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HLA-G (e.g., cell surface HLA-G) persistently, and nucleic acid composi-
tions useful for generating such genetically modified cells. Also disclosed are
cell therapy methods that utilize genetically moditied cells that express HLA-
G persistently. The HLA-G genetic modifications described herein provide
the cells with characteristics of reduced immunogenicity and/or improved
immunosuppression, such that these cells have the promise of being univer-
sal or improved donor cells for transplants, cellular and tissue regeneration
or reconstruction, and other therapies.
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HLA G-MODIFIED CELLS AND METHODS

166861} This application claims priotity to U.S. Provisional Patent Application Scrial No.

61/677,739, filed July 31, 2012, which is hereby incorporated by reference in its entircty.
3 3 o E 3 o

BACKGROUND OF THE INVENTION

[8062] Regencrative medicine in the form of cell transplantation 18 one of the most
promising therapeutic approaches for the treatment of ntractable medical conditions such as
diabetes, heart disease, and neurodegenerative diseases. However, a major hurdle towards
implementing cell transplantation in the clinic is tmnume rejection of donor celis, especially
when these are derived from a foreign host. While it is possibie to address immune rejection,
in part, by administering immvmosuppressant drugs, these entail severe adverse side effects.
Thus, there 15 an ongoing veed to develop tmproved technologics for cell transplantation

therapies.

SUMMARY OF THE INVENTION

[6863] Dhisclosed hercin are ceil-based compositions and methods for cell transplantation
therapy based oo the long-term forced expression of at least an exogenous HELA-G protein in
domnor cells to be transplanted into a subject in need of such donor cells. The invention
provides data that shows that cells (whether pluripotent or differentiated) modified to express
exogenous HLA-G in the manner described herein have reduced immunogenicity and/or
increased imnunosuppression. The reduced tommumogenicity and/or increased suppression
abilities provided by the HLA-G genetic modification are stable and persist over long periods
of time, including through processes of differentiation. The implication is that the HLA-G
modified cells of the invention can serve as universal donor cells or tissue {i.e., reducing or
ehminating the requirement for matching the type of classical human leukocyte antigen
{HLA) class 1 and class I molecules between donor cells and the recipient) for nomerous
injuries, discases, or disorders.

[668064]  Accordingly, in one aspect described berein is 2 genetically modified mammalian
cell (an HLA-G modified cell) that has reduced immunogenicity and/ov is capable of
providing increased immunoseppression in an allogeneic recipient as compared to the
mammalian cell without said genetic medification, where {1} the genetically modified

mammalian cell comprises: {(a) an exogenous nucleic acid (e.g., an expression vector)
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comprising a nucleic acid sequence encoding an HLA-G protein having an amino acid
sequence at least 85% identical to human HLA-G, and comprising one or more aming acid
owfations that reduce retention of HLA-G in the endoplasmic reticulum-golgi recycling
pathway, and/or (b) a 3° UTR (umtranslated region) sequence that does not contain
microRNA binding sites sach as SEQ ID NG:3 or a sequence that does not comprise SEQ D
WN:4; and (1) the encoded HLA-G protein is expressed by the genetically modified
mammahian cell for at least seven weeks (e.g., at least 20 weeks or at Jeast 30 weceks).

{68651  In other cmbodiments, the invention provides a genetically modified mammalian
cell that has reduced immumogenicity and/or improved immunosuppression as compared o
the mammalian cell without said genetic modification, wherein: (1) the genetically modified
mammalian cell comprises an exogenous nucleic acid comprising: {(a) a nucleic acid
seqaence (such as SEQ ID NG:2) encoding an HLA-Q protein having an amino acid
sequence at least 95% identical to consensus wild-type human HLA-G (such as SEQ 1B

NO: D), and comprising one or more amino acid mutations that reduce retention of HLA-G in
the endoplasmic reticulum-golgi recycling pathway; and (b) a 37 untranslated region (UTR)
{such as SEQ ID NQG:3) that is at least 85% identical to the 3 untranslated region sequence of
the consensus wild-type human HLA-G geoe and does not comprise SEQ 1D NO:4; and (i1
the encoded HLA-G protein is expressed by the genetically modified mammalbian cell for at
least seven weeks.

[6806] In some embodiments, a genetically modificd celi has reduced immunogenicity
and/or improved tmmunosuppression if it shows: (1) a reduction of NK-92 cytotoxicity of
the genetically modified cell as compared to the mammalian cell without said genetic
modification, (2} a reduction of in vitro peripheral blood mononuclear cell proliferation of the
genctically modified cell as compared to the manumalian cell without said genctic
modification, and/or (3) an increase in the size and weight of tumor formation by the
genetically modified cell as compared to the mammalian cell without said genetic
modification in bumanized NSG mice.

166671 To some embodiments, the genetically modified mammalian cell does not have
matches {i.e., same allele{s)) in one or more HLA antigens as compared to the allogeneic
recipient, wherein the HLA antigens are selected from the group consisting of HLA-A, HLA-
B, HLA-C, HLA-DP, HLA-DQ, and HLA-DR, In certain embodiments, the genctically
modified mammalian cell only has 1, 2, 3, 4, or 5 matches in one or more HLA antigens as

compared to the allogeneic recipient, wherein the HLA antigens are selected from the group
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consisting of HLA-A, HLA-B, HLA-C, HLA-DP, HLA-D(Q, and HLA-DR. Inone
embodiment, the genetically modified mammalian cell has no matches in with the allogeneic
recipient with respect to HLA-A, HLA-B, HLA-C, HLA-DP, HLA-DQ, and HLA-DR.
[B808]  In some embodiments, the genetically modified cell comprises an HLA-G transgene
without one or more amino acid mutations that reduce retention of HLA-G in the
endoplasmic reticolum-golgi recyeling pathway (G.e., an HLA-G wild-type consensus
sequence such as SEQ 13 NO: 1), but bas an HLA-G wransgene that comprises 2 3" UTR
{untranslated region) sequence that does not contain microRNA binding sites sach as SEQ ID
NO:3, or a sequence that does not comprise SEQ 1D NG:4,
[B8¢8] In some cmbodiments, the one or more mutations that reduce retention of HLA-G n
the endoplasmic reticuhum-golgi recyeling pathway fnclude a di-Lysine (KK motitf muotation.
In some embodiments, the KK motif mutation tncudes a K334 A mutation, a K335A
mutation, or both mutations.
[66168]  To some embodiments, the exogenous nucleic acid to be expressed in the genetically
maodified cell includes a 3” UTR sequence that does not contain SEQ IDNO 4. Inone
embodiment, where the 3> UTR sequence of the exogenous nucleic acid does not include
SEQ 1D NO:4, the nucleie acid sequence contains SEQ 1D NO3.
[801¥]  Insome embodiments, the expressed HLA-G is present on the cell surface of the
genetically modified mammalian cell.
{6812} In some embodiments, the genetically modified mammalian cell is 3 human cell, a
mouse col, 2 rat cell, a monkey cell, or a pig cell.
{68131 Insome embodiments, the genetically modified mammalian cell is a stem cell, a
progenitor cell, or a coll obtained by directed differentiation of the stem cell or the progenitor
cell. In some embodiments, the genetically modified manumnalian cell is a cell that was
already differentiated (whether naturally or in vitro) prior to introduction of an exogenous
HLA-G transgene. In some embodiments, the genctically modified mammalian cell is a stem
cell {e.g., a pluripotent stem cell). in some embodiments, where the genetically modified
mammalian cell 15 a stem cell, the stem cell is an embryonic stem cell, an induced pluripotent
stem cell, or a totipotent stem cell. fn one embodiment, the genetically modified mammalian
cell is an embryonic stem cell. In another embodiment, the genetically modified mammalian
cell is an induced pluripotent stem cell. In a further embodiment, the genetically medified
mammalian cell 18 not of an immune system cell type. In another embodiment, the
genetically modified mammalian cell is a ccll obtained by in vitro differentiation of a stem
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cell or a progenitor cell wherein the stem cell or progenitor cell 1s genetically modified and
then differentiated in vifro.
{6814} In other crobodiments, the genctically modified cell is 2 fully differentiated cell, an
epidermal progenitor cell, a pancreatic progenitor cell, a hematopoietic stem cell, a cell
obtained by differentiation of the pluripotent stem cell, a keratinocyte, a fibroblast, a
mesenchymal stem cell, a cardiomyocyte, 2 neural stem cell, a neuren, an astrocyte, or a
pagcreatic B cell progenitor.
{68181 Insome embodiments, where the exogenous nucleic acid in the genctically modified
manmalian cell is an cxpression vector, the expression vector is g transposon vector o1 8
retroviral vector. In some cmbodiments, where the exogenous nucieic acid is an expression
vector, the expression vector is a targeting vector, and the genetically modified mammalian
cell was obtained by homologous recombination of the targeting vector. In some
embodiments, the expression vector may further include a nucleic acid sequence encoding a
reporter protein such as green fluorescent protein (GFP).
18616}  in some embodiments, the exogencus nucleic acid also includes a nucleic acid
sequence that (1) is at least 85% identical to the 3° untranslated region sequence of the human,
HILA-G gene; and (i1} comprises at least one putation that inhibits binding of a cognate
microRNA to the mutated site within an mRNA comprising the mutated binding site within
its 37 untranslated region. In one embodiment, such a nucleic acid sequence comprises SEQ
D NG
16171 Tn some embodinents an artificial fissue is provided that contaius the genctically
modified cell.
(8618} in another aspect provided herein is an isolated nucleic acid that includes (i) a first
nueleic acid sequence that encodes an amino acid sequence at least 85% identical to human,
HLA-G; and (i1} a second mucleic acid sequence that is af least 85% identical the 3
untranslated region sequence of the human HLA-G gene and operably hinked to the first
nucleic acid sequence, where the amino acid sequence comprises a mutation that reduces
retention of HLA-G in the endoplasmic reticulum-golgi recycling pathway, and the second
nucleic acid sequence comprises at least one mutation that inhibits binding of a cognate
microRNA to an mRNA comprising the mutated binding site within its 37 untranslated
region.
[8018]  Insome embodiments, the isolated nucleic acid the 3° untranslated region sequence
does not comprise SEQ ID NO:4, In one embodiment, where the 37 untranslated region
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sequence does not comprise SEQ 1D NO:4, the 37 untransiated region sequence comprises
SEQ ID NOG:3

[6828]  In some cmbodiments, 2 mammalian expression vector 15 provided that inclades the
1solated nucleic acid and 8 promoter operably linked to the first nucleic acid sequence,
wherein the promoter is not silenced in a stem cell. In some embodiments, the promoter
contaios the nucleic acid sequence of the Chinese hamster EF-1a (CHEF-1a) promoter or
human EF-1la promoter. In one embodiment, the CHEF-1a promoter comprises SEQ 1D
N7, In other emmbodiments, the promoter used to drive expression of an HLA-G transgene
is a tissue or cell type-selective promoter. In some embodiments, the mammalian expression
veetor includes comprising a third nucleie acid sequence encoding a reporter protein. In
some embodiments, the mammalian expression vector 18 a transposon vector. In some
embodiments, & genetically modified mammalian cell is provided that contains the
mammalian expression vector.

(88211 Insome embodiments, an isolated nocleic acid is provided that comprises: (i} a first
nucleic acid sequence that encodes an amino acid sequence at least 95% identical (o buman
HLA-G, wherein the aminoe acid sequence comprises a nurtation that reduces retention of
HLA-G in the endoplasmic reticulum-golgi recycling pathway; and (i1) a second mueleic acid
sequence that is at least 95% identical the 37 untransiated region sequence of the human
HILA-G gene and operably Hinked to the first nucleic acid sequence, wherein the second
nucleic acid sequence comprises at least one mutation that inhibits binding of 4 cognate
microRNA to an mBRNA comprising the mutated binding site within its 37 untranslated
region. In one embodiment, the first micleic acid sequence cncodes an amino acid sequence
of SEQ I NO:Z. In another embodiment, the second nucleic acid sequence does not
comprise SEQ D NO:4. In one embodiment, the second nucleic acid sequence comprises
SEQ ID NG:3. In another embodiment, a mammalian expression vector is provided that
comprises said first and second nucleic acid scquences, and further comprises a promoter
operably linked to the fivst nucleic acid sequence, wherein the promoter is not silenced ina
stem cell or a in a cell generated by differentiation of the stem cell. Such a promoter can
comprise the nucleic acid sequence of the Chinese hamster EF-1g promoter. In another
embodiment, the rearomalian expression vector further comprises a nucleic acid sequence
encoding a reporter protein. In another embodiment, the mammalian expression vectoris a
transposon vector. In another embodiment, the mammalian expression vector comprises all

of the clements shown in Figure 1.
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{8022} inone embodiment, a mammalian expression vector is provided that comprises: (a)
a Chinese hamster EF-1 o promoter, (b) 8 nucleic acid sequence that is operably linked {o the
promoter and that encodes bumean HLA-G with an amino acid sequence of SEQ 1D NO:Z,
and {¢) a 3°UTR sequence comprising SEQ 1D NO:3. In some embodiments, a genctically
modified mammalian cell 1s provided that comprises such an expression vector.

18623}  In various embodiments, HLA-G meodified mammalian cells (o.g., human HLA-G
modified cells) are administered to a subject suffering from any of a nursber of conditions
including, but not limited to cardiovascular disease, eyve disease (c.g., macular degeneration),
auditory disease, {e.g., deafness), diabetes, neurodegencrative disease, Alzheimer's Discase,
Parkinson's Discase, muktiple sclerosis, osteoporosis, liver disease, kidney disease,
autotmmune disease, arthritis, gum disease, a dental condition, or a proliferative disorder
{e.g., a cancer). In other cascs, the subject is suffering from, or at high risk of suffering from,
an acute health condition, ¢.g., stroke, spinal cord injury, burn, or a2 wound. In other cases,
the subject is suffering from loss of tissue such as hpatrophy or aging-related losses in
collagen. In other cases, the subject suffers from a non-healmg alcer, or is need for an agent
to assist in closure of defects like hypospadias and epispadias. In other cases, the subject is
need for a permanent or teraporary skin graft for would healing or for skin substitutes.

