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Commentary

Camping trips are often a lot of work, especially with children. Purchasing supplies, finding a
location, and dealing with scary animals are often just too much. Inspired by so many films, my family
instead set up a tent to camp in the backyard. This approach offered the allure of a majestic camping
trip with an enchanting tent, delicious smores, and scary stories as well as the convenience of a secure
home with snacks, a warm bed, and showers if the night grew blustery. In many ways, moieties that
target the extracellular matrix of tissues camp in the backyards of cells. These binding moieties take
advantage of the unique opportunities of backyard camping like not being restricted by “house rules”
but still maintain a close enough proximity to a cell (equivalent to a house in this analogy) to flee from
an unexpected rainstorm. We propose the benefits of backyard camping for ECM binding moieties
include: slower degradation of targeting ligands due to less recycling/salvage pathways extracellularly
(campers do not have to vacuum), ECM binding moieties have greater space to bind a specific tissue
(campers can explore the great outdoors), and ECM binding moieties can occupy more sites in the
tissue (camping is always more fun with friends!) [1-3]. In the manuscript entitled “Identification of
Brain ECM Binding Variable Lymphocyte Receptors Using Yeast Surface Display” we present methods
for identifying Variable Lymphocyte Receptors (VLRs) that bind and accumulate in brain ECM, aka
camp in the backyard of brain cells [4].

VLRs perform similar functions to antibodies in the jawless fish, lamprey, and have unique features
that make these molecules ideal for camping in the backyard of brain cells [5]. Jawless vertebrates are
approximately 500 million years removed from mammals, which allows for the raising of VLRs against
ECM proteins (via vaccination) which are removed from the B cell repertoire due to homology with
native ECM [6]. Additionally, VLRs have a high proclivity for binding glycosylated proteins [7]. The
entirety of the apical cell membrane, and many proteins secreted into ECM, are sugarcoated making
glyco-binding a highly desirable feature. Finally, methods for generating yeast surface display VLR
libraries from vaccinated lamprey are available [8,9]. The manuscript described above uses a VLR
library generated by vaccinating larval lamprey with mechanically harvested murine microvessels to
ensure the glycocalyx remains intact. VLRs from vaccinated lamprey are amplified by PCR, similar
to B cell PCR sewing strategies used to generate scFv libraries, then cloned into a vector that displays

VLRs attached to the surface of yeast via a pair of disulfide bonds.

The disulfide connection between the VLR and yeast surface plays a major role in the method
used to identify VLRs that camp (or accumulate) on the lawn of brain cells. A typical yeast surface
display selection protocol is coupled with an ELISA-based screening assay, in series, to identify VLRs
that preferentially accumulate in Brain ECM compared to ECM found in all tissues. Combining
selection and screening assays facilitates the identification of clones with high tissue specificity. In the
study above, brain cells are seeded in tissue culture vessels at low densities and allowed to grow over
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several days to allow for secretion and modification of ECM. Then,
flasks undergo a gentle cell lysis/detachment procedure consisting
of either washing in light detergent followed by nuclease treatment,
or treatment with EDTA, to expose the ECM. In contrast to our
initial opinion that EDTA treatment is less harsh and would leave
more ECM intact than detergent washes, recent studies performed in
our laboratory indicate treatment with EDTA removes calcium and
other essential cofactors from the ECM (as well as prevents integrin
binding) that results in reduced 77 vitro binding of VLRs to exposed
brain ECM compared to treatment with detergent. Exposed ECM is
then used as bait to enrich VLRs that accumulate in brain ECM via
typical yeast surface selection protocols. Next, secondary screens are
used on the enriched population of VLRs that bind ECM to identify
VLR clones that preferentially bind brain ECM compared to ECM
components common to all tissues. In the study described above,
VLR clones are expanded in individual wells, then the disulfide
bonds between the yeast surface and the VLR are reduced to liberate
VLRs from the yeast surface. VLRs from a single well are split into
two groups; the first group is incubated with brain-derived ECM
and the second group is incubated with fibroblast-derived ECM.
Finally, an ELISA-based detection method quantifies the amount of
VLR bound to each type of ECM. Clones with a high preference for
brain ECM (compared to control ECM) are identified by sequencing
plasmids from the original well of yeast that had VLRs removed from
the surface for screening. Variations on these techniques are used
to identify lead VLR candidates that can preferentially camp in the
backyard of brain cells.

