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Discovery and Development of Antibodies for Drug Delivery Across the 
Blood-Brain Barrier 

Loukas Goulatis 

Under the supervision of Professor Eric V. Shusta in Chemical and Biological 

Engineering, University of Wisconsin - Madison 

Abstract 
  

The cure and management of the majority of diseases affecting the brain is 

hampered by the blood-brain barrier (BBB). In the brain endothelia adjacent endothelial 

cells are sealed together, redirecting molecular trafficking from the paracellular route to 

the transcellular trafficking. This leads to the barrier’s selectivity that maintains brain 

homeostasis allowing the selective passage of nutrients, but at the same time preventing 

the vast majority of therapeutics from entering the brain from the blood. In order to treat 

diseases of the central nervous system harsh, invasive procedures are typically 

employed. The lack of effective treatments motivates the development of non-invasive 

methods for brain drug delivery. A widely researched method for non-invasive delivery 

across the BBB is to target via antibodies the brain’s endogenous transport mechanisms 

particularly transporters that utilize receptor mediated transcytosis (RMT) to ferry 

therapeutics into the brain. Current RMT systems suffer from low trans-BBB transport 

capacity, as well as ubiquitous expression throughout the periphery, necessitating the 

research for novel antibody-RMT pairs. However, the search for such antibody-RMT pairs 

is at best, problematic, due to a lack of human BBB models of high fidelity that can force 

a selection campaign towards delivery of transcytosis-capable antibodies. In this work, 

we aim to discover and develop such brain penetrating antibodies.  
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First, we describe a novel, combinatorial methodology to screen a phage display 

antibody library against a stem cell-derived model of the human BBB specifically for 

transcytosing antibodies. The in vivo-like selectivity of the model and its human origin, 

combined with the power of display technologies allow us to perform screens to find the 

‘’needle in a haystack’’ that is an antibody that can traffic across the BBB in vivo, and 

target antigens with human relevance. We move forward to describe the production, 

purification, and validation for both in vitro and in vivo brain transport of our lead 

antibodies. A panel of novel antibodies able to transport across the BBB through RMT 

mechanisms is identified and evaluated.  

Next, we aim to develop an antibody functionalization platform to integrate our 

brain penetrating antibodies and enable further downstream in vivo evaluation. To this 

end, we describe the optimization of a semi-synthetic protein functionalization platform 

developed previously in our laboratory. Through fusing antibodies with an intein, a protein 

segment able to splice itself, and secreting the fusion in yeast it is possible to append 

site-specifically a chemical handle to the protein of interest thereby enabling a controlled 

functionalization. This process, termed express protein ligation (EPL), is limited by total 

protein secretion, and intein cleavage efficiency. By optimizing key amino acid residues 

at the protein-intein interface critical for cleavage and culture conditions we increase the 

total capacity of our system for site-specific protein functionalization. Thus, this body of 

work presents the development of brain penetrating antibodies from early lead discovery 

to protein functionalization, paving the way for potential applications for brain drug 

delivery. 
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Chapter 1 – Discovery and Development of antibodies as vectors for Blood-Brain 

Barrier Drug Delivery 

1.1 Introduction 
  
Treatment of central nervous system (CNS) disorders represents one of the major 

challenges facing public health. With the increase in life expectancy worldwide, the aging 

population in developed countries, and the late life onset of many of these diseases it is 

estimated that the toll of these disorders, both financial and societal, will only continue to 

increase 1. The hurdle in treating such diseases lies two major areas, drug design, and 

drug delivery. Responsible for the latter, and most troublesome area, is the Blood-Brain 

barrier (BBB) that forms a continuous layer of cells lining brain vasculature. A healthy 

BBB prevents the crossing of the majority of chemical molecules and proteins into the 

brain allowing only small gaseous molecules or lipophilic agents to freely diffuse across 

the lipid bilayer, thereby regulating brain homeostasis 2. Thus, the majority of large 

molecules that are found from pharmaceutical screens to be effective are effectively 

excluded from crossing the BBB and exercising their therapeutic effect. 

 It follows that development of a drug delivery vector that can cross the BBB would 

be a valuable innovation. To this end, we have employed functional screens to identify 

antibodies capable to traffic across the BBB in a non-invasive manner. We demonstrated 

accumulation of our antibodies in vivo, as well as the human relevance of our lead 

candidates (Chapter 3). In Chapter 2, we review the current state of the art of antibody-

mediated brain drug delivery with the goal to put in perspective the value and challenges 

of this technology for addressing treatment of brain disorders.  
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 As our understanding of vector pharmacokinetics and pharmacodynamics, as well 

as BBB and brain disorders’ biology evolves, drug delivery vehicles and therapies move 

beyond plain 1rst generation antibody therapies 2. A new generation of therapeutics is 

under development that utilizes antibodies and peptides as coatings of nanoparticles 

which themselves possess unique drug delivery properties. Along with nanoparticles’ 

manufacturing technologies, antibody conjugation technologies also continue to develop. 

In Chapter 4 we describe a platform to chemically functionalize our brain penetrating 

antibodies through integration with a semi-synthetic platform, as a first step in offering an 

antibody capable of ferrying a therapeutic into the brain. Chapter 5 contains the first steps 

into functionalizing our brain penetrating antibodies as proof of concept.  

  The balance of this introduction surveys the literature and research standing of 

key fields pertinent to the success of this study.  

1.2 Blood-Brain barrier physiology 

A unique feature of brain microvascular endothelial cells (BMECs) is the formation 

of the neurovascular unit that surrounds the vessels and establish and maintains the BBB 

properties. A typical neurovascular unit is comprised of different cell types interacting with 

the BMECs that form the BBB. The four main cell types that are assumed to influence the 

unique BMECs properties are brain astrocytes, pericytes, microglia and neurons 3–5. 

These cells regulate BBB development to confer its barrier properties, and capillary blood 

flow regulation. The role of neurons is more complex, with research showing that the BBB 

functions is highly influenced by neuronal cues 6. BBB phenotype is also highly influenced 

by interaction of the basal lamina of the extracellular matrix with the cerebral 

microvascular endothelium 6. Finally, the BBB vasculature expresses a variety of active 
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efflux transporters on its surface such as those of the ABC family (ATP binding cassette), 

multi-drug resistance transporters, and importantly the P-glycoprotein (P-gp) transporter 

that act to remove a wide range of drugs, foreign molecules and their metabolites from 

the endothelial cells 7.  

Defining features distinguishing the brain endothelia from the periphery and 

renders it impermeable to large molecules is a lack of fenestrations, minimal pinocytotic 

activity, and the presence of tight junctions (TJ) 6,8. BMECs are sealed together with the 

help of a network of specialized intercompartmental membrane proteins that mediate cell-

cell contact and bond together endothelial cells: the tight junctions and the adherens 

junctions 6. Adherens junctions (AJ), consisting of a number of proteins, serve to provide 

structural support. Cadherins span the intracellular cleft and are themselves linked to the 

cell cytoplasm via alpha, beta, and γ-catenin scaffolding proteins 9. Formation of TJ 

follows, the manifestation of a healthy AJ phenotype, and disruption of the barrier is 

subsequent to the AJ disruption 10. Tight junctions themselves constitute a complex of 

proteins interacting between overlapping BMECs, such as occludins and various isoforms 

of claudins that are irreplaceably responsible for BBB integrity and span the intercellular 

cleft, and junctional adhesion molecules (JAMs)9.  Peripheral scaffolding proteins such 

as Z0-1/2/3 and cingulin link occludins and claudins to the cytoskeleton 9.  These 

interactions of tight junctional proteins with the cytoskeleton are important in barrier 

properties’ regulation, as cytoskeletal rearrangement by external cues can lead to the 

modification of tight junctional properties and lead to a leaky barrier 8.  

Despite its remarkable ‘’sealing’’ properties the BBB is not completely 

impermeable. The brain constitutes the ‘’command center’’ of the body, and needs to 
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receive all necessary nutrients, as well as a variety of chemical signals. While small 

lipophilic molecules (<400Da) diffuse through the lipid membrane of the BMECs large 

and/or hydrophilic molecules employ alternate, and/or specific, cell assisted routes 11. For 

these larger molecules, three main classes of transport systems function at the BBB: 

absorptive mediated, carrier mediated, and receptor mediated. A diagram of these 

processes that allow passage of molecules to the brain can be seen in Figure 1.1. 

Absorptive mediated transcytosis (AMT) is initiated by the absorption of cationic 

molecules to negatively charged moieties present in the surface that forms the clathrin 

coated pit and is, therefore, random and non-specific 12. Nutrient transport is 

accomplished by a  
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Figure 1.1 BBB transport 

Schematic presenting the main classes of transport across the BBB. Large molecules can employ only a 
fraction of the total processes (Adapted from [14] Lajoie JM, Shusta E V. Targeting Receptor-Mediated 
Transport for Delivery of Biologics Across the. Annu Rev Pharmacol Toxicol. 2015;55(1):613-631. 
doi:10.1146/annurev-pharmtox-010814-124852). 
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specialized system of protein carriers embedded on both the luminal and abluminal 

surfaces of BMECs. Nutrients such as amino acids and hexoses, amines, carnitines, and 

monocarboxylates are transported across the BBB via carrier mediated transcytosis 

(CMT) 13. In the same category of transport systems belongs various efflux transporters 

such as P-glycoprotein and various organic anion transporters (e.g. sodium, potassium, 

bicarbonate, chloride). Selectivity is achieved via the recognition from the receptor of a 

specific stereochemistry of the molecule 13. Finally, receptor mediated transcytosis (RMT) 

is initiated by the specific binding of a ligand to its respective receptor and allows high 

selectivity14. Common routes for RMT include the use of insulin receptor 15,  the leptin 

receptor 16, the LDL receptor 17, and transferrin receptor 18 among others. In RMT a ligand 

binds with high specificity to a receptor in the BMEC surface and triggers a vesicle 

formation around the receptor-ligand complex. This is followed by the next step where the 

complex is internalized in the endothelial cytoplasm and migrates via so far not completely 

elucidated routes to the basolateral (brain) side. Finally, the vesicle is fused with the 

basolateral membrane and the cargo is exocytosed 19. Highly desirable properties of the 

RMT route are the wide variability of ligands of all sizes and shapes (e.g. symmetric 5kDa 

insulin to variably-shaped 55kDa LDL particle), and the large size of the vesicles that 

allows the conjugation of the ligand with a large molecular weight hydrophilic drug, or the 

use on ligand-coated particle preparations as drug carriers 11. Moreover, RMT systems 

allow us to raise antibodies against the respective receptors that do not compete with the 

natural ligand, leading to increase efficiency and less system toxicity. Known RMT 

complexes have been utilized to ferry drugs encapsulated in liposomes coated with the 

targeting moiety, and magnetic nanoparticles with a RMT targeting coat 20. Despite the 
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effort to identify high capacity RMT systems that can delivery therapeutics to the brain, 

the current state-of-the-art approaches targeting TfR, IR, and LDLR face significant 

issues of limited efficacy and safety liabilities 21. To this end, the need for novel RMT-

antibody pairs is evident and will be the focus of the present study.  

1.3 in vitro models of the Blood-Brain barrier 

In order to identify receptors and antibodies with promising receptor mediated 

transport across the BBB the use of in vitro models of the BBB is invaluable. In vivo 

screens of antibodies are plagued by high background, rendering this avenue ineffective 

22. Further, genomic and proteomic profiling of BBB endothelial cells while successful in 

identifying new BBB specific receptors 23 have the difficulty of a priori determining which 

receptors are actually capable of transport. Hence, the use of in vitro human BBB models 

is advantageous in performing functional screens to identify BBB targeting and 

transcytosing antibodies.  

 There is a large number of studies employing types of epithelial or non-cerebral 

origin endothelial cells to study BBB function. Particularly, Madin-Darby canine kidney 

(MDCK) cells and human umbilical endothelial cells (HUVEC) 24. Further, primary cultures 

of endothelial cells isolated from various non-human species such as rat 25, pig 26, mouse 

27, and bovine 28 origin are used. In particular, pig and bovine primary cells are available 

in high quantities and poses good permeability properties 29. Co-culture with pericytes 

and astrocytes results in tightening of cell junctions and a corresponding increase in 

TEER. Brain endothelial cell lines such as RBE4 30, and Bend3 31 are heavily employed 

in research, but their barrier properties and TEER values are poor precluding their use in 

functional transcytosis screens.  
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BBB models based on primary human tissue are reported, but due to scarcity of 

available material their use is limited when a significant and constant supply of cells is 

needed. Instead, alternative models based on immortalized brain endothelial cells or 

human-derived stem cells are employed. The most widespread and characterized such 

immortalized model, hCMEC/D3 32 has been successfully used to isolate antibody-like 

molecules able to transcytose the BBB 33. The most important feature of a BBB model for 

the present study is the junctional tightness, a marker of low permeability of the model to 

molecules and particles. This property is often measured as transendothelial electrical 

resistance (TEER). Besides TEER, it is important that the model poses transporters and 

receptors commonly found in the in vivo human BBB in order to identify reagents with in 

vivo relevance. While hCMEC/D3 express the characteristic tight junction proteins of the 

BBB the monolayer they form is leaky and hinders functional antibody screens using 

vectorial transport 34.  

Recently, human brain endothelial cells have been derived from stem cell sources 

such as induced pluripotent stem cells (iPSCs) 35 and human cord blood-derived stem 

cells of circulating endothelial progenitor and hematopoietic lineages 36. In the case of 

iPCS-derived BBB pure, BBB-like, endothelial monolayers are obtained by selective 

purification of endothelial cells from neural progenitor cells that form a restrictive barrier 

and have high expression of key junctional proteins such as ZO-1, claudin-5, and 

occludin, as well as high P-gp, Mrp-1, and BCRP activity35,37 ; features that help develop 

a low permeability phenotype. TEER values of this models reach >2000  Ω cm2 forming 

a selective barrier that can be used in functional antibody discovery campaigns offering 

an avenue for developing transcytosis capable antibodies.  
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1.4 Antibody discovery  

The lack of high efflux and specific brain RMT targets has motivated extensive 

academic and industry efforts to identify alternative RMT systems. There is evidence that 

due to the unique nature of the blood-brain barrier phenotype and the significant need of 

the brain for nutrients, there exists an enhanced profile of RMT systems. Further evidence 

based on genomics studies such as suppression subtractive hybridization (SSH) 38, and 

serial analysis of gene expression (SAGE) 39 have pointed that the transcription profile of 

the BBB differs from peripheral organs  with many identified enriched genes having 

unknown function. These findings that combined with recent data showing upregulated 

transporters in the BBB compared to endothelial cells in liver and lung in mouse provide 

evidence that there is a high likelihood for the existence of novel BBB RMT systems 40. 

The target discovery project can originate from ‘’omic’’ studies including 

transcriptominal profiling and proteomics experiments that lead to discovery of 

overexpressed or unique transporters to serve as targets for antibodies in a canonical 

discovery campaign, nevertheless due to the 23 lack of clear relationship between 

expression and function of RMT molecules, alternative functional approaches are 

implemented were the lead targeting molecule is identified without a priori knowledge of 

the underlying RMT mechanism. Important technical aspects in the search of such a 

molecule go beyond the choice of an appropriate screening substrate and involve the use 

of correct selection technology in the form of the antibody display platform. 

To meet the demands for antibody discovery, in vitro display technologies are an 

invaluable recourse. The most widely used technology is phage display (Figure 1.2) 41. 

The defining characteristic of display technologies is the genotype to phenotype linkage, 
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where the  

 
Figure 1.2  Phage Display biopanning 

Basic screening methodology for identifying BBB penetrating antibodies through phage display 
selections. 1. Creation of library of ligands that are displayed on the surface of phage. 2. Display of 
particles on surface of phage. 3. Panning of phage on appropriate cell substrate that presents the 
antigens of interest. 4. Washing of non-desired phage particles along with non-specific background 
binders. 5. Recovery of desired library fraction. 6. Amplification of phage library and preparation for next 
selection round. Steps 3-6 are repeated till the desired output has been achieved. (Adapted from [78] 
Stutz C, Zhang X, Shusta E. Combinatorial approaches for the identification of brain drug delivery targets. 
Curr Pharm Des. 2014;20:1564-1576)  
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DNA encoding the displayed protein is retained in the displaying organism and recovered 

after the end of each round of screening along with the particle displaying the selected 

ligand. Phage display, developed by GP Smith 42, employs filamentous bacteriophage 

(either M13, fd, or f1) 43 to display peptides or antibodies as fusions to phage coat 

proteins, particularly the pIII protein that is present at one end of the phage particle. The 

main characteristic that make phage display so attractive for isolating brain penetrating 

antibodies are the small size of phage particles that allows internalization and trafficking 

through brain endothelial cells, allowing screening for function, namely transcytosis.  

In a functional combinatorial screen, a library of targeting ligands, peptides or 

antibodies displayed in an appropriate platform is screened on a BBB-like substrate that 

can consist of brain endothelial cells of various species. The library mixture is allowed to 

bind and internalize, followed by extensive washing steps to remove non-specific 

targeting reagents from the library 44. The members of the library that are still associated 

with the cells are recovered, amplified, and the process repeated until the isolation of lead 

candidates possessing the desired phenotype as assayed in downstream experimental 

steps. Employing the human cell line hCMEC/D3, Muruganandam et al., identified 

camelid single domain antibodies from a screen assaying transcytosis across a cell-

coated transwell 33. Two particular reagents, FC5 and FC44 showed considerably 

stronger affinity in vivo towards mouse BBB compared to lungs. FC5 has been used 

extensively for imaging and therapeutics delivery. In another study a phage displayed 

human single chain antibody fragment library was screened on hydrocortisone-treated 

primary rat brain endothelial cells resulting in the identification of three unique antibodies 

that immunolabeled rat brain vessels in vivo 33 further highlighting the power of functional 
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screens.  

Despite previous approaches, the lack of appropriate in vitro BBB-like screening 

substrate that will maintain almost in vivo like selectivity precluded the ability to select for 

true function, instead relying on gearing towards initial steps of transcytosis to get the 

desired phenotype. A combinatorial in vitro screen employing human BBB model closely 

resembling in vivo BBB would open exciting opportunities in identifying a true BBB 

penetrating antibody with human relevance.  

1.5 Antibody functionalization 

Discovery and engineering of internalizing antibodies has gained significant 

momentum as vectors for drug delivery to the brain. The basic concept is that antibodies 

engage endogenous transport mechanisms available in endothelial cells constituting the 

BBB to transcytose into the brain where they can excise their therapeutic potential or 

deliver a payload. Two main venues for drug delivery through antibodies are conjugation 

with nanoparticles (NPs), and antibody-drug conjugates (ADCs). While significant amount 

of research has been documented regarding the method of trafficking of particles 45, and 

antibodies 21 through the BBB, the mechanism of ligand conjugation as well as the fine 

tuning of NPs’ antibody coating is critical for the fate of the therapeutic. In landmark 

studies binding properties of anti-transferrin receptor antibodies 46 and NPs coating 

conditions with transferrin 46 were found to heavily influence transcytosis capacity proving 

that functionalization of brain targeting antibodies, with all the consequential effects on 

antibody-target binding dynamics, is a critical downstream parameter that requires 

optimization for successful brain delivery. 
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Available techniques to conjugate antibodies with NPs or therapeutic moieties 

usually involve modification of chemical residues within the protein itself to link a target. 