[8024] in some embodiments, the invention provides a universal method of cellular or
tissue repair or regeneration to a subject in need thereof, the method comprising injecting or
grafting to the subject a celiular or tissue composition comprising a population of cHLA-G
modified cells, wherein the subject has at least one mismatched classical HLA class Lor HLA
class T molecule as compared to the population of eHLA-G modified cells, and wherein the
popufation of cHLA-G modified celis exhibits reduced tmmunogenicity and/or improved
imnnmosuppression as compared to cells of the same-type without the cHLA-G modification.
The redoced immunogenicity and/or improved immunosuppression can be determined, for
example, by comparing the eHLA-G modified cell to a control cell of the same type without
the cHLA-G modification in an NK-92 cytoloxiciiy assay, a humanized NSG tamor growth
assay, and/or a PBMC proliferation assay. In one embodiment, the population of genetically
modified cells comprises a population of eHLA-G genctically modified human dermal
fibroblasts. In another embodiment, the population of genetically modified cells comprises a
popufation of cHLA-QG genctically modified human epidermal progenitors. In another
embodiment, the population of genetically modified cells comprises a population of eHLA-G
genetically modified homan mesenchymal stem cells. In another embodiment, the popolation
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of genetically modified cells comprises a population of eHLA-G genetically modified uanan
embryonic stem cells. In another embodiment, the population of genetically modified cells
comprises a population of cell differentiated 1n vitro from cHLA-G genetically modified
human embryonic stem cells. In other embodiments, the population of genetically modified
cells are not rejected by the subject’s immmune system forat least 2, 4, 6, 8, 10, 12, 14, 16, 18,
20, 24, 36, 48, or 52 wecks.
#0251 In another embodiment, the invention provides a method for regencrating skin to a
subject in need thereof, the method comprising injecting a population of eHLA-G modified
dermal fibroblasts and/or eHLA-G modified embryonic epidermal progenitors to a site of
skin injury ou the subject, wherein the subject has at least one mismatched classical HLA
class T or HLA class 1 molecule as compared to the population of eHLA-G modified dermal
fibroblasts and/or e¢HLA-G meodified embryonic epidermal progenitors.
{6826} In anocther embodiment, a cell therapy method is provided that comprises
administering 1o a subject in need thereof a population of genetically modified manmalian
cells comprising an exogenous human B2-microglobulin (B2m) molecule and an eHLA-G
transgene of the mvention.

BRIEF DESCRIPTION OF THE BRAWINGS
166277 FIG. 1 shows a schematic depiction of a non-limiting embodiment of an enhanced
HLA-G (cHLA-G) transgene cxpression transposon vector containing a selection marker
{neomycin phosphotransferase) driven by a phosphoglycerate kinase (PGK) promoter; “INS”
flanking imsulator elements; a Chinese Hamster EF-1a promoter drive expression of ¢HLA-
G; a PGK promoter driving expression of EGFP; and 57 terminal repeat {TR) transposition
clements. An eHLA-G transgene contains a combination of mutations and/or non-coding
clements (such as, for example, a promoter or modified 37 UTR) that enhance expression,
particularly cell surface expression, of the HLA-G protein. For the experiments described
herein, the eHLA-G transgene the above elements, and more specifically included a human
HILA-G coding sequence as listed in SEQ 1D NO:2 with nwtations of HLA-G’s ER retriceval
motif {(K334A/K335A); and 2) mutation of HLA-G’s 37 UTR microRNA binding sites,
wherein this modified 3° UTR had the sequence as listed in SEQ [0 NO:3. Seec Example 3
for further description.
166281  FIG. 2 shows a schematic depiction of a noun-limiting embodiment of a transposase
expression helper vector used to drive genomic integration of a co-transfected transposon

expression vector.
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{66291 FIG. 3 shows floorescence micrographs of human ES cell colonies at various times
after stable transfection with a transposon expression vector driving expression of eHLA-G
and EGFP.

(80381 FIG. 4 (Top Panel) shows a bar graph depicting the relationship between the
starting nomber of hES cells transfected with an EGFP-containing expression vector and the
fraction of EGFP” cells detected in the cell population at 10 days post-transfection. The
numbers on the x-axis arc the number of GFP colonies per 5x10° colls, The numbers on the
y-axis are the cell number. (Bottom Panel) shows a bar graph depicting the relationship
between various transposon vectors {using different promoters) and the fraction of EGFP”
cells detected in the celf population. The numbers on the x-axis are the number of GFP™
colonies per Sx10° cells.  For the bottom panel, from left to right: control (con), GFP-puro
{size of transfected vector is 7.3 kb, eHLA-G (MSCV)-GFP-pure (size of transfected vector
is 8.6 kb}; and cHLA-G (EF-10)-GFP-pure {size of transfected vector 15 9.2 kb). Additionsl
cHLA-G (EF-1a)-GFP-puro transfection efficiency experimerds (not shown) were
conducted, which indicated that at 10 days post-transfection, the highest efficiencies (~S00
GFP' colonies per 5x10° cells) were obtained in solution V and program B16 after selection
with puromyein for 10 days.

{6831} FIG. 3 shows a series of immunoflucrescence micrographs showing expression in
HLA-G modified human ES celis of HLA-G expression and DAPI staining(top toages);
Oct 3/4 and DAPI (middle images); and S5EA-4 and DAPI (bottom images).

{88321 FIG. 6 (Top Pancl) shows a flow cytometry scattergram showing the distribution of
SSEA-4'/GFP" double-positive cells in a population of eHLA-G-modified hES cells. (Lower
Panel) shows the distribution of Oct 3/4" cells in the population of eHLA-G-modified hES
cells. SSEA-4 and Oct 3/4 are pluripotency markers. This data, along with Fig. §, mdicate
that cHLA-G-modified hES cells maintained their characteristic self-renewal pluripotency
markers., Additionally, cHLA-G(EF-1a)-GFP-hESCs maintained their pluripotency and
normal karyotype in vive. Homanized NSG mice were injected subcutaneously with cHLA-
G(EF-10)-GFP-hESCs, and teratoma formation was observed, indicating that the
mjected/transplanted cells were not rejected as hESCs exhibited reduced fommunogenicity
and/or tncreased immmunosuppression. The karyotype of the teratoma cells were normal.
16833} FIG. 7 (Top Pancly shows phase contrast photomicrographs of Wildtype (left
picture) and eHLA-G modified hESC-generated (right picture) embryotd bodies (EBs) at day

15, {Bottom Panel) shows a thiorescence micrograph of the EBs shown in the Top Panel.
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Mo GFP signal is detected in the wildtype hESC EB, whereas strong GFP expression is
detected in both of the eHLA-G modified hESC EBs. This data indicates that eHLA-G'
hESCs maintain EB formation.

[8034] FIG. 8 shows that ¢HLA-G" hESCs are silencing resistant. (Top Panel) shows a
flow cytometry distribution histogram for the expression of GFP in a eHLA-G modified
hESC-line, which demonstrated similar strong expression of GFP afier 6 and 16 passages.
(Bottom Panel) shows a flow cytometry distribution histogram for the expression of HLA-G
in the same hESC line, again showing persistent expression of the eHLA-G transgene at both
passage 6 and 16,

[6835] FIG. A (Top Panel) shows flow cytoraetry distribution histograras for total
{intracelular) expression HLA-G in wildtype (left histogram), GFP-medified (middle
histogram}, and eHLA-G(EF-10}-GFP modified hESCs (right histogram). {Bottom Panel}
shows flow cytometry distribution histograms for surface expression HLA-G in wildtype (left
histogram), GFP-modified (middle histogram), and eHLA-G (EF-100)-GFP modified hESCs
(right histogram). FIG., B (Top Panel) shows a flow cytometry distribution histogram for
total expression HLA-G in eHLA-GIMSCV)-GFP modified hESCs, FiG. 98 (Botiom Panel)
shows surface HLA-G expression eHLA-G{MSCV)-GFP modified hESCs. These data
indicate HLA-G is highly expressed when the transgenc is operably linked to the EF-la
promoter, in contrast the minimal expression when the transgene is under control of the
MSCV promoter. Sec also FIG. 15 for additional data showing that HLA-G fransgene
expression is significantly influenced by promoter activity.

[6836] FIG. 18 shows that expression of HLA class 1 and class 1 s stmilar on wildtype
and eHLA-G+ hESCs. The table compares expression levels of various HLA variants and
B2 microglobulin in wildtype versus HLA-G modified hESCs.

[8037]  FIG. 11 shows that NK92 cytotoxicity effect is greatly suppressed by eHLA-G'
hESCs. (See Example 6 for further description.) The figure shows a bar graph illustrating
the results of an NK9Z cell cytotoxicity assay. The 1:10 and 1:30 values indicate the ratio of
cffector (NK92) to target cells (GFP transgene alone control wild-type cells or cHLA-G-GFP
transgene modified cells) This is an in vitro assay to determine the immumnogemicity of
eHLA-G modified hESCs (black bars; eHLA-G-GFP) compared to wildtype hESCs {(grey
bars; GFP). cHLA-G modificd bESCs exhibit substantially reduced cytotoxicity in the
presence of MK92 cells as compared to the case for wildtype hESCs. This data indicates that

exogenous HLA-G expression can provide improved donor capabilities for sach genetically
9
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modified cells, as reduced cytotoxicity in the presence of NK92 cells shows that such
genetically modificd cells have reduced inmvmunogenicity and/or improved
imanmosuppression. Reosulis are the average of four experiments. See Example 6 for further
description.

{88381 FIG. 12 shows a scries of bar graphs depicting the time course of gene expression
fevels of several phiripotency markers and epidermal progenitor markers during divecied
differentiation of bESCs in vifro info cobryonic epidermal progenitors (EEPs). The v-axis
values are relative mRNA expression levels as determined by semi-quantitative RT-PCR.
The x-axis values are the days at which expression was assessed. See Example 2 for forther
description. The Fig. 12 data indicates that the epidermal differentiation markers K14,
Tap63, and ANp63 were gradually enhanced during differentiation. In data not shown here,
immunofiuorescence studies of K14 and additional epidermal markers p63, CD29, and
CD49f were conducted. Differentiated cHLA-G(EF-18)-GFP hEEPs were positive for K14,
p63, CD29, and CB49f protein expression as indicated by immunofluorescence.

{6838}  FIG. 13 (Top Pancl) shows time course of eHLA-G fransgene expression o an
hESC line stably transfected with EF-1o promoter-driven expression of eHLA-G. (Bottom
Pancl) shows a comparison of the time course (black bars indicate at  days; horizontal
striped bars indicate at 7 days; and grey bars indicate at 14 days); of HLA-G (mRNA)
expression in a GFP-modified hESC hine (negative control), an MSCV-promoter driven
eHLA-G hESC line, and in an EF-1g driven eHLA-G hESC line. Note the higher and more
persistent fovel of cHLA-( expression driven by the EF-Ta promoter.

[G048]  FIG. 14 (Effect of K562-HLA-G1 14 base pawr {bp) wsertion/deletion
polymorphism on cytotoxic activity of NK cells.}) The figure shows a bar graph comparing
NK cell-mediated cytotoricity (96 specific lysis) on wildtype K562 cells (grey bars), K562
cells expressing an HLA-G variant with a 14 bp inscrtion in the 3° UTR {Ins14bp) (black
bars), and K562 cells expressing an HLA-G variant with a 14 bp deletion in the 3 UTR
{Delldbp) (grey bars). There are four sets of data with different effector (NK eell) to target
cell (K562 cells) ratios.

{6841} FIG. 15 provides data that indicates that HLA-G transgenc expression 18
significantly influenced by promoter activity. RT-PCR shows that both GFP and HLA-G
transcripts were highly expressed in ¢eHLA-G (EF-10)-GFP-hESC cell hines.
Immunefluorescence also shows that both GFP and HLA-G proteins were highly expressed

i HELA-G (EF-103-GFP-RESC celi fines (not shown here). However, HLLA-G transcripts or
1
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proteins were rarely detected in HLA-G (pMSCV-GFP-hESC lines, whether by RT-PCR or
immunofluorescence, even though GFP expression was high in these cells. {Data not shown
here.y Thus, EF-1g promoters are preferved in certain embodiments of HLA-G transgene
cxpression,

18642}  ¥FlG. 16, Purified hEEPs exhibited homologous keratinocyte morphology as shown
by phase contrast microscopy. eHLA-G-GFP-hEEP clones 18 and 21 were differentiated
from modified cHLA-G{EF-10)-GFP-hESCs as described in Exanple 2.

18043} FIG, 17, The stability of the HLA-G transgene in differentiated hEEPs was
contirmed by flow cytometry. Both HLA-G total expression (top panels) and surface
expression (botiom panels) was robust for differentiated ¢eHLA-G{EF-18}-GFP-hEEPs
{greater than 90% of cclls) as compared to control cells with no exogenous HLA-G (GFP
only hEEPs) and wild-type hEEPs.

[3844] FIG. 18, The results of Figure 11 were repeated and confirmed in additional NK
cytotoxicity experiments. As shown, killing of eHLA-G(EF-10)-GFP-hESCs was reduced
more than 100% as compared to controls hESCs that contatned only a GFP transgene (no
HLA-G transgene). (Note: as used herein, an “mHLA-G(EF-100)-GFP” fransgene is
synonymous with “eHLA-G(EF-10)-GFP”.) This data shows that HLA-G transgene
cxpression irmparts immunosuppressive and/or redoced immunogenicity characteristics in
hESCs. See Example 6 for further description.

