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BLOOD-BRAIN BARRIER COMPRISING ENGINEERED ENDOTHELIAL CELLS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority of U.S. Provisional Patent
Application No. 62/393,774 filed on September 13, 2016, the contents of which are hereby

incorporated by reference in their entireties.
INCORPORATION BY REFERENCE

[0002] All publications, patent applications, patents, and other references mentioned

herein are incorporated by reference in their entirety.
BACKGROUND OF THE INVENTION

[0003] The blood-brain barrier (BBB) separates circulating blood from the extracellular
fluid and cells of the central nervous system (CNS). /n vivo the BBB is formed by brain
endothelial cells connected to one another by tight junctions, a basement membrane, and
astrocytes — a type of glial cell. The BBB has a high electrical resistance and functions to
restrict access of certain molecules and microorganisms (such as bacteria) to the CNS while
allowing water, some gases, and some essential molecules (such as glucose and amino acids)

to enter the CNS either by passive diffusion or by selective active transport.

[0004] While the barrier function of the BBB provides an essential safety mechanism in
vivo - protecting the brain and spinal cord tissues - that same barrier function can pose a
challenge to the development of therapeutic agents for treatment of the CNS — where the
ability of drugs to cross the BBB would be beneficial. Conversely, when developing drugs
that might have adverse effects on CNS tissues it can be desirable to develop agents that are
not able to cross the BBB. Thus, there is a need in the art for model systems that can be used
to study the ability of therapeutic agents to cross the BBB, and to screen for agents that have
the desired BBB permeability, as well as to study other biological properties of the BBB in

both normal and disease situations.
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[0005] There is also a need in the art for means of treating, repairing, or replacing
damage to the BBB that occurs in vivo — for example as the result of traumatic injury,

disease, or infection.
[0006] The present invention is aimed at addressing all of these needs.
SUMMARY OF THE INVENTION

[0007] The present invention is based, in part, upon the surprising discovery that
endothelial cells that have been engineered to express an adenovirus E4ORF1 protein can be
used to generate a blood-brain barrier-like tissue that not only faithfully replicates many of
the important characteristics of BBBs in vivo, but that, importantly, is superior in several
important respects to BBB systems that utilize naive (i.e. non-E4ORF 1-expressing)
endothelial cells. For example, and as described in more detail in the Examples section of
this patent application, it has now been demonstrated that engineered E4ORF 1+ endothelial
cells can be used to generate a BBB-like tissue that has significantly improved barrier
function (increased trans-endothelial electrical resistance (“TEER”) and decreased
permeability co-efficient) as compared to a BBB system comprising naive ECs. While it was
known previously that E4AORF 1 expression improves EC cell survival in culture (see U.S.
Patent No. 8,465,732, See also Seandel et al. (2008), PNAS, 105(49):19288-93), this effect

of E4AORF1 on endothelial barrier function was unexpected.

[0008] In addition, and as described in more detail in the Examples section of this patent
application, it has also now been found that, unlike naive ECs, engineered E4AORF 1+ ECs can
be maintained long-term in direct contact with astrocytes (i.e. with no physical barrier
between the two cell types) and that the barrier function of the engineered EAORF 1+ ECs is
significantly improved when the cells are co-cultured with astrocytes in this way. Again, this

effect of E4AORF1 on the endothelial-astrocyte interaction was unexpected.

[0009] A further benefit of the use of engineered E4ORF 1+ ECs instead of naive ECs in
the generation of BBB-like tissues or systems is that, unlike naive ECs - which require serum
and/or growth factors (such as VEGF) for long-term survival in culture - engineered
E4ORF 1+ ECs can be maintained in long-term culture (e.g. more than 1-month) even in the
absence of serum and growth factors. This provides a particularly important benefit in the

case of a BBB tissue/system because serum and growth factors (such as VEGF) are known to
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cause undesirable leakiness (i.e. reduced resistance/increased permeability) of the BBB — as

confirmed in Figure 4 of the present application.

[00010] Building on these discoveries, as well as others described in the Examples and
Figures sections of this patent application, the present invention provides several new and

improved BBB systems, compositions, and methods.

[00011] For example, in some embodiments the present invention provides in vitro blood-
brain barrier (BBB) systems that can be useful, for example, in drug testing/screening and in
studying BBB permeability and BBB function in certain disease states (e.g. cancer) or in
response to injury. Thus, in one embodiment the present invention provides an in vitro
blood-brain barrier (BBB) system that comprises EAORF 1+ endothelial cells. In some such
embodiments the endothelial cells are mouse endothelial cells. In other embodiments the
endothelial cells are human endothelial cells. In some such embodiments the endothelial
cells are brain endothelial cells. In some such embodiments the in vitro BBB system also
comprises a permeable solid support, which the endothelial cells will typically be disposed
upon. In some such embodiments the in vitro BBB system also comprises astrocytes, which

may be in direct contact with the endothelial cells.

[00012] In yet other embodiments the present invention provides screening methods for
drug testing/screening and/or for studying BBB permeability and BBB function in certain

disease states (e.g. cancer) or in response to injury.

[00013] In other embodiments the present invention provides compositions comprising
both E4ORF 1+ endothelial cells (such as EAORF 1+ brain endothelial cells) and astrocytes.

In other embodiments such compositions may also comprise one or more additional cell
types, including, but not limited to, pericytes and/or neural stem/progenitor cells (NSPCs). In
some embodiments such compositions comprise substantially pure populations of the recited
cell type, or the recited mixtures of cell types. Such compositions may be useful in a variety

of situations, including in research applications and in therapeutic applications.