While there are numerous conjugation strategies 47, the most commonly modified protein 

residues are lysines, since they tend to be located at the exterior accessible space of 

proteins and contain a reactive primary amine that is a versatile target for chemical 

conjugation. Chemical conjugation through primary amines via NHS-ester chemistry 

results in the formation of a stable amide bond covalently linking the insert with the protein 

48. However, since functional groups are present in multiple locations throughout proteins 

these methods lead to random integration of the functional entity in the protein and a 

heterogeneous population. The most severe byproduct of random integration is the often-

detrimental alteration of protein activity and function due to changes in structure and 

conformation, as well as steric hindrance between the protein and inserted molecule. 

An alternative strategy consists in site-specific bioconjugation, wherein a specific 

residue in the protein is employed in the chemical conjugation reaction. This allows 

control of the number and site of conjugation limiting deleterious effects and alteration of 

binding properties and producing a homogeneous population while maintaining a preset 

ratio of antibody to payload 47. A critical challenge lies in the incorporation of a unique, 

chemically reactive residue in within the protein to serve as an acceptor for the chemical 

handle. Attempt to bypass this obstacle involve incorporation of unnatural amino acids 49 

and use of modified tRNAs 50. Due to the labor intensive and low efficiency nature of these 

techniques, our lab has developed modification through expressed protein ligation (EPL) 

as a means to deliver uniformly modified proteins following secretion in yeast 51.  In EPL 

the protein of interest is fused with a protein splicing element known as intein to generate 
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a reactive thioester at the C-terminus of the target protein 52 that can be further reacted 

with the chemical handle of interest (Figure 1.3). This method has  

 
Figure 1.3 Site-specific antibody functionalization 

EPL can be used to install chemical entities onto the carboxy-terminus of intein fused proteins. The intein 
catalyzes a reversible N- to S- acyl shift between the target protein and the intein. This exposes a thioester 
at the carboxy-terminus of the target protein that is susceptible to attack by a nucleophile. Commonly used 
nucleophiles, such as thiol-based reagents then react to release the intein and install a carboxy-terminal 
thioester on the target protein that can be further reacted with an appropriate chemical handle (shown here 
is a biotin functional group). (Adapted from Goulatis LI, Shusta E V. Protein engineering approaches for 
regulating blood–brain barrier transcytosis. Curr Opin Struct Biol. 2017;45:109-115. 
doi:10.1016/j.sbi.2016.12.005) 
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been used to install functionalities such as aklynes, azides, and fluorophores 53,54. This 

technique is particularly powerful in our process to move our brain penetrating antibodies 

into further in vivo studies by providing a suitable platform to append functional groups 

without the possibility of abolishing activity. To this end, we have worked on optimizing 

our antibody-intein fusion functionalization process in yeast with the goal of providing a 

scaffold to integrate our brain penetrating antibodies identified from a discovery 

campaign. 

1.6 Summary 

 The BBB is a formidable obstacle for successful delivery of therapeutics to the 

brain. Its unique phenotype requires the development of complex targeting reagents that 

can deliver drugs non-invasively. Human models of the BBB can mimic the endothelial 

barrier and provide the pool of potential RMT antigens in antibody discovery campaigns 

through display selections. With this in mind, we demonstrate the discovery and 

development of novel brain penetrating antibodies that recognize human and mouse 

antigens and are validated for their capacity to cross the BBB in vivo. We describe their 

development all the way from selection out of a diverse human antibody library and hit 

validation in vitro and in vivo, down to integration with an optimized functionalization 

platform that enables future in vivo validation of their capacity to ferry therapeutics to the 

brain.  
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Chapter 2 – Protein Engineering Approaches for Regulating Blood-Brain Barrier 

Transcytosis 

This chapter was adapted from:  L. I. Goulatis, and E.V. Shusta, "Protein engineering 

Approaches for Regulating Blood-Brain Barrier Transcytosis", Curr Opin Struct Biol, 2017. 

45: p. 109-115.  Motivation for the need to identify novel Blood-Brain Barrier transcytosing 

antibodies is established, and the state of the art in biologics Blood-Brain Barrier delivery 

reviewed. 

2.1 Introduction 

Therapeutic delivery for the treatment of brain diseases is hampered by the 

physical, transport, and metabolic properties of the blood-brain barrier (BBB). The BBB is 

comprised of brain microvascular endothelial cells (BMECs) that are stitched together by 

a network of specialized tight junctions, yielding an impressive physical barrier to blood-

to-brain transport. In addition, BMECs lack fenestrae and have minimal pinocytotic activity 

6. These unique properties combine to limit the entry of blood-borne small molecule drugs 

and biologics into the brain 55.  However, despite its remarkable sealing properties and 

restriction to drug transport, the BBB is actually selectively permeable to key nutrients 

such as glucose, iron and lipoproteins that cross the BBB via specific molecular transport 

systems. This BBB phenotype may hold the solution to the brain drug delivery problem in 

the form of noninvasive delivery strategies that coopt such endogenous transcellular 

transport systems. In particular, vectors that target BBB transport systems that rely on the 

vesicle trafficking network can be used to deliver pharmacologically relevant doses of a 

variety of therapeutics 56. Recently, the efficacy of these vectors has been improved by a 
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combination of protein engineering approaches and a better understanding of intracellular 

trafficking events. In this review, we will highlight the various transcellular BBB pathways 

available for noninvasive brain drug delivery and the protein engineering efforts that have 

been deployed to best utilize the available pathway capacity. 

2.2 Trans-BBB brain delivery pathways  

Transport mechanisms employing the vesicle-mediated trafficking systems of 

BMECs can be used to traffic drug cargo into and across the BBB. Several classes of 

vesicle-mediated transport systems function at the BBB including fluid phase endocytosis, 

absorptive-mediated endocytosis, and receptor-mediated transport in the form of 

caveolae- or clathrin- mediated mechanisms 11,57 (Figure 2.1). In the case of employing 

receptor-mediated systems for drug delivery, an antibody or peptide is usually employed 

as a targeting vector.  A therapeutic can either be attached directly to the targeting vector 

or loaded into liposomes or nanoparticles (NPs), themselves coated with the targeting 

vector 14. After binding and endocytosing into BMECs by one of the aforementioned 

mechanisms, the vector and attached therapeutic cargo is then trafficked within the 

endothelial cell, with some cargo ultimately being released into the brain parenchyma by 

transcytosis (Figure 2.1). Interactions between the targeting vector and the respective 

transcytosis pathway components are key to determining where the therapeutic traffics 

and to what extent it may transcytose as discussed in the specific examples below. In this 

way, therapeutics can enter the central nervous system (CNS) noninvasively from the 

bloodstream.  Below, we break down the various vesicle-mediated transcytosis pathways 

as they have been employed in BBB drug delivery. 
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2.2.1 Fluid phase transcytosis 

Fluid phase endocytosis serves as a non-specific uptake method allowing cells to 

internalize extracellular fluid. Endocytosis follows actin cytoskeletal rearrangements that 

result in formation of membrane ruffles that occasionally fold back on themselves and 

envelop fluid domains 58. The resulting vesicles are devoid of coating material required 

for the curvature of smaller vesicles, distinguishing them as pinocytotic vesicles that can 

ultimately transcytose and release contents into the brain parenchyma 58 (Figure 2.1). 

While fluid phase endocytosis is capable of delivering payload across the BBB, 

challenges include its inherently nonspecific nature, inability to concentrate the  

 

Figure 2.1 Endogenous BBB endocytosis and transcytosis pathways. Fluid phase endocytosis 
involves the generation of large vesicles that internalize extracellular fluid and soluble proteins. Absorptive-
mediated endocytosis is initiated by the nonspecific absorption of cationic molecules to the negatively 
charged plasma membrane and subsequent trafficking through the endosome towards either degradation, 
or transcytosis. Clathrin-mediated endocytosis involves the formation of clathrin and adaptor protein 
complexes that result in the formation of a clathrin-coated vesicles. These vesicles mature to EEs, where 
cargo can then be sorted and trafficked for recycling, degradation or transcytosis. Caveolae-mediated 
endocytosis begins with the formation of vesicles that are structurally and functionally different from clathrin-
coated vesicles, followed by delivery of the receptor-ligand complex to the EE where it can be further 
processed for transcytosis. 
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therapeutic since it involves engulfment of fluid at the prevailing blood concentration, and 

the difficulty of tuning the transcytosis process. Moreover, one of the unique features of 

the BBB is that it possesses comparatively few pinocytotic vesicles 59 and therefore, the 

total trans-BBB flux of therapeutic by this route will be limited.  Therefore, much of the 

trans-BBB delivery focus has been on targetable transport routes. 

2.2.2 Absorptive-mediated transcytosis  

One approach to add a first level of targeting capability is surface modification of 

the therapeutic carrier or the therapeutic itself through cationization. AMT is initiated by 

the absorption of cationic molecules to negatively charged moieties present in the surface 

of the brain endothelia (e.g. sialo-glycoconjugates and heparan sulfate proteoglycans) 60 

(Figure 2.1). Using the model AMT substrate, wheat germ agglutinin, it has been shown 

that following internalization, cargo is directed towards the endo-lysosomal pathway, with 

in vivo studies showing accumulation also in the inner saccules of the golgi network, a 

destination not accessible to fluid phase endocytosed cargo 61. Protein cationization by 

carboxyl group modification has been performed for albumin and antibodies in order to 

enhance the delivery of pharmaceutical payloads to the brain 62. For instance, cationized 

Immunoglobulin (IgG) and cationized bovine albumin transcytosed into brain following 

carotid arterial infusion 63. Further, NPs coated with cationic moieties 64 and cell 

penetrating peptides (CPPs) such as SynB vectors 65 have been employed to deliver 

functionalized small molecules, proteins, and nanoparticles across the BBB by AMT. 

Though AMT allows trans-BBB delivery of drugs in concentrated transcytotic vesicles, it 

remains a non-specific approach as the therapeutic will also accumulate in the blood 
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vessels of peripheral organs leading to potential off-target effects. Moreover, the 

cationization process has the potential to affect the therapeutic activity. Thus, other 

approaches that both allow drug concentration and employ targeting of specific BBB 

receptors have been developed.   

2.2.3 Clathrin-mediated transcytosis  

Upon ligand and receptor engagement, clathrin-mediated transcytosis (CMT) 

starts with the formation of clathrin-coated pits which are then endocytosed and fused 

with the early, or sorting endosome (EE) (Figure 2.1). The EE is the main sorting 

compartment in the endocytic pathway and is the acceptor vesicle for other major 

endocytosis pathways besides CMT 66. Membrane cargoes are sorted within the complex 

EE structure that involves so-called tubular and vacuolar domains. Immediately after the 

formation of clathrin-coated vesicles, acidification driven by vacuolar H+-ATPases begins 

and continues through the endosome-lysosome maturation process. Of particular 

relevance to CMT-targeting, pH-induced dissociation of ligands from their cognate CMT 

receptors starts in the EE conditions of pH 6.8-6.1, thereby providing a sorting mechanism 

separating bound ligand from the fluid phase (Figure 2.1). Cargoes are then spatially 

sequestered and sorted 67. The main spherical vacuole matures further to become the 

late endosome, and finally the acidic pH 4.5 lysosome where any accompanying material 

is destined for degradation. In contrast, cargo that resides in the tubular domains can 

either be recycled, directed to different intracellular sites or ultimately transcytosed in 

polarized cells such as BBB endothelium (Figure 2.1). As will be discussed below, the 

relative balance between these various pathways is key to maximizing the brain uptake 

of CMT-targeted therapeutics.   
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Among the most widely used CMT systems are the transferrin receptor (TfR) 68, 

the insulin receptor 69, and low-density lipoprotein receptor-related protein receptor 1/2 

(LRP) 14 all of which are highly expressed on human brain microvasculature. Another 

receptor believed to involve CMT processes at the BBB is the cell surface a(2,3)-

sialoglycoprotein TMEM-30A that has been targeted by a single domain antibody (sdAb) 

known as FC5 33,70. CMT offers the advantage of selective targeting compared with AMT, 

although the aforementioned CMT receptors, while abundant at the BBB, are expressed 

in peripheral endothelia as well.  Finally, although CMT can direct transcellular movement 

of targeted therapeutics, the relative distribution of the various sorting pathways is not 

necessarily directed towards maximum transcytosis. Thus, engineering strategies that 

attempt to address this issue have been developed. 

2.2.4 Caveolae-mediated transcytosis  

Caveolae are flask-shaped membrane invaginations that are structurally and 

functionally different than clathrin-coated endocytotic structures (Figure 2.1). These 

primary endocytic vesicles are distinct from intracellular compartments found in the 

clathrin pathway, are pH neutral, and devoid of usual clathrin internalized ligands such as 

transferrin 71. Caveolae-mediated transcytosis has been implicated in brain delivery of a 

number of virus derived peptides 72,73, toxins 74 and NPs 75 and has been suggested to 

be involved in the trafficking of the LDL receptor 76 and the Aβ peptide via the receptor 

for advanced glycation end-products (RAGE) 77. Considerable research has been 

performed to identify BBB-resident clathrin- or caveolae-mediated transcytosis systems 

and peptide or antibody vectors capable of selectively targeting them 78. For example, a 

recent proteomic evaluation revealed the highly expressed CD98 heavy chain (CD98hc) 
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as a new target for BBB delivery, and this receptor exhibited colocalization with caveolin-

1 23. 

2.3 Engineering BBB-targeting vectors  
Key to the efficient implementation of BBB targeting vectors are protein 

engineering approaches that improve trans-BBB transport.  Binding properties of 

targeting vectors have been engineered for enhanced trans-BBB trafficking and the 

decoration of NPs with targeting vectors has also been explored for improved targeting 

and trans-BBB transport (Figure 2.2).  

2.3.1 Engineering targeting vectors for enhanced trans-BBB trafficking 

The amount of peptide- or antibody-targeted therapeutic that not only endoctyoses, 

but also transcytoses the BBB, can be limited by the intrinsic vesicle trafficking process.  

Binding on the blood side, endocytosis, sorting, exocytosis and brain side release are all 

key components in regulating the fraction of the blood-borne dose that transits the BBB 

and enters the parenchyma 14 (Figure 2.2). Recent efforts have leveraged antibody 

engineering strategies to increase trans-BBB transport and have highlighted the 

importance of the vector binding and trafficking issues. The most well-developed set of 

examples deals with engineering the binding properties of anti-TfR antibodies and 

exploring their effects on trafficking and delivery in vitro and in vivo.   

First, antibody affinity and avidity for TfR was evaluated, and it was demonstrated 

that higher brain uptake of anti-TfR antibodies can be accomplished by lowering antibody 

affinity 46. Intravenous administration of antibodies having a range of affinity to TfR (Kd = 

6.9 – 111 nM) indicated that at trace doses, mouse brain uptake directly correlated with 

affinity suggesting that receptor engagement at the blood side of the BBB was the key 

parameter governing uptake (Figure 2). However, at therapeutic dosing (20 mg/kg), an 
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inverse correlation was observed where the lowered affinity antibody demonstrated 

greater brain accumulation (up to 0.6 % ID/g). In addition, immunohistochemistry revealed 

more substantial colocalization of low affinity anti-TfR antibodies with neuronal markers 

as opposed to high affinity antibody clones that showed predominantly vascular 

localization. These data were posited to demonstrate that lowered affinity allows for 

antibody release from the TfR at the abluminal membrane while higher affinity variants 

remain bound to the TfR. Further, reduction of cortical TfR levels after administration of 

high affinity anti-TfR antibody was observed and mechanistic studies suggested it to be 

a result of increased lysosomal sorting and degradation of the high affinity variant within 

BMECs 79. Thus, productive trans-BBB anti-TfR antibody trafficking could be increased 

by lowering antibody affinity.  In addition to studies of TfR antibody binding affinity, the 

role of avidity has also been explored with similar conclusions. In order to investigate 

avidity effects on trans-BBB transport, an Fab fragment targeting the TfR was fused to 

the carboxy-terminus of an anti-BACE1 antibody in a bivalent (dFab) or monovalent 

(sFab) format 80. The dFab exhibited a higher degree of colocalization with lysosomes 

compared to the sFab in the murine b.End3 BBB cell line (Figure 2.2). Moreover, dFab 

transcytosis was not detected across the human hCMEC/D3 BBB cell line whereas the 

sFab was found to transcytose. In an in vivo setting, the dFab was unable to substantially 

cross the mouse BBB and could be found colocalized with LAMP2, a lysosomal marker. 

In a mouse model of Alzheimer’s disease, decreases in amyloid plaques were only 

observed after sFab administration, with the dFab remaining largely sequestered in the 

microvessels 80. Receptor crosslinking has been associated with altered TfR trafficking 

81,82, and this phenomenon likely plays an important role in BBB sequestration and 
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degradation of high affinity and bivalent anti-TfR antibodies and their coordinate 

decreases in brain uptake.  

In addition to modulating targeting vector binding affinity or avidity, one could also 

envision regulating vector-receptor trafficking dynamics by engineering binding properties 

 

Figure 2.2 Transcytosis optimization. A schematic depiction of the various engineering optimization 
strategies for increased transcytosis of antibodies and NPs. High affinity monovalent and bivalent anti-TfR 
antibodies internalize readily into the EE, but then direct the antibody-receptor complex towards lysosomal 
degradation, possibly by crosslinking the TfR and altering its intracellular trafficking. While high affinity 
monovalent anti-TfR antibodies can transcytose the BBB, they remain bound to the receptor on the 
abluminal side, limiting the dose to the brain. In contrast, low affinity anti-TfR antibodies decrease antibody-
TfR sorting to the lysosome and can either be recycled back to the luminal side, or are transcytosed to the 
abluminal side where they dissociate from TfR, leading to increased brain accumulation. Similarly, Tf coated 
nanoparticles show a higher transcytosis capability when lowering the Tf coating content, resulting in 
reduced avidity. Further, pH-sensitive TfR binding antibodies that can dissociate from TfR in the acidic EE 
lead to increased transcytosis compared to pH-insensitive antibodies. In the case of the single domain 
antibody FC5, increased affinity towards the receptor leads to an increase in the amount of transcytosed 
antibody, highlighting the fact that vectors utilizing different trafficking machinery may require customized 
optimization. 

 

that are responsive to the trafficking environment.  For instance, during CMT, acidification 

is a key step in the vesicle maturation and sorting process 67 (Figure 2.1), and this pH 
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gradient has been exploited in protein engineering involving FcRn binding, as well as in 

natural ligands including transferrin 83. Along these lines, early work has investigated 

whether or not pH-sensitive binding could be an additional engineering handle for 

regulating anti-TfR antibody trafficking and increasing trans-BBB transport 34. Using in 

vitro BBB models, differential intracellular trafficking was observed for a pH-insensitive 

anti-TfR antibody, 128.1, compared to a pH-sensitive anti-TfR antibody, MEM-189. 