[B845] FIG. 19, NK cyviotoxicity experiments were conducted on hEEPs differentiated
from hESCs. As shown, killing of eHLA(EF-1a)-GFP-hEEPs was reduced well more than
100% (about 3-fold) as compared to control REEPs. This data shows that HLA-( transgene
cxpression irmparts immunosuppressive and/or redoced immunogenicity characteristics in
differentiated cells, which also shows that these enhanced functional imumune evasion
characteristics of HLA-G expression via the ¢eHLA-G transgene survived the directed
differentiation process. See Example 6 for further deseription.

B046] FIG. 28 shows the results of hESC allografts in humanized mice. The “GO” hESCs
were the control wild-type hESCs that do not contain an eHLA-G fransgene, but rather only
GFP. “mGH#H#Y and “mGIF2Y refer to two different cHLA-G(EF-1¢)-GFP nucleofected
hESC clones. The GO, mG1(#1), and mG1(#2) tumors as shown were measured and
weighed., The GO hESCs formed a tumor with 8 volume of 126.9 cubic millimeters and a

weight of 32 milligrams. The mGH(#1) hESCs formed a tumor with a volume of 748.4 cubic
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miliimeters and a weight of 318 milligrams. The mG1{#2) hESCs formed a tomor with a
volume of 1116.7 cubic millimeters and a weight of 675 milligrams. See Example 7 for
further description.

3847} FIG. 21 shows the averaged results of tumors from hESC allogratis onto five
humanized NSG mice. Top panel shows tumor weight (mg) resubts. The bottom panel shows
tomor volume {cubic millimeters) results. The data shows that HLA-G mucleofected hESCs
("“mG17) formed much larger (more than 3-fold by volume) and heavier (more than 2-fold by
weight) tumors than wild-type hRESCs ("G07) transplanted into lnmmanized NS5G mice. This
indicates that HLA-G transgene cxpression can provide reduced immunogenicity and/or
increased tmmnunosuppression in an allograft buman envitomment (e, NSG humanized
mice). This dats, along with the NK92 eytotoxicity studies, supports the general application
of the eHLA-( transgene constructs described herein for modifying any destred cell-type into
a universal or superior allogencic donor for therapy, fransplants, tissue repair, cell and tissue
substitutes, and the like. Sec Example 7 for further description.

#0481 FIG. 22. Human dermal fibroblasts stably transfected with the eHLA-G(EF-1¢)-
GFP transgene ("HFD-m1-GFP” cells) or GFP-alone control construct (“HFD-GO-GFP”
cells) were assessed for their ability to inhibit PBMC proliferation. As shown, the HFD-mG1-
GFP clone “mG1-R1” suppressed PBMC proliferation greater than controls and other clones,
ndicating that exogenous HLA-G expression can provide immmunosuppression for
differentiated cells, such as fibroblasts. See Example 9 for further deseription, inchuding a
summary of NK-92 cytotoxicity studies with HFD-m1-GFP and controls, which shows that
the eHILA-G medification to lnnman dermal fibroblasts reduced their immunogenicity. Thus,
these data further support the use of the eHELA-G transgene constructs deseribed herein for
modifying any desired cell-type, whether phuripotent, mudtipotent, or fully differentiated, into
a universal or superior allogencic donor for therapy, transplants, tissue repair, cell and tissue

substitutes, and the hke.

BETAILED DESCRIPTION
{6849}  The present disclosure features genetically modified mammalbian cells that express
exogenous HLA-G persistently (HLA-G modified cells), as well as nucleie acid compositions
to generate such modified mammmalian cells. The eHLA-G genetic modifications described
herein provide the cells with characteristics of reduced immunogenicity and/or improved
munesuppression, such that these celis have the promise of being universal or fraproved
12
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donor cells for transplants, celiular and tissue regeneration or reconstruction, and other
therapics.
i Compssitions:
A. Genetically Meodified Manunalian Cells that Express Exogenous HLA-G
{68561 As deseribed herein, a wide range of mammalian cell types that express exogenous
HLA-G (HLA-G modified celis) can be gencrated. Such cell types inchude, but are not
fmited to, totipotent cells, embryonic stem cells {c.g., human embryonic stem cells), mduced
phuripotent stem cells (e.g., human induced phiripotent stem cells), multipotent stem cells,
epidermal progenitor cells, mesenchymal stem cells, pancreatic B cell progenitors, pancreatic
B cells, cardiac progenitors, cardiontyocytes, hepatic progenitors, hepatocytes, muscle cell
progenttors, muscle cells, kidney cells, osteoblasts, hematopoietic progenitors, dental follicle
cells, hair follicle cells, retinal pigment epithelial cells, neural stem cells, neurons, astrocytes,
oligodendrocytes, inner ear cells, and fibroblasts (including human dermal fibroblast (HFDY).
In some cmbodiments, the HLA-(G modified cells are not cells having an inunune systom cell
type. Such mammalian cells can be derived one of several species including, ¢.g., human,
mouse, rat, monkey, or pig. In essence, any cell-type can be transfected with the constructs
described herein and then tested for HLA-G expression and how such expression can inpart
reduced immunogenicity and/or improved impumosuppression to the modified cell.
{88511  Insome embodiments, to obtain a substantially enriched population of HLA-G
modified cells of a desived cell type, a genctically modified ploripotent stem cell line such as
& human embryonic stem cell line, or a buman induced pluripotent stem cel line, or any cell
Hine that bas multipotent traits inclading mesenchymal stem cells and tmmune system
progenitor cells, that expresses HLA-G is generated and then subjected to directed
differentiation to obtain a cell population that expresses HLA-G and that is substantially
enriched for a desired cell type. In some embodiments, the substantially enriched cell
population includes at loast about 2% to about 100% of the desired cell type, e.g., at least
about 3%, 4%, 5%, 7%, 8%, 10%, 20%, 22%, 25%, 35%, 40%, 45%, 50%, 60%, 70%, 75%.
&%, 85%, or another percerdage of the desired cell type trom at least about 2% to about
100%. Methods for enriching cells of a desired cell type are known in the art, See, e.g., U.S.
Patent Application No. 12/532,512
(8852} Methods for obtaining buman embryonic stem cells or induced pluripotent stom

cells are known in the art, as described m, ¢.g., U.5. Patent Nos. 6,200,806 and 7,217,569 (for
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human embryonic stem cell derivation} and 8,048,999, 8,058,065, and 8,348,675 (for
gencration of human induced pluripotent stem cells).
(6853}  Cenetically modified maramalian pluripotent or multipotent stem cell Hnes, e.g.,
human embryonic stem cells or lnmman induced phripotent stem cells, ete., and also fully
differentiated genetically modified mammalian, that stably express an HLA-G protein
encoded by one of the nucleic acids described herein are generated by any of a number of
methods known in the art. o some embodiments, the cell line is genetically modified by
stable transfection with one or more nucleic acid expression vectors {e.g., a plasmid vector or
a minicircle vector) that include an expression cassette for expression of an HLA-G profein as
described herein, 2 selection marker, and optionally & reporter protein. Examples of suitable
selection markers encoded by such vectors include proteins that confer resistance to a
selection agent. Soch proteins and thelr corresponding selection agents inchude, without
fimitation, puromycin N-acetyltransferase (puromycin), hygromycin phosphotransferase
(hygromycin}, blasticidin-S-deaminase (blasticidin), and ncomycin phosphotransferase
{neomycin). Selection with the appropriate selection agent may last for at least about 3 1o
about 14 days, e.g., about 4, 5, 6,7, 8, 9, 10, 12, 13, or another period from about 3 to about
14 days until resistant colonies are apparent.
[8054] Hxamples of suitable fluorescent reporter proteins include, but are not Hmited to,
EGFP and its variants such as YFP, Cyan, and dEGFPs; DS-Red, monogmeric Grange, the far-
red flucrescent protein “Katushka” (Shcherbo ef of (20073, Nat Methods, 4.741-746), or
variants of any of the forcgeing. To other embodiments, the reporter is an enzyme that
converts a substrate that, in the process, vields a detectable signal, e.g., a fluorescent or
haminescent signal in the presence of a fluorogenic or iminogenic substrate, respectively.
For exaraple, in some crubodiments, the selection marker enzyme comprises the amino acid
sequence of a luciferase, e.g., a firefly luciferase, click beetle luciferase, or Renilla luciferase.
Luciferase activity can be detected by providing an appropriate luminogenic substrate, e.g.,
firefly luciferin for firefly tuciferase or coclenterazine for Renilia luciferase. Luciferase
activity in the presence of an appropriate substrate can be quantified by hmuinometry to assay
total luciferase activity of whole ccll populations in culture dish wells, or, alternatively,
hiciferase activity of mndividual cells or colonies can be detected by use of a microscope in
combination with g photon counting camera. Details of huciferase assays, including high-
throughput methods, are disclosed in, e.g., U8, Pat. Nos. 5,650,138, 5,744,320, and
6,982,431, In other embodiments, the reporter enzyme comprises the amino acid sequence of
14
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a modified beta-lactamase, the expression of which can be detected and quantified in living
cells by a ratiometric fluorescence assay for breakdown of fluorogenic beota.-lactam
subsirates as described in, e.g., U.S. Pat, Nos. 5,741,657, 6,031,094, and 1.5, Patent
Publication No. 20070184513, See also Qureshi (2007), Biotechniques, 42(13:91-96 for a

‘\7)

®

review, Other suitable reporter enzymes include, but are not hmited to, the Halo-Tag
hydrolase (Promega, Madison, Wis., as described in, e.g., U.S. Pat. No. 7,238,842 and Patent
Publication Nos. 20080026407 and 20080145882} and beta.-galactosidase.

[80553] insome embodiments, the genetically modificd mammalian cells are also
genctically modified to express a human B2 microglobulin (GenBank Accession No.
AY187687.1). Without wishing to be bound by theory, it is believed that expression of
human B2 microglobulin will enhance surface expression of transgenic HLA-G m the
genetically modified manumalian cells.

1#056]  In some embodiments, the nucleic acid expression vector is 8 transposon vector that
ncludes transposition clements that facilitate integration of the transposition of the
transposon vector into a host genome when introduced into a host cell in the presence of a
cognate transposase {¢.g., the piggyBAC transposase), as described in, ¢.g., U.S. Patent
Application No. 12/728,943. Transposon expression vectors {e.g., PiggyBac vectors) as well
as fransposase expression vectors are commercially available from, e.g., System Biosciences
{(Mountain View, CA). Insome embodiments, where a transposon vecior is used, no
sclection marker or reporicr profein cxpression casscite arg necessary {0 generate a stably
transtected, HLA-G modified cell hine, as the efficiency of transfection by such vectors is
sufficiently high to obviate the need for a selection marker. Alternatively, the expression
vector may be a targeting vector, which allows site-specific integration of the eHLA-G
transgene in the host cell genome. The design and use of targeting vectors is routine in the
art as exemplified by U.S. Patent No. 5,464,764

{88571 Methods for preparation of transfection-grade nucleic acid expression vectors and
transfection methods are well established. See, e.g., Sambrook and Russell (2001),
"Molecular Cloning: A Laboratory Manual,” 3vd ed, {CSHL Press); and Current Protocols in
Molecular Biology, Jobn Wiley & Sons, N.Y. (2005), 9.1-9.14. Examples of high efficiency
transfection efficiency methods inclade "nuclecfection,” as described in, e.g., Trompeter
(2003), J immunol Methods, 274(1-21.245-256, and in U.S. Patent Nos. 7,332,332,

8,003,389 8,039,259, and 8,192,990 9, transfection with lipid-based transfection reagents
such as Fugene”™ (Roche), DOTAP, and Lipofectamine™ (Invitrogen).
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[8058] In other embodiments, genetically modified cells, e.g., differentiated, multipotent,
pluripotent, or totipotent stem cell lines, are gencrated by transduction with a recombinant
virus. Fxamples of suitable recombinant viruses foclude, but arc not limited to, refroviruses
(including lentiviruses); adenoviruses; and adeno-associated viruses, Often, the recombinant
retrovirus is murine moloney feukemia virgs (MMLYV), but other recombinant retroviruses
may also be used, ¢.g., Avian Leokosis Virus, Bovine Leukemia Virus, Murine Leukemia
Virus (MLV), Mink-Cell focus-inducing Virus, Murine Sarcoma Virus,
Reticuloendotheliosis virus, Gibbon Ape Leukemia Virus, Mason Pfizer Monkey Virus, or
Rous Sarcoma Virus, see, e.g., U.S. Pat. No. 6,333,195,

[B058]  in other cases, the recombinant retrovirus 5 a lentivirus {e.g., Human
Immunodeficiency Virus-1 (HIV-1); Simian Immunodeficiency Virus (SIV); or Feline
Immunodeficiency Virus (FIV)), See, e.g., Johnston et al,, (1999), Journal of Virology,
73(6):4991-5000 (FIVY: Negre ef al., (2002), Current Topics in Microbiology and
fmmunology, 261:53-74 (S1V); Naldini 1 af., (1996), Science, 272:263-267 (HIV).

[668668] The recombinant retrovirus may comprise a vival polypeptide (e.g., retroviral env)
to aid entry mto the target cell. Such viral polypeptides are well-established in the art, see,
e.g., U.S. Pat. No. 5,449,614, The viral polypeptide may be an amphotropic viral polypeptide,
e.g., amphotropic env, that aids entry into cells derived from multiple species, including cells
puiside of the original host species. See, e.g., id. The viral polypeptide may be a xenotropic
viral polypeptide that aids entry inio cells outside of the original host species. See, ¢.g., id. In
some embodiments, the viral polypeptide is an ccotropic viral polypeptide, e.g., ecotropic
env, that aids entry mto cells of the original host species. See, e.g., id.