[00014] In yet further embodiments the present invention provides methods of treatment of
defects, diseases, or disorders that affect the blood-brain barrier, such methods comprising
administering E4AORF 1+ endothelial cells, such as EAORF 1+ brain endothelial cells, to a

living subject, such as a human subject.
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[0001] These and other embodiments of the invention are described further in other
sections of this patent disclosure. In addition, as will be apparent to those of skill in the art,
certain modifications and combinations of the various embodiments described herein fall

within the scope of the present invention.
BRIEF DESCRIPTION OF THE DRAWINGS

[0002] Fig. 1. Fluorescence micrograph showing immunohistochemical staining of a
monolayer of E4AORF 1+ mouse brain endothelial cells (ECs) (derived from 3-week old
murine cortex). Cells were labelled using primary antibodies specific for the tight junction
marker Claudin 5 and the CNS-specific EC marker MFSD2A and fluorescently-labeled
secondary antibodies. Claudin-5 protein was detected at the cell borders, while MFSD2A
protein was detected intracellularly. The endothelial cells were derived from the cortex of 3-
week old mice.

[0003] Fig. 2A-B. (A) Graph showing TEER measurements in Q-cm? as recorded
from monolayer cultures of: wild-type (WT) mouse brain ECs, WT mouse brain ECs co-
cultured with mouse astrocytes, EAORF 1+ mouse brain ECs, and EAORF 1+ mouse brain ECs
co-cultured with mouse astrocytes. TEER values were measured after 3 days in culture. As
used herein “WT” refers to ECs that have not been engineered to express E4AORF1. (B)
Graph showing TEER measurements as recorded from monolayer cultures of: E4ORF1+
mouse brain ECs and E4ORF 1+ mouse brain ECs co-cultured with mouse astrocytes. TEER
values were measured after 3 days in culture. TEER measurements are expressed as a
percentage of the TEER value obtained in the absence of astrocyte co-culture. An
approximately 20% increase in TEER value was observed when of EAORF 1+ ECs were co-
cultured with astrocytes in a direct contact fashion.

[0004] Fig. 3. Graph showing TEER measurements in Q-cm? as recorded from
monolayer cultures of E4ORF 1+ ECs derived from human brain, human umbilical cord vein
(“HuVec”), human lung, human kidney, or human heart. The term “VeraVec” as used in this

Figure refers to EAORF1+ ECs. TEER values were measured after 3 days in culture

[0005] Fig. 4. Graph showing TEER measurements in Q-cm? as recorded from a
monolayer culture of E4AORF 1+ human brain ECs over a period of around 24 days. Arrows
indicate the time point at which VEGF was added to the culture and the time point the

VEGF-containing medium was replaced with fresh medium not containing VEGF.



WO 2018/052948 PCT/US2017/051285

[0006] Fig. 5 A-B. Graphs showing permeability coefficients (Pc) of: empty trans-
wells (i.e. with no cells), a monolayer of human 293T cells, naive ECs from human
brain/GBM, E4ORF 1+ ECs from human kidneys, and E4AORF 1+ ECs from human
brain/GBM as measured using Lucifer Yellow (MW = 0.4kDa). (A) Pc data is expressed in
units of cm/s. (B) Pc data is expressed as a percentage of the Pc value obtained in the empty
trans-wells (i.e. with no cells). The term “VeraVec” as used in this Figure refers to
E40RF1+ ECs.

[0007] Fig. 6. Graph showing TEER measurements in Q-cm? recorded over a period
of around 8 days in monolayer cultures of EAORF 1+ human brain ECs derived from Grade A
and Grade B GBMs.

[0008] Fig. 7. Graph showing TEER measurements in Q-cm? recorded over a period
of around 8 days in 3 different monolayer cultures of E4ORF 1+ human brain ECs. On day 4
GBM tumor cells were added to 2 of the 3 cultures (“+GBM”) - as indicated. Of the two
EC/GBM co-cultures, one was maintained in serum free conditions (“SF”) and the other was
cultured in the presence of serum — as indicated. The term “VeraVec” as used in this Figure
refers to EAORF 1+ ECs.

DETAILED DESCRIPTION

[0009] The “Summary of the Invention,” “Figures,” “Brief Description of the Figures,”
“Examples,” and “Claims” sections of this patent disclosure describe the main embodiments
of the invention. This “Detailed Description” section provides certain additional description
relating to the compositions and methods of the present invention, and is intended to be read
in conjunction with all other sections of this patent disclosure. Furthermore, and as will be
apparent to those in the art, the different embodiments described throughout this patent
disclosure can be, and are intended to be, combined in various different ways. Such
combinations of the specific embodiments described herein are intended to fall within the

scope of the present invention
Definitions

[00010]  Certain definitions are provided below. Other terms are either defined elsewhere
in this patent disclosure, have a meaning that is clear from the context in which they are used,

or are used in accordance with their usual meaning in the art.
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[00011] As used herein, the terms “about” and “approximately,” when used in relation

to numerical values, mean within + or — 20% of the stated value.

[00012] The term “culturing” as used herein, refers to the propagation of cells on or in
media of various kinds. “Co-culturing” refers to the propagation of two or more distinct
types of cells on or in media of various kinds, for instance, in some embodiments, endothelial

cells and astrocytes may be co-cultured.