Antibody 128.1 colocalized with the late endosomal/lysosomal marker CD63 while MEM-

189 was instead found in vesicular structures distinct from late endosomes. Transcytosis 

of pH-sensitive MEM-189 across the hCMEC/D3 cell line increased; and in contrast, the 

lysosomal degradation of 128.1 was increased (Figure 2.2).  These data are suggestive 

of pH-sensitive binding being a candidate for increasing trans-BBB transport, although 

the epitopes for these two antibodies may not be identical. In other recent studies, pH-

sensitivity has been engineered into an anti-TfR antibody using histidine scanning 

mutagenesis methods, such that the resultant antibodies presumably recognize the same 

epitope as the pH-insensitive wild-type antibody 84.  As in the study with 128.1 and MEM-

189, antibody trafficking in SK-BR-3 cells was also substantially affected by pH-sensitivity, 

with increased intracellular accumulation in distinct vesicular structures that did not 

appear endosomal or lysosomal in origin.  These combined data are suggestive that 

engineered pH-sensitive binding to the TfR is a viable target for altering intracellular 

trafficking and ultimately enhancing trans-BBB transport.   

It is important to note that not all trafficking pathways will likely respond to antibody 

binding properties in the same fashion as the TfR pathway. For example, in a recent 

publication, antibodies having different affinity against basigin and CD98hc were 
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evaluated regarding their transcytosis capability following trace and therapeutic dosing in 

mice 23. While the high affinity basigin antibody exhibited increased uptake upon trace 

dosing like that observed with the high affinity anti-TfR antibody 23, both basigin antibodies 

(13.5 – 102nM affinity range) showed similar brain penetration at therapeutic dosing, 

which contrasts with anti-TfR antibody affinity results 46,79,85. When produced as bispecific 

antibody constructs with an anti-BACE1 arm, anti-CD98hc/BACE1 bispecific antibodies 

exhibited a similar inverse relation between antibody affinity and brain exposure to that 

previously observed with anti-TfR/BACE1 antibodies 85. However, unlike anti-TfR 

antibodies, the high and low affinity anti-CD98hc/BACE1 antibodies did not perturb 

trafficking or exhibit differential lysosomal uptake 23.  As another example, the effects of 

avidity on the trans-BBB passage of the FC5 sdAb mentioned above were investigated.  

FC5 was fused either in monovalent or bivalent format to human Fc region. In contrast to 

the TfR system, increased transcytosis of the bivalent construct (80% increase) was 

observed using an in vitro BBB model 86 (Figure 2.2). Despite the differences observed 

in vitro, levels of the monovalent and bivalent FC5 in the cerebrospinal fluid were not 

statistically different. Taken together, these results indicate that optimization of antibody 

properties needs to be tailored to each targeted trafficking receptor, and that antibodies 

targeting different receptors or even different epitopes of the same receptor may have 

different optimal binding properties.  

Finally, in addition to engineering antibodies to enhance trans-BBB passage, 

factors such as immunogenicity, clearance, peripheral uptake, off-target toxicity and 

safety are also important for translation of these methods 85. As an interesting example, 

a murine anti-human insulin receptor antibody 83-14 has been used to deliver 
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pharmaceutical payloads to rhesus monkey brain after intravenous administration 15. A 

humanized version of the antibody was developed (HIRMAB) to lower immunogenicity 

and despite a 27% reduction in affinity, the antibody still bound to primate and human 

insulin receptor and accumulated in rhesus monkey brain 87. Finally, the HIRMAB was 

further engineered as a fusion protein to a single-chain antibody that binds amyloid beta-

amyloid as a potential treatment for Alzheimer’s disease, with the fusion antibody 

accumulating in primate brain after intravenous administration 88. 

2.3.2 Engineering NPs for increased brain penetration 

NPs have been employed to deliver pharmaceutical payloads to the CNS 45. In 

vitro studies regarding the transcytosis mechanism of non-functionalized NPs have found 

that NPs cross brain endothelial cells by a combination of fluid phase transcytosis 89, 

clathrin-mediated transcytosis and caveolae-mediated transcytosis 90,  albeit at rather low 

efficiency. Therefore, coating NPs with vectors capable of targeting specific endocytosis 

pathways has been shown to influence their intracellular fate, as well as their 

transcytosing capacity (Figure 2.2). For example, NP trafficking in vitro was altered by 

coating NPs with polyethyleneimine (PEI) or prion protein. PEI-coated NPs entered the 

cell via macropinocytosis and exhibited diminished transcytosis while prion-coated NPs 

targeted receptor-mediated systems and exhibited enhanced transcytosis compared with 

uncoated NPs 91. Multiple forms of NP functionalization can synergize to further increase 

cellular uptake, and transcytosis capability by leveraging multiple entry mechanisms. For 

instance NPs synthesized from AMT-targeting cationic PAMAM polymer and decorated 

with CMT-targeting lactoferrin (Lf) exhibited increased brain endothelial cell uptake than 

non-targeted PAMAM NPs by employing both AMT and CMT mechanisms 92. Finally, 
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similar to antibody-based vectors, engineering the binding properties of the NP can 

influence transcytosis. For example, tuning the avidity of transferrin-decorated gold NPs 

regulated their brain accumulation in mice 93. NPs with the highest avidity to the TfR were 

sequestered at the brain vasculature and exhibited reduced accumulation in the brain 

relative to NPs with low avidity, similar to observations of anti-TfR affinity and avidity 

described above.   Although not directly related to engineering the targeting moiety, NP 

shape and size can also influence BBB trafficking.  For instance, a study employing the 

hCMEC/D3 cell line and electron microscopy found that SiO2 NPs of sizes ranging from 

50-200 nm all internalized into the endo-lysosomal pathway, with the smaller NPs 

accumulating to a greater extent 89. Moreover, for anti-transferrin receptor-targeted 

polystyrene NPs having either rod or spherical geometries, rod-shaped NPs were found 

to better accumulate in all murine tissues including brain after intravenous administration, 

likely as a combination of flow and binding effects 94. 

2.4 Conclusions  
Despite the obstacle presented by the BBB, the delivery of therapeutics employing 

endogenous BBB transcytosis mechanisms is moving forward. Targeting vector 

engineering has been successfully deployed to increase the amount of trans-BBB 

transport. Moving forward, it is anticipated that the simultaneous targeting of multiple 

pathways will be used to enhance uptake and specificity. In addition, one could envision 

employing sequential targeting of multiple pathways or environment-dependent binding 

to more substantially influence transcellular trafficking (e.g. cell surface targeting followed 

by intracellular redirection). Finally, it is our opinion that the mechanistic aspects of 

transcellular BBB trafficking should be an expanding research focus to better inform BBB 

targeting vector design and optimization.  
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Chapter 3 - Discovery of New Antibodies that Target and 

Transport the Blood-Brain Barrier 

Here, we describe the screening of a phage display antibody library on an in vitro human 

Blood-Brain barrier model to identify brain penetrating antibodies with human relevance. 

Then, we proceed to characterize lead antibodies for in vitro and in vivo transcytosis 

capacity. The work presented in this Chapter leads to novel antibodies able to potentially 

serve as drug delivery vectors across the blood-brain barrier with exciting applications for 

brain disease treatment.   

I would like to acknowledge Dr. Julia V. Georgieva, who contributed equally to the body 

of work presented in this Chapter, adapted from a co-first author manuscript in 

preparation. I specifically conceived and performed the phage display antibody discovery, 

performed production and characterization of antibodies for in vitro and in vivo assays, 

performed in vitro cell based assays, differentiated hBMECs, and contributed to image 

acquisition and analysis. I would also like to acknowledge Dr. Scott Canfield and Dr. 

Hannah Wilson for providing the hBMECs for the initial phage screening. 

3.1 Introduction: 
The blood-brain barrier (BBB) prevents access of biotherapeutics to their central 

nervous system (CNS) targets and therefore prohibits the effective treatment of 

neurological disorders. In the brain vasculature adjacent endothelial cells are connected 

by tight junctions that redirect molecular trafficking from the paracellular route towards 

transcellular trafficking 95. This leads to the barrier’s selectivity that maintains brain 

homeostasis allowing the selective passage of nutrients, but limits crossing of antibodies 

to the brain to only ~0.1% of circulating antibody levels 96. A promising delivery method 
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lies in the utilization of existing active transport systems expressed on the luminal side of 

the brain endothelial cells such as receptor mediated transport mechanisms to mediate 

non-invasive delivery to the brain 11. Two prominent examples are antibodies against the 

transferrin (TfR) 97 and insulin (IR) 15 receptors. Nevertheless, these systems, while 

mediating transport across the BBB, are relatively inefficient and non-specific resulting in 

deleterious off-target effects 80,85. While it is possible to mitigate these effects by antibody 

engineering strategies 21, there remains a significant need for the discovery of novel BBB 

receptor targeting antibodies.  

Currently, multiple approaches have been implemented to deliver novel antibody-

target pairs 78. Genomic and proteomic profiling of BBB endothelial cells has identified 

new BBB transport systems 23, however, it is difficult to determine a priori what BBB 

receptors are actually capable of transport from omics data. Phenotypic screening of large 

libraries in vivo  98 and in vitro 33 for new reagent identification has shown limited success, 

with only a handful of new antibodies isolated. In vivo screens of phage antibody libraries 

are plagued by high background recoveries masking relevant clones 99 while antibodies 

identified from in vitro biopanning often do no not cross-react with in vivo antigens 100 due 

to potential alteration of protein expression profiles in culture. Further, current human in 

vitro BBB models are inherently leaky, prohibiting functional transcytosis screens of 

antibody libraries. 

Here, we identified new BBB targeting antibodies by panning a phage displayed 

human single chain antibody fragment (scFv) library against an in vitro human BBB 

model. This model, derived from induced pluripotent stem cells, has well-developed tight 

junctions and expresses a collection of markers unique to the BBB thereby enabling 
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transcytosis screening approaches 35,37. Importantly, this model allows us to recover 

antibodies that can have human relevance. Using this approach, we identified a cohort of 

antibodies able to target brain vasculature in vivo and also react with human antigens. 

Two lead antibodies demonstrated increased transport across the in vivo BBB and were 

found associated with post vascular cells. Importantly, neither antibody appeared to 

interact with established RMT transferrin and insulin receptors, thus serving as potential 

candidates for novel methods for transporting therapeutic payload to the brain. 
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3.2 Materials and Methods: 
3.2.1 Cell culture: 

hBMEC differentiation was performed as previously described 101. At day 8 of 

differentiation cells were plated on coated tissue culture plates or 1μm pore size poly-

ester transwells (Corning #CLS3462), or on collagen/fibronectin coated tissue culture 

plates. The primary human lung and heart microvascular endothelial cells (hLECs and 

hCECs, CC-2527 and CC-7030) were obtained from LONZA (Walkersville, MD), and 

cultured as per manufacturer’s instructions.  

3.2.2 Phage selection: 

All the screening methods preceding transcytosis are adapted from protocols 

outlined in Zhou and Marks, with a human naïve fd-tet based scFv library employed 

44,102,103. Initially, the human scFv library was pre-subtracted by serial application on 

hLECs and hCECs grown on T-75 flasks. All screening rounds were performed in 

appropriate culture media for each cell type. In each round 1011 colony forming units 

(CFU) were applied to a confluent cell monolayer. Pre-subtraction rounds were performed 

by incubating the library on monolayers for 1hr on ice, while internalization rounds on 

hBMECs were performed by incubating the phage library on hBMECs for 1h at 37 oC. 

Following phage internalization, media was aspirated and cells were washed 1X with 

stripping buffer I (150mM NaCl, 100mM Glycine pH 2.5)  and 2X with stripping buffer II 

(500mM NaCl, 50mM Glycine, 0.2M Urea, pH 2.8) for 5min at RT to remove membrane 

bound phage. hBMECs were detached by trypsin treatment and spun down at 300g at 4 

oC for 5min. The cell pallet was then resuspended in ice-cold lysis buffer (triethanolamine 

100mM), incubated on ice for 15min, and neutralized (Tris-HCl pH 7.4). Phage eluted 

from each selection round were used to infect log phage E. coli TG1 cells. Phage particles 
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were rescued from the cells, amplified and used for subsequent rounds of antigen 

selection as described 22. A total of 1 subtraction and 3 internalization rounds were 

performed.   

For transcytosis selection 1011 CFU from the third internalization rounds were 

dosed on top of hBMECs purified onto 1μm pore size transwells and allowed to 

transcytose for 3 hrs at 37 oC before harvesting phage containing media from the bottom 

chamber and TG1 infection.  

For the competition transcytosis screen selection 1011 CFU from the third 

internalization rounds were dosed onto hBMECs purified on 1μm pore size transwells 

along with 1μM of soluble scFv 3 and 22Ch and allowed to transcytose for 3 hrs at 37 oC 

before harvesting phage containing media from the bottom chamber and TG1 infection. 

Individual TG1 colonies infected with phage particles were grown O/N, and DNA 

was heat-extracted, and PCR amplified using primers that flank the scFv gene. The 

primer sequences were 5′-TTTTTGGAGATTTTCAACGTGA-3′, and 5′-

GAATTTTCTGTATGAGGTTTTGCTAAA-3′ for the forward and reverse primers, 

respectively. PCR fragments were then Sanger sequenced (UW Madison Sequencing 

facility).  

3.2.3 Phage immunochemistry: 

hBMECs were purified on 96-well tissue culture plates as described above. The 

day of the assay, each well of BMECs was blocked with 250 µL of PBS with calcium and 

magnesium (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. Next, cells were fixed with 



 34 

paraformaldehyde (PFA, 4% w/v in PBS) for 10 min at RT. 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 1 hr at 4°C and then washed once. An anti-M13 

antibody (GE healthcare #27942001) diluted 1:500 in PBSCMG was incubated in each 

well for 1 hr at 4°C. Cells were washed with PBSCM, and incubated with secondary goat 

anti-mouse Alexa488 for 30 min at 4°C. Following this, the cells were washed three times 

in PBSCM and post-fixed for 8 min at room temperature with PFA. The plate was then 

imaged on an Olympus epifluorescence microscope (Center Valley, PA). 

3.2.4 Soluble scFv and scFv-Fc preparation: 

The following method for production of soluble scFv-His6 fusions is based on a 

protocol described in Zhou and Marks 104. An overnight bacterial culture transformed with 

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 OD600 nm of 0.9 

was reached. Expression was induced by addition of 1 mM isopropyl-β-D-

thiogalactopyranoside (IPTG, Fisher Scientific, # 50213380) and bacteria allowed to grow 

for 4 h 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 Mini protease inhibitor cocktail tablets (Roche Applied Sciences, # 

11836153001) followed by an osmotic shock buffer (OSB, 5 mM magnesium sulfate in 

ddH2O) supplemented with DNAse I and complete, Mini protease inhibitor cocktail. The 

resulting solution was syringe filter sterilized and dialyzed against PBS + 10 mM 
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imidazole. The scFv were purified from the crude extract with Qiagen Ni-Nta Spin 

Columns (Qiagen #31014) using manufacturer recommended protocol for purification. 

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

the scFv was verified by sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

(SDS–PAGE) and Coomassie blue staining. Soluble scFvs were pre-dimerized with rabbit 

polyclonal anti c-myc antibody (Thermo fisher #PA1-981) in 4:1 molar ratio for 2 hrs in 

PBSG (10 % goat serum in PBS) and used as dimers for all downstream assays.  

For scFv-Fc fusion production, scFv genes were subcloned to a custom pIRES-

rabbitFc vector using NheI and AgeI restriction sites via standard PCR amplification, 

restriction digestion, and ligation procedures. Large scale DNA purification for HEK 293F 

transfection was done with ZymoPURE II plasmid kit (Zymo Research # D4200), and PEI 

transfection performed as described 105. 2 Total protein concentration was quantified 

using UV 280 absorbance and extinction coefficients generated by ExPASy 

(http://web.expasy.org/protparam/). 

3.2.5 Cell based assays:  

Membrane binding and endocytosis assay: hBMECs were purified on Lab Tek II 

chamber slides (Nunc #154917). Cells were washed once with PBS and incubated with 

blocking buffer PBSG (10 % goat serum in PBS) for 30 min on ice. Pre-dimerized scFvs 

(13 µg/ml) or scFv-Fc (5 µg/ml) were added to cells and incubated for additional 30 min 

on ice to allow binding. The chamber slides were then transferred at 37°C for 45 min to 

allow internalization. Afterwards cells were washed with cold PBS and incubated with 

anti-rabbit AlexaFluor555, 1:1000 in PBSG for 30 min on ice to label the membrane-

bound fraction of scFv-Fcs. Cells were washed once more on ice, fixed with 4% PFA on 
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ice for 10 min and permeabilized with 0.2% Triton X for 2 min. At this stage cells were 

additionally incubated with mouse anti-human ZO-1 (Invitrogen #339100) or mouse anti-

human PECAM1/CD31 (Cell Sciences #MON6002-1), diluted 1:50 in PBSG for 45 min at 

RT. Anti-rabbit AlexaFluor488, 1:1000 in PBSG was used to label the internalized fraction 

for 30 min at RT or in combination with 1:1000 diluted anti-mouse AlexaFluor647. Finally, 

cells were washed and mounted with ProLong Gold antifade reagent with DAPI 

(Invitrogen, P36935). Images were acquired on Zeiss Axio Imager Z2 Upright microscope 

or Leica SP8 3X STED Super-resolution microscope in confocal mode. 

Internalization assay: hBMECs were purified on 96-well flat-bottomed plates 

(Corning #3539948). Cells were serum starved for 1 hr at 37o C in serum free endothelial 

cell media. 1μM purified scFv-Fc diluted in serum media were added to cells. For 

temperature dependent internalization experiments one group of cells was incubated at 

37o C and one group with the same concentration of scFv-Fc at 4o C for 1 hr. After scFv-

Fc incubation membrane bound antibodies were stripped by 5X acid washing (100mM 

Citric Acid pH 3) on ice. Cells were fixed with 4% paraformaldehyde for 8 min and blocked 

and permeabilized with 0.1% Triton X diluted in odyssey blocking buffer (LICOR #927-

40000) for 15 min. Internalized scFv-Fcs were detected by incubation for 1 hr at 4o C with 

IRdye800CW goat-anti-rabbit IgG pAb (LICOR #925-32211) and cell number in each well 

measured with CellTag (LICOR # 926-041090), both diluted in odyssey blocking buffer. 

After primary antibody incubation hBMECs were washed on ice 7X with PBS 0.05 % 

Tween-20, and signal from each well measured with a LICOR Odyssey Imager with a 

focus offset of 3mm and resolution of 169μm. scFv-Fc signal in each well was normalized 

to total cell number by dividing with the equivalent CellTag signal. 
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Equilibrium binding measurements: hBMECs were purified on 96-well flat-

bottomed plates, washed 2X with PBS, and fixed with 2% PFA for 8 min. Fixed cells were 

blocked and permeabilized as described above for LICOR imaging. Apparent equilibrium 

affinity titration measurements were performed by incubating fixed cells with a range of 

scFv-Fc concentrations ranging from 1nM to 1μM at room temperature for 2 hr, depending 

on the antibody used. After extensive washing with PBS 0.05 % Tween-20 at 4o C cells 

were labeled for scFv-Fc detection and for total cell number evaluation with IRdye 

reagents and CellTag as described above. Fraction of cellular antigens bound by scFv-

Fc was quantified using background subtracted, - total cell number normalized - binding 

signal and the data was fit to a bimolecular equilibrium binding model to determine the 

dissociation constant (KD). 