{8861} Viral transduction of cells may be accomplished by any method known in the art.
c.g., Palsson, B., et af., (1995), WO95/10619; Morling, F. J. ef al., (1995}, Gene Therapy,
2:504-50R; Gopp et al., (2008), Methods Enzymol, 420:64-81. For example, the infection may
be accomplished by spin-infection or "spinocalation” methods that involve sabjecting the
cells to centrifugation during the period closely following the addition of virus to the cells. In
some cases, virus may be concentrated prior to the fnfection, e.g., by ultracentrifugation.
1668621 The multiphicity of infection (m.o.1.) used to transduce the cells to be genetically
modified can range from about 1 m.od. to about 50 meo.t, e.g., about I m.o.i, about S m.od.,
about 7.5; m.o.1., about 10 m.o.d., about 15 m.o.i, aboui 20 m.o.i., about 30 nr.o.i., about 40

m.o.1., or about 30 m.o.i;
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{88631 Methods for generating various cell types from plaripotent stem cells {e.g., homan
embryonic stem colls or human induced pluripotent stem cells) by directed ditferentiation are
known in the art, as described in, ¢.g., U.S. Patent Nos. 7,955,849, 7,763,466, 7,264,968; and
LS. Patent Application Application Nos. 12/179,462, and 12/ 187,543

{88641 In one exemplary embodiment, human embryonic epidermal progenitors (hEEPs)
are derived from a human pluripotent stem cell line, e.g., human embryonic stem cells or
human induced pluripotent stem cells as follows,

[6865] Pluripotent stem cells are maintained in Embryonic Stem Cell (ESC) growth
medium containing DMEM/F 12 (1:1} supplemented with 20% knockout serum replacement,
0.1 mM MEM non-cssential amine acids, 1 ;M GlutaMax, 0.1 oM f-mercaptocthanol
{Sigma). ESC growth medium is conditioned by plating mitotically inactivated mouse
embryonic fibroblasts (MEFs) (CF-1, ATCC) at a density of Sx10% cells/cm” and incubating
for 18-24 hours. After conditioning, 4 ng/md bFGF is added and complete conditioned
medivm is sterile filtered. hESCs are subcultured every 5-6 days (at a 1:3 or 1:4 split) on
Matrigel” (B0 Biosciences -eoated plates using | mg/ml Dispase to remove cell colonies.
hEEPs Differentiation of pluripotent stem cells into K14 '/p63~ hEEPs, by first culturing the
pluripotent stem cells in 6-well plates for 4 days in HSC growth medium and theo changing
over to 2 mi/well of differentiation medium, comprised of unconditioned hESC growth
medium containing 1 M all-trans retinoic acid (Sigma) and 25 ng/mi BMP4. After daily
medivm changes for 7 days, cells are treated with dispase, centrifuged, and resuspended in
defined keratinocyte scrumn-tree mediur (DSFM) and seeded on gelatin-coated plates at 2
split ratio of [:3. DSFM will be changed every other day for 3-4 wecks. Cells arc then
subcultured using trypsinization, centrifuged, washed, and plated at 10,000 cells per e’ on
gelatin-coated tissue culture plates in DSFM. To verify that epithelial monolayers are 290%
purity and express K14, cells are subjected to flow cytometry according to the method of
Metallo ef af (2010), Methods Mol Biol 585:83-92. To enhance purity of isolated hEEPs,
cells were sorted using magnetic activated cell sorting (MASC) with CD29 antibodies.
About 92 percent of CD29 MASC sorted bEEP cell culture cells differentiated from eHLA-
G(EF-10)-GFP modified hESCs were positive for K14, a specific keratinocyte marker.
8866} Cenetically modified mammalian cells expressing transgenic eHLA-G, as described
herein, have redaced mmunogenicity relative to corresponding mammalian cells that do not
express HLA-G. For exanple, immunogenicity may be reduced by at least about 5% to

about 95%, relative 1o a corresponding ccH type that does not express exogenous HLA-G,
17



WO 2014/022423 PCT/US2013/052767

e.g., about 6%, 7%, 10%, 12%, 15%, 20%, 30%, 40%, 50%, 65%, 70%, &0%, 85%, 90%, or
another percent reduced immunogenicity relative to cells of the same cell type that do not
express exogenous HLA-G.

{8867} Methods for determining imnmnunogenicity of cells are known in the art. For
example, in some embodiments, HLA-G modified mammalian colls (e.g., human embryonic
stem cells, or differentiated cclls from HLA-G modified embryonic stom cells, or celis that
are alrcady fully differcntiated prior to modification, ctc.} or uvnmodified mammalian cells are
cultured in the presence of an allogenic natoral killer cell ine {e.g., NK-92) and then
cytotonicity to the HLA-G medified versus unmaodified cells by induced by the NK-92Z cells
is determined by any of & number of standard cell viability assays.

Nucleic Acids Containing Enhanced HLA-G (eHLA-G) Transgene

[8868] The isclated nucleic acids (e.g., mammahan plasmid expression vectors) used to
generated HLA-modified mammalian cells, as described herein, contain an enhanced HLA-G
“eHLA-G” transgene that drives increased cell surface expression and/or seeretion of HLA-G
relative to ccll surface expression driven by a wildtype HLA-G transgene. Such a transgene
typically inclades at least three distinct components: a promoter and 57 untransiated region
{5 UTR) sequence; a coding sequence; and a 37 untranslated region (3° UTR) sequence.
(80681  In some embodiments, the promoter 1o be used to drive ¢eHLA-G transgene
expression is one capable of driving expression of the ¢HLA-G transgene in a cell type of
interest for a peried of at icast about seven weeks to about 50 weeks, ¢.g., 8 weeks, 9 weeks,
10 weeks, 12 weeks, 15 weeks, 20 weeks, 25 weeks, 30 weeks, 35 weeks, 40 weeks, 42
weeks, 45 weeks, 47 weeks, 48 weeks, or another period from at least abouot seven weeks to
about 50 weeks. Promoters capable of driving expression for such extend periods of time are
effective in evading silencing that occurs in a number of cell types including, ¢.g., stem cells
such as embryonic ster cells, induced plaripotent stem cells, or mesenchymal stem cells.
#0781 Suitable, silencing-resistant promoters inchide, but are not limited to, the Chinese
hamster ciongation factor-1 alpha (CHEF-10) promaoter (see Running Deer ef af (Z004),
Biotechnol. Prog., 20:880-889; and GenBank Accession No, AY 188393.1}, the M-U3/R-
variant promoter of the Murine Stemn Cell Virus (MSCV) promoter (as described in Swindle
ef al (20043, .7 Biol Chem, 279:34-41), the phosphoglycerate kinase (PGK) promoter, the
human B-actin promeoter, and the ubiquitin C promoter.
(80731  insome embodiments, the promoter used to drive expression of an eHLA-G
transgene 1s expressed in one or more desired cell types at a level that is higher than in other
18
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cell types. One of ordinary skill in the art will appreciate that, for example, where an HLA-G
modified stem is to be differentiated into a particular cell type, it may be advantageous to
select a promoter that is active within or even selective for that particular cell type. For
example, for a given tissue or cell type-selective promoter the expression level may be about
two fold to 100 fold higher in the desired cell type compared to another cell type, ¢.g., about
3 foid, 4 fold, 5 fold, 10 fold, 20 fold, 25 fold, 36 fold, 40 fold, 50 fold, 70 fold, 80 fold, 90
fold, or another fold higher level of expression in the desived cell type compared to another
cell type. Examples of tissue and/or cell type-selective promoters inchude, but are not limited
ta, the promoters for: Neuron-Specific Enclase (neuronal), Synapsin {(ncuronal}, CamKil
{forebrain neurons), HBY (motor neurons}, and Dopamine Transporter (dopaminergic
neurons); Glial Fibrillary Acidic Protein (astrocytes); Adbamin (Hver); a-Myosin Heavy
Chain (eMHC-cardiomyocytes); Neurogenin 3 and Pancreas-Duoodenum Homeobox |
{pancreas); Keratin 14 {skin}; and Bestrophinl (retinal pigment epitheliim);

166721 Typically the eHLA-G transgene sequence encodes an HLA-G protein that contains
at least one to sbout ten point mutations relative to the human (GenBank No. NP_002118.1},
or chimpanzes consensus sequence, e.g., 2, 3,4, 5, 6,7, 8, 9, or 10 point mutations relative {o
the above-mentioned HLA-G protein consensus sequences.

{80731  The human consensus wildtype sequence (SEQ 1D NG:1) is shown below:

MYVMAPRTLFLLLSGALTLTETWAGSHSMRYFSAAVSRPGRGEPRFIAMGY VD
DTOFVRIFDSDSACPRMEPRAPWVYEQEGPEYWEEETRNTKAHAQTDRMNLOTL
ROGYYNQSEASSHTLOWMIGCDLGSDGRLLRGYEQYAYDGKDYLALNEDLRSW
TAADTAAQISKRKCEAANVAEQRRAYLEGTCVEWLHRYLENGKEMLQRADPP
KTHYTHHPVFDYEATLRCWALGFYPAEHLTWORDGEDQTODYELVETRPAGD

STFQEKWAAVVVPSGEEQRYTCHVOHEGLPEPLMLRWEKOSSLPTIPIMGIVAGL
VVLAAVVTGAAVAAVIWRKEKSSD

18674}  In some embodiments, the at least one to about ten point mutations increase the
level of expression of the HLA-G protein on the cell surface of the expressing host cell by
reducing retention of HLA-G in the endoplasmic reticulum during processing and matoration
of the protein.  Such vuntations include, for example, an HLA-G “KE” motif mutation. See,
Park er o (2001), fmmunity, 15:213-224. In some cases the KK motif mutation inchudes

a K334 A mutation, a K335A mutation, or both substitution mutations. In other cases, the
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substitution may be made with a different aliphatic amino (e.g., leucine) acid or another type
of type of amino acid that is non-basic.
[B875]  In one example, the encoded HLA-G protein has the amino acid sequence of
(SEG 1D NO:2), in which K334A and K335 A substinutions, relative to the wildtype
sequence, have been introduced (underlined):
MYVMAPRTLFLLLSGALTLTETWAGSHSMRYFSAAVSRPGRGEPRFIAMGYVD
DTOFVRFDSDSACPRMEPRAPWVEQEGPEYWEEETRNTKAHAQTDRMNLOTL
ROGYYNQSEASSHTLOWMIGCDLGSDGRLLRGYEQYAYDGKDYLALNEDLRSW
TAADTAAQISKRKCEAANVAEQRRAYLEGTCVEWLHRYLENGKEMLORADPP
KTHVTHHPVIFDVEATLRCWALGFYPAETILTWORDGEDQTODVELVETRPAGD
GTFORKWAAVVVPSGEEQRYTCHVOHEGLPEPLMLRWEKQSSLPTIPIMGIVAGL
VVLAAVVTGAAVAAVLWRAASSD
#0761  Insome embodiments, an ¢HLA-G transgene encodes an HLA-G protein the aming
acid sequence of which is at least 75% to 100% identical to that of SEQ 1D NO:2, ez, 77%,
Ri)%, 82%, 85%, B7%, 88%, 0%, 92%, 95%, 96%, 7%, 98%, 99%, or another percent
identical to the amino acid sequence of SEQ 1B NG:2.
(6877} The eHLA-G transgene disclosed herein alse includes 2 37 untranslated (37 UTR)
region containing a number of regulatory elements affecting the expression/transiational
efficiency of HLA-Q transeripts. In some embodiments the eHLA-G transgene 3° UTR
sequence is a nucleic acid sequence that includes a nucleic acid sequence that is at least 75%
identical to the scquence of (SEQ D NO:3), e.z., at least 77%, 80%, 82%, 85%, 87%, 88%,
0%, 92%, 94%, 95%, 96%, 97%, or another percent identical 1o the sequence of HLA-G
37 UTR (SEQ ID NO3y
TGTGAAACAGCTGULCTGTIGTGGGACTGAGTGGUAAGTCCOTTTG
TGACTTCAAGAACCCTGACTICTCTTTGTGCAGAGACCAGUUCAA
CCCTOTGCCCACCATGACCCTCTTCCTCATGCTGAACTGCATTCCY
TCCCCAATCACCTTTICCTGTTCCAGAAAAGGGGCTGGGATGEICTC
CGTCTCTGTCTCAAATTIGTGGTCCACTGAGUTATAACTTACTTICY
GTATTAAAATTAGAATCTGAGTG
[8078] Such sequences contain mutations (anderhined) that decrease binding of two
microRNA binding sites that result in increased expression of the trangene-encoded HLA-G.
These sequences inchide a deletion of a 14 base pair sequence present in exon 8 of some
HLA-G alleles. This 14 base pair sequence is shown below as SEQ 1D NG NG
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SEQ ID N4 14-bp insertion sequence in HLA 3" UTR

ATTIGTTCATGCCT
(8079 SEQ ID NQ:S§, shown below, corresponds to SEQ 1D NO:3 with the insertion of
this 14 base pair sequence (lower case):

SEQ ID NG:S (+14 BP HLA-G 3’ UTR variant)