Benefits of Camping in the Backyard Versus Staying in
the House

Using VLRs that accumulate in the extracellular matrix (aka

camp in the backyard) demonstrates numerous potential benefits
compared to those accumulating with cells (aka staying in the house).
While a house offers more protection from the elements, houses are
also cleaned more often. A tent, and the camper, must clean up at
the end of the trip, but while basking in the great outdoors, hygiene
is often not the first concern. Similarly, VLRs that accumulate
intercellularly are subject to degradation via proteases, recycling via
autophagy, and garbage removal via vesicle trafficking [10-14]. Stable,
membrane-bound targeting ligands are removed from the cell surface
continually via the CLIC/GEEC pathway of non-specific membrane
turnover [15]. These features are essential for cellular health but also
hamper tissue accumulation of VLRs. Accumulation in ECM does
carry other risks, such as protein cleavage by secreted peptidases and
mechanical degradation from fluid flow, but ECM is generally stable,
lacks metabolic function, and is uniformly expressed throughout a
tissue. Thus, purely from an accumulation standpoint, ECM binding
presents many desirable features compared to cellular accumulation.

Additionally, the uniformity and stability of ECM may facilitate
increased penetration of targeting ligands into a tissue. Cells
continually replace membranes, and consequently, the proteins
associated with that membrane, via lipid recycling and vesicle
budding. Thus, it is impossible, in most cases, to saturate all of the
binding receptors on the cell surface [16]. In contrast, ECM-binding
VLRs can saturate ECM ligands near blood vessels forcing VLRs to
bind ligands further into the tissue. This feature potentially enhances
the uniform distribution of targeting ligands in a tissue to improve
the delivery of therapeutic throughout the entire tissue rather
than simply near the blood vessels. Differential staining between a
targeting ligand that binds a cellular (punctate) and ECM (diffuse)
receptor are depicted in Figure 1.
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Figure 1. A) Graphic symbolizing the idea that brain extracellular matrix (ECM) binding ligands camp in the backyard of a neuron instead of within
the cell body. B) A mouse bearing an orthotopic brain tumor is treated with affinity matched ECM binding moiety, cell binding moiety, or negative
control. The top panel is whole brain sections stained with H&E to define the tumor region (inside dashed line). The lower panel is whole brain

sections depicting the signal from IR, |

labelled binding moiety from a sequential brain slice. The tumor region in the lower panel is indicated by a

white dashed line. We observe uniform distribution throughout the tumor with the ECM binding moiety compared to punctate distribution with the

cell binding moiety.

Cell Signal. 2024;2(1):54-57.

55



Citation: Umlauf BJ. Camping in the backyard: Identifying extracellular matrix targeting ligands using yeast surface display. Cell Signal. 2024;2(1):54-57.

Finally, the brain is a unique case in which the ECM is not
normally exposed to blood components. In a healthy brain, complex
systems termed the Blood-Brain barrier (BBB) separate brain ECM
from the bloodstream [17]. Thus, targeting brain ECM specifically
facilitates the accumulation of VLR in diseased regions of the brain.
This approach provides regiospecificity and prevents the need to
target “diseased ECM”, to potentially expand the utility of brain
ECM binding VLRs. In a recent manuscript, we demonstrate the
ability to accumulate dyes and particles specifically in regions of
the brain with tumors due to the breakdown of BBB within a brain
tumor [9]. Targeting normal brain ECM limits the need to stratify
patients by expression of mutant antigens because VLRs bind normal
brain ECM components that are uniformly expressed in all humans
as part of normal physiology. Targeting the underlying physiology of
encephalopathies also expands the potential utility of this molecule
beyond brain tumors. Diseases including acute conditions such as
traumatic brain injury and stroke result in transient exposure of
brain ECM [18]. Additionally, chronic conditions such as brain
tumors, Multiple Sclerosis, Alzheimer’s, and Parkinson’s disease also
expose brain ECM to blood components [19-21]. Thus, brain ECM-
binding VLRs could have significant utility in treating multiple
encephalopathies potentially justifying the expense associated with
developing novel targeting ligands to treat neurological diseases.