Competition assay: scFv-Fcs were incubated with 10X KD concentrations of 

recombinant receptor ecto-domain proteins rIR (R&D Systems #1444-IR, rhTfR (R&D 

Systems # 2474-TR) in PBS 1 % BSA for 30 min at room temperature and then applied 

to serum starved hBMECs in 96 well plats to allow scFv-Fcs to bind to membrane 

antigens. Plates were incubated at 4o C for 2 hrs, and extensively washed, fixed and 

labeled with IRdye reagents for detection as described above. Total signal of the receptor 

competed scFv-Fcs was compared to un-competed scFv-Fc signal intensity.  

3.2.6 SDS-PAGE and western blot: 

scFvs and scFv-Fcs were mixed with SDS containing sample buffer either with or 

without reducing reagent and boiled for 10 min prior to loading onto a 4-12 % Bis-Tris gel 

(ThermoFisher #NP0321). Gels were stained with Coomassie blue or transferred to a 

nitrocellulose membrane for Western blotting. Membranes were blocked with 5% fat free 
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dry milk in PBST, probed with primary antibody 9E10 (1:3000 dilution) followed by anti-

species horseradish peroxidase (HRP) - conjugated antibodies (1:2000 dilution). For 

scFv-Fc detection, a one-step Western blot with a goat-anti-rabbit-HRP antibody was 

performed. Clarity Western ECL Substrate (Bio-Rad) was used to develop the 

membranes and imaging was performed with the ChemieDoc XRS+ system (Bio-Rad). 

Protein band quantification was performed with the Image Lab Software (Bio-Rad). 

3.2.7 Flow cytometry: 

hBMECs were cultured in 6 well plates as described above. The cells (~2x106 

cells/sample) were washed in PBS and detached from the culture plate with versene 

treatment for 1 hr at 37o C. The cells were transferred to 1.5 mL tubes and blocked for 1 

hr at 4 o C with PBS 1% BSA while rotating. 1011 CFU of phage (either from each round 

of panning, or negative control anti-botulinum toxin phage ABN) were incubated with 

blocked hBMECs for 1 hr at 4 o C. Following, cells were washed 3X with PBS 1% BSA to 

remove weakly bound phage and labeled with anti-M13 antibody as described above. 

The cells were washed two times and resuspended in flow buffer (PBS + 0.1% BSA + 5 

mM EDTA) and analyzed on a flow cytometer (Becton Dickinson FACSCalibur). 

3.2.8 Immunofluorescence labeling of human and mouse brain cryosections ex 

vivo 

Health human tissue was obtained from an epileptic human patient. A mouse was 

anesthetized with isoflurane and sacrificed by cervical dislocation, the brain removed and 

snap frozen in liquid nitrogen. Human and mouse tissue were cryosectioned in 8 and 30 

µm sections on Thermo Scientific Microm HM 525. Due to the unknown structure of the 

corresponding antigens multiple modes of fixation were used. Prior to immunolabeling 
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sections were fixed with either 4% PFA for 20 min at RT or in cold acetone at -20°C for 

20 min. In some instances, sections were post-fixed after incubation with scFvs or scFv-

Fcs. Sections fixed with PFA were, additionally, permeabilized with 0.2% Tx-100 in PBS. 

Sections were blocked with 10% goat serum in PBS (PBSG) for 30 min at room 

temperature. Dimerized form of soluble scFvs (13 µg/ml) or scFv-Fcs 5µg/ml for human 

brain sections or 50 µg/ml for mouse brain sections were incubated onto sections for 24 

hrs at 4°C. In human sections the blood vessels were labeled with mouse anti-human 

PECAM1/CD31 (Cell Sciences #MON6002-1), diluted 1:50 in PBSG for 2 hrs at RT. The 

blood vessels in mouse brain sections were directly labeled with LelDyLight488 (Vector 

laboratories Lel Dylight488) added to the secondary antibodies, which were goat anti-

mouse AlexaFluor555 (1:1000) or goat anti-rabbit AlexaFluor555 (1:1000) in PBSG. 

Sections were mounted with ProLong Gold antifade reagent with DAPI (Invitrogen, 

P36935) and analyzed on Zeiss Axio Imager Z2 Upright microscope.  

3.2.9 Immunofluorescence labeling of mouse brain cryosections after IV 

administration of antibodies 

Mice C57BL6, 5-6 weeks old, were obtained from Envigo. Mice were injected 

intravenously with scFv-Fcs in a dose 5 mg/kg. After 1 hr, mice were anesthetized with 

ketamine/xylazine 100mg/kg/10mg/kg, and whole-body perfusion was performed in a 

regimen 5 ml/min for 5 min with a physiological solution, supplemented with 100 U/ml 

heparin, 4 µg/ml fluorescently labeled lectin (LEL Dylight488 Vector laboratories) and 

0.1% BSA, followed by additional 5 min perfusion with 4% PFA. Organs, brain, heart, 

lung, liver, kidney and spinal cord were collected and snap frozen in liquid nitrogen and 

stored at -80°C. Sections 8 or 30 µm were made on Thermo Scientific Microm HM 525. 
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Before immunolabeling sections were air dried for 1 hr, permeabilized with 0.05% saponin 

for 30 min, and blocked with PBSG for 30 min at RT. To visualize bound scFv-Fcs, 

sections were incubated with anti-rabbit AlexaFluor555-conjugated secondary antibody 

(Invitrogen #A21428), diluted 1:1000 in PBSG with 0.05% saponin, overnight at 4°C. 

Washing steps were with 0.05% saponin in PBS. Sections were mounted with ProLong 

Gold antifade reagent with DAPI (Invitrogen, P36935) and analyzed on Zeiss Axio Imager 

Z2 Upright microscope.  

IV injected mouse brain 30 µm thick sections were additionally labeled for glial 

fibrillary acidic protein (GFAP) and collagen IV. After blocking with 10% goat or donkey 

serum, respectively and permeabilization as described previously, sections were 

incubated with either mouse anti-GFAP (BD Pharmingen #556329) or goat anti-collagen 

IV (Milipore Sigma #AB769 ) in the corresponding blocking buffer plus 0.05% saponin for 

2 hrs at room temperature. Sections were washed with 0.05% saponin in PBS and 

incubated with secondary antibodies: anti-rabbit AlexaFluor555 (Invitrogen #A21428) and 

anti-mouse AlexaFluor647 (Invitrogen #A-21235) or anti-rabbit AlexaFluor555 (Invitrogen 

#A31572) and anti-goat AlexaFluor647 (Invitrogen #A-21447).   

3.2.10 Quantification of antibodies in mouse brains with ELISA  

Mice C57B6, 5-6 weeks old were injected intravenously with scFv-Fcs at a dose 

20 mg/kg. After 1 hr, blood was sampled, briefly spun down and the plasma was frozen 

at -80°C until analysis. Mice were anesthetized with ketamine/xylazine 

100mg/kg/10mg/kg, and whole body perfused at rate 5 ml/min for 10 min with a 

physiological solution, supplemented with 100 U/ml heparin and 0.1% BSA. Brains were 

removed and homogenized in 1% NP-40 in PBS with Complete Mini EDTA-free protease 
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inhibitor cocktail tablets (Roche Diagnostics) as described previously 23. To allow 

extraction of antibodies from the tissue, brains were rotated at 4°C for 24 hrs. Supernatant 

was collected after centrifugation at 14,000 rpm for 20 min at 4°C. Brain extracts were 

either analyzed immediately or frozen at -80°C. No differences in the antibodies brain 

concentration was observed in fresh or frozen samples. 

Nunc Maxisorp 96-wells plates were coated with anti-HA tag antibody 1µg/ml 

(Thermo Fisher Scientific #MA1-12429) diluted in 0.2 M NaCO3/NaHCO3. at 4°C 

overnight. Plates were washed three times 5 min each with 0,05% Tween-20 in PBS and 

blocked with 2% BSA in washing buffer. Brain extracts were added undiluted to the plate, 

blood plasma samples were diluted in blocking buffer. Antibodies with known 

concentration were diluted in brain extracts prepared from untreated mice or blocking 

buffer and added in serial dilutions to construct the standard curve for calculation of brain 

or terminal plasma concentration. After 2 hrs incubation at RT the samples were 

aspirated, the plate was washed three times 5 min each and anti-rabbit HRP antibody 

was added for 1 hr at RT. The unbound detection antibody was washed six times 5 min 

each and 1-Step Ultra TMB-ELISA Substrate Solution (ThermoFisher Scientific #34028) 

was added. Absorbance was measured at 450 nm on Infinite M200 (Tecan) plate reader. 

The lower limit of detection was 1.03 nM, 0.02 nM and 0.44 nM for clone 46.1, 17 and 

CTRL-Fc, respectively. The standard curve, used to calculate the concentrations, was 

based on four-parametric logistic fit. Statistical analysis was performed with two-tailed 

unpaired Students t test, p values<0.05 were considered statistically significant.  

The plasma concentration for clone 17 was determined using Western Blot. Blood 

plasma samples and serial dilutions of clone 17 antibody were separated on 4-12 % Bis-
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Tris gel (ThermoFisher #NP0321). The proteins were transferred onto a PVDF 

membrane, the membrane blocked with Odyssey blocking buffer (LICOR #927-40000) 

and probed with goat-anti-rabbit IR800CW antibody (LICOR #925-32211). The 

membrane was scanned on Odyssey Imager (LICOR). ImageJ was used to measure the 

intensities of the bands and the plasma concentration was calculated from the 

corresponding standard curve.  
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3.3 Results: 
3.3.1 Phage display screening for transcytosing antibodies 

A major challenge in selecting antibodies able to transcytose the human BBB is 

the inherent leakiness of most current BBB models, resulting in significant background 

phage recovery masking potentially valuable clones. In this study we employ an iPSC-

derived hBMEC BBB model that combines the advantages of human sourced material 

with robust BBB properties, particularly the ability to form a very tight barrier 37. These 

hBMECs express a collection of markers unique to the BBB and express a host of 

transporter proteins including nutrient transporters, drug efflux transporter, and large 

molecule RMT systems 35,37. Importantly, the permeability of the model for large particle 

such as phage decreases significantly with increased model fitness as assessed by TEER 

values, leading to low flux of phage at high TEER thereby allowing us to perform 

transcytosis screens (Supplementary table 3.1) 

A library of 5x108 human-derived scFvs displayed on the surface of fd-tet phage 

102 was used in panning as multivalent display helps bias the screen towards antibodies 

capable of internalization 106 – a requirement for transcytosis. Within the screen, a 

presubtraction step was performed on human lung and heart endothelial cells (Figure 

3.1a, step 1) to de-enrich phage binding to common endothelial antigens, as 

transcriptomics studies have shown a close relation between lung and heart cells to the 

BBB 107. As it was previously determined that a minimum of 105 copies/clone are 

necessary in order to observe transcytosis through hBMECs (data not shown), panning 

rounds were performed in order to increase clonal oversampling. The pre-subtracted 

phage pool was incubated on hBMECs grown on tissue culture flasks first on ice as a 

binding step and then at 37oC to allow for phage internalization (Figure 3.1a, step 2). The 
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surface of hBMECs was subsequently stripped of phage particles with low pH washes, 

cells were lysed, and internalized phage recovered in TG1 E. coli and tittered to calculate 

enrichment factors (Supplementary table 3.4). Significant phage binding to hBMECs was 

observed after the third panning round (Figure 3.1b). In order to identify scFv-bearing 

phage able to transcytose across the in vitro BBB, hBMECs were purified on 

collagen/fibronectin coated 1μm pore size transwells to form a tight (TEER value >1000 

Ω cm2) barrier. Phage pools from step 2 were then added to the upper chamber and 

allowed to transcytose for 3 hrs before harvesting phage containing media from the 

bottom chamber and TG1 infection (Figure 3.1a, step 3). At this point, scFv-bearing phage 

were sequenced at a clonal basis. Phage immunochemistry on hBMEC monolayers was 

performed to separate ‘’true’’ binders from non-specific phage able to leak through the 

monolayer (Figure 3.1c). It was observed that clones 3 and 22Ch represented >50% of 

the transcytosing phage pool (142/220 sequences, supplementary table 3.5). Hence, we 

theorized that it is possible those phages saturate the transcytosis capacity of hBMECs. 

In order to expand the recovered repertoire, we produced clones 3 and 22Ch as soluble 

protein and performed a competitive transcytosis screen by adding soluble scFvs at 

saturating conditions along with phage pools to the upper chamber (Figure 3.1d). Soluble 

scFvs outcompeted respective phage particles from binding to the cell monolayer and 

transcytosing across. Individual clones from the bottom chamber were isolated and 

sequenced. Interestingly, neither clone 3 nor 22Ch was found in the transcytosed fraction 

following soluble scFv competition, contrary to a control, non-competitive screen where 

scFv 3 and 22Ch again comprised the majority of output sequences (supplementary 

tables 3.5 & 3.6 &3.7). Further, no clone dominated the output of competitive transcytosis, 
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allowing us to identify more unique sequences.  

 

Figure 3.1 Antibody library screening on in vitro BBB model a) Step 1: pre-subtraction of phage library 
on human HEL and LEC to promote brain specificity. Step 2: Library incubation with hBMECs to allow for 
binding and internalization of the antibody bearing phage. Step 3: phage were dosed onto hBMECs in a 
transwell format for 3h to allow for transcytosis. Recovered phage particles were subjected to further 
analysis. b) Enrichment of hBMEC binding phage antibodies as seen by FACS-analysis of phage antibody 
pools during selection step 2. Shown are representative histograms of hBMECS stained with phage 
antibodies after respective panning rounds.  The number of cells (counts: Y-axis) is given as function of the 
fluorescence intensity of phage antibody staining of the cells (X-axis). In all experiments, cells were 
incubated with phage antibody pools, and cell-binding was detected by anti-M13 antibody and FITC-
conjugated anti-rabbit antibody c) Sample images from clonal phage immunochemistry using hBMECs to 
determine which clones display a binding phenotype. Image on the left is a non-binding clone, image on 
the right is a binding scFv in phage format. Scale bar, 50μm. d) Expanding the repertoire by screening using 
scFv competition. Soluble scFv 3 and 22Ch were incubated along with library pools at the upper chamber 
blocking interaction of phage with the monolayer. Individual clones recovered from the transcytosis round 
were subjected to further analysis. 
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3.3.2 ScFv-Fcs endocytose into in vitro human BBB model and bind to human brain 

microvessels ex vivo 

Individual scFvs identified from both non-competitive and competitive transcytosis 

rounds that bound hBMECs in phage format were expressed in bacteria and purified via 

a hexahistidine tag. A total of 12 lead scFvs show a binding signal to hBMECs and a 

subset interacts with endothelial cells on mouse brain cryosections ex vivo as pre-

dimerized soluble scFvs (Table 3.1 and examples shown in Supplementary Figure 3.7). 

For further evaluation, scFvs were reformatted as scFv-Fc fusions with a rabbit IgG Fc 

region and expressed in HEK293F expression system (Figure 3.2a). ScFv-Fc antibodies 

migrated as monomers of approximately 55kDa under reducing conditions (Figure 3.2b). 

Apparent affinity was determined by measuring the binding signal intensity to hBMECs 

monolayers at increasing concentrations of scFv-Fc and fitting the data to a bimolecular 

equilibrium binding model to calculate the dissociation constants (KD) (Figure 3.2c). Six 

out of twelve clones were produced in sufficient amounts for downstream applications 

and it was decided that further evaluation will proceed with these clones. Reformatting 

scFvs from phage particles into full-size antibodies might influence their binding to the 

respective antigen 108, hence we sought to assay scFv-Fc fusions’ binding and 

internalization in hBMECs next to measuring antibodies apparent affinity. Antibodies were 

incubated onto hBMECs on ice to allow binding the surface antigens. Cells were then 

transferred at 37°C to allow endocytosis. Cellular uptake was terminated with cold wash 

and cells returned back on ice for incubation with fluorescently labeled anti-rabbit Fc 

antibody to visualize the surface bound fraction. To access the internalized antibody 

fraction cells were further fixed, permeabilized and incubated with different fluorophore-
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conjugated anti-rabbit Fc antibody. All of the assayed scFv-Fcs preserve their capacity to 

bind and to endocytose in hBMECs. Five of six antibodies show similar appearance, 

namely clones 3, 9, 17, 22Ch, and 26. The surface bound antibodies have distinct dotted-

pattern (Figure 3.2e, red pseudocolored), whereas the internalized antibodies appear as 

larger in size perinuclear punctae (Figure 3.2e, green pseudocolored), reminiscent of 

intracellular vesicles. In striking contrast, only minor fraction of the internalized 46.1-scFv-

Fc seems to be confined within vesicles proximal to the cell-cell contacts. The major 

fraction localizes at cellular junctions upon uptake.  

Quantitative internalization assays were carried on hBMEC monolayers and all 

clones (with the exception of clone 26) exhibited a temperature dependent internalization 

(Figure 3.2d). Comparison of ligand internalization in cells incubated at 37oC versus cells 

kept at 4oC where receptor mediated endocytosis is inhibited points towards an active, 

temperature dependent endocytosis mechanism.  
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Figure 3.2 Antibody binding to BBB in vitro. a) scheme of the antibody constructs. b) SDS-PAGE 
analysis of scFv-Fc antibodies following expression in HEK293F cells and protein A/G purification. Proteins 
were separated on a 4-12% Bis-Tris SDS-polyacrylamide gel in reducing conditions and stained with 
Coomassie blue for molecular weight detection. Typical purification results of 5 clones are shown with MW 
in the range of 55 kDa. c) Apparent equilibrium binding affinity of selected clones. Mean data from N>3 
independent experiments. The table shows numeric values for the best-fit equilibrium binding affinity (Kd) 
and associated 95% CI. d) Temperature-dependent internalization of antibodies in 96-wells assay. 
Internalized fraction fluorescent signal values are normalized to the total signal per cell at 37°C, with N=3. 
e) Binding and internalization of example lead antibodies into hBMECs. Live cells were incubated with 
antibodies (5 µg/ml) at 4°C and subsequently at 37°C for 30 min. The cell membrane was washed with cold 
buffer and the membrane bound fraction (red) labeled with anti-rabbit Fc AlexaFluor555 antibody. After 
fixation and permeabilization the internalized antibodies (green) were labeled with anti-rabbit Fc 
AlexaFluor488 antibody. Four of five clones appear confined within intracellular vesicles, whereas clone 
46.1 is localized mainly at cell-cell contacts. Scale bar, 20 µm. 