[00013] As used herein the term “effective amount” refers to an amount of a specified
agent or cell population (e.g. an E4AORF1 polypeptide, a nucleic acid molecule encoding an
E4O0RF1 polypeptide, or a population of E4AORF 1+ engineered endothelial cells), as
described herein, that is sufficient to achieve a detectable effect on one or more of the
outcomes described herein. For example, in the case of expression of E4ORF1 in endothelial
cells an effective amount of a nucleic acid molecule (e.g. in a vector) to be
introduced/delivered to the endothelial cells may be one that results in a detectable increase in
endothelial cell barrier function in a BBB model as compared to that of any suitable control

(e.g. EAORF1" endothelial cells).

[00014] In the case of methods that involve administering E4AORF1* endothelial cells
to a subject, an effective amount may be one that results in a detectable improvement of one
or more desired biological or therapeutic indicators, (such as, for example, improved BBB
function), as compared to that of any suitable control (e.g. EAORF 1" endothelial cells). An
appropriate “effective amount” in any individual case may be determined empirically, for
example using standard techniques known in the art, such as dose escalation studies, and may
be determined taking into account such factors as the planned use, the planned mode of
delivery/administration, desired frequency of delivery/administration, etc. Furthermore, an
“effective amount” may be determined using assays such as those described in the Examples

section of this patent disclosure to assess effects on BBB function.

[00015] The term “engineered” when used in relation to cells herein refers to cells that

have been engineered by man to result in the recited phenotype (e.g. E4ORF17), or to express
a recited nucleic acid molecule or polypeptide. The term “engineered cells” is not intended to
encompass naturally occurring cells, but is, instead, intended to encompass, for example,

cells that comprise a recombinant nucleic acid molecule, or cells that have otherwise been

altered artificially (e.g. by genetic modification), for example so that they express a



WO 2018/052948 PCT/US2017/051285

polypeptide that they would not otherwise express, or so that they express a polypeptide at

substantially higher levels than that observed in non-engineered endothelial cells.

[00016] As used herein the term “isolated” refers to a product, compound, or
composition which is separated from at least one other product, compound, or composition
with which it is associated in its naturally occurring state, whether in nature or as made

synthetically.

[00017] As used herein, the term “recombinant” refers to nucleic acid molecules that
are generated by man (including by a machine) using methods of molecular biology and
genetic engineering (such as molecular cloning), and that comprise nucleotide sequences that
would not otherwise exist in nature. Thus, recombinant nucleic acid molecules are to be
distinguished from nucleic acid molecules that exist in nature — for example in the genome of
an organism. A nucleic acid molecule that comprises a complementary DNA or “cDNA”
copy of an mRNA sequence, without any intervening intronic sequences such as would be
found in the corresponding genomic DNA sequence, would thus be considered a recombinant
nucleic acid molecule. By way of example, a recombinant E4AORF1 nucleic acid molecule
might comprise an E4AORF1 coding sequence operatively linked to a promoter and/or other
genetic elements with which that coding sequence is not ordinarily associated in a naturally-

occurring adenovirus genome.

[00018] The terms “subject” and “patient” are used herein interchangeably and refer to,
except where indicated, mammals such as humans and non-human primates, as well as

rabbits, rats, mice, goats, pigs, and other mammalian species.

[00019] The phrase “substantially pure” as used herein in relation to a cell population
refers to a population of cells of a specified type (e.g. as determined by expression of one or
more specified cell markers, morphological characteristics, or functional characteristics), or
of specified types (plural) in embodiments where two or more different cell types are used
together, that is at least about 50%, preferably at least about 75-80%, more preferably at least
about 85-90%, and most preferably at least about 95% of the cells making up the total cell
population. Thus, a “substantially pure cell population” refers to a population of cells that
contain fewer than about 50%, preferably fewer than about 20-25%, more preferably fewer
than about 10-15%, and most preferably fewer than about 5% of cells that are not of the
specified type or types.
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Nucleic Acid Molecules and Polypeptides

[00020] Several of the embodiments of the present invention described herein involve
engineered endothelial cells that are E4AORF1+. E4ORF 1+ cells express an adenovirus
E40RF1 polypeptide, which is encoded by an E4AORF1 nucleic acid molecule. In some
embodiments the present invention involves E4AORF1 polypeptides and/or nucleic acid

molecules that encode an adenovirus E4ORF1 polypeptide.

[00021] The polypeptides of the invention and the nucleic acid molecules of the
invention may have amino acid sequences or nucleotide sequences that are specified herein or
known in the art, or may have amino acid or nucleotide sequences that are variants,
derivatives, mutants, or fragments of such amino acid or nucleotide sequences — provided that
such a variants, derivatives, mutants, or fragments have, or encode a polypeptide that has, one
or more of the functional properties described herein (which include, but are not limited to,

those associated with BBB function).

[00022] In those embodiments involving adenovirus EAORF1 polypeptides, the
polypeptide sequence used may be from any suitable adenovirus type or strain, such as
human adenovirus type 2, 3, 5,7, 9, 11, 12, 14, 34, 35, 46, 50, or 52. In some preferred
embodiments the polypeptide sequence used is from human adenovirus type 5. Amino acid
sequences of such adenovirus polypeptides, and nucleic acid sequences that encode such
polypeptides, are well known in the art and available in well-known publicly available
databases, such as the Genbank database. For example, suitable sequences include the
following: human adenovirus 9 (Genbank Accession No. CAI05991), human adenovirus 7
(Genbank Accession No. AAR89977), human adenovirus 46 (Genbank Accession No.
AAX70946), human adenovirus 52 (Genbank Accession No. ABK35065), human adenovirus
34 (Genbank Accession No. AAW33508), human adenovirus 14 (Genbank Accession No.
AAW33146), human adenovirus 50 (Genbank Accession No. AAW33554), human
adenovirus 2 (Genbank Accession No. AP.sub.--000196), human adenovirus 12 (Genbank
Accession No. AP.sub.--000141), human adenovirus 35 (Genbank Accession No. AP.sub.--
000607), human adenovirus 7 (Genbank Accession No. AP.sub.--000570), human adenovirus
1 (Genbank Accession No. AP.sub.--000533), human adenovirus 11 (Genbank Accession No.
AP sub.--000474), human adenovirus 3 (Genbank Accession No. ABB 17792), and human