Camping in the Backyard of Human Brains

While we highlight the unique approach and benefits of
identifying VLRs that bind brain ECM for treating neurological
disease, many obstacles hinder the utility of brain ECM-binding
VLRs to treat human disease. One of the benefits of backyard
camping is that children are protected against strangers that roam
public campgrounds. VLRs are derived from lamprey and thus
strangers in the human body. Immunological responses such as
agglutination and opsonization by antibodies will prevent repeated
dosing and drastically diminish the potency of VLR targeting and
accumulation over time. Fortunately, the structure of VLRs does
have some human mimetics [22,23]. VLRs consist of a series of
leucine repeats organized into a crescent shape with a stock or tail
at the c-terminus. Human homologs including DARPins and Slit
proteins have a similar structure [24]. Libraries made from these
proteins could utilize the selection and screening methods described
above to identify human homologs that specifically accumulate in
brain ECM. Unfortunately, this approach does not benefit from the
recombination that occurs after vaccinating a lamprey. Grafting VLR
loops onto human protein scaffolds may also reduce immunogenicity
and retain brain ECM binding activity while still benefiting from
lamprey vaccination.

Retaining brain ECM binding activity after modifying VLRs
with a therapeutic entity is another major challenge to translating
this approach to human disease. We propose using brain ECM
VLRs as a targeting ligand that is attached to therapeutic cargo.
Small molecules, enzymes, or particles can all serve as therapeutic
cargo, but must first be attached to the VLR. Given the complex
crescent shape required to bind glycosylated proteins, a non-specific
modification strategy such as non-covalent attachment to lysine
or cysteine residues often results in reduced brain ECM-binding
activity. We propose using Express Protein Ligation (EPL) to
specifically modify the c-terminus of a VLR using inteins [25,26].
Methods describing protocols for modifying VLRs produced in
yeast with dyes and particles are available. We recently extended

these studies to modify VLRs produced in human 293F cells using
the 20208 intein-based system. Production in human cells facilitates
site-specific modification of VLRs using a common, scalable
biotechnology culture system for producing VLRs at a patient scale.

Finally, we propose using brain ECM as a targeting ligand
rather than a stand-alone therapy. As discussed above, brain ECM-
targeting ligands are generally coupled with a therapeutic modality
to treat encephalopathies. This approach increases the barrier
to human translation because multiple new modalities require
safety and efficacy testing before approval to treat human diseases.
Further, producing brain ECM-binding treatment platforms at the
patient scale is at least twice as expensive because two modalities
are generated that must function together to achieve the desired
patient benefit. Once approved, brain ECM-targeting ligands could
be useful for treating multiple types of neurological disorders, but
substantial time, resources, and monetary investments are needed to
achieve this goal.

In conclusion, targeting brain ECM via VLRs is an innovative
solution to multiple problems that plague the delivery of brain
therapeutics including preferential delivery to encephalopathies,
enhancing therapeutic spread throughout a tissue, and increasing
the number of patients that benefit from treatment. This manuscript
uses an innovative strategy to identify and modify brain ECM
VLRs that are translatable to human protein mimetics and could
be produced at a therapeutic scale. With key modifications, using
ECM-targeting proteins that camp in the backyard of brain cells
could result in enhanced demarcation and therapeutic delivery of
drugs to normal and pathologic brain tissues.
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