 

BBB endothelial cells form a polarized monolayer with two distinct domains – 

apical and basolateral plasma membrane – separated by tight junctions 109. Given the 

unexpected intracellular distribution of clone 46.1, we next sought to determine its precise 

localization with respect to the tight junction protein ZO-1 (Supplementary Figure 3.8a) 

and the basolateral protein CD31. hBMECs were incubated with 5 µg/ml 46.1-scFv-Fc as 

described in Supplementary Figure 3.8a. After the fixation and permeabilization step, cells 

were additionally labeled for ZO-1 or CD31. The spatial distribution of clone 46.1 

(internalized fraction, pseudocolored in red), ZO-1 or CD31 (pseudocolored in green) and 
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clone 46.1 (surface bound fraction, pseudocolored in blue) was resolved in a series of 

confocal images spanning the cell monolayer in basolateral to apical direction. Clearly, 

the internalized fraction of clone 46.1 localizes downstream from ZO-1, i.e. the basolateral 

membrane, whereas the surface bound fraction is upstream from ZO-1, i.e. the apical 

membrane (Supplementary Figure 3.8b). The endocytosed fraction of 46.1-scFv-Fc 

occasionally colocalizes with CD31, nonetheless it completely repeats the staining pattern 

of CD31 (Supplementary Figure 3.8b). Collectively, clone 46.1 seems to traffic 

intracellularly from the apical to the basolateral membrane in hBMECs.  
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Clone ID BMECs 
binding 

BMECs 
internalization 

human 
BBB 
binding 

mouse 
BBB 
binding 

IV BBB 
target 

 12/12 9/12 10/12 9/12 5/12 

3 √ √ √ √ √ 

9 √ √ √ √ x 

17 √ √ √ √ √ 

26 √ √ √ √ √ 

46.1 √ √ √ √ √ 

22Ch √ √ √ x ND 

6i √ x x ND ND 

5A √ √ x ND ND 

2F-scFv √ √ √ √ ND 

4B-scFv √ √ √ √ ND 

5E-0.4 √ x √ √ ND 

B3-R3 √ x √ √ ND 

Table 3-1 Clonal evaluation for BBB interaction. X denotes no interaction, ND denotes interaction not 
determined. The red color coded scFvs were produced in sufficient amounts as scFv-Fc fusions to allow 
for downstream in vivo work and were further evaluated. scFvs color coded in black showed initial BBB 
interaction in vitro and ex vivo. 

In vitro modeling of the BBB often results in altered expression of surface receptors 

29. Hence, next to binding to human BMECs, we analyzed the binding of scFv-Fc to human 

brain sections ex vivo (Figure 3.3a). Sections were obtained from resection of epileptic 

human brain, only juxtapose healthy tissue was used. All of the antibodies 

(pseudocolored in red) recognize and bind to their cognitive antigens on human brain 

microvessels (visualized with CD31, pseudocolored in green). In parallel, using the same 
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immunofluorescence assay, we assessed the binding of clones to mouse brain tissue 

sections (Figure 3.3b). Only clones that show both binding to human and mouse brain 

section were used in downstream applications. Clone 22Ch was scored as negative for 

binding to mouse brain sections and was excluded from further analysis.       

 

Figure 3.3 ScFv-Fcs bind to human brain microvasculature ex vivo. a) Cryosections of human brain 
were immunolabeled for CD31 (green) to visualize the blood vessels and incubated with 5 µg/ml scFv-Fcs 
(red), nuclei are in blue. Scale bar, 20µm. b) ScFv-Fcs bind to mouse brain microvasculature ex vivo. 
Cryosections of mouse brain were immunolabeled for lectin (green) to visualize the blood vessels and 
incubated with 50 µg/ml scFv-Fcs (red), nuclei are in blue.  Next to brain endothelium, the antigen of clone 
17 appears to be expressed on brain cells of non-vascular origin (white arrow). Scale bar, 20µm.     

 

3.3.3 ScFv-Fcs show accumulation in brain microvessels after intravenous 

administration in mice 

The in vivo relevance of scFv-Fcs that showed binding to brain microvessels in 
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human and mouse brain sections ex vivo was investigated further after intravenous 

administration in mice (Figure 3.4). Mice were injected in a dose 5 mg/kg. The antibodies 

were allowed to circulate for 1 hr. The unbound fraction of antibodies was cleared from 

the blood vessels with whole body perfusion with a physiological solution containing 

fluorescently labeled lectin (pseudocolored in green in Figure 3.4a and 3.4b) to visualize 

the lumen of the blood vessels and as an indirect control of the integrity of the BBB. 

Finally, the mice were perfused with 4% PFA to fix tissues and organs. 

Immunohistochemical analysis of brain sections reveals four of five injected antibodies, 

visualized with fluorescent anti-rabbit Fc antibody (pseudocolored in red), recognize 

antigens exposed on the apical surface of the brain endothelium. Interestingly, binding 

clones 3-, 17-, 26- and 46.1-scFv-Fcs appear to have distinct intracellular distribution. 

While clone 17 showed homogeneous staining pattern, clones 3, 26 and 46.1 are visible 

as punctate structures (Figure 3.4a, white arrows). Occasionally, post-vascular 

fluorescent signal was detected in brain sections from clone 46.1 injected mice (Figure 

3.4a, yellow arrow).    
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Clone 
ID 

brain heart lung liver kidney spinal cord 

3-scFv-
Fc 

positive negative intravascular 
localization 

positive positive  positive 

9-scFv-
Fc 

negative 
 
 

negative negative Positive low  
accumulation 

negative positive  

17-
scFv-Fc 

positive positive Positive high 
accumulation 
endothelium 

Positive high  
accumulation 

positive positive 

26-
scFv-Fc 

positive 
 
large 
vesicles 

negative negative Positive low  
accumulation 

negative positive 

46.1-
scFv-Fc 

Positive 
post-
vascular 
 

negative dose dependent 
cell-specific 

Positive high  
accumulation 
cell-specific 

positive 
 
cell-
specific 

positive 

CTRL-Fc negative negative negative negative negative negative 
Table 3-2   Qualitative analysis of biodistribution of antibodies after i.v. application in mice. ND denotes 
interaction not determined. X denotes no interaction.
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Figure 3.4 Antibodies bind to mouse brain microvessels in vivo.  Antibodies (5mg/kg) were injected 
intravenously in mice. 1 hr post-injection mice were whole body perfused, brains and organs collected and 
snap frozen. ScFv-Fcs (red) were labeled with fluorescent anti-rabbit Fc antibody in 8 µm or 30 µm (lung) 
thick tissue sections. Blood vessels (green) were visualized with DyLight488 lectin diluted in the perfusion 
buffer. a) Four of five analyzed antibodies accumulate in brain vasculature. The white arrows indicate 
punctate structures in brain endothelial cells. Post vascular immunoreactivity was observed in the brain 
sections from mice injected with clone 46.1 (yellow arrow). Scale bar, 20µm.  b) Qualitative analysis of 
antibodies biodistribution in vivo. Clone 17 was the only one found in heart tissue (Table 3.2). Both clones 
shown, 17 and 46.1 localize intracellularly and along alveolar lumen in mice lung tissue (yellow arrows). 
17-scFv-Fc colocalizes with the perfused lectin in the liver, whereas 46.1-scFv-Fc localizes at the 
basolateral membrane of hepatocytes (white arrows). In mice kidney tissue sections clone 17 is confined 
within the glomerular network (white arrow), clone 46.1 localizes at cell-cell contacts in renal epithelial cells 
(white arrow). Both clones are detectable in the blood vessels of the spinal cord. Scale bar, 20µm.   

To assess the brain selectivity of candidate antibodies heart and lung as highly 

vascularized organs, and liver and kidney as major clearance organs were additionally 

collected and immunolabeled. The qualitative analysis of organ biodistribution is 
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summarized in Table 3.2.  Representative images for clones 17, 46.1 and the negative 

control are shown in Figure 3.4b. The antigen of clone 17 is expressed in heart coronary 

vessels, as only clone 17 was detectable in heart tissue. Clone 9 and clone 26 were not 

present in the lung tissue, contrary to clones 3, 17 and 46.1. Interestingly, the three 

antibodies that show binding to lung tissue have distinct subcellular localization. Clone 3 

was found in the lumen of blood vessels (not shown). Clone 17 and 46.1 line the lumen 

of alveolae and were found, occasionally, as vesicular structures in lung epithelial cells 

(Figure 3.4b, yellow arrows). Of note, the perfused lectin (pseudocolored in green) 

diffused throughout the lung tissue. The liver tissue of mice injected intravenously with 

antibodies was positive for the presence of all analyzed clones. Likewise, we observed 

differences in the subcellular distribution of scFv-Fcs. Hepatocytes, like BBB endothelial 

cells, are polarized, with apical and basolateral membrane, segregated by tight junctions 

110. Clearly, clone 46.1 localizes at the cell-cell interface of hepatocytes, with at least two 

instances where we were able to point exactly the basolateral membrane of contacting 

hepatocytes (Figure 3.4b, white arrows). The rest of the antibodies were found either 

intracellular in hepatocytes or, as shown for clone 17, within the hepatic sinusoids.  

The cutoff size of molecules filtered by the tubular cells of the kidneys is 60kDa. 

The average size of ScFv-Fcs is 100 kDa. Hence, reformatting the scFvs into full-size 

IgGs will limit their kidney clearance and allow longer system circulation. Indeed, we did 

not detect clone 9 and 26 in any kidney structure. Clones 3 and 17 occupied the 

glomerular vasculature. Yet again, clone 46.1 localized at the cell-cell contacts of tubular 

epithelial cells, suggesting its active secretion through the glomerular endothelial cells 

and active uptake in downstream tubular cells. The blood vessels in the spinal cord were 
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positive for all clones, even for clone 9 that was scored as negative for binding brain 

endothelial cells in vivo (Figure 3.4b).  

The control-Fc antibody does not seem to accumulate in any of the analyzed 

organs in amounts sufficient to be detected with the immunofluorescence assay (Figure 

3.4b). Overall, the variable organ and tissue distribution of candidate antibodies points to 

different receptors engaged it their uptake and transport on organ and cellular level.    

3.3.4 Transcytosis across the blood-brain barrier and parenchymal accumulation 

of scFv-Fcs in vivo 

The abluminal site of the brain endothelial cells is surrounded by the basal lamina, 

with its major component collagen IV 109. Hence, we next examined the localization of i.v. 

injected scFv-Fcs relevant to collagen IV as a determinant of transcytosis across the BBB. 

At least three consecutive frozen brain sections – 30 µm thick – from mice injected with 

scFv-Fcs as described in Figure 3.4 were additionally labeled for collagen IV (Figure 

3.5a). It is beyond the scope of this study to quantify the colocalization events in the whole 

mouse brain, hence we show representative images from a 3D volume acquired with a 

confocal microscope. Three of the analyzed antibodies 3, 26 and 46.1 (pesudocolored in 

red) show colocalization with collagen IV (pseudocolored in blue) Figure 3.5a.  
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Figure 3.5 Post-vascular localization of i.v. injected antibodies in mice. Brains sections - 30 µm thick 
- from mice injected with antibodies as described in Figure 3.3. were post-labeled with the basal membrane 
component collagen IV (blue) and the astrocytic marker GFAP (blue). a) Confocal images from a z-stack 
showing the localization of scFv-Fcs (red) with respect to collagen IV. Clones 3, 26, and 46.1 colocalize 
with collagen IV (white arrows). Note, the luminal lectin (green) is fainting at the abluminal site of the blood 
vessel and is barely detectable in the image showing 46.1-scFv-Fc. Clone 17 shows no colocalization with 
collagen IV, nevertheless diffuse parenchymal staining is detectable. b) 46.1-scFv-Fc colocalizes with 
astrocytic end-feet and projections. For clarity the separated channels are shown for clone 46.1. The white 
arrows in clone 17 and clone 46.1 images indicate accumulation of antibodies in unclassified types of brain 
cells. Scale bar, 20 µm.      

Astrocytic end-feet cover almost entirely the abluminal face of the capillary 

endothelial cells in the CNS 111. Likewise, a macromolecule transported from the blood to 

the brain will eventually encounter the astrocytic membrane. Once endocytosed in 

astrocytes it could be further transported along the processes in a retrograde mode to 

reach the cell body 112. Indeed, we frequently observed clone 46.1 in elongated structures 

emanating from the capillaries in mouse brain sections in vivo (Figure 3.4a, white arrow). 

To determine the cellular origin of these processes, we next labeled mice brain sections, 

obtained as described in Figure 3.3, with the astrocytic specific marker glial fibrillary acidic 

protein - GFAP (Figure 3.5b). As hypothesized, clone 46.1 (pseudocolored in red) 

colocalizes with GFAP (pseudocolored in blue) within the length of astrocytic processes 
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(Figure 3.5b, lower panel). Astrocytes, positive for 46.1-scFv-Fc, were unevenly spread 

throughout the 3x 30 µm consecutive sagittal sections analyzed, with a tendency to 

primarily occupy the hippocampal area. Other, unidentified CNS cells of non-vascular 

origin, likely accumulate i.v. injected antibodies, namely clone 17 and 46.1 (Figure 3.5b, 

white arrows). Thus far, we show at least three antibodies to transcytose the BBB 

endothelial cells in vivo, clone 3, 26 and 46.1 and two to reach the post-vascular CNS 

space, clone 17 and clone 46.1, respectively.  

3.3.5 Quantification of scFv-Fcs accumulation in mice brain after i.v. application   

Based on our immunofluorescence analysis, we further quantify the accumulation 

of clone 17 and 46.1 in whole mouse brain after intravenous administration. Antibodies, 

20 mg/kg, were injected in mice and allowed to circulate for 1hr. Mice were whole body 

perfused to remove the vascular portion of antibodies (as described in Materials and 

Methods), brains isolated, homogenized and antibodies extracted in 1% NP-40 buffer. 

The concentration of antibodies in brain extracts (vascular and parenchymal fraction) was 

determined with ELISA and values adjusted to the brain volume extracted (Figure 3.6a). 

The measured concentration of clone 46.1 (8.1± 1.2 nM) was significantly higher 

(p<0.005) and shows 26-fold increase over the control-Fc clone (0.31 ± 0.11 nM). 

Similarly, to a lower extent with a 9-fold increase, the concentration of clone 17 (2.79 ± 

0.63 nM) in mice brains was significantly higher than control-Fc antibody. Additionally, the 

terminal plasma concentration of antibodies, i.e. blood withdrawn at 60 min after injection, 

was measured and the brain concentration expressed as a ratio of the plasma 

concentration (Figure 3.6b and the adjacent table). As evident, clones 46.1 and 17 show 

significantly higher plasma to brain ratio than control-Fc, suggesting their active 
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sequestration into the brain.   

 

Figure 3.6 Quantification of brain accumulation of scFv-Fcs. Antibodies, clone 17, 46.1 and a control, 
were injected i.v. in mice (n=4). After 1 hr the mice were whole body perfused, brains collected, and 
antibodies extracted. a) The concentration of antibodies in brain extracts was determined with ELISA b) 
Brain to plasma ratio and table showing the terminal plasma concentration of antibodies c) Competitive 
binding assay on hBMECs used to determine scFv-Fc binding to major targets for brain drug delivery. 
Binding signal of each scFv-Fc following competition with soluble receptor ectodomains was normalized to 
binding in the absence of competition. Data are the means and error bars standard deviation calculated 
from independent experiment with n=3.  

3.3.6 Known receptors engaged in BBB transcellular transport are not antigens for 

clone 17 and 46.1   

To investigate if scFvs recognize known BBB transcytosis capable receptors, a 

competitive binding assay was used to determine if scFv-Fcs interact with major targets 

for brain delivery, transferrin receptor (TfR), and insulin receptor (IR). scFv-Fcs were pre-

incubated with excess recombinant receptor ectodomains before a cell surface binding 

assay on live hBMECs. Cell surface binding of both clones 46.1 and 17 was not altered 

by any of the competing ligands (Figure 3.6c). Clone 46.1 when competed with soluble 
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IR ectodomain showed statistically significant signal intensity reduction, but not to the 

extent that would indicate interaction of antibody-receptor. In contrast, the binding signal 

of an anti-human TfR and anti-IR antibody was reduced to »15% of the non-competition 

signal when competed with the respective antigen.  
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3.4 Discussion: 
In this study we developed an original selection strategy to identify antibodies that 

transcytose the in vivo BBB and also target human relevant antigens. Our functional 

screening strategy employed iPSC derived hBMECs as positive selection substrate and 

human lung and heart microvascular endothelial cells for subtraction in an effort to provide 

brain specificity. scFvs were selected from a fd-tet phage display scFv library to gear 

towards recovery of internalization and transcytosis capable clones. The scFv library was 

1) presubtracted against peripheral endothelial cells; 2) positively selected for 

internalization on hBMECs; 3) selected from transcytosis against hBMEC monolayers. 

Pilot experiments in our laboratory established a reverse relationship between monolayer 

TEER and paracellular, nonspecific, phage leakage as well as necessary clonal 

oversampling parameters that allowed for successful phage transcytosis in vitro. 

Following three rounds of enrichment aimed towards recovery of endocytosing antibodies 

a transcytosis screen resulted in a limited transcellular phage flux and a collapse of the 

library’s diversity with a concurrent increase in phage hBMEC specificity (~75% of output 

phage positive for hBMEC binding). We observed two clones dominating the output’s 

sequence space, potentially masking transcytosis of other interesting phage clones. We 

performed a transcytosis screen where dominant phage were outcompeted from binding 

to the hBMEC monolayer following competitive addition of soluble scFv protein alongside 

the library. Following the transcytosis rounds phage were evaluated in individual basis via 

phage immunochemistry and DNA sequencing, and the overall diversity was reduced to 

twelve scFvs capable of binding and/or internalizing in hBMECs as soluble protein or full 

IgGs.  

ScFv-Fcs interact with in vitro BBB model cells in a temperature dependent mode 
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and target different intracellular loci, suggesting RMT as a predominant route of cellular 

uptake. The morphology and cellular localization particularly of a few 46.1-scFv-Fc 

containing intracellular structures, namely vesicles proximal to the cell-cell contacts, 

seems to be distinct from recycling or degradative compartments 113. In contrast, the 

major fraction of endocytosed 46.1-scFv-Fc is localized at the brain-facing site of BBB 

endothelial cells in vitro. Hence, the antigen of clone 46.1 functions as a transcytosing 

molecular shuttle in brain endothelial cells via a potentially unexplored transcytosis 

mechanism.  

 Brain endothelial cells phenotype, when cultured in vitro, might differ from the in 

vivo BBB endothelial cells 29. Hence, we next sought to establish that our antibodies 

recognize antigens expressed in vivo. Ex vivo immunostaining of human and mouse brain 

cryosections with scFv-Fcs highlighted the interaction of antibodies with ex vivo present 

antigens and offered the necessary cross-reactivity to allow further in vivo evaluation. 

Four of five scFv-Fcs accumulated in brain endothelium after intravenous injection in 

mice. Clones 3, 26 and 46.1 seem to engage in RMT as evident by their intracellular 

vesicular localization along the brain microvessels. Moreover, we found clone 46.1 in 

post-vascular cellular processes, which supports the notion of successful transport of 

clone 46.1 across the BBB and its distribution in the brain parenchyma.  