adenovirus type 5 (Genbank accession number D12587).
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[00023] In some embodiments, the polypeptides and nucleic acid molecules of the
invention have the same amino acid or nucleotide sequences as those specifically recited
herein or known in the art (for example in public sequence databases, such as the Genbank
database). In some embodiments the polypeptides and nucleic acid molecules of the
invention may have amino acid or nucleotide sequences that are variants, derivatives,
mutants, or fragments of such sequences, for example variants, derivatives, mutants, or
fragments having greater than 85% sequence identity to such sequences. In some
embodiments, the variants, derivatives, mutants, or fragments have about an 85% identity to
the known sequence, or about an 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, or 99% sequence identity to the known sequence. In some embodiments, a variant,
derivative, mutant, or fragment of a known nucleotide sequence is used that varies in length
by about 50 nucleotides, or about 45 nucleotides, or about 40 nucleotides, or about 35
nucleotides, or about 30 nucleotides, or about 28 nucleotides, 26 nucleotides, 24 nucleotides,
22 nucleotides, 20 nucleotides, 18 nucleotides, 16 nucleotides, 14 nucleotides, 12 nucleotides,
10 nucleotides, 9 nucleotides, 8 nucleotides, 7 nucleotides, 6 nucleotides, 5 nucleotides, 4
nucleotides, 3 nucleotides, 2 nucleotides, or 1 nucleotide relative to the known nucleotide
sequence. In some embodiments, a variant, derivative, mutant, or fragment of a known
amino sequence is used that varies in length about 50 amino acids, or about 45 amino acids,
or about 40 amino acids, or about 35 amino acids, or about 30 amino acids, or about 28
amino acids, 26 amino acids, 24 amino acids, 22 amino acids, 20 amino acids, 18 amino
acids, 16 amino acids, 14 amino acids, 12 amino acids, 10 amino acids, 9 amino acids, 8
amino acids, 7 amino acids, 6 amino acids, 5 amino acids, 4 amino acids, 3 amino acids, 2

amino acids, or 1 amino acid relative to the known amino acid sequence.

[00024] In those embodiments where an E4AORF1 nucleic acid or amino acid sequence
is used, in some embodiments such sequences are used without other sequences from the
adenovirus E4 region — for example not in the context of the nucleotide sequence of the entire
E4 region or not together with other polypeptides encoded by the E4 region. However, in
some other embodiments such sequences may be used in conjunction with one or more other
nucleic acid or amino acid sequences from the E4 region, such as EAORF2, EAORF3,
E40RF4, E4ORF5 or EAORF6 sequences, or variants, mutants or fragments thereof. For
example, although E4AORF1 sequences can be used in constructs (such as a viral vectors) that

contain other sequences, genes, or coding regions (such as promoters, marker genes,
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antibiotic resistance genes, and the like), in certain embodiments, the EAORF1 sequences are
used in constructs that do not contain the entire E4 region, or that do not contain other ORFs

from the entire E4 region, such as EAORF2, E4AORF3, E4AORF4, EAORFS5 and/or EAORF6.

[00025] The nucleic acid molecules of the invention can be used in constructs that
contain various other nucleic acid sequences, genes, or coding regions, depending on the
desired use, for example, antibiotic resistance genes, reporter genes or expression tags (such
as, for example nucleotides sequences encoding GFP), or any other nucleotide sequences or
genes that might be desirable. The polypeptides of the invention can be expressed alone or as

part of fusion proteins.

[00026] In some embodiments nucleic acid molecules of the invention can be under the
control of one or more promoters to allow for expression. Any promoter able to drive
expression of the nucleic acid sequences in the desired cell type can be used. Examples of
suitable promoters include, but are not limited to, the CMV, SV40, RSV, HIV-Ltr, and MML
promoters. The promoter can also be a promoter from the adenovirus genome, or a variant
thereof. For example, where EAORF1 is used, the promoter can be the promoter used to

drive expression of corresponding genes in an adenovirus.

[00027] In some embodiments, nucleic acid molecules of the invention can be placed
under the control of an inducible promoter, so that expression of the nucleic acid sequences
can be turned on or off as desired. Any suitable inducible expression system can be used,
such as, for example, a tetracycline inducible expression system, or a hormone inducible
expression system. For example, the nucleic acid molecules of the invention can be
expressed while they are needed and then switched off when the desired outcome has been
achieved, for example when there has been sufficient growth or proliferation of the
endothelial cells. The ability to turn on or turn off expression could be particularly useful for

in vivo applications.

