of internalized antibody, and the
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enhanced surface and internalized fluorescence visible in the RBE4 rat brain endothelial cell

line. Scale bar is 50 μm and the images are representative of 4 independent experiments. B)

Quantitation of anti-CD71 antibody internalization. The percentage of cells with multiple

internalized vesicles is depicted as mean ± S.D., n=3 microscope fields (RBE4 cells 92±5%

versus primary BMECs 46±2%, p<.001 computed using a student’s two-tailed t-test

assuming unequal variances).
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Figure 4.
Tissue distribution of antibody binding. Purified ABN scFv (negative control), scFv15, and

scFv38 were incubated on rat brain, heart, liver, lung or kidney tissue sections at a

concentration of 100 μg/mL (~3 μM) except for kidney labeling which was done at 50

μg/mL (~1.5 μM) to limit nonspecific background (labeling of brain vasculature was still

detected using the 1.5 μM concentration). The sections were co-labeled with FITC-

conjugated IB4 lectin as an endothelial cell marker, except for kidney in which an anti-rat

CD31 antibody was used to label kidney sections serial to the sections labeled with scFv.

The scale bar is 50 μm and the images are representative of 5 independent experiments for

the brain panel and 3 independent experiments for peripheral tissue panels.
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Table 1

Assessment of screen progress.

Pre-subtracted Non-subtracted

Titer (cfu)a Digestion Patternsb Titer (cfu)a Digestion Patternsb

Round 1 9.45×103 8.98×104

Round 2 3.01×105 33/92 1.29×106 28/71

Round 3 1.51×106 2/94 3.44×105 25/94

a
Phage titers from the internalized fraction of screens

b
The fraction of unique BstN1 digestion patterns
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