TCTGAAACAGUTGCCOTGTGTGGGACTGAGTGG CAAGatttgticatgect

TCCCTTTIGTGACTTCAAGAACCCTGACTTICTCOTTTIGTGLAGAGACCA

GCCCAACCCTGTGUCCACCATGACCCTCTTCCTCATGOTGAACTGC

ATTCCTTCCCCAATCACCTTITCOTGTTCCAGAAAAGGGGUTGGGAT

GTCTCCGTCTCTGTCTCAAATTITGTGGTCCACTGAGCTATAACTTAC

TTCTGTATTAAAATTAGAATCTGAGTG
[6686] 1t has been reported that HLA-G alleles having a 3° UTR  the includes the above-
mentioned 14 base insertion (sce SE D N{:4), vield a more stable HLA-G mRNA
transcript. See Rousean ef o/ (2003), Human immunclogy, 64:10065-1010. Surprisingly, as
one basis for some cmbodiments of the instant disclosure, it was unexpectediy found that
expression of the allele with a 14 base pair deletion (shown in SEQ D NO:3) appeared to be
more immunoprotective than the allele that includes the 14 pair insertion. See Fig. 13. While
not wishing to be bound by theory, it 18 believed that the effect of the 14 bp deletion on
expression levels of HLA-G may be cell type-specific, e.g., the 14 bp deletion apparently
enhances expression of eHLA-G in human cells, including at least hESCs, hEEPs, and homan
dermal fibroblastcells.
[GOR1]  Insome cmbodimnents, the nucleic acid sequence containing the ¢HLA-G transgene
also mchudes nsulators sequences that flank the eHLA-G expression cassette. Insulator
sequences mitigate genomic position effects that could spuricusly affect expression of an
integrated exogenous expression cassctte. In some embodiments, the insulator sequences to
be used contain the chicken B-globin HS4 core insulator sequence.
{8082} insome embodiments, the nucleic acid containing the eHLA-G transgene will also
inchude a selection marker as described herein. Optionally, the isolated aucleic acid
containing the cHLA-G transgene may furthor contain a reporter protein as described herein.
[B083]  in some embodiments, generation of an cHLA-G-modified cell hine is generated by
the use of a transposon vector that comprises an eHLA-C expression cassette, but does not
contain expression casseties for a selection marker or 3 reporter protein. The vector is

ntroduced to the cells to be modified along with & transposase expression vector, followed by
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hmiting dibution cloning.  As the population of cells transfected is very efficiently modified,
the need to use sclection markers or reporter proteins can be avoided. This is an important
consideration, especially for colls to be used in the context of cell therapy o human patients.
The percentage of cells that is successfully moedified by transposon-based stable fransfection
methods can range from about .5% to about 50%, e.g., 1%, 2%, 3%, 5%, 7%, 8%, 15%,
20%, 22%, 30%, 40%, or another percentage from about 8.5% to about 50% of the cells
transtected.
[8084] insome ombodiments, expression of proteins encoded by a nucleic acid encoding
two or more proteins is driven by separate promoters. In other embodiments, a polyeistronic
cxpression cassetic may incorporate one or more internal ribosomal entry site (JRES)
sequences between open reading frames incorporated into the polveistronic expression
cassetie. IRES sequences and their use are known in the art as exemplified in, e.g., Martinez-
Salas (1999), Curr Opin Biciechnol, 10{5):458-464. Alternatively, multiple open reading
frames may be Hnked to cach other by an intervening 2A peptide sequence of the foot-and-
mouth disease vitas (F2A) or 2A-like sequences from other viruses. Sce, ¢.g., Hasegawa of af
(2007, Stem Cells, 25:1707-1712 and Symczak ef of (2004), Nat Bivtechnol, 589-594,
Tnclusion of the 2A peptide sequence allows post-transiational cleavage of a contiguous
polypeptide containing eHLA-G and other sequences {(e.g., a reporter profein sequence or a
selection marker protein sequence} into separate proteins.
[6885] While identity between relatively short amino acid or nucleic acid sequences can be
casily deternyined by visual ingpection, analysis with an appropriate algorithm, typically
facilitated through computer software, commonly is used to determine identity between
longer sequences. When using a scquence comparison algorithm, tost and reference
sequences typically are input into a computer, subscequence coordinates are designated, if
necessary, and sequence algorithm program parameters are designated. The sequence
comparison algorithm then calculates the percent sequence identity for the test sequence(s}
relative to the reference sequence, based on the designated program parameters. A number of
mathematical algorithms for rapidly obtaining the optimal alignment and calculating identity
between two o1 more sequences are known and incorporated into a number of available
software programs. Examples of such programs inclade the MATCH-BOX, MULTAIN,
GCG, FASTA, and ROBUST programs for amino acid sequence analysis, and the SIM, GAP,
NAP, LAP2, GAPZ and PIPMAKER programs for nucleotide sequences. Preferred software
analysis programs for both amino acid and polynucleotide sequence analysis inchude the
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ALIGN, CLUSTALW (e.g., version 1.6 and later versions thereof}, and BLAST programs
{e.g., BLAST 2.1, BL2SEQ, and later versions thereof).

-1t

(G086}  “Tdentity” {semetimes referred to as "overall identity”--in cordrast to "local

wdentity,” which is discussed further herein) with respect to amine acid or mucleotide

2]

equences refers to the percentage of amine acid residues or nucleotide bases, respectively,
that are identical in the two amino acid or nucleotide sequences when two such amino acid
sequences or two such nuclecotide sequences are optimally aligned with one another. If, in the
optimal alignment, a position in a first sequence 18 secupied by the same amino acid residoe
or nucleotide residue as the corresponding position in the second corresponding amino acid
or mucleotide sequence, the sequences cxhibit identity with respect to that residue position.
The level of identity between two sequences (or "percent sequence 1dentity”) is measured as a
ratio of the number of identical positions shared by the sequences with respect to the size of
the sequences analyzed (i.c., percent sequence identity={number of identical positions/total
number of positions ).times. 100).

186877  Also encompassed m the present disclosure are nucleic acids that that hybridize
specifically ymder low, mediom, or high stringency conditions to a probe of at least 100
nucicotides from a nucleic acid encoding the amino acid sequence of SEQ ID NO:2 orto the
nucleic acid sequence of SEQ ID NOS:3 OR 8.

#0881 Low stringency hybridization conditions, as used herein, include, ¢.g., hybridization
with a 100 nucleotide probe of about 40% to abowt 70% GC content; at 42 °C in 2X S8C and
0.1% SDS. Medium siringency hybridization conditions include, e.g., at 50 °C in §.5X §8C
and 0.1% SDS. High stringency hybridization conditions inciude, e.g., hybridization with the
above-mentioned probe at 63 °C. in 0.2X SSC and 0.1% SDS. Under these conditions, as the
hybridization temperature 15 elevated, a nucleic acid with a higher sequence homology is
obtained.

Compositions Comprising eHLA-G Genetically Modified Cells

[6082] Also cncompassed herein are pharmaceutical compositions, topical compositions,
celular grafis, and artificial tissucs comprising or generated using one or more HLA-G
modified mammalian ccll types. As shown herein, eHLA-G modified hESCs displayed
stable and persistent HLA-G cxpression, even through directed differentiation into hEEPs.
Furthermore, the stable and persistent HLA-G expression provided the genctically modified
cells with reduced immunogenicity and/or improved immunosuppression. In addition, it is

shown herein that eHLA-G modified human dermal fibroblasts, which are fully differentiated
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cells, also have stable and persistent HLA-G expression that provides reduced
immunogenicity and/or improved immnunosuppression. Thus, the eHLA-G constructs
described herein can be used to generate universal dovor cells of any type, whether from
directed differentiation of a genctically modified pluripotent or multipotent cell, or from
genetic modification of a fully differentiated cell.

[6898] In onc aspect, a topical composition for skin regeneration or repair is provided that
comprises a genetically modified dermal fibroblast cell comprising an cHLA-G transgenc as
described herein. In another aspect, a pharmaceutical composition for injection s provided
that comprises a genetically modified dermal fibroblast cell comprising an eHLA-G
transgene as described berein. In another aspect, a skin gratt composition is provided that
comprises a genetically modified dermal fibroblast cell comprising an eHLA-G fransgenc as
described herein. In another aspect, a permanent skin graft composition is provided that
comprises a genetically modified embryonic epidermal progenitor cell comprising an ¢HLA-
G transgene as described herein,

166911  In another aspect, biccompatible synthetic scaffolds for artificial tissue and methods
for their generation are described in the art and may be used with the HLA-G modified cells
described herein to produce an artificial tissue having reduced fnvounogenicity and/or
mproved immunosuppression as compared to tissucs containing cells that do not express
exogenous HLA-G. See, e.g., U.S. Patent No. 7,960,166 entitled “Microfabricated
compositions and processes for engincering tissues containing muitipie cell types.

il Methods

Cell Therapy Treatment

{68921 Because cells modified to stably express exogenous HLA-G in the mamer
described herein bave reduced immunogenicity and/or increased tmmunosuppression, these
traits allow the modified cell to serve as a universal or improved donor celf or tissue. This is
because the HLA-G mediated reduction of immumogenicity and/or improvement in
immunosuppression provided to the cell can reduce or eliminate the requirement of maiching
the type of classical human leukocyte antigen (HLA) class T and class [ molecules between
donor cells and the recipient) for numerous inguries, diseases, or disorders.
{68931 Thus, HLA-G modified cells that stably express eHLA-G (and optionally in
addition, exogenous human 2 microglobulin), as described herein, may be used as for
therapy. The therapy may be directed at treating the caunse of the disease; or alternatively, the
therapy may be {o treat the effects of the discase or condition. The genetically modified cells
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may be transferred to, or close to, an injured site in a subject; or the cells can be introduced to
the subject in a manner sliowing the cells to migrate, or home, o the injured site. The
transferred cells may advantageously replace the damaged or injured cells and allow
mprovement in the overall condition of the subject. In some nstances, the ransferred cells
may stinnilate tissue regeneration or repair, including skin regencration or skin repair.

1#094]  In various embodiments, HLA-G meodified mammalian cells (¢.g., human HLA-G
modified cells) are administered to a subject suffering from any of a nursber of conditions
including, but not limited to cardiovascular disease, eyve disease (c.g., macular degeneration),
auditory disease, {e.g., deafness), diabetes, neurodegencrative disease, Alzheimer's Discase,
Parkinson's Discase, multiple sclerosis, osteoporosis, liver discase, kidney discase,
autotmmune disease, arthritis, gum disease, a dental condition, or a proliferative disorder
{e.g., a cancer). In other cascs, the subject is suffering from, or at high risk of suffering from,
an acute health condition, ¢.g., stroke, spinal cord injury, burn, or a wound. In other cases,
the subject is suffering from loss of tissue such as hpatrophy or aging-related losses in
collagen. In other cases, the subject suffers from a non-healmg alcer, or is need for an agent
to assist in closure of defects like hypospadias and epispadias. In other cases, the subject is
need for a permanent or teraporary skin graft for would healing or for skin substitutes.

[B095]  In one aspect, the invention provides a universal method of cellular or tissue
grafiing to a subject in need thereof, the method comprising injecting or grafting to the
subject a cellular or tissue composition comprising a population of eHLA-G medified cells,
wherein the subject has at least one mismatched classical HLA class | or HLA class 1
molecule as compared to the population of eHLA-G modificd cells, and wherein the
population of cHLA-G modified cells exhibits reduced immunogenicity and/or improved
imnnmosuppression as compared to cells of the same-type without the cHLA-G modification.
The redoced immunogenicity and/or improved immunosuppression can be determined, for
example, by comparing the eHLA-G modified cell to a control cell of the same type without
the cHLA-G modification in an NK-92 cytoloxiciiy assay, a humanized NSG tamor growth
assay, and/er a PRMC proliferation assay.

186961  in another aspect, the invention provides a method for regenerating skin to a subject
in need thereof, the method comprising injecting a population of eHLA-G modified dermal
fibroblasts and/or eHLA-G modified embryonic epidermal progenitors o a site of skin injury

on the sabject, wherein the subject has at least one mismatched classical HLA class Tor HLA

e
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class T molecule as compared to the population of eHLA-G modified dermal fibroblasts
and/or cHLA-( modified embryonic epidermal progenitors.

[6897] HLA-G modified ccll types to be administered to a subject in need thercof telade,
but are not limited to, epidermal progenitor cells, mesenchymal stem cells, pancreatic B cell
progenitors, pancreatic f§ cells, cardiac progenitors, cardiomyocytes, hepatic progemtors,
hepatocyics, muscle cell progenitors, muscle cells, kidney cells, osteoblasis, hematopoietic
progenitors, dental follicle cells, hair follicle cells, retinal pigment epithelial cells, neural
stem cells, neurons, astrocyies, oligodendrocyies, or any combination thereof. Sach
mammalian cells can be derived one of several species including, ¢.g., human, mouse, rat,
monkey, or pig.

{8898} The therapy may be directed at treating the canse of the disease; or altematively, the
therapy may be {o treat the effects of the discase or condition. The HLA-G modified cells
may be transferred to, or close to, an injured site in a subject; or the cells can be mtroduced to
the subject in a marmer allowing the cells to migrate, or home, to the injured site. The
wransferred cells may advantageously replace the damaged or injured cells and allow
nprovement in the overall condition of the subject. In some instances, the transforred cells
may stinulate tissue regeneration ot repair.

{3899} The transferred cclls may be cells differentiated from HLA-G modified pluripotent
{or totipotent) stem cells. The transferred cells also may be multipotent stem cells
differentiated from phiripotent, HLA-G modified celis.

1668160] The number of administrations of freatraent o a subject may vary. Tntroducing the
HLA-G modified and/or differentiated celis nto the subject may be a one-time event; but in
certain situations, such treatment may elicit improvement for a limited period of time and
require an on-going series of repeated treatments. In other situations, multiple administrations
of the cells may be required before an effect is observed. As will be appreciated by those of
ordinary skill in the art, the exact treatment protocols will depend vupon the disease or
condition, and the stage of the diseasc and parameters of the individual subject being treated.
#0181 The HLA-G modified celis may be introduced to the subject via any of the
following routes: parenteral, intravenous, intrasrierial, intramuscular, subcataneous,
transdermal, intratracheal, intraperitoneal, or into spinal fhid.

[86142] The HLA-G modified cells may be differentiated into cells and then transferred to

subjects suffering from a wide range of diseases or disorders.
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[668163] Pancreatic islet cells (or primary cells of the islets of Langerhans) may be
transplanted ioto a subject sufforing from diabetes {¢.g., diabetes mellitus, type 1), sece.g,,
Bumns ef al., (2006 Curr, Stem Cell Res. Ther., 2:255-266. Thus, in some embodiments,
pancreatic beta cells derived from HLA-G modified cells are transplanted into a subject
suffering from diabetes (¢.g., diabetes mellitus, type 1),

[68184] In other examples, hepatic cells or hepatic stem cells derived from HLA-G medified
cells are transplanted foto a subject suffering from a liver disease, ¢.g., hepatitis, cirrhosis, or
hver fatlure.