[00028] The nucleic acid molecules of the invention may comprise naturally occurring
nucleotides, synthetic nucleotides, or a combination thereof. For example, in some
embodiments the nucleic acid molecules of the invention can comprise RNA, such as
synthetic modified RNA that is stable within cells and can be used to direct protein
expression/production directly within cells. In other embodiments the nucleic acid molecules

of the invention can comprise DNA. In embodiments where DNA is used, the DNA

10
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sequences may be operably linked to one or more suitable promoters and/or regulatory
elements to allow (and/or facilitate, enhance, or regulate) expression within cells, and may be
present in one or more suitable vectors or constructs. The nucleic acid molecules of the
invention can be introduced into endothelial cells in the same nucleic acid construct or they

can be introduced in separate nucleic acid constructs.

[00029] The nucleic acid molecules of the invention can be introduced into endothelial
cells using any suitable system known in the art, including, but not limited to, transfection
techniques and viral-mediated transduction techniques. Transfection methods that can be
used in accordance with the present invention include, but are not limited to, liposome-
mediated transfection, polybrene-mediated transfection, DEAE dextran-mediated
transfection, electroporation, calcium phosphate precipitation, microinjection, and micro-
particle bombardment. Viral-mediated transduction methods that can be used include, but are
not limited to, lentivirus-mediated transduction, adenovirus-mediated transduction,
retrovirus-mediated transduction, adeno-associated virus-mediated transduction and

herpesvirus-mediated transduction.

[00030] The present invention also provides vectors, including expression vectors that
contain nucleic acid molecules of the invention. For example, in one embodiment, the
present invention provides an expression vector comprising a nucleotide sequence encoding
an E4ORF1 polypeptide. In some such embodiments the expression vector is a lentivirus

vector.

[00031] In some embodiments a peptidomimetic may be used. A peptidomimetic is a
small protein-like chain designed to mimic a polypeptide. Such a molecule could be
designed to mimic any of the polypeptides of the invention (e.g. an EAORF1 polypeptide).
Various different ways of modifying a peptide to create a peptidomimetic or otherwise
designing a peptidomimetic are known in the art and can be used to create a peptidomimetic

of one of the polypeptides of the invention.

[00032] The handling, manipulation, and expression of the polypeptides and nucleic
acid molecules of the invention may be performed using conventional techniques of
molecular biology and cell biology. Such techniques are well known in the art. For example,
one may refer to the teachings of Sambrook, Fritsch and Maniatis eds., “Molecular Cloning A

Laboratory Manual, 2nd Ed., Cold Springs Harbor Laboratory Press, 1989); the series

11
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Methods of Enzymology (Academic Press, Inc.), or any other standard texts for guidance on
suitable techniques to use in handling, manipulating, and expressing nucleotide and/or amino
acid sequences. Additional aspects relevant to the handling or expression of E4ORF1
sequences are described in U.S. Patent No. 8,465,732, the contents of which are hereby

incorporated by reference.

Endothelial Cells

[00033] In some embodiments the present invention provides engineered endothelial
cells, such as EAORF1+ engineered endothelial cells. The engineered endothelial cells can be
derived from any suitable source of endothelial cells known in the art. For example, in some
embodiments the endothelial cells are vascular endothelial cells. In some embodiments the
endothelial cells are primary endothelial cells. In some embodiments the engineered
endothelial cells are mammalian cells, such as human or non-human primate cells, or rabbit,
rat, mouse, goat, pig, or other mammalian cells. In some embodiments the endothelial cells
are primary human endothelial cells. In some embodiments the endothelial cells are
umbilical vein endothelial cells (UVECs), such as human umbilical vein endothelial cells
(HUVECs). Other suitable endothelial cells that can be used include those described
previously as being suitable for E4ORF 1-expression in U.S. Patent No. 8,465,732, the
contents of which are hereby incorporated by reference. In preferred embodiments the

endothelial cells are brain endothelial cells, such as brain microvascular endothelial cells.

[00034] In some embodiments the engineered endothelial cells are gene-modified such
that they comprise one or more genetic modifications in addition to and apart from the
expression of the specific recited molecules (e.g. E4AORF1). For example, such cells may
comprise a corrected version of a gene known to be involved in, or suspected of being
involved in, a disease or disorder that affects endothelial cells or that affects BBB function, or
any other gene, such as a therapeutically useful gene, that it may be desired to provide in

endothelial cells or administer or deliver using engineered endothelial cells.

[00035] The engineered endothelial cells of the invention may exist in, or be provided
in, various forms. For example, in some embodiments the engineered endothelial cells may
comprise a population of cells, such as an isolated population of cells. In some embodiments
the engineered endothelial cells may comprise a population of cells in vitro. In some

embodiments the engineered endothelial cells may comprise a substantially pure population

12
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of cells. For example, in some embodiments at least about 50%, preferably at least about 75-
80%, more preferably at least about 85-90%, and most preferably at least about 95% of the
cells making up a total cell population will be engineered endothelial cells of the invention.
In some embodiments the engineered endothelial cells may be provided in the form of a
composition containing the engineered cells and one or more additional components. For
example, in some embodiments the present invention may provide a composition comprising
a population of engineered endothelial cells as described herein together with a carrier
solution, such as a physiological saline solution, cell suspension medium, cell culture
medium, or the like. In some embodiments such compositions may be therapeutic
compositions - comprising a population of engineered endothelial cells and a carrier solution
that is suitable for administration to a subject, such as a human subject. Other therapeutically
acceptable agents can be included if desired. One of ordinary skill in the art can readily
select suitable agents to be included in the therapeutic compositions depending on the

intended use.