Unlike conventional small molecule drugs, therapeutic antibodies benefit from 

having high binding specificity to their corresponding antigen. Hence, off-target effects 

are minimized and adverse effects are usually associated with the downstream antigen 

(effector) function 114. Likewise, a brain targeting antibody should have a specificity 

towards brain endothelium. However, receptor-mediated transcytosis is a common 
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process in polarized cells, and brain specificity is desirable. Here, we addressed this issue 

by qualitatively characterizing our hit antibodies in context of body biodistribution after 

intravenous administration. In at least one instance we show a moderate success of our 

phage library presubtraction strategy. Namely, clone 26 was not found to bind antigen in 

heart or lung tissue. In contrast, clone 17 is the single one detected in coronary vessels. 

Interestingly, clone 46.1 was found in kidney and liver cells. Unlike the other clones, the 

presence of clone 46.1 in these tissues is associated with distinct cellular localization. 

Similarly, to hBMECs in vitro, 46.1-scFv-Fc localizes at the cell-cell contacts in kidney 

tubular epithelium and hepatocytes, suggesting its common entry route and trafficking in 

polarized cells.  

Ultimately, a brain targeting antibody should deliver therapeutic payload to the 

brain parenchyma, i.e. after exocytosis at the abluminal site of brain microvascular cells, 

the antibody-drug conjugate should diffuse through the basal lamina and will eventually 

encounter the plasma membrane of astrocytic end-feet. We used collagen IV and GFAP 

as markers to characterize the transport of hit antibodies beyond the BBB endothelial 

cells. In addition to its colocalization with collagen IV, 46.1-scFv-Fc is taken up by 

astrocytes and traffics retrogradely along the astrocytic processes to the cell body. 

Interestingly, clone 46.1 was detected as punctae in not yet characterized brain cells in 

the vicinity of positive astrocytes. These results illustrate the significant capacity of scFv-

Fc 46.1 for transport across the BBB.  

To obtain stronger evidence for the accumulation of clone 17 and 46.1, we next 

quantify the amount of antibodies in the brain. After intravenous administration in mice 

the concentration of clone 46.1 in brain extracts was 26-fold higher than control, 
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comparable to brain concentration previously reported for anti-transferrin receptor 

antibodies 115. The brain extracts were prepared from the whole tissue, i.e. brain 

parenchyma plus blood vessels. Our immunofluorescence data, however, suggests at 

least a fraction of the amount measured being isolated from cells of non-vascular origin. 

In addition, the concentration of clone 17 in brain extracts was measured to be ~3 nM, 

significantly higher than control antibody.  

Until now, the antigens of clone 46.1 and 17 remain unclear, the work on their 

characterization is ongoing. However, we demonstrated the potential novelty of these 

RMT pairs in a competitive assay, providing evidence pointing that highly expressed at 

the BBB transferrin and insulin receptors are likely not the binding partners for antibody 

46.1-scFv-Fc and 17-scFv-Fc.  

In summary, we have identified new promising antibodies that show enhanced 

brain uptake. These novel antibodies were discovered via a functional transcytosis screen 

of phage display libraries. Importantly for translational considerations, our antibodies 

demonstrated cross-reactivity to mouse and human antigens. In particular, antibody 46.1 

had robust brain uptake as well as accumulation in astrocytic end-feet and astrocytes 

following BBB transcytosis. This work broadens the possibilities for employing new 

antibodies as platforms to deliver therapeutics to the brain.  
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Supplementary Figures: 

 

Figure 3.7 ScFvs-dimers bind to hBMECS and frozen mouse brain sections. a) ScFvs (13 µg/ml) were 
pre-dimerized with mouse anti-c-myc antibody in 4:1 molar ratio. hBMECs were incubated with scFv-dimers 
at 4°C and subsequently at 37°C for 30 min. The cell membrane was washed with cold buffer and the 
membrane bound fraction (red) labeled with anti-mouse AlexaFluor555 antibody on ice. After fixation and 
permeabilization the internalized scFv-dimers (green) were labeled with anti-mouse AlexaFluor488 
antibody. b) ScFvs in pre-dimerized form (red) bind to brain vasculature, visualized with lectin (green), on 
mouse cryosections ex vivo. scFvs shown are clones. Example scFvs are shown. Scale bar, 20 µm. 
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Figure 3.8 46.1 trafficking in vitro a) 46.1-scFv-Fc traffics to the basolateral membrane in hBMECs. 
46.1scFv-Fc (5 µg/ml) was allowed to internalize in hBMECs. The localization of surface-associated 
antibody (blue) and endocytosed antibody (red) was determined with respect to the tight junction marker 
ZO-1 (green) and adherence junction marker CD31 (green). Upper left panel, confocal images from a z-
stack spanning the hBMECs monolayer in basolateral to apical direction. The internalized antibody appears 
at the basolateral cell-cell contacts and diminishes in apical direction, where the cell surface bound antibody 
is visible. b) Upper right panel, normalized fluorescence intensity per channel plotted as a distance from 
the beginning (basal membrane) to the end (apical membrane) of the z-stack. Note, the shift of the peak 
intensity of internalized antibody to the left and of surface bound antibody to right with respect to ZO-1.  
46.1-scFv-Fc traffics to the basolateral membrane in hBMECs. c) Lower panel, confocal images showing 
the internalized 46.1-scFv-Fc with respect to CD31. 46.1 scFv-Fc appears to repeat the CD31 expression 
pattern, with occasional colocalization. Scale bar, 20 µm.     

Supplementary tables: 

TEER (ohm-cm2) Total CFU (Brain Side) 

182 3.8 x 107 

201 4.2 x x107 

482 3.9 x 105 

712 1.24 x 103 

1302 812 
1905 205 

Table 3-3. Nonspecific phage particle passage through the hBMEC monolayer as a function of model 
tightness as measured by TEER values. At high TEER the non-specific crossing of phage is minimal, 
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allowing the researcher to screen out nonspecific phage by low throughput techniques such as colony 
picking.  

Selection round Phage titer (cfu)* Enrichment ratio 

Round 1 3 x 107 3.75 
Round 2 1 x 106 5 

Round 3 2.5 x 107 12.5 

Transcytosis round 220 - 
 Table 3-4 Phage titers in outputs and enrichment ratios after each panning round. Input in each round was 
1011 CFU. * Phage titers represent outputs. 

 

 

 Table 3-5 Frequency of diverse scFv antibody sequences among 220 clones from transcytosis round. a  

Frequency of unique scFv antibody sequences b  Numbers of different scFv sequences c  Number of scFv 
sequences with respective sequence diversity d  Sequence occurrence was calculated as percentage of 
sequence count. Here individual phage from the transcytosis round were sequenced and the unique 
sequences of displayed scFvs evaluated. 

  

scFv sequences a scFv sequence frequency b scFv sequence count c scFv sequence occurrence [%] d 

1 17 17 17.7 
1 9 9 9.4 

2 4 8 8.3 

2 2 4 4.2 

59 1 59 61.4 

65   96 100 
Table 3-6 Frequency of diverse scFv antibody sequences among 96 clones following addition of soluble 
scFv clones 3 & 22Ch. a  Frequency of unique scFv antibody sequences b  Numbers of different scFv 
sequences c  Number of scFv sequences with respective sequence diversity d  Sequence occurrence was 
calculated as percentage of sequence count. Here individual phage from the transcytosis round with 
competition were sequenced and the unique sequences of displayed scFvs evaluated. 

scFv sequences a scFv sequence frequency b scFv sequence count c scFv sequence occurrence [%] d 

1 84 84 38.2 

1 58 58 26.4 

1 15 15 6.8 
1 6 6 2.7 

1 3 3 1.4 

3 2 6 2.7 
48 1 48 21.8 

56   220 100% 
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scFv sequences a scFv sequence frequency b scFv sequence count c scFv sequence occurrence [%] d 

1 (clone 3) 24 24 25 
1 (clone 22Ch) 20 20 20.8 
1 18 18 18.8 
1 10 10 10.4 
1 2 2 2.1 
22 1 22 22.9 
27   96 100 
Table 3-7 Frequency of diverse scFv antibody sequences among 96 clones in control transcytosis screen. 
In bold are clones 3 and 22Ch. a  Frequency of unique scFv antibody sequences b  Numbers of different 
scFv sequences c  Number of scFv sequences with respective sequence diversity d  Sequence occurrence 
was calculated as percentage of sequence count. Here individual phage from the control transcytosis round 
without competition were sequenced and the unique sequences of displayed scFvs evaluated. This table 
can be directly compared to table 3.6 to highlight the lack of recovery of clones 3 and 22Ch in the 
competition screen’s output.
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Chapter 4 - Impacts of the -1 Amino Acid on Yeast Production 

of Protein-Intein Fusions 

This chapter was adapted from:  L. I. Goulatis, R. Ramanathan, and E.V. Shusta, "Impacts 

of the -1 Amino Acid on Yeast Production of Protein-Intein Fusions", Biotechnol. Prog, 

2018.  Optimization of a semi-synthetic site-specific antibody functionalization platform in 

yeast is described to serve as a first step in functionalizing our brain penetrating 

antibodies for further downstream in vivo evaluation and brain drug delivery.  

4.1 INTRODUCTION 
Custom chemical functionalization of antibodies can enable a variety of therapeutic 

and biochemical applications. For example, such modifications can facilitate protein 

immobilization116,117, small molecule drug conjugation118, conjugation to nanoparticles119, 

and conjugation of imaging probes120. Site-specific modifications are often preferred in 

order to provide uniformly modified proteins and limit deleterious effects that can 

accompany non-specific conjugation approaches121,122. One approach for site-specific 

functionalization of proteins is expressed protein ligation (EPL)123, where target proteins 

are fused to a non-self-cleaving intein such as Mxe GyrA124–126.  Subsequently, intein-

mediated protein splicing is activated by the addition of a thiol nucleophile that releases 

the target protein from the intein moiety while appending a reactive C-terminal thioester 

intermediate127. The thioester can subsequently react with an N-terminal cysteine 

derivative to form a native amine bond enabling the addition of numerous chemical 

functionalities53. Recently, we described using this approach to functionalize proteins 

produced in yeast53; however, protein fusion to the wild-type Mxe GyrA intein decreased 

production levels.  To remedy the deleterious effects of the intein fusion, an evolved Mxe 
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GyrA intein named 202-08 was developed that enhanced the secretion levels of scFv-

intein fusions to those of the unfused protein, and the resultant protein could be 

functionalized for downstream applications51.  

Since large quantities of functionalized protein are often desirable for a variety of 

applications, we sought to identify approaches to further elevate the yield of EPL-

compatible proteins employing the 202-08 intein. One approach is to increase the intein 

cleavage efficiency as previous work indicated incomplete cleavage of Mxe GyrA fusion 

proteins51. Studies using bacterial production platforms have demonstrated that Mxe 

GyrA intein cleavage can be modulated by altering conditions such as pH and 

temperature128–130. Further, for EPL applications, a number of nucleophiles (such as 

thiophenol, DTT, or 2-mercaptoethansulfronic acid (MESNA)) have been evaluated for 

reactive thioester formation and protein splicing, with MESNA being one of the most 

efficient for EPL applications127,131. As an alternative approach, the identity of the last 

amino acid residue of the protein that is fused to the intein N-terminus (-1 residue) has 

also been shown to influence cleavage kinetics127,132–135. Various inteins have their own 

preference at this position, with certain residues associated with increased levels of off 

target cleavage in vivo, and other residues associated with total lack of cleavage128,130,135. 

Thus, in the current study, we explored the impact of the -1 residue in the cleavage and 

production properties of scFv-intein fusions. Substitution of -1 residue with each of the 20 

naturally occurring amino acids was performed, and nucleophile-induced cleavage 

efficiency and scFv-intein secretion levels were evaluated for a number of proteins. We 

identified two amino acids at the -1 position that offer the most robust scFv cleavage upon 

addition of MESNA while also resulting in the highest scFv-intein titers, thereby facilitating 
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applications requiring protein functionalization.  
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4.2 MATERIALS AND METHODS 
4.2.1 Yeast Strains, and Plasmids 

 Saccharomyces cerevisiae strain YVH10136 (MATα PDI1::GAPDHPDI1::LEU2 

ura3−52 trp1 leu2Δ1 his3Δ200 pep4::HIS3 prb1Δ1.6R can1 GAL) was used for protein 

secretion. The engineered Mxe GyrA intein-fused pRS316-FLAG-202-08 vector51 was 

used as a backbone for protein secretion and plasmid mutagenesis, with the original 

vecotor having Gly preceding the intein (at the -1 position). Gly (-1) was mutated to 19 

other amino acids by site directed mutagenesis (Q5 site directed mutagenesis kit, NEB) 

and primers designed by the Q5 NEB software. scFv2224, scFvH7, scFv4-4-20, and GFP 

were subcloned to appropriate pRS316-FLAG-202-08 vectors from pCT4Re plasmids 

generated in a previous study53.  

4.2.2 Yeast Growth and Induction 

 Yeast were transformed using the LiAc/ssDNA/PEG method137. YVH10 

transformants were selected on leucine and uracil deficient SD-2XSCAA + Trp agar plates 

(20 g/L dextrose, 6.7 g/L yeast nitrogen base, 10.19 g/L Na2HPO4·7H2O, 8.56 g/L 

NaH2HPO4·H2O, 15 g/L agar 190 mg/L Arg, 108 mg/L Met, 52 mg/L Tyr, 290 mg/L Ile, 

440 mg/L Lys, 200 mg/L Phe, 1260 mg/L Glu, 400 mg/L Asp, 480 mg/L Val, 220 mg/L 

Thr, 130 mg/L Gly, and 40 mg/L Trp, lacking leucine and uracil). YHV10 was grown in 

SD-2XSCAA + Trp (20 g/L dextrose, 6.7 g/L yeast nitrogenous base, 10.19 g/L 

Na2HPO4·7H2O, 8.56 g/L NaH2HPO4·H2O, 190 mg/L Arg, 108 mg/L Met, 52 mg/L Tyr, 

290 mg/L Ile, 440 mg/L Lys, 200 mg/L Phe, 1260 mg/L Glu, 400 mg/L Asp, 480 mg/L Val, 

220 mg/L Thr, 130 mg/L Gly, and 40 mg/L Trp, lacking leucine and uracil) at 30 oC,260 

rpm overnight. The following day, cultures were reset to OD600 =0.1, and grown for 72 h 

at 30 oC,260 rpm. Yeast were induced by replacing the media with an equivalent volume 
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of SG-2XSCAA + Trp (20g/L galactose replacing dextrose) containing 0.1% w/v bovine 

serum albumin (BSA) and culturing the cells for 72 h at 20 oC, 260 rpm. Where noted, 

after induction yeast were refed at 24 h and 48 h with 0.1X of respective culture volume 

of 10X solution of yeast nitrogen base and amino acids (67 g/L yeast nitrogenous base, 

1900 mg/L Arg, 1080 mg/L Met, 520 mg/L Tyr, 2900 mg/L Ile, 4400 mg/L Lys, 2000 mg/L 

Phe, 12600 mg/L Glu, 4000 mg/L Asp, 4800 mg/L Val, 2200 mg/L Thr, 1300 mg/L Gly, 

and 400 mg/L Trp, lacking leucine and uracil).  

4.2.4 SDS-PAGE and Western Blotting 

Yeast culture supernatants were collected and denatured by boiling in LDS sample 

buffer (Life Technologies) containing 1mM 2-mercaptoethanol for 10 min prior to 

resolution on a 4-12% Bis-Tris gel (Life Technologies). Under these reducing conditions, 

no intein cleavage reaction is observed (e.g Figure 4.2B with Gly and Ala as -1 residues 

and Figure 4.5B with Phe and Gln as -1 residues). Proteins were then transferred to a 

nitrocellulose membrane for western blot analysis. Detection of FLAG tagged proteins 

was performed with an anti-FLAG M2 mouse monoclonal antibody (Sigma-Aldrich, 

1:3000 dilution), followed by an anti-mouse HRP conjugate (Sigma-Aldrich, 1:2000 

dilution). Detection of biotinylated proteins was performed with an anti-biotin mouse 

monoclonal antibody Ab-2 clone BTN.4 (Lab Vision Corporation, 1:500 dilution) followed 

by an anti-mouse HRP conjugate. Clarity Western ECL Substrate (Bio-Rad) was used to 

develop the membranes and imaging was performed with the ChemieDoc XRS+ system 

(Bio-Rad). Protein band quantification was performed with the Image Lab Software (Bio-

Rad). Intein cleavage efficiency was calculated as the ratio of cleaved protein to total 

protein (cleaved plus uncleaved fusions) following western blot densitometry. Per cell 



 74 

protein-intein fusion secretion levels were determined by western blot quantification and 

normalization to sample culture density, OD600nm. 

4.2.5 Intein-Mediated Release and EPL 

 The ability to release the scFv and GFP from secreted intein fusions was 

performed as described previously51. Briefly, 1M mercaptoethanesulfonic acid (MESNA, 

Sigma-Aldrich) was added to scFv- or GFP- containing supernatants or purified protein 

to a final concentration of 100mM and the reaction was allowed to proceed for 20 h at RT 

prior to anti-FLAG western blot analysis. For glutathione (GSH) induced cleavage, 30μM 

or 10mM of reduced GSH was used for 20 h at room temperature at pH 6 in order to keep 

glutathione reduced and pH conditions similar to that of culture supernatants. To generate 

biotin functionalized proteins through expressed protein ligation (EPL) 1mM of a 

biotinylated cysteine peptide (BioP1 synthesized by the University of Wisconsin 

Biotechnology Center, Sequence: NH2-CDPEK(Bt)DS-CONH2)53 was added along with 

MESNA and the reaction was allowed to proceed for 20 h prior to anti-biotin Western Blot.  

4.2.6 Protein Purification 

After 72 h of growth in SG-2XSCAA + Trp at 20 oC, the yeast supernatant 

containing the secreted proteins (Phe and Gln fusions at 24 hours and 4-4-20, H7, 2224, 

and GFP fusions at 72 hours for EPL reactions) were collected by centrifugation and 

dialyzed against Tris-buffered saline (TBS, 25 mM Tris, 150 mM NaCl, 2 mM KCl, pH 

7.9). Ni-NTA Superflow resin (Qiagen) was equilibrated with 10 mL of bind buffer (TBS 

with 5mM imidazole) prior to loading the dialyzed yeast supernatant. The column was 

subsequently washed with 5X resin volume of bind buffer, followed by 5X wash with wash 

buffer (TBS with 20mM imidazole). Proteins were eluted with 1X resin volume of elution 
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buffer (TBS with 250mM imidazole). 

4.2.7 Total Glutathione assay 

Supernatant total glutathione (GSH + 2XGSSG) levels were measured with a 

glutathione colorimetric detection kit (ThermoFisher Scientific). Briefly, standard curves 

are generated by combination of glutathione standards, NADPH, and detection reagent 

concentrate followed by incubation with glutathione reductase. The assay was linear in 

the range of 0.5 – 12.5 μΜ GSH / GSSG. Supernatant samples were diluted to fall in the 

assay’s linear range, and total glutathione levels were calculated by comparison to 

standard curves. Assays were performed in triplicate on each time point and triplicate 

cultures of each condition were studied. 