[86145] Degenerative heart diseases such as ischemic cardiomyopathy, conduction discase,

g., Janssens ef al.,

and congenital defects could benefit from stem cell therapies. See, ¢,
(2006), Lancet, 367:113-121.

[68186] Hematopoietic cells or hematopoietic stem cells (HSCs) derived from HLA-G
modified cells may be transplanted into a subject suffering from cancer of the blood, or other
blood or immune disorder. Examples of cancers of the blood that are potentially treated by
hematopoietic cells or HSCs include: acute lymphoblastic leukemia, acute myeloblastic
lenkemia, chronic myelogenous leudiemia (CML), Hodgkin's discase, multiple myeloma, and
non-Hoedgkin's lynmpboma. Ofien, a subject suffering from such discase must undergo
radiation and/or chemotherapeutic treatment in order to kill rapidly dividing blood cells.
Introducing HSCs derived from HLA-G modified cells to these subjects may help to
repopulate depleted reservoirs of cells.

[66167] Subjects suffering from neurclogical diseases or disorders could especially benefit
from HLA-G modified cell therapy, especially when the blood brain barrier may have been
compromised. In some approaches, the HLA-G medified cells may be differentisted into
neural stem cells or neurons and then transplanted to an injured site to freat a neurological
condition, ¢.g., Alrheimer's disease, Parkinson's disease, multiple sclerosis, cerebral
mfarction, spinal cord injury, or other central nervous system disorder, sce, ¢.g., Morizane e/
al., (2008), Cell Tissue Res., 331(1):323-326; Coutts and Keirstead {2008), Exp. Newrol,,
209(2):368-377; Goswami and Rao (2007}, Drugs, 16(10):713-719.

[86188] For the reatment of Parkinson's disease, the HLA-G modified cells may be
differentiated into dopamine-acting neurons and then transplanted into the striate body of a
subject with Parkinson's disease. For the treatment of multiple sclerosis, neural stem cells
may be differentiated into oligodendrocytes or progenitors of oligodendrocytes, which are
then transferred to a subject suffering from MS.

2
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{80189 For the treatment of any neurclogic disgase or disorder, a successful approach may
be to introduce neural stem cells to the subject. For exampie, in order to treat Alzheimor's
discase, cercbral infarction or a spinal injury, the HLA-G modified cells may be
differentiated into neural stem cells followed by transplantation to the injured site. The
HLA-G modified cells may also be engineered to respond to cues that can target their
migration into esions for brain and spinal cord repair, ¢.g., Chen ef al., (2007}, Stem Cell
Rev,, 3(41.280-288.

[868118] Optionally, the HLA-G modified cells to be i cell therapy methods also express a
reporier protein as described herein. In some embodiments, the reporter protein o be used is
one that faciluates i vive detoction (e.g., tmaging) of the fotroduced cells. For example, the
cells may express a far-red emitting floorescent protein such as Katushka, whose long
excitation and emission wavelengths are well suited to Imaging in tissues. Katushka i3

commercially available under the tradename “TurboFP635” {Evrogen, Moscow, Russia).

EXAMPLES
[88111] The following specific examples are to be construed as merely ilhustrative, and not
hmitative of the remainder of the disclosure in any way whatsoever. Without further
elaboration, it is believed that one skilled in the art can, based on the description herein,
utilize the present invention to s fullest extent. All publications cited hercin are herchy
incorporated by reference in their entirety, Where reference is made to a URL or other such
identificr or address, it 1s undersioed that such identifiers can change and particular
mformation on the intermet can come and go, but equivalent information can be found by
scarching the internet. Reference thereto evidences the availability and public dissemination
of such mformation.

Example 1 Identification of Gene Expression Patterns Associated with Inunune

Teolerance of Cancey Cells

Human soft tissue cancer arrays were initially screened in search of a candidate immune
tolerance gene that showed increased expression with cancer progression to metastatic states,
presumably duc to evasion of fommuone surveillance mechanisms. The data revealed a strong
positive correlation between successful metastasis and expression levels of several genes
previously implicated in the immmune tolerance. To assess whether MSCs could induce
mmune tolerance and allograft acceptance, MSCs were cross-screened by RT-PCR to
examine the expression levels of these candidate genes and several antigenic HLAs. Table |
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tihustrates that passage T MSCs expressed HLA class {a, HLA-G and I markers in addition to
CD200, CD47, and indolcamine 2,3-dioxyvgenase (IDO). It was found that a popuiation of
MSCs expressed HLA-G at moderate levels, albeit less than that found for Jeg-3, a cancer

hine with aggressive metastatic potential.

Table 1
ol typdEssige] HLA oy o GHHLA Ll 6010D4 7
’ #  class fa class I

MSC G i A - S T s +
T 30— i e
MSC G 1 Rl B S IR B +
T 3 bR — ] |
. i e anal T S SSYE S U R +
Jegd 3 " T ;

[B8112) Since the immunosuppressive etfect of MSCs in vivo appears to be transient, MSCs
were serially passaged and monitored for changes in the expression levels of the selected
genes. By passage 3, native HLA-G cxpression was absent in MSCs, although other
candidate markers remained unchanged. HLA-G expression was not altered in Jeg-3 cells.
MSCs were then isolated based on expression of cell surface HLA-G using FACS and found
that between $.5-3% of MSCs expressed HLA-G at the cell surface. To assess the ability of
HLA-G™ MSCs to escape donor rejection i vive, 1-3 x10° cells were injected into the tail
veins of immumocompetent mice. Blood samples (200 pl) were collected from the retro-
orbital plexus and FACS sorted using an anti-homan HLA class I specific mAb. Table 2
shows that 1 week post-transplantation, HLA-G+ MSCs {and Jeg-3 cells) demonstrated a 24-
and 270-fold survival advantage over HSCs and Jurkat cells (both HLA-G"), respectively. By
two weeks, the advantage of HLA-G' MSCs increased to 27-and 311-fold. HLA-G MSCs
sarvived at the same rate as H3Cs, suggesting that the HLA-G' subpopulation of MSCs may
exhibit enhanced tolerizing effects relative to unsorted MSCs in an in vive setting. Indeced,
post-mortem analysis revealed frank tumors in the lungs of immunocompetent mice 12 weeks

post-transplantation with Jeg-3 cells, but not G* MSCs (data not shown).
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Table 2

el Type (HLA-G| Sampling Time [% Survival

100k MSCs - 2 weeks (.51%
i 1 week 13.82%

Hik MSCs -+
JOOK MSCs 3 weoks 15.47%
130k Jeg-3 + 1 week 13.5%
300k HSCs - I week (.46%
300k hurkat - 1 week {1.04%

[80133] Next, a modified HLA-G construct was overexpressed in HF (human fibroblast) and
K562 cells and tested for protection against tysis by buman NK cells (Table 3). NK-mediated
cytotoxicity was reduced by 75% in HLA-G™ HF and virtually eliminated in HLA-G+ K562
cells. This is consistent with the observed protection of HLA-G Jeg-3, which was reversed
by incubation with the neutralizing anti-HLA-G (87() antibody but not an isotype control.

These data suggest that protection from NK killing was HLA-G-dependent.

Table 3
Promoter | ER Retrieval FPUTR Sﬁ}rifl;i“;?p é;;?gii Silencing
pMSCV wildtvpe absent fow-medium 32-41% 4-6 weeks
pMSCV wildtype wildtype low 40-60% 4-6 weeks
pMSCY natated wildtype medium 25-33% 4-6 weeks
pMSCY™ wildtype absent fow-medium 35-42% None @ 12 mo
pMSCY™! mutated mutated high 0-8% None @ 5 mo

[80134] Previous studics showed that the mutated MSCV promoter, M-U3/R, avoided
silencing pressure through 10 weeks of culture. Our studics showed that M-U3/R resisted
silencing after § year of continuous culture, superior to the wildtype promoter which was
silenced by 4-6 weeks of culture. Moreover, mutation or deletion of the 3° UTR enhanced
HLA-G surface expression, as did mutation of the ER retrieval motif Higher HLA-G surface
expression negatively correlated with eytotoxic lysis, reinforcing the toportance of

employing an optimal gene delivery construct.
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Exampie 2 Culture and Differentiation of Human Embryvonic Stem Cells inte Human

Enidermal Provenitors (hEEPs)

[B8115] Al fissue culture reagents were from Life Technologics unless otherwise specified.
HSC growth mediom contains DMEM/F 12 (1:1) supplemented with 20% knockout serom
replacement, 0.1 mM MEM non-essential amino acids, 1 mM GhitaMax, 0.1 mM
B-mercapioethanol (Sigma). ESC growth mediom was conditioned by plating mitotically
inactivated mouse cobryonic fibroblasts (MEFs) (CF-1, ATCC) at 2 density of 5x10°
cells/cm” and incabating for 18-24 houss. After conditioning, 4 ng/m! bFGF was added and
complete conditioned medium was sterile filtered. hESCs was subculiivated every 5-6 days
{1:3 or 1:4 split) on Matrigel-coated plates using 1 mg/mi Dispase to remove cell colonies.
K14'/p63" hEEPs were generated according to the method of Metallo ef af supra. Briefly,
hESCs were cultured in 6-well plates for 4 days and then treated with 2 ml/well of
differentiation medivm, comprised of unconditioned hESC growth medium containing 1 pM
all-trans retinoic acid (Sigma) and 25 ng/mi BMP4. After daily medium changes for 7 days,
cells were treated with dispase, centrifuged, and resuspended in defined keratinocyte serum-
free mediun (DFSM) and seeded on gelatin-coated plates at a split ratio of 113, DSFM is
changed every other day for 3-4 wecks. Cells were then subcultured by frypsinization,
centrifuged, washed, and plated at 10,000 colls per cm? on gelatin-coated tissue culture plates
m DSFM. After 14 days in defined keratinocyie senvm-free mediumm, early signs of
epidermal differentiation was observed by microscopy as characterized by the formation of
an opidermal sheet structure. After four weeks of culturing, cells in epidermal sheets
displayed typical epidermal differentiation phenotype with cubic morphology.

[80136] Isclation of total RNA from cells and reverse transcriptase reactions were described
previously in Zhao ot al (2010), Tissue Fng Part 4, 16(2):725-733. Specific PCR
amplification was performed in the Hybaid Omnigene thermal cyeler (Bio-rad, Hercules, CA)
using specific primers of the genes of nterest as shown tn Fig. 12. PCR conditions consisted
of 35 cycles at 94 °C for 30 s, 65 °C for 1 min, and 72 °C for 1 min with a final extension at
72 °C for 10 min. Ten pd of cach PCR product was detected by ethidivm bromide gel
clectrophoresis. The Fig. 12 data indicates that the epidermal differentiation markers K14,
Tap63, and ANp63 were graduoally enhanced during differentiation. In data not shown here,
mmunefluorescence studies of K14 and additional epidermal markers p63, CD29, and
CD49f were conducted. Differentiated eHLA-G(EF-1a)-GFP hEEPs were positive for K14,
63, C29, and CD49f protein expression as indicated by immmurcfluorescence.
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[881171 To verify that epithelial monolayers were > 80% purity and express K14, celis
were subjecied to flow cytometry according to the method of Metallo e af supra, and
analyzed on a BD FACS Canto 11, The impact of cHLA-G transgene expression (cHL A-

G(EF 1-0)-GFP-hESCs) on hESC differentiation into EPs {epidermal progenitors) was
assessed by comparing the degree of K14 positivity for wildtype, G, and G -hEEPs. To
enhance purity of isolated hEEPs, cells were sorted using magnetic activated cell sorting
{(MASC)Y with CD29 antibodies. About 92 percent of CD2% MASC sorted hEEP cell culture
cells differentiated from eHLA-G(EF-10}-GFP modified hESCs were positive for K14, a
specific keratinocyte marker. Purified hEEPs exhibited homologous keratinocyte
morphology as shown by phase contrast microscopy (see Figure 16).

{80118} The stability of the HLA-G transgene in differcntiated hEEPs was confirmed by
flow cytometry. Both HLA-G total expression and surface expression was robust for
differentiated eHLA-G(EF- 1a)-GFP-hEEPs (greater than 90% of cells) as compared to
control cells with no exogenous HLA-G (GFP only hEEPs) and wild-type hEEPs (see Figure
17).Cmly clones that vield a similar differentiation potential as wildtype celis were selected
for further study.