[00036] In some embodiments the engineered endothelial cells of the invention may be
provided in the form of a composition (e.g. a therapeutic composition) that contains the
engineered endothelial cells of the invention and one or more additional cell types. Such
additional cell types may be, for example, cell types that can be maintained, cultured, or
expanded in the presence of the engineered endothelial cells (e.g. using the engineered
endothelial cells of the invention as “feeder” cells), or any other cell type for which it may be
desired to use together with the engineered endothelial cells of the invention — for example
for use in an in vitro model system or for use in co-administration to a subject. In some
preferred embodiments the engineered endothelial cells of the invention may be provided in a
composition (e.g. a therapeutic composition) that contains both the engineered endothelial

cells of the invention and astrocytes.

Astrocytes

[00037] Several of the embodiments of the present invention involve astrocytes. Any
suitable astrocytes can be used. In some embodiments the astrocytes are mouse astrocytes.
In some embodiments they are human astrocytes. The astrocytes may be primary astrocytes

(e.g. isolated from CNS tissue) or they may be cultured astrocyte lines. Methods for

13



WO 2018/052948 PCT/US2017/051285

obtaining and culturing astrocytes are known in the art and any such methods can be used in

conjunction with the present invention.

Model Systems. Methods. and Applications

[00038] In some embodiments the present invention provides BBB model systems,
compositions and kits useful in such systems, and screening methods that utilize such BBB
model systems. The use of BBB model systems for drug screening and/or for biological
research is known in the art, and the novel BBB model systems of the present invention can
be utilized in the same or similar ways to those systems that are known in the art. For
example, EAORF 1+ endothelial cells can be used in place of the naive (non-E4ORF1+)
endothelial cells typically used in other BBB model systems. Typically such systems will
comprise a confluent endothelial cell monolayer grown on a solid permeable support such
that the endothelial cells form a barrier that physically separates two chambers on either side
of the endothelial cell layer. In this way, one can study the ability of agents to cross from one

physical compartment to the other physical compartment through the endothelial cell barrier.

[00039] As mentioned above, such BBB model systems may be used in drug
screening. For example, in some embodiments the present invention provides methods for
assessing the blood-brain barrier permeability of a candidate agent, where such methods
comprise contacting E4ORF 1+ endothelial cells in a BBB model system with one or more
candidate agents. Similarly, in some embodiments the present invention provides methods
for assessing the effect of one or more candidate agents on the permeability of the blood-
brain barrier, where such methods comprise contacting E4ORF 1+ endothelial cells in a BBB
model system with one or more candidate agents. Similarly, in some embodiments the
present invention provides methods for assessing effect of one or more test cell types on the
permeability of the blood-brain barrier, where such methods comprise including one or more
test cell types in an E4AORF 1+ endothelial cell-containing BBB model system as described
herein and testing the effects of that test cell type on BBB barrier function and permeability.
Additional details of each of such screening/testing methods (including suitable assays for
assessing BBB barrier function and permeability) are described elsewhere in this patent

application — including in the Examples and Claims.

[00040] In some embodiments, the present invention provides various therapeutic

methods, such as methods for treating subjects in need thereof by administering to such
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subjects an effective amount of the engineered endothelial cells of the invention (or of a
composition comprising such engineered endothelial cells). In such treatment methods, the
cells can be administered to subjects using any suitable means known in the art. For
example, the cells can be administered by injection or infusion into the blood stream or tissue
at a desired location. For example, in the case of treatment of diseases, disorders, or
conditions of the CNS, engineered cells according to the present invention may be
administered directly into, or in the vicinity of, the affected areas of the brain or spinal cord.
In some embodiments the engineered endothelial cells may be administered together with one
or more additional cell types. Such additional cell types may be, for example, astrocytes.
The engineered endothelial cells can be administered in a single dose or in multiple doses.
The skilled artisan will be able to select a suitable method of administration according and a

suitable dosing regimen depending on the desired use.

[00041] In some embodiments engineered endothelial cells of the present invention can
be created in vivo, for example for research purposes or for therapeutic applications. For
example, in some aspects, the present invention provides various therapeutic methods, such
as methods for treating subjects in need thereof, which comprise administering to such
subjects an effective amount of a nucleic acid molecule that encodes an EAORF1 polypeptide
(for example in a suitable vector, and/or under the control of a suitable promoter) such that
endothelial cells in the subject are transfected or transduced with such nucleic acid molecules
and become engineered endothelial cells iz vivo. In such methods, the nucleotide molecules
can be administered to subjects using any suitable means known in the art. For example, the
nucleotide molecules (for example in a suitable vector) can be administered by injection or
infusion into the blood stream or tissue at a desired location. The nucleic acid molecules can
be administered in a single dose or in multiple doses. The skilled artisan will be able to select
a suitable method of administration according and a suitable dosing regimen depending on

the desired use.

[00042] In some embodiments the engineered endothelial cells of the invention are
mitotically inactivated prior to use (e.g. therapeutic use) such that they cannot replicate. This
can be achieved, for example, by using a chemical agent such as mitomycon C or by

irradiating the engineered endothelial cells.

Cell Culture Methods
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[00043] Methods of culturing cells are well known in the art and any suitable cell
culture methods can be used. For example, the engineered endothelial cells of the invention
can be cultured using methods known to be useful for culturing other endothelial cells, or,
methods known to be useful for culturing EAORF1-expressing endothelial cells, for example
as described in U.S. Patent No. 8,465,732, the contents of which are hereby incorporated by
reference. In some embodiments the engineered endothelial cells of the invention can be
cultured in the absence of serum, or in the absence of exogenous growth factors, or in the
absence of both serum and exogenous growth factors. The engineered endothelial cells of the
invention can also be cryopreserved. Various methods for cell culture and cell
cryopreservation are known to those skilled in the art, such as the methods described in
Culture of Animal Cells: A Manual of Basic Technique, 4th Edition (2000) by R. Ian

Freshney ("Freshney"), the contents of which are hereby incorporated by reference.