4.2.8 Intracellular Protein Assay 

 For the preparation of protein extracts, a modified glass bead lysis protocol was 

used138. Briefly, cells were collected, washed once with phosphate buffered saline (PBS), 

and resuspended in disruption buffer (20mM TRIS-CL (pH 9), 0.02mM EDTA, complete 

EDTA free protease inhibitors (Roche), and 50mM ammonium sulfate) with equal volume 

of 20% trichloroacetic acid (TCA). Cells were lysed by agitation with 200 μL of zirconium 

oxide beads in two 50 sec pulses separated by centrifugation, and washed twice with 1:1 

TCA buffer:TCA mix. The precipitate was then collected and boiled in resuspension buffer 

(2% sodium dodecyl sulfate (SDS), 20mM TRIS – CL) for 5 min. The resuspended 

supernatant was then resolved in SDS-PAGE and assayed via anti-FLAG western blot.  
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4.3 RESULTS 
4.3.1 Effects of the -1 residue on intein cleavage  

The protein-intein fusion expression vector has been previously described51. In this 

system, an anti-fluorescein scFv (4-4-20) was employed as the fusion partner to the 

engineered 202-08 intein.  The scFv is flanked by a synthetic PrePro leader sequence, 

N-terminal FLAG and C-terminal c-myc tags that allow for detection and a hexahistidine 

tag used for nickel affinity purification (Figure 4.1A). In the present study, each of the 20 

naturally occurring amino acids were cloned immediately preceding the 202-08 intein at 

the -1 position to determine preferred -1 residues for production and thiol-induced 

cleavage (Figure 4.1A). The 202-08 intein undergoes an N- to S-acyl shift at its N-terminal 

cysteine forming a thioester intermediate susceptible to nucleophilic attach. Upon reaction 

with the sulfur nucleophile MESNA, the protein, scFv 4-4-20, is cleaved from the intein 

and a reactive thioester is formed at the C-terminus of the released protein (Figure 

4.1B)51,53. The secreted product can then be assayed with an anti-FLAG tag western blot 

to identify the fraction of produced protein that has undergone successful cleavage. Since 

intein cleavage efficiency and specificity is often difficult to predict139–141, and mutations 

to the Mxe GyrA intein can potentially affect intein cleavage activity139,142,143, the effects 

of -1 residue substitution were also screened for the presence of undesirable cleavage 

events that occur in the absence of MESNA (termed autocleavage). These could occur 

within the yeast secretory pathway or in the culture medium. To this end, many amino 

acids at the -1 position resulted in significant (>40%) levels of autocleavage (Figure 4.2A). 

Of those residues leading to measurable autocleavage, addition of MESNA yielded 

increased cleaved product for only Val and Phe at the -1 position (Figure 4.2A and 4.2B). 

Of those -1 residues without appreciable autocleavage, Pro also resulted in inhibition of 
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MESNA induced cleavage, as previously observed127 and Thr also exhibited no MESNA 

induced cleavage. Met, Cys and Ser, while not resulting in autocleavage, had limited 

(<20%) MESNA cleavage, and were not pursued further. By contrast, when Ala and Gly 

were used at the -1 position, MESNA-induced cleavage was about 65%, with no 

detectable autocleavage product, representing the best -1 residues from the initial screen. 

Importantly autocleaved product for the -1 residues teste (Phe, Gln, and Leu), while 

lacking the intein, was not endowed with the desirable thioester generated by MESNA 

reaction, and therefore could not be subsequently functionalized (supplementary Figure 

4.7). Given the deleterious autocleavage behavior of certain -1 residues, we sought to 

identify whether the observed autocleavage starts within the cell during secretory 

processing or once exported to the culture supernatant. Analysis of a representative 

subset of -1 residues indicated that autocleavage of Gln, Leu and Phe was observed in 

intracellular samples; whereas Ser, Ala and Gly did not yield intracellular cleavage 

product (Figure 4.2C). Finally, for -1 residues Ile or Asn, no target protein, fused or 

cleaved, was detected in the secreted supernatant. Examination of the intracellular 

content indicated that 4-4-20 intein fusions with Ile at the -1 position were trapped 

intracellularly with a considerable portion of the protein running as higher molecular 

weight aggregates; whereas, fusions with Asn in the -1 position were not detected (Figure 

4.1C).  
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Figure 4.1 Protein-intein fusion secretion construct (a) pRS316-FLAG-intein contains a synthetic 
PrePro leader sequence directing secretion of an scFv (VL-VH) or GFP. The amino acid sequence 
upstream of the N-terminal cleavage site of the evolved 202-08 intein, as well as the first intein amino acids 
are shown. The -1 residue (X) was substituted for all 20 naturally occurring amino acids. (b) EPL can be 
used to install chemical entities onto the carboxy-terminus of intein fused proteins. The intein catalyzes a 
reversible N- to S- acyl shift between the target protein and the intein. This exposes a thioester at the 
carboxy-terminus of the target protein that is susceptible to attack by a nucleophile. Commonly used 
nucleophiles, such as thiol-based reagents then react to release the intein and install a carboxy-terminal 
thioester on the target protein. 

4.3.2 Engineering of 202-08 responsible for autocleavage 

While certain amino acids at the -1 position preceding the wild-type Mxe GyrA 

intein are known to either abolish cleavage altogether (Pro), or autocleave (Asp) in 

bacterial systems, as well as in native chemical ligation127, the significant autocleavage 

observed for many amino acids at the -1 positon was somewhat unexpected. Thus, the 

autocleavage of the evolved 202-08 intein was compared with the wild-type Mxe GyrA 

intein. Gly, Phe, and Gln were chosen as -1 residues since they spanned the range from 
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no autocleavage (Gly), to high autocleavage (Gln). The wild-type intein demonstrated 

significantly less autocleavage than the 202-08 intein for these -1 residues, with no 

autocleavage for Phe as -1 residue, while the autocleavage for Gln was 3-fold lower than 

that for 202-08 intein (Figure 4.3A). However, despite the lack of autocleavage when 

using the wild-type intein, secretion levels were 10-30-fold lower for the three -1 aa tested 

compared to the evolved 202-08 intein having Gly as the -1 residue (Figure 4.3B and Ref. 

51). As engineering Mxe GyrA inteins can lead to altered cleavage function143, we sought 

to establish that the self-splicing function of the intein itself was responsible for the 

observed autocleavage behavior. Mutation of the Cys residue residing at the N-terminus 

of the 202-08 intein (Figure 4.1A), a critical residue for catalytic function144, to alanine 

(C1A), resulted in a complete elimination of either MESNA-induced cleavage or 

autocleavage as no cleaved product was observed even after MESNA treatment (Figure 

4.3C). These combined results indicate that the evolution of the 202-08 intein exacerbates 

the autocleavage effects endowed by the -1 residue. However, expression levels are 

substantially enhanced by the 202-08 intein compared to the wild-type intein, and when 

put in combination with a residue like Gly, which has no autocleavage, the 202-08 intein 

is preferable.  
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Figure 4.2 Effect of the -1 amino acid on fusion protein cleavage. (a)  Autocleavage and MESNA-
induced cleavage of secreted 4-4-20-intein fusions in supernatants after 72 h of induction was evaluated 
with quantitative anti-FLAG Western blot. 4-4-20-intein fusions were not detected in the supernatant when 
Ile and Asn were used as -1 residues and thus, these were not included on the plot. Plotted on the graph 
are the mean ±SD for n=3 independent yeast transformants. Statistical significance was determined by an 
unpaired Student’s t-test (*p<0.05). ND=autocleavage not detected, NC=No autocleavage or MESNA 
cleavage detected.  (b) Sample Western blots of supernatants with or without MESNA treatment, probed 
with an anti-FLAG antibody. Such data were quantified to produce the bar graph in panel (a). (c) Yeast 
expressing 4-4-20-intein fusions were lysed to evaluate intracellular intein fused and autocleaved scFv. Ile 
as -1 residue also displayed high molecular weight aggregates in addition to full size intein fusion protein, 
while Asn resulted in very little, if any, detectable protein production. 
4.3.4 Refeeding limits autocleavage and increases yield 

To further examine the autocleavage timecourse and explore potential remedies, 

we examined the autocleavage of proteins spanning 24-72 hours of induction. While 

secreted proteins with Phe and Gln as the -1 residues did not have appreciable 

autocleavage at less than 24 h of induction (Supplemental Figure 4.7), autocleavage 

increased at 48 and 72 h (Figure 5.4A). By contrast, Leu as the -1 residue was found 

autocleaved at each time point (Supplemental Figure 4.8 and Figure 4.4A). Since the 

autocleavage events were linked to the catalytic activity of the intein, we explored the 

possibility that an endogenous thiol nucleophile could be impacting the autocleavage 

process. In particular, it has been shown that yeast excrete small thiols such as 

glutathione upon heterologous expression of proteins145. In principle, it could be possible 
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for reduced glutathione to act as a nucleophile to cleave the intein, appending a short-

lived thioester that is not compatible with EPL functionalization. Thus, the excretion of 

glutathione during scFv-intein fusion expression was explored. Indeed, total glutathione 

excretion was enhanced as a function of secretion time (Figure 4.5A). However, similar 

total glutathione levels were produced for constructs having -1 residues with low (Gly), 

intermediate (Phe) and high autocleavage levels (Gln, Leu) (Figure 4.5A). Addition of 

reduced glutathione (GSH) to purified scFv-intein fusions with Glu or Phe at the -1 

positions, at concentrations similar to those found for total glutathione in the yeast 

supernatants (30 µM) did not lead to any detectable intein cleavage (Figure 4.5B). 

However, in the yeast secretion machinery where intracellular autocleavage occurs, total 

glutathione levels are in the millimolar range with GSH:GSSG ratios of 3:1146. When 

fusion proteins with autocleavage susceptible -1 residues were incubated in a 10 mM 

GSH, Gln but not Phe exhibited detectable autocleavage (Figure 4.5B). By comparison, 

MESNA drove much more substantial intein cleavage (Figure 4.5B). Thus, extracellular 

glutathione does not appear to be driving the autocleavage process, but intracellular GSH 

may play a role in promoting the observed autocleavage.   
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Figure 4.3 Effects of intein evolution on cleavage behavior and protein production. (a) Autocleavage for 
202-08 and wild-type (WT) Mxe GyrA intein with Phe, Gly and Gln as -1 residues was evaluated in culture 
supernatant at 72 h with quantitative anti-FLAG Western blot. Plotted on the graph are the mean ±SD of 
n=3 independent yeast transformants. Statistical significance was determined by an unpaired Student’s t-
test (*p<0.05). ND= autocleavage not detected. (b) Protein secretion levels of selected -1 residues of wild-
type Mxe GyrA and 202-08 intein. Supernatants at 72 h were quantified using anti-FLAG Western blotting 
and normalized to the Gly-WT secretion level. Plotted are the total relative per cell secretion levels that 
combine both the intact and cleaved fusions. Plotted on the graph are the mean ±SD of n=3 independent 
yeast transformants. Statistical significance was determined by an unpaired Student’s t-test (*p<0.05). (c) 
Lack of cleavage of C1A 202-08 intein mutants upon addition of MESNA in 72 h supernatant was evaluated 
through an anti-FLAG tag Western blot. 

Depletion of nitrogen base and amino acids has been linked to post-secretory 

protein loss in yeast protein secretion studies, and refeeding of yeast nitrogen base and 

casamino acids both restored culture pH values and limited protein loss147–149. Thus, we 

sought to investigate the effects of refeeding on intein autocleavage, glutathione 

production and total protein yield. Refeeding with fresh nitrogen base and casamino acids 

at 24 and 48 h post-induction reduced autocleavage when Phe and Gln were the -1 

residues, while refeeding did not affect autocleavage when Leu was the -1 residue where 

complete autocleavage was observed with or without refeeding (Figure 4.4A). In addition, 

although total glutathione levels were generally lowered by refeeding, this did not limit the 
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complete autocleavage of Leu containing fusions (Figure 4.4A). While refeeding had 

modest effects on limiting autocleavage, it did increase total protein production across all 

-1 residues tested from 1.5-4-fold (Figure 4.4B) with Gly fusions producing at ~2.5 mg/L 

titers.  

 

Figure 4.4 Effects of refeeding on intein autocleavage (a) Intein autocleavage at 48 and 72 h post 
induction with or without refeeding for selected -1 residues was evaluated in culture supernatants. Plotted 
are the mean ±SD of n=3 independent yeast transformants. Statistical significance was determined by an 
unpaired Student’s t-test (*p<0.05). (b) Protein secretion levels of selected -1 residues with or without 
refeeding at 72 h post induction. Plotted are the relative per cell secretion levels that combine both the 
intact and cleaved fusions. Levels are also normalized to no refeeding conditions for each -1 residue. 
Plotted on the graph are the mean ±SD of n=3 independent yeast transformants. Statistical significance 
was determined by an unpaired Student’s t-test (*p<0.05). 

4.3.5 Alanine and Glycine are the preferred -1 residues 

 Since Gly and Ala performed the best as -1 residues in terms of having 

undetectable autocleavage and high MESNA cleavage yield, they were tested on multiple 

protein fusion partners using the refeeding production strategy to test generalizability. 

Three scFvs (anti-transferrin receptor scFvH7, anti-epidermal growth factor receptor scFv 

2224, and 4-4-20) and green fluorescent protein (GFP) were produced as fusions to the 

202-08 intein and secretion levels quantified. Secretion of 4-4-20 and GFP intein fusions 

exhibiting modest but statistically significant increases in secretion when Ala was used as 
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the -1 residue (Figure 4.6A). For H7 and 2224 fusions, the use of Gly and Ala as -1 

residues yielded indistinguishable secretion levels. None of the assayed protein-intein 

fusions showed measurable autocleavage. Finally, protein fusions with the 202-08 intein 

and Gly as the -1 residue have been assessed for cleavage efficiency and EPL 

compatibility since the initial evolved 202-08 fusion construct fortuitously possessed Gly 

as the -1 residue51.  
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Figure 4.5 Excreted glutathione and effects on intein cleavage. (a) Total supernatant glutathione 
concentration (GSH + 2×GSSG) for selected -1 residues from 24-72 h post induction were measured with 
and without refeeding. Plotted on the graph are the mean ±SD of n=3 independent yeast transformants. 
Statistical significance was determined by an unpaired Student’s t-test (*p<0.05). (b) The ability of 
glutathione to induce intein cleavage for Phe and Gln -1 residues was assessed by reacting purified 4-4-
20-intein fusions with reduced glutathione at either 30 µM or 10 mM concentrations. It is worth noting that 
less than 24 h post induction both Phe and Gln -1 residue constructs do not exhibit substantial autocleavage 
but are secreted in low amounts necessitating purification and concentration steps before use. To verify 
that secreted fusion proteins were responsive to thiol-induced cleavage, they were also reacted with 
MESNA. 

Thus, we similarly evaluated -1 Ala fusions in a full EPL setting. Upon addition of MESNA 

(Figure 4.6B), cleavage efficiencies were 0.60±0.24, 0.69±0.24, 0.34±0.15 and 0.35±0.06 

for 4-4-20, H7, GFP, and 2224 fusion partners, respectively. Finally, protein-intein fusions 

with Ala at the -1 position were functionalized to demonstrate compatibility with all steps 

of EPL. The secreted and purified scFv- and GFP- 202-08 intein fusion proteins were 

reacted with MESNA in the presence of a biotinylated peptide bearing an N-terminal 
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cysteine51; thereby, releasing the scFv or GFP from the intein and installing a C-terminal 

biotin onto the protein (Figure 4.1B). Each of the scFvs and GFP were successfully 

modified with biotin (Figure 4.6C). Taken together, Gly and Ala constitute the optimal 

candidates as -1 residues for maximizing protein secretion of EPL-compatible fusions. 

 

Figure 4.6 Production of protein-intein fusions with Gly and Ala as the -1 residue. (a) Comparison of 
the protein secretion levels of three scFvs (4-4-20, H7, 2224) and GFP with Gly or Ala as -1 residues in 
supernatants at 72 h. Amount of secreted full-length intein fusion were normalized to the Gly construct for 
each fusion partner. Plotted are the mean ±SD of n≥3 independent yeast transformants. Statistical 
significance was determined by an unpaired Student’s t-test (*p<0.05). (b) MESNA induced cleavage for 
protein-intein fusions with Ala in the -1 position was evaluated with anti-FLAG Western blot in supernatants 
at 72 h. Quantitative cleavage percentages ± SD from 3 independent yeast transformants can be found in 
the text. (c) Purified fusions were subjected to a complete EPL reaction with Biop1 peptide and evaluated 
with anti-biotin Western blot to examine biotinylation of the target protein. There exists a background band 
in some lanes at ~60kDa due to the presence of BSA, included in the reaction to prevent adsorption and 
loss of the target protein. 

4.4 Discussion 

 The -1 amino acid at the N-terminus of an intein has been shown to be critical in 
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regulating intein cleavage and splicing efficiencies127. In this study, we evaluated the 

effects of the -1 residue on the cleavage efficiency and protein yields of the evolved 202-

08 Mxe GyrA intein. The importance of the -1 residue was clearly demonstrated as this 

single amino acid change could lead to either significant autocleavage effects, or low thiol-

induced cleavage efficiency abolishing the ability to perform EPL. In addition, amino acid 

changes at the -1 position could also substantially affect protein production levels by 

eliminating fusion production. Two candidate amino acids, Gly and Ala, performed the 

best with no detectable autocleavage, effective thiol-induced cleavage, and elevated 

protein expression yields across multiple protein-intein fusion constructs. 

 When using the evolved 202-08 intein that was optimized for yeast surface display 

and secretion51, the effects of the -1 residue on autocleavage differed substantially from 

those seen using the wild-type Mxe GyrA intein in bacteria135 or NpuN mammalian 

production systems150.  For instance, Leu had high (>70%) autocleavage, contrary to 

bacterial expression where limited (<10%) autocleavage was observed. Moreover, in the 

case of -1 residues that are known to lead to increased autocleavage such as Tyr and 

Glu151, the evolved 202-08 intein had even higher autocleavage. Asn is associated with 

high autocleavage in bacteria (Mxe GyrA intein) and in HEK cells (Npu intein) but fusion 

protein was not detected in the yeast secretion system, likely indicating a production 

defect. The autocleavage products evaluated in this study were not capable of EPL, likely 

because they lacked an appropriate C-terminal thioester. Given the observed 

autocleavage behavior of 202-08 intein, the impacts of two -1 residues that drove 

autocleavage, Phe and Gln, were also investigated in the context of the wild-type Mxe 

GyrA intein. Interestingly, no autocleavage was observed when the -1 residue was 
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mutated to Phe and more limited autocleavage was observed for Gln. It has previously 

been reported that engineering inteins for a particular property can lead to unexpected 

changes in cleavage efficiency and behavior139,143, therefore it is possible that the 

engineering of 202-08 for increased secretion led to a more promiscuous cleavage 

behavior. Although autocleavage was limited when using the wild-type intein compared 

with the 202-08 intein, total secretion levels of the protein-intein fusion were considerably 

lower for the wild-type intein, similar to values reported previously51. Importantly, Gly and 

Ala at the -1 position did not exhibit autocleavage and combined with the elevated 

expression levels driven by the 202-08 intein, represent the optimal approach for protein-

intein fusion expression in yeast. Indeed, Gly or Ala as the -1 residue were shown to be 

compatible with a number of scFvs and GFP, having undetectable autocleavage, 

reasonably high (~50%) thiol-induced cleavage yields and EPL reaction compatibility.  