Example 3 eHLA-G Constract Desion and Stable Expression in hESCs

[88119] A vovel HLA-G construct was designed by combining multiple modifications: 1}
otation of HLA-G’s ER retrieval motif (K334A/K335A); and 2) mutation of HLA-G's 37
UTR microRNA binding sites. Since viral gene delivery systems remain a serious regulatory
challenge, the PiggyBac system was osed, a transposon-based, nonviral approach that was
recently shown to achicve 8 90% transfection efficiency in H1 hESCs (Lacoste er of (2009),
Cefl Stem Cell, 5:332-342.). This system requires a donor plasmid containing the transposon
(Fig. 1A) and a helper plasmid expressing the wansposase (Fig. 2}, To generate helper
plasmids, the ePiggyBac codon humanized transposase ¢DNA was custom synthesized
{GeneArt) and then cloned in pBluescript (Stratagene) downstream of a PGK promoter and
upstream of an SV40 pelyadenylation signal sequence (pA). For the eHLA-G expression
cassette, muhtiple promoters were compared including the M-U3/R promoter, MSCV
promoter, and the Chinese hamster EF la (CHEF-10) promoter, the sequence of which is
provided below as SEQ 1D NO:6.
(SEQ 1D NO:6)-one embodiment of the CHEF-1o promaoter
GOGATGGCOGGOCTCACGTCGOCAGGTCGGCCTCCACGGGAAGGGACACCCGGATC
TCCACACAGCCTTGGCAGTGGAGTCAGGAAGGGTAGGACAGATTCTGCACGCCT
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TCTTAQGCCAGTCCTCACCGCCCCACCCCCOATOOAGCCGAGAGTAATTCATACAA
AAGGAGGGATCGCCTTCGCCCCTGOGAATCCCAGGCGACCGTCGUTAAATTCTGG
CCOGCCTCCCAGCCCGGAACCGCTGTGCCCGCCCAGCGCGGCGGGAGGAGCCTG
CGCCTAGGOCGGATCOCOGGOUTCOGOGCOGOGGAGAGCACAAGCCCACAGTCCCCGGTCG
GTGOGOCAGGGOCOCGCTCAGCGGGUGCCCCEOAGCCAGCOCOOGGCAAACTG
GCAAAGTGOGTGTCGTGTGCTGGCTCCGCCCTCTTICCCGAGGGTGGGGGAGAALG
GTATAAAAGTGCOGGTAGTCGCGTTGGACGTTCTTTTTCGCAACGGGTTTGCCETC
AGAACGCAGOTCAGTGGCGOOTOTCGCCTCCGCGGGCCCOGOGGCTCCCTCCTTTO
AGUGGGCTCOCACCGCCGTGCGOOTETCGTCGGCCGGOCTTCTCTGCCAGCGTTC
CCOCCCTGOATOGCOOGCTOTOCGGUAGGGCCAGGGGGUGAGGCCTGGCGGCG
GCCCCGRAGCCTCOCCTCOTOTCGOGGCOTGAGGCCTAGCGTGGCTTCCGCCCCGC
CGCOGTCCCACCGCOGGCCGCGCTTTCCTGTCTGCCCGGCTGCCCTCGATTGCCTGC
CCOUGOCCCOOGLECAACAAAGGCGAGGGUGTGCGAGCTGGCTGUTAGGUAGCCCC
GTAGTCCGCATGTCGGGCAGOGGAGAGCGGCAGCAGTUGGGGGGGGGACCGAGT
CCGCCCOTCCCOGCAGCACATOTCCOACGCCGCCTOCACGGOGTAGCOGGCCTGTOTC
CTGATAAGGCOGCCOOGGCOGETOOOTTTITAGATGCCOGOGTTCAGGTGGCCCCGGO
TCCCGGCCCOOTCTOGCCAGTACCCCOTAGTGOUTTAGUTCCGAGGAGGGUGAG
CCCOCCCOGCCCCOGCACCAGTTGCOGTGCGCGGAAAGATOGOCCGCTCCCGGRCCCT
GTAGCAAGCAGCTCAAAATGGAGCACGCOGCAGCCCGGCGCAGCGGOOCGAaT
GAGTCACCCACACAAAGGAAGAGGOCCTTGCCCCTCOCCGGCCOGUTGCTTCCTGT
GACCCCGTGGTGTACCOGGCCGCACTTCAGTCACCCCGGGCGUTCTTTCGGAGCAL
COCTOOCCTCCOCTGOGOEOAGCGGOGATCTCTCTAATGGCCGTTCGOGAGTITGCTCACA
TTTGCTGGGTGUAGACTOTAGCCAGGCCAGCCTGUGCCATGGAAGTAATICTTGGA
ATTTOCCCATTTTGAGTTITGGAGCCGAAGCTGATTGACAAAGCTGCTTAGCCGTTC
AAAGOTATTCTTCGAACTTTITTTTTTAAGGTGTTGTCGAAAACCACCG

[88128] To gencrate the donor plasmid, TS3IC/C136T mutant 57 terminal repeat (TR) 0of 313
bp and 3” TR of 235 bp (as described in Lacoste supra) was custom synthesized and cloned
upstream and downstream, respectively, of the following expression cassette: eHLA-G, a 250
bp chicken B-globin HS4 core insulator (Recillas-Targa ef o7 (2002), PNAS US4, 99:6883-
68338}, EGFP, and pA. HS4 was used to prevent spreading of vepressive chromatin into the
integrated construct. EGFP expression was driven by the phosphoglycerate kinase (PGK)
promoter {see Fig. 1A).The sequence of the H54 element is shown below ag SEQ 1D NG:7.
{(SEQ 1D NO:T) one embodiment of the HSF element

3
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CAGCTCACGGGCACAGCCCCCCCCCAAAGCCCCCAGGGATOTAATTACGTCCCT
CCCCCGCTAGGGGGCAGCAGCCAGCCGLCCGOOGEITCOOUTCCOUGTCCGGCGCT
CCCCCCOCATCCCCOAGCCOGCAGCOTGCGUGGACAGCCCGOGCACGGGGAAGG
TGOCACGOCGATCGCTTTCCTCTGAACGUTTICTCGUTGCTCTTTCGAGCCTGCAGAC
ACCTGGOGOATACGGGUGAAAAAGCTT

168121} The copty vector donor plasmid (HLA-G') was identical to the eHLA-G donor
plasmid ocxeept the cHLA-G construct is excluded (Fig. 1B). Prior to gene transfer, hESCs
were treated for 1 br with 10 aM Y-27632, a ROCK inhibitor shown to substantially reduce
dissociation-induced apoptosis and increases cloning efficiency (Watanabe er «f (20073, Nat
Bictechnol, 25:681-686. hESCs were disseciated in 0.25% trypsin-HDTA at 37°C for five
minutes, washed in conditioned mTeSR medium plus Y-27632, and resuspended in
nucleofection sohution L (Amaxa). 3 ug of helper and 6 ug of transposon donor plasmids
were added per 1.5 x 10° cells, and nucleofection was performed with program setting B-016.
hESCs were then plated in CM plus Y-27632 at 2 x 10° cells per 6 em dish for clonal
selection. After 24 hours, the culture mediuim was changed to CM alone, then change daily
thercafter. Clones with the highest dual expression of tdT/eHEA-G were selected using
fluoresconce microscopy tather than via antibiotic resistance or flow cytomeiry since
transgene silencing is frequent n hESCs and only a fraction of single transgenic cells gives
rise to a marked cell line (Braam ef of (2008), Nat Methods, 5:389-392),

Example 4 Assessment of the ePicovBac Gene Delivery Svstem

[66122] cHLA-G transfection cfficiency was determined by plating transfected celis in CM
plus Y-27632 at 2 x 167 cells per 6 ¢m dish for 24 hours, then changed to CM alone. Mediom
was then changed daily for seven days, and colonies were evaluated by hve cell staining and
inmnuncfluorescence microscopy, as discussed i Example 5. For each clone, three high
power fields were counted and the percentage of reporter protein' /eHLA-G' hESCs was
calculated. Resolts of this experiment are shown in Figs 3-4. The eHLA-G insertion site was
determined using a plasmid rescue strategy as described in Lacoste ef of supra. Briefly,
genomic DNA was (sclated from transgenic hESC clones and digested with
BamHI/Bglli/Not], self-Hgated at low concentration with T4 DNA higase overnight at 16°C,
precipitated with 100% isopropanol, and washed with 70% ethanol before transformation in
DH10B Z. cofi and selected on ampicillin. eHLA-G copy number was determined using
SplinkTA PCR. Standard G-banding was performed every 20 passages to assess karyotype
stability. cHLA-G and reporter protein gene silencing were assessed every 10 passages using
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flow cyvtometry. Prior to dissoctation and analysis, hESCs were treated for one hour with
10 uM Y-27632. Cells were then dissociated with 0.23% trypsin-EDTA at 37°C for five
minutes, washed in CM plus Y-2763Z, resuspended in ice-cold PBS containing 0.1% BSA
and 0.5 ;M EDTA, and then analyzed using a B FACS Canto U flow cytometer (Becton
Dickinson). As shown in Figs. 8 and 9, at passage 16, essentially no silencing of EGFP or
eHLA-G expression was observed. Phuripotency was assessed every 20 passages by
imnnmocytochemical detection of the following: 1) pluripotency markers Oct3/4, S5EA-4,
Sox2 and Nanog (Figs. § and 6), 2) reporter protein /eHLA-G embryoid body formation
{Fig. 7y, and 3} the endodermal marker Gata 6, mesodermal marker muscle actin, and
ectodermal marker neurofifament heavy chain in differentiated transgenic hESCs {data not

shown}, all using a Leica CTRA300 fluorescent microscope. All antibodies were from Abcam

unless otherwise specified.

Example § Cell Surface Localization of eHLA-G and Other HLA proteing

[86123] Live cell staining was used to detect cell surface HLA class 1a, HLA-E, eHLA-G,
and HLA class U expression in fransgenic versus wildtype hESCs and hEEPs. Briefly, cells
were harvested and washed in cold PBS, stained with the corresponding 1° mAb in PBS
containing 10% goat serum and 3% BSA for 60 min at 4°C, washed, fixed with 1%
paraformaldchyde for 10 min, and subsequently stained with a goat anti-mouse IgG
conjugated with FITC for 30 minutes at 4°C. Control aliguots w stained with an isotype-
matched IgG to evaluate nonspecific binding to target cells. Each antibody (MEMG/ for
HLA-G, MEM-E/08 for HLA-E, Bu® for HLA class Ia, and HKB1 (Abbiotec, San BHego,
CAY for HLA class 1T} was first tested at several dilutions in order to determine the optimal
conditions for achieving specific-only binding. After staining, cells were smeared on a glass
slide, allowed to air dry, and then mounted with anti-fade media containing DAPT (Vector
Laboratories). Slides were observed immediately under a Leica CTRG500 fluorescence
microscope.  As shown in Figs 5 and 10, expression of HLA-A B,C; HLA-E, HLA-DP, DQ,
DR, and B-microglobulin were similar in wildtype and ¢HLA-G modified human ES cells,
whereas an approximately seven-fold higher level of HLA-G expression was observed in the
cHLA-G modified human BS cells.

Example 6 Assessment of eHLAAG Expression on NK-92 Cell-Induced Cvistoxicity

[#0124] cHLA-G-expressing hESCs were coltured and differentiated into hEEPs as
described in Example 2. NK-92 cells (CRL-2407, American Type Culture Collection,

Manassas, VA) were cultured in Miniowm Hssential Medium Alpha Medium (o-MEM,
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Invitrogen) supplemented with 12.5% FBS, 12.5% horse serum, 0.2 mM inositol, .1 mM B-
mercaptoethanci, 0.02 mM folic acid and 100 IU/ml recombinant {L-2 (Sigma)at 37 °Cina
3% CO, humidified incubator,

[B8125) Cytotoxicity was performed using a CytoTox96 Non-Radicactive Cytotoxicity
Assay Kit (Promega, Madison, WI) as the protocol instructed. Briefly, effector cells were
mixed with $x10° target cells at various NK-92 {Effector or “E”) to hESCs or hEEPs {target
or “T7) BT cell ratios in U-bottom 96 well plates (Costar, Cambridge, MA). After 4 hat 37
°C in a humidified $% CO; incubator, 50 ul of the supernatant was collected to determine the
LEH release. Target cell spontancous release and maximal refease of LDH and the effector
cell spontancous release of LDH were determined by incubating these cells in medium alone.
Each assay was performed n triphicate and the results were expressed as percentages of lysis
%. The percentage of specific lysis was determined as follows: (experimental release -
effector spontancous release - target spontancous release / target maximum release - target
spontancous release) x 100, Tn all experbments spontancous release was < 10% of maximur
release.

[668126] AsshowninFig. 11, at an E:T ratio of 1:10, killing of eHLA-G expressing hESCs
was reduced by over 50% relative to wildtype cells expressing GFP alone. Atan EI'T of 1:30,
Ialling of eHLA-G expressing hESCs was reduced by approximately 75%. Wildtype hESCs
arc killed at a reasonable rate as shown for both E:T ratios (GFP alone). Further, it was
shown that expression of the 37 UTR {Del 14 bp) HLA-G alicle in K562 cells resulis in
dindnished NK cell-induced cytotoxicity relative to that observed in K562 celis expressing
the (Ins 14bpy HLA-G allele, as well as in vmnodified KS62 cells. See Fig. 13.

{88127} The results of Figure 11 were repeated and confirmed in additional NK cyiotoxicity
experiraents. As shown fo Figure 18, killing of eHLA-G(EF-1a)-GFP-hESCs was reduced
more than 100% as compared to controls hESCs that contained only a GFP transgene (no
HLA-G transgence). This data shows that HLA-G transgene expression imparts
immunosuppressive and/or reduced immvimogenicity characterstics in hESCs.

[B6128] NK cytotoxicity experiments were also conducted on hEEPs differentiated from
hESCs. As shown in Figore 19, killing of cHLA(EF-10)-GFP-hEEPs differentiated from
eHLA{EF-10)-GFP-hESCs was reduced well more than 100% (about 3-fold) as compared {o
control hEEPs. This data shows that eHLA(EF-1w)-GFP transgene is stable and persistent
throughout the process of differentiation, and that HLA-G expression is able to impart

mmmunosuppressive and/or reduced mmunogenicity characteristics in differentiated cells.
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Example 7 Determination of the Immunosenicity of e-HLA-G Cells fn Fivo by

Allpgrafts in Humanized Mice

(681291 A bumanized mouse model with human peripheral biood lymphoceytes (Hu-PBL-
NSG), but not wildtype mmunodeficient NSO mice, was recently shown to reject
mismatched human islets within 1-2 weeks post-transplantation (King et of (2008}, Clin
Immunol, 126:303-314). Although graft-versus-host-disease (GVHD) sets in at 4-5 weeks,
graft survival is monitored uniil cuthanasia criteria are met. The presence of ondy lower levels
of GVHD allows us to extend our observation window. N3G mice (females at six weeks of
age) were purchased from Jackson Laboratory and bandled in accordance with the guidelines
of the Institutional Animal Care and Use Committee and the recoromendations in the Guide
for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources,
National Resecarch Council, National Academy of Sciences). Functional humanized NSG
mice were gencrated by intravenous injection of about 20 x 10° human PBMCs into NSG
mice according to (Pearson ef af (2008), Curr Protoc fmmunol, Che 15:Unit15.21; and King
et af supra). Engrattment was verified at about four weeks by collecting blood from the
retroorbital venous plexus of anesthetized mice using EDTA-coated capillary tubes
{Dvunvmoend Scientific and EDTA-treated 1.5 ol tubes (Eppendorf). Cells were then
processed for human CD45 posttivity by FACS analysis according to King et af supra.
Levels of haman (D45 cells reaching 0.1% in the blood at four weeks is considered a
successtul engrafiment and allows allorcicction studies.