[00044] In some embodiments the present invention provides co-culture methods, for
example involving co-culture of EAORF 1+ endothelial cells and astrocytes. Such co-culture
methods may comprise culturing E4AORF 1+ endothelial cells and astrocytes together in the
same culture vessel. In some embodiments the EAORF 1+ endothelial cells and the astrocytes
may be in direct cell-to-cell contact (without any barrier e.g. membrane separating the
E4ORF1+ endothelial cells from the astrocytes). In some such embodiments the engineered
endothelial cells may form a confluent monolayer on a surface of a culture vessel or some
other solid but permeable substrate, and the astrocytes may be placed on the endothelial cell

monolayer.
Kits

[00045] The present invention also provides kits for making the BBB model systems of
the invention and/or for making, using, or performing any of the compositions or methods
described herein. Such kits may contain any of the components described herein, including,
but not limited to, nucleotide sequences (for example in a vector), engineered endothelial
cells, astrocytes, media or compositions useful for maintaining or expanding the engineered
endothelial cells or astrocytes, solid permeable supports for culture of endothelial cell
monolayers, or any combination thereof. All such kits may optionally comprise instructions
for use, containers, culture vessels and the like. A label may accompany the kit and may

include any writing or recorded material, which may be electronic or computer readable form
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(e.g., disk, optical disc, memory chip, or tape) providing instructions or other information for
use of the kit contents.

[00046] Certain aspects of the present invention are further described in the following

non-limiting Example.
EXAMPLE

Mouse brain microvascular endothelial cell isolation and culture

[00047] Five to eight three-week old mice were sacrificed, and the brains were isolated
into dissection medium. The two cerebral hemispheres were tweezed apart and the meninges
and the olfactory bulbs were carefully removed. Fine scissors were used to mince the tissues
into small pieces (about 0.5mm diameter). The small tissue pieces were collected and
transferred with the dissection medium into a 15 ml conical tube. The tissue pieces were
allowed to settle for approximately 1-2 minutes, and were then removed from the dissection
medium carefully. 6-8 ml of TrypLE was added to the conical tube and the cap closed
tightly. The tube was flipped up and down 3 times followed by placing the tube in a water
bath at 37°C for 15 minutes, while swirling the tube occasionally. The TrypLE was then
removed without disturbing the diced tissue and 1-2 ml of mouse endothelia medium
(http://angiocrinebioscience.com/wp-content/uploads/VeraVec-Mouse-Brain-Instruction-
Sheet.pdf) was added. DNAse was added for 1 minute while agitating the tube by frequent
tapping. The tissue pieces were then rinsed with mouse endothelia medium 3 times. The
tissue pieces were then triturated in approximately 1ml of mouse endothelia medium by
passing the tissue pieces and medium up and down 10 times, followed by triturating the tissue
and medium once using a flame polished glass pipette. The triturated cell suspension was
then centrifuged for 5 minutes at 400g and the supernatant was then removed. The cell pellet
was re-suspended with complete mouse endothelial medium and plated into T75 flasks coated
with fibronectin. The medium was replaced with fresh mouse endothelial medium every
other day until the culture reached confluence. CD31 antibody was used to purify the brain
microvascular endothelial cells by fluorescence activated cell sorting (FACS). Cells obtained
following sorting were replated on fibronectin coated wells (6-well plate), with
approximately 400,000 cells per well. The next day, the cells were transduced with E4AORF1

lentivirus (40-50 ul concentrated virus) using polybrene (8 pg/ml, medium without
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antibiotics). After 24 hours the infection medium was replaced with regular mouse

endothelial medium. The cells were passaged upon reaching confluence.

Human brain microvascular endothelial cell isolation and culture

[00048] Human brain tissue was obtained by surgical removal from patients with
epilepsy, or from patients with glioblastoma (GBM). The human tissue was then processed

and cultured as described above for mouse tissue.

Trans-endothelial electrical resistance (TEER) and Lucifer Yellow Permeability Assays

[00049] On day 0 endothelial cells were plated into transwell inserts (Corning Inc.,
353180) that fit 12-well plates. The cells reached confluence by the following day
(approximately 200,000-400,000 cells/insert). Daily measurements of trans-endothelial
electrical resistance (“TEER”) commenced on day 1. The medium was replaced with “TEER
booster” medium containing hydrocortisone, cAMP, PKA, phosphodiesterase inhibitor,
retinoic acid, insulin, transferrin, and sodium selenite. For astrocyte co-culture experiments,
on day 2 (after a monolayer of ECs had formed in the transwell inserts) astrocytes were added
to the transwell inserts at a density of 50,000 cells per insert such that the astrocytes were in
direct contact with the endothelial cells. For GBM cell co-culture experiments, GBM cells
were added to the bottom of the wells holding the transwell inserts (with EC monolayers) on

day 4.