 Substitution of the critical Cys residue that allows the N-S acyl shift required for 

thiol-based cleavage completely abolished both autocleavage and thiol-induced 

cleavage, indicating that the intein function was critical for the autocleavage behavior. In 

addition, autocleavage clearly started in the yeast secretory pathway. These findings 

suggested the possibility of thiol-induced cleavage by an endogenous yeast substrate. In 

addition, millimolar concentrations of glutathione are present in the yeast secretory 

pathway, and during protein secretion from yeast, it has been observed that levels of 

glutathione are also elevated in the culture supernatant145. We also observed that total 

glutathione was elevated as a function of protein secretion time. While reduced 

glutathione concentrations relevant to supernatant glutathione levels (GSH at 30μM) were 

not sufficient to drive cleavage of intein fusions, fusions treated with concentrations more 
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relevant to secretory pathway conditions (GSH at 10mM), resulted in limited intein 

cleavage, suggesting that the thiols in the secretory pathway may play a role in 

autocleavage.  

In an effort to limit detrimental autocleavage and increase secretion titer, we 

investigated the effects of nutrient refeeding. Depletion of nitrogen base and amino acids 

has previously shown to lead to protein loss147,152, and change in culture pH148, and 

supplementation reversed these effects leading to gains in secretion titer. Supplemental 

addition of nitrogen base and casamino acids reduced but did not eliminate autocleavage 

for a number of -1 residues. In addition, we observed a drop in excreted total glutathione 

levels; and thus, refeeding may reduce the chemical species, glutathione and others, that 

are responsible for intein autocleavage. While the entire compliment of yeast factors that 

drive autocleavage effects is unclear, Gly and Ala can circumvent these issues and 

facilitate the intended downstream EPL applications. Finally, refeeding also resulted in 

increased absolute protein-intein fusion yields from 1.5 to 5-fold, for the -1 residues 

tested. In conclusion, when employing the yeast protein-intein fusion system described 

here, the 202-08 intein requires a -1 residue of Gly or Ala to minimize autocleavage and 

maximize production of EPL functionalizable protein for downstream applications. 
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Supplementary Figures: 

 

Figure 4.7 Autocleaved protein EPL capacity. The capacity to functionalize autocleaved scFvs was 
assayed by anti-Flag and anti-Biotin Western blots of 4-4-20–202-08 fusions that were subject to the EPL 
reaction with a N-terminal cysteine biotinylated peptide. The presence of autocleaved protein is shown in 
an anti-FLAG tag Western blot. No biotinylated product was detected. 

 

Figure 4.8 Supernatant autocleavage evaluated with anti-FLAG Western blot at 24 h of induction for 
selected -1 residues. The absence of cleaved 30 kDa 4-4-20 scFv for Gln and Phe, indicates that at this 
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time point, minimal autocleavage is observed. Leu is included as a comparison where autocleavage is 
observed at 24 h of induction. 

Supplementary table: 

Supplemental Table 1 - Data plotted in Figure 2a 
 -1 residue substitution Fractional Autocleavage MESNA Cleavage 
  Average ± S.D Average ± S.D 

Leu 0.98 ± 0.02 0.96 ± 0.08 
Val 0.26 ± 0.04 0.81 ± 0.15 
Phe 0.47 ± 0.09 0.74 ± 0.10 
Met 0.00 0.13 ± 0.15 
Cys 0.00 0.24 ± 0.32 
Ala 0.00 0.58 ± 0.22 
Gly 0.00 0.64 ± 0.20 
Pro 0.00 0.00 
Thr 0.00 0.00 
Ser 0.00 0.20 ± 0.12 
Tyr 0.67 ± 0.14 0.78 ± 0.12 
Trp 0.00 0.15 ± 0.04 
Gln 0.64 ± 0.03 0.73 ± 0.09 
His 0.99 ± 0.01 1.00 
Glu 0.94 ± 0.05 0.89 ± 0.07 
Asp 0.39 ± 0.18 0.71 ± 0.14 
Lys 0.80 ± 0.21 0.68 ± 0.20 
Arg 0.45 ± 0.13 0.62 ± 0.06 

Table 4-1 Cleavage of -1 residues 
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Chapter 5 - Brain penetrating antibody functionalization 

As described in Chapter 3, a cohort of brain penetrating antibodies was discovered 

through panning naïve antibody libraries on a human model of the blood-brain barrier. 

Chapter 4 contained an investigation aimed to optimize semi-synthetic antibody 

functionalization through an antibody-intein fusion secreted in yeast. As introduced in 

Chapter 2, the state-of-the-art methods of drug delivery to the brain involve 

functionalization of antibodies, or conjugation to particles that contain the therapeutic 

payload. This brief communication will focus on our first efforts to integrate our brain 

penetrating antibodies with the intein-mediated functionalization platform and discuss 

future uses as drug delivery vectors.  

I would like to acknowledge Dr. Benjamin Umlauf for providing the initial vectors for the 

mammalian antibody-intein fusion secretion. 

5.1 Introduction 
 Antibody mediated drug delivery across the BBB has long been researched in 

academic and industrial settings 21. Antibodies aimed to penetrate the BBB are used as 

either fusions to enzymes 153,154, bispecifics 155, or as targeting ligands coating 

nanoparticles 94,156. In the case of potent active pharmaceutical ingredients it is possible 

to employ current antibody-based delivery methods to achieve sufficient brain drug 

concentrations to observe a pharmacological effect 157. However, if the active molecule 

has high toxicity, high cost, or low potency, a higher flux brain penetrating vector is 

necessary. To this end, we advanced our brain penetrating antibodies into a 

functionalization platform to take advantage of the apparent high capacity of these 
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molecules for brain transport. 

In order to combine antibodies with functional molecules such as drugs 158, 

polymers 159, other proteins 160, and nanoparticles 161 it is necessary to employ chemical 

conjugation approaches. Antibody-drug conjugates (ADCs) are a novel therapeutic 

paradigm and are comprised of a monoclonal antibody conjugated through a chemical 

linker with a small molecule. The possibilities that nanoparticles in particular offer is linked 

to their ability to be functionalized with a diverse set of targeting reagents that serve to 

increase their capacity for BBB crossing 20. In a great advantage, the selection of payload 

that can be ferried to the brain is expanded via the use of NPs since potentially toxic drugs 

are now safely transported inside the nanoparticles to the site where they can excise their 

therapeutic effect 162. Moreover, transcytosis properties are solely dependent on 

nanoparticles’ properties and not on the nature of the payload further increasing their 

utility – and their tunability -  as trans-BBB delivery vectors. NPs’ biological stability, 

feasibility to incorporate both hydrophobic and hydrophilic pharmaceuticals, and ability to 

tune the degree of coating with a variety of targeting ligands is invaluable 162. There are 

numerous classes of NPs, with NPs commonly utilized for medical purposes such as 

liposomes, and polymer based NPs 162. 

During chemical conjugation reactions accessible amino acid residues on the 

surface of the antibody undergo a controlled reaction with an appropriate chemical 

handle. There is a wide literature for antibody functionalization methods, and the reader 

is directed to an excellent review in the field 47. Non-specific conjugation results in a 

mixture of ADC species with variable Drug-Antibody Ratios (DAR), and non-controlled 



 94 

location of conjugation. In general, broad distribution of DAR results in decreased 

potency, increased risk of aggregation and clearance rate, as well as instability of the 

release profile of the payload 158. Further, nonspecific reaction of protein residues often 

results in loss or alteration of antibody binding with detrimental effects for the activity 157.  

To ameliorate this problem, it is possible to employ site-specific conjugation 

methodologies to construct a homogeneous population of ADCs. We have previously 

employed EPL to append an azide as a reactive handle for copper catalyzed azide-alkyne 

cycloaddition (CuAAC) 53. In EPL reactions, addition of a thiol reagent results in cleavage 

of the intein moiety and simultaneous addition of a reactive thioester at the point of the 

previous protein-intein interface 51. This thioester can be further reacted with a chemical 

handle with an N-terminal cysteine molecule to append the desired functionality in a site-

specific fashion that results in the formation of a stable, covalent linkage. CuAAC reaction 

is suitable for use in in vitro applications due to the high rate of reaction, nevertheless in 

in vivo applications the oxidative stress caused by the Cu(I) and the need for complex 

optimization of each step and reagent participating in the reaction is a hindrance 54. As 

an alternative to copper catalyzed reactions it is possible to resort in strained cyclooctynes 

such as DBCO that react with azides in copper free conditions 163 by appending an azide 

handle to the protein of interest that subsequently reacts with the DBCO modified entity.  

In order to enable many downstream laboratory and preclinical applications, we 

aimed to provide a proof of concept study showing the ability to functionalize our brain 

penetrating antibodies through a strain promoted reaction with a biotinylated probe.  
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5.2 Materials and Methods 
5.2.1 Cells, media, and plasmids 

Saccharomyces cerevisiae strain YVH10 136 (MATα PDI1::GAPDHPDI1::LEU2 

ura3−52 trp1 leu2Δ1 his3Δ200 pep4::HIS3 prb1Δ1.6R can1 GAL) was used for all yeast 

protein secretion. The engineered Mxe GyrA intein-fused pRS316-FLAG-202-08  136 

vector was used as a backbone for protein secretion. HEK293 Freestyle (HEK 293F) cells 

were used for mammalian antibody secretion. The engineered Mxe GyrA intein was 

cloned from pRS316-FLAG-202-08 vector into the pIRES based vector described 

previously in Chapter 3. 

5.2.2 Cell growth, and protein production 

Large scale DNA purification for HEK 293F transfection was done with ZymoPURE 

II plasmid kit (Zymo Research # D4200), and PEI transfection performed as described 

105. Transfected cultures were then incubated for 5-7 days at 37o C, 8% CO2, 135 rpm in 

a humidified incubator and the supernatant containing scFv-Fc-intein fusions was 

separated from the cell mass via centrifugation and filtration. scFv-Fc-intein fusions were 

purified from the cleared supernatant via protein A chromatography (ThermoFisher 

#20333). After elution with 100mM Citric Acid pH 3 the solution was neutralized with 1M 

Tris-base pH 9 and dialyzed against PBS before 4o C storage.  Soluble single chain 

antibody fragments (scFv) – intein fusions in yeast were prepared as described 51. 

5.2.3 Intein-mediated release and EPL 

The ability to release the scFv and scFv-Fc from secreted intein fusions was 

performed as described previously 51. Briefly, 1M mercaptoethanesulfonic acid (MESNA, 
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Sigma-Aldrich) was added to scFv- or scFv-Fc- purified protein to a final concentration of 

100mM and the reaction was allowed to proceed for 20 h at RT prior to anti tag western 

blot analysis. A cysteine reagent was used in this study to perform the EPL reactions, 

cysteine azide (Anaspec), and Bio-P1, an N-terminal cysteine peptide containing a biotin 

(synthesized by the University of Wisconsin Biotechnology Center based upon the Bio-

P1 peptide from New England Biolabs. Sequence: NH2-CDPEK(Bt)DS-CONH2). To 

generate azide proteins, 5 µl of 50 mM cysteine azide in PBS was added directly to 50 µl 

of the released protein products and the reactions were allowed to proceed for 20 h at 

room temperature.  The reactions were subsequently dialyzed against PBS with a Slide-

A-Lyzer dialysis cassette to remove unreacted cysteines. The reactions were 

subsequently dialyzed against 100mM MESNA with a Slide-A-Lyzer dialysis cassette to 

remove unreacted cysteines under reducing conditions, and then further dialyzed against 

PBS to remove the reducing agent.   

5.2.4 SDS-PAGE and Western blot 

Samples were collected and denatured by boiling in LDS sample buffer (Life 

Technologies) containing 1mM 2-mercaptoethanol for 10 min prior to resolution on a 4-

12% Bis-Tris gel (Life Technologies). Under these reducing conditions, no intein cleavage 

reaction is observed. Proteins were then transferred to a nitrocellulose membrane for 

western blot analysis. Detection of FLAG tagged proteins was performed with an anti-

FLAG M2 mouse monoclonal antibody (Sigma-Aldrich, 1:3000 dilution), followed by an 

anti-mouse HRP conjugate (Sigma-Aldrich, 1:2000 dilution). Detection of HA tagged 

proteins was performed with an anti-HA tag rat monoclonal antibody (Roche, 1:1000 
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dilution) followed by an anti-rat HRP conjugate (Sigma-Aldrich, 1:2000 dilution). 

5.3 Results 
5.3.1 Production of antibody-intein fusion and thiol induced cleavage 

 As a first step lead antibodies showing an increased brain penetration 46.1 and 17 

(Chapter 3) were produced as soluble scFv-intein fusions employing 202-08 intein as a 

fusion partner (Figure 5.1a). scFv 17 was also cloned into a modified pIRES vector were 

scFv is inserted in tandem with 202-08 intein and a rabbit Fc region (Figure 5.1b). Clones 

46.1 and 17 were solubly produced as intein fusions in a yeast secretion platform, and 

scFv 17 was also successfully produced as a rabbitFc-intein fusion, with the intein 

retaining its activity as evident by cleavage upon addition of MESNA (Figure 5.2a and 

5.2b). Critically, scFv17-rabbitFc-202-08 fusions did not exhibit significant autocleavage 

in the mammalian secretion system (Figure 5.2b). As of note, upon reduction with MESNA 

that results in intein cleavage, the scFv-rabbitFc-202-08 intein fusion is reduced to a 

mixture of scFv-Fc, and scFv-Fc-intein monomers due to incomplete intein mediated 

cleavage (Figure 5.2b). Removal of the reducing agent and incubation under oxidizing 

conditions results in a partial reformation of interchain disulfide bonds and the generation 

of a mixture of products that complicate further downstream evaluation (Figure 5.2c). 

Typically, after verifying intein mediated cleavage, the nest step would be to perform an 

EPL reaction and show the feasibility of antibody functionalization.  
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Figure 5.1 Constructs used for EPL. a) pRS316-FLAG-intein contains a synthetic PrePro leader 
sequence directing secretion of an scFv. b) pIRES-intein contains a secretion signal directing scFv- Fc 
intein fusions secretion. FLAG and HA tags are used for detection and His6 tag and Fc regions are used 
for purification of constructs from protein containing supernatants. 

 

Figure 5.2 MESNA induced cleavage of antibodies. a) scFvs expressed in yeast are cleaved from the 
intein molecule upon addition of MESNA and cleavage is assayed through an anti-FLAG Western blot. The 
cleaved product is evident at 30kDa. b) scFv-rabbitFc intein fusions are successfully produced in HEK cells. 
Upon addition of MESNA a mixture of cleaved and uncleaved scFv-rabbitFc intein fusions results as 
assayed by an anti-HA Western blot. c) Removal of reducing agents results in partial re-oxidation of 
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disulfide bonds and reformation of dimeric scFv-rabbitFc. A number of byproducts such as scFv-rabbitFc-
intein/scFv-rabbitFc dimers and unrefolded scFv-rabbitFc arms are also evident. 

5.3.2 EPL functionalization of antibodies 

 Given the availability of biotinylation reagents, we chose to functionalize our 

antibodies through click chemistry by attaching a biotin entity at the C-terminus of the 

protein. While we opted to use an azide-DBCO chemistry to attach the biotin to yeast 

produced scFvs to closer mimic a reaction with potential for nanoparticle conjugation of 

antibodies, the use of DBCO-azide click chemistry proved complicated in scFv-Fc 

functionalization and resulted in significant non-specific by-products hence a simple 

biotinylation strategy using the BioP1 peptide was preferred in this case. ScFvs 46.1, 17, 

and 4-4-20 were secreted as intein fusions in yeast and after intein cleavage cysteine-

azide was added to attach a chemical handle at the C-terminus. Following removal of 

excess cysteine-azide reagent a DBCO-biotin was attached to the scFvs (Figure 5.3a). 

For scFv-Fc intein fusions, EPL reaction was possible by using a biotinylated cysteine 

peptide to append the desired functionality. The fusion protein was cleaved from the intein 

upon addition of MESNA along with the addition of BioP1. This resulted in a 

functionalization of the scFv-Fc fusion as evident by the 60kDa band indicating a 

functionalized scFv-Fc monomer (Figure 5.3b). As scFvs 46.1 and 17 are isolated from a 

phage display platform and the capacity of the yeast secretion machinery to produce them 

as soluble protein had not been tested, here we present the first data showing the ability 

to integrate identified brain penetrating antibodies into a yeast and mammalian based 

intein functionalization platform. 
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Figure 5.3 The capacity to functionalize antibodies was assayed. a) scFvs functionalized with a 
cysteine-azide chemical handle were reacted with DBCO-biotin and a biotin functionality was appended as 
evident by the corresponding band at 30kDa. b) 17-rabbitFc was functionalized through reaction with a N-
terminal cysteine biotinylated peptide. In this reducing gel the scFv-Fc monomer is detected through an 
anti-Biotin blot showing successful biotinylation of the construct. 

5.4 Discussion and future directions 
  These are the first attempts to functionalize the isolated brain penetrating 

antibodies through EPL functionalization. Here we functionalize antibodies after secretion 

in both yeast, and mammalian secretion platforms. Antibodies 46.1 and 17 are very 

promising as drug delivery vectors, and 4-4-20 is an excellent negative control vector. 

Antibodies as scFvs can be readily integrated in a yeast scFv-intein secretion platform 

that enables C-terminal functionalization. Further, antibodies can be produced as 

rabbitFc-intein fusions and secreted in mammalian cells providing an alternative platform 

for site-specific functionalization. Mammalian secretion results in minimal intein 

autocleavage, but the analysis of post-cleavage products is complicated due to the 

dimeric nature of scFv-Fc fusions and incomplete intein cleavage that leads to a mixture 

of scFv-Fc and scFv-Fc-intein products that are difficult to separate. Antibodies are readily 

functionalized through DBCO-azide chemistry that can serve to potentially functionalize 

nanoparticles 161. Site-specific functionalization allows for attachment of chemical handles 

away from the scFv reactive site minimizing deleterious effects on protein function.  
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Binding parameters and antibody format have been shown to influence 

transcytosis capacity 21. Engineering antibody binding properties is a laborious process 

that is complicated in the lack of a clear antigen. In lieu of antibody engineering 

campaigns, it is possible to alter nanoparticles coating to accomplish similar effects. The 

degree of functionalization of nanoparticles can be controlled by varying the number of 

scFvs per particle allowing the tuning of avidity, which in the case of nanoparticles coated 

with transferrin altered the transcytosis capacity of the vector 93. This enables elucidation 

of avidity and affinity effects on the transcytosis capacity of brain penetrating antibodies 

without a precise knowledge of the target or implementation of antibody engineering 

approaches to alter antibody binding properties. 

In summary, this preliminary work paves the way for functionalization of brain 

penetrating antibodies that in turn enables delivery of therapeutics or targeted 

nanoparticles delivery to the brain, as well as elucidation of parameters affecting the 

transcytosis capacity of these antibodies.    
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