[00050] For lucifer yellow (LY) based permeability assays, the following protocol was
was performed. On day 1 cells were plated into inserts that fit 12-well plates such that they
reached confluence by the next day. (~200,000-400,000 cells/insert). On day 2 the medium
was replaced with “TEER booster” medium containing hydrocortisone, cCAMP, PKA,
phosphodiesterase inhibitor, retinoic acid, insulin, transferrin, and sodium selenite. On day 3
the medium was replaced with serum free “TEER booster” medium (Neural progenitor
medium with N2 and B27). On day 4 TEER measurements were made prior to performing
the LY-based permeability assay. The LY assay was performed using a commercially
available assay essentially as per the manufacturer’s instructions
(http://ebiotrade.com/buyf/productsf/BD%20Falcon/insert_protocol lucifer yellow permeab
ility_assay.pdf). The LY assay was used as per the manufacturer’s instructions to determine

the permeability coefficient or “Pc” (cm/second). The Pc = (V/(AxCi))x(Cf/T), where V is
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the volume of the basal chamber (mL), A is the area of the membrane insert (cm?), Ci is the
initial concentration of LY, Cfis the final concentration of LY, and T is the assay time in
seconds (T was 1 hour (3600 seconds) and/or 4 hours). The Pc value calculated using this
system provides a quantitative measure of barrier integrity and function. In general, a Pc <

2.5X10° cm/s in a Lucifer yellow-based assay indicates a BBB-quality barrier function.

Immunocytochemistry

[00051] Monolayers of EAORF 1+mouse brain endothelial cells (ECs) were fixed with
4% paraformaldehyde before performing immunohistochemistry using antibodies specific for

Claudin 5 and MFSD2A.
Results

[00052] E4ORF 1+ mouse brain endothelial cell monolayers were found to express

both the tight junction marker Claudin 5 and the CNS-specific EC MFSD2A (see Fig. 1).

[00053] Expression of EAORF1 in mouse brain endothelial cells was found to increase
TEER values as compared to those observed in naive (not E4AORF1+) mouse brain ECs, and
co-culture of the EAORF 1+mouse brain endothelial cells with astrocytes increased TEER
values /barrier function still further (see Fig. 2 A and 2B — TEER measurements on day 3 of
culture). Astrocytes were able to form a monolayer in direct contact with the E4ORF1+ ECs,
while when naive (non-E4ORF 1+) ECs were used the astrocytes formed “islands” of
astrocytes in a “sea” of ECs (as opposed to forming the multilayered astrocyte/EC structure
observed when E4AORF 1+ ECs were used) and TEER values (indicative of barrier function)
were lower when astrocytes were cultured with naive (non-E4ORF 1+) ECs as opposed to
E4ORF1+ ECs (see Fig. 2A).

[00054] As shown in Fig. 3, human brain E4ORF 1+ endothelial cells manifested a
uniquely high TEER value (~200Q-cm2 on day 2) as compared to E4ORF 1+ ECs derived
from human umbilical cord, lung, kidney or heart (~25Q-cm2). (Note — in Fig. 3 the term
“VeraVec” refers to E4AORF 1+ ECs.) Furthermore, TEER values of the human brain
E4ORF1+ brain endothelial cell monolayers remained high (around 200Q-cm2) for 6 weeks.
Additionally, permeability of the human brain EAORF 1+ brain endothelial cell monolayers
was shown to be responsive to extracellular stimuli known affect BBB permeability - such as

VEGF (see Fig. 4).
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[00055] Fig. 5 shows the results of an experiment in which human E4ORF 1+ brain
endothelial cells were compared to naive (non-E4ORF1-expressing) human brain endothelial
cells, human E4ORF 1+ kidney endothelial cells, human 293T cells, and empty trans-wells
(i.e. with no cells) in assays to measure TEER values and determine permeability coefficents
(Pc). (Note — in Figure 5 the term “VeraVec” refers to EAORF1+ cells.) The Pc and TEER
values obtained were as follows: (a) insert without cells - Pc = 7.11£1.07X10%cm/s; TEER =
0; (b) 293T cells — Pc = 4.86+0.44X10°cm/s, TEER = ~5Q-cm?, (c) naive human GBM ECs
—Pc = 4.26+0.40X10%cm/s, TEER = ~50Q-cm? (d) E4ORF 1+ human kidney ECs — Pc =
3.57+0.13X10cm/s, TEER = ~35Q-cm? and (e¢) E4AORF1+ human GBM ECs —P¢ =
1.69+0.12X10%cm/s, TEER = ~120Q-cm?. The human E4ORF1+ brain endothelial cells

exhibited the lowest Pc value — i.e. the best barrier function.

[00056] In another experiment human E4ORF 1+ brain endothelial cells were generated
from two different GBM samples — one obtained from the center/core of the tumor (referred
to as Grade B), and the other obtained from the periphery of the tumor in the region adjacent
to normal tissue (referred to as Grade A). As shown in Fig. 6, a significant difference in the
TEER values between the Grade A and Grade B E4ORF1+ brain endothelial cells was

observed.

[00057] Fig. 7 shows the results of an experiment in which human E4AORF 1+ brain
endothelial cells derived from patients with epilepsy were co-cultured with human GBM
tumor cells. TEER values dropped upon GBM tumor cell co-culture. When the co-culture
was performed the absence of serum the TEER values dropped to about 50% of the value
observed when the EAORF 1+ brain endothelial cells were cultured alone — without GBM
tumor cells. When the co-culture was performed in the presence of fetal bovine serum (FBS)
TEER values declined for two days but recovered on the third day of co-culture. We
hypothesized that this recovery may have been due to a differentiation of the GBM cells
induced by the FBS treatment.

[00058] These results show that the model system of the present invention exhibits
many of the key functional properties of the BBB — including, but not limited to, providing a
high-resistance barrier the permeability of which is responsive to a variety of environmental

cues.
[00059] The present invention is further described by the following claims.
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