[68130] The hESC and hEEP culture systems that are typically used exposce cells to
immunoegenic animal derivatives such as the sialic acid NeuSGe (Martin ef af {2005}, Nat
Med, 11:228-232). Thus, a decontamination step can be added that was recently shown to
significantly reduce NeuSGce levels (Heiskanen ef af (2007, Stem Cells, 25:197-202). hESCs
can be decontaminated of NeuSGce using two approaches: 1) culturing in TeSR1 media
supplemented with bFGF, LiCL GABA, and pipecolic acid on human matrix coated plates
according to the method of Ludwig ef af (2006), Nat Bictechnol, 24:185-187, and 2) KSR
replacement by heat-inactivated blood group AB RI human serum (Heiskanen ef af (20073,
Stem Cells, 25:197-202. hESCs cultured under both methods can be assessed by incubation
with anti-NeuSGe mAD and analyzed by flow cytometry. The second approach may be
adopted, as the method of Ludwig er of may require hESC adaptation. hEEPs are cultured in

DESM that lacks animal derivatives per its manufacturer.
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{88131} The objective of performing allografis with HLA-G modified cells is to assess
whether HLA-G expression reduces immunogenicity as indicated by an increase in tumor
size. Prior to transplastation, the mtonded injection site was shaved to facilitate clinical
observation. Animal guidelines including appropriate use of anesthesia were followed at all
times. § x 10° transgenic eHLA-G" and HLA-G hESCs were resuspended in 100 ul of the
appropriatc media containing india ink to mark the injection site. This facilitates histological
assessment should msufficient fluorescence be observed. Cells were tjected subcutanecusly
into the thoracic mammary fat pad of five 3-month old Hu-PBL-NSG mice. The resolts of
these allografts are shown in Figures 20 and 21, The “G0” hESCs are the control ESCs that
do not contain an cHLA-G transgene, but rather only GFP. “mG1{#1Y” and “mG1{(#2)”" refer
to two different eHLA-G(EF-10)-GFP nucleofected hESC clones. The GO, mGi(#1), and
m{31{(#2) tumors, as shown m Figure 20, were measured and weighed. The GO hESCs
formed a tumor with a volume of 126.9 cabic milhimeters and a weight of 32 milligrams,
The mGi(#1) hESCs formed a tumor with a volume of 748.4 cubic millimeters and a weight
of 318 milligrams. The mG1{(#2) hbESCs formed a tumor with 2 volume of 1116.7 cubic
millimeters and a weight of 675 milligrams.
168132} Figurce 21 shows the averaged results of tumors from bESC allografis onto five
humanized N5G mice. The data shows that HLA-G nucleofected hESCs ("mG1”) formed
much larger (more than 3-fold by volume) and heavier (more than 2-fold by weight) nimmors
than wild-type hESCs (G0} transplanted into humanized NSG mice. Thus, the data
indicates that cHLA-( transgene expression can provide reduced immunogenicity and/or
increased tmmnunosuppression. This supports the general application of the cHLA-G
transgene constructs described herein for modifying any desived cell-type into a universal or
superior allogenic dongr for therapy, transplants, tissue repair, cell and tissue substitutes, and
the like.
1668133} The above-described allograft experiments with bumanized NSG mice can be
condacted with any eHLA-G modified cell-type that actively proliferates or can be indoced to
proliferate.
[68134] Inadduion, allografts in bumanized mice can be monitored using a Spectrum In
Vive Imaging System (Caliper, Mountain View, CA) with a 620 nm emission filter and 2.5
second exposure time. At wavelengths of 620 nm or greater, the autofhuorescence
experienced with GFP is climinated and signal can be detected as deep as 2.5 cm beneath the
surface of the skin {Shaner ef o/ (2004), Nat Biotechnol, 22:1567-1572). Mice arc

8

(43



WO 2014/022423 PCT/US2013/052767

longitudinally tmaged and weighed on a weekly basis. If no signal is observed during the four
week period, mice are sacrificed and the injected thoracic mammary fat pad is assessed
histologically using fluorescence nricroscopy to detect the fluorescent reporter protein used.
In all cases, upon sacrifice of mice, tissue is stained with hematoxylin and eosin to assess for
teratoma formation and immune rejection. Immunohistochemistry is also be performed to
detect human B2 microglobulin (PBMCs, hESCs, BEEPs) and CD45 (PBMUUs), with the latter
serving as a supplemental measure of tamune cell fnfiltration of the allografi. Slides are read
by an expert pathologist blinded to the experimental conditions.

Examuple 8 Assessment of the Tumorisenicity of eHEA-GH- and HEA-G-hEEPs

[68135] The tropact of cHLA-G tropact on hBEEP tumorigenicity is asscssed by imjecting
transgenic ' and non-transgenic G -hEEPs using a similar protocol as discassed in

Example & except that cells are transplanted into non-humanized NSG mice. A total of 14
mice are mounitored using longitudinal fluorescent Hive animal imaging and weight assessment
o a mounthly basis for up to the carlier of nine months or meeting cuthanasia criteria. Mice
are then sacrificed and the injected thoracic marmary gland harvested in 4% neutral-buffered
paraformaldehyde. Fixned tissue is transferred to 709 ethanol and embedded in paraffin.
Sections are stained with hematoxylin and cosin and processed for fluorescent reporter
protein microscopy. If the tissue sections are found to be reporter protein-negative, they will
are stained using mAbs specific to human B2 microglobulin and CD435, with the latter serving
to ensure the presence of non-PBMCs at the injection site.

[88136] The statistical significance of independeont means 1s assumed for p values of < 0.05.
Two-sample mean comparisons are determined using a Student’s t test. Comparisons of three
Of IOTe means are made using one- or two-way analyses of variance, and Bonferroni’s post-
hoc test. All measures of variance arc presented as standard error of the mean. A linear
regression 1s performed to compare the relationship between in vitro and in vivoe data to
determine if the former has predictive value towards human allograft rejection i the Hu-
PBL-NSG mouse model that is used in this study. For example, the percentage increase in
alloproliferation in vitro will be regressed against the PBMUC-matched pair used in the in vive
phase {output is the level of reporter protein fluorescence at four weeks post-transplantation).
A successful outcome here is a high R value and negative slope coefficient, suggesting that
eHLA-G expression leads to increased engraftment. Such an interpretation is contingent on a
high covrelation between eHLA-G expression and reporter protein positivity in the clones
selected for use in the in vitro and in vivo studies.

9
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Example @ Iimmunosuppression and nmunogenicity Assessment of eHLA-G Stably

Transfected into Fully Differentiated Fibrohlasts

1668137} The eHLA-G{EF-10)-CFP transgene and control constructs were transfected into
human newbom dermal fibroblasts (a cell-type that is already fully differentiated) using
nucleotection. Human newborn dermal fibroblast cells (HFD3) were purchased from ATCC
and cultored in Iscove's Modified Dulbecco’'s Medium (IMPM) (ATCC) supplemented with
10% FBS and 1% PS (Tovitrogen). When the cells reached 80% confluence, colls were
harvested by incubating with 0.25% Trypsin-EDTA (Invitrogen) for 3 munute at 37°C. Cells
were counted and 0.5x10° were centrifuged and resuspended in human dermal fibroblast
nucleofection solution { Cat. No, VPD-1001, Lonza, Walkersville, MD}). Helper and
transposon plasmids were added to the cell suspension, and mucleofection was performed
with program setting U-020 according to the manufacturer’s protocol {(Lonza). Cells were
then plated in 6-well plates and incobated in humidified 37°C/5% CO» for 24 h. After 24 h,
the stable transfected cells were selected with 1 pg/ mil puremyein (Sigma) 7 days. Stable
GFP-posttive cells were maintained in 500 ng/md puromycin and HLA-G and GFP cxpression
were detected with flow cytometry. Stable transfectands were maintained in culture for use in
peripheral blood mononuclear cell (PBMC) proliferation assays and NK-92 eytotoxicity
assays as described below.

[B8138] FPBMC proliferation assays. Humsan dermal fibroblasts stably transtocted with the
eHLA-G{EF-1¢)-GFP transgene (“HFD-m1-GFP” cells) or GFP-alone control construct
(“HFD-GO-GFP” cells) were assessed for their ability to mhibit PBMC proliferation. HFD-
GO-GFP and -mG1-GFP cells were inactivated with Mitonyein € (10 pg/mi for 2.5 b} and
seeded at 3.0x10%well in 96-well plate and aliowed to adhere for 24 h. 1x10° PBMC in the
presence of 6 ug/mi PHA were added in triplicates in the corresponding HFD cells. HFD-
GO-GFP and —G1-GFP cells alone were included for MTT-0D comrection. (MTT  is a
pale yellow substrate reagent that is cleaved by living cells to vield a dark blue formazan
product. This process requires active mitochondria, and even freshly dead cells do not cleave
significant amounts of MTT. MTT therefore provides a colorimetric assay that can be used
for either proliferation or cytotoxicity assays.) PBMC without PHA and PBMC with 6 pg/ml
of PHA were included as controls. Co-cultures were incubated for 3 days and PBMC-
profiferation was estimated using MTT reagent using the following formuda: % PBMC

proliferation = [(ODS70 of HFD/PBMC/PHA ~ QDST0 of HFDY (OD570 of PBMC/PHAS]
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x 18, As shown in Figure 22, the HFD-mG1-GFP clone “mG1-R17 sappressed PBMC
proliferation greater than controls and other clones, indicating that cxogenous HLA-G
expression can provide imumumosuppression and/or reduced immunogenicity for difforentiated
cells, such as fibroblasts.

1881381 NK-92 cviotoxicity Assays. The assays were performed substantially as deseribed
previously. Briefly, 2.5x10" target cells (i.e., HFD-m1-GFP cells or HFD-GO-GFP cells)
were incubated with NK-92 cells at 3:1, 16:1, 30:1 E:T ratio in CTL media for 7 hr. KS562-
WT cells were included as positive control for NK-92 cytotoxicity, Cytotoxicity was
determined with a CytoTox®6 cyiotoxicity assay kit. The percentage of specific lysis was
determined as follows: % specific lysis = [{experimental LIDH release - effector spontancous
release - target spontancous release) (target maximum release - target spontancous release)]
x 100, As shown in Table 4 below, the HFD-mG1-GFP clones “mG1-R1” and “mG1-#1”
suppressed NK-92 cytotoxicity greater than controls and other clones, indicating that
exogenous HLA-G expression can provide omunosuppression and/or decreased
npwmogenicity for differentiated cells, such as fibroblasts.

[60148] Table 4: Cytotoxicity of NK-92 Against HFD-GO and HFD-G1T Target Cells

Target ool B cybotoniity

2.5210% g

e O ST BOTIETY -
HFD-G-{}EFE EO G {18

HFD_*G?ﬁB ...... G .......... ...... 3 . ........... {‘ ................
HFELWG?-RQ ..... 2 .......... ...... S BRI ........... s ......
K562-WT X : 38 {44
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CLAIMS
In the claims:

1. A genetically modified mammalian cell that has reduced immumogenicity and/or
mproved immunosuppression as compared to the mammalian celf without said
genetic madification, wherein:

(i) the genetically moditied mammalian cell comprises an exogenous nucleic
acid comprising: (a) a nucleic acid sequence encoding an HLA-Q protein having an
aming acid sequence at least 95% identical to consensus wild-type human HLA-G, and
comprising one or more anyinoe acid vurtations that reduce retention of HLA-G in the
endoplasmic reticulum-golgi recycling pathway; and (b} a 37 antranslated region (UTR)
that is at least 5% identical to the 3” untranslated region sequence of the consensus wild-
type human HLA-G gene and does not comprise SEQ 1D NO4; and

(i1} the encoded HLA-G protein is expressed by the genetically modified

mammalian cell for at least seven weeks.

2. The genctically modified manmmalian cell of claim 1, wherein the HLA-G protein is

expressed for at least 20 weeks,

3. The genetically modified mammalian cell of claim 2, wherein the HLA-G protein is

expressed for at least 50 weeks.

4, The genetically modified cell of ¢claim 1, wherein the one or more amino acid
ravitations that reduce retention of HLA-G in the endoplasmic reticuluom-goigi
recycling pathway comprise a K334A mutation, a K335A mwtation, or both

mutations.

The genctically modified mammalian coll of claim |, wherein the nucleic acid

N

sequence encodes an HLA-G protein with an amino acid sequence of SEQ 1D NG:2.

6. The geoetically moditied mammalian cell of claim 1, further comprising an
Elongation Factor-1 alpha (EF-1a) promoter, wherein the nucleie acid sequence

encoding the HLA-G protein is operably linked to the EF- 1o promoter.
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The genetically modified mammalian celi of claim 6, wherein the EF-1a promoter

comprises the sequence of SEQ 1D NG:7.

8. The genetically modified mammalian cell of claim 1, wherein the 3° UTR compriscs

SEQ ID NO:3.

8. The genetically modified mammalian cell of claim 1, wherein the nucleic acid
sequence encodes an HLA-G protein with an aming acid sequence of SEQ 1D NO:2,
wherein the 37 UTR comprises SEQ 1D NO:3, and further comprises an EF-1a

promoter comprising SEQ 1D NO:7 that is operably linked to the nucleic acid

encoding the HLA-G protein.

10. The genetically modified cell of claim 1, wherein the expressed HLA-G 1s present on

the cell surface of the genctically modified mammalian cell.

11. The genetically moditied mammalian cell of claim 1, wherein the modified

mammahian cell is a2 human cell.

12. The genetically modified mammabian cell of claim 1, wherein the genetically
madified cell is a stem cell, a progenitor cell, a cell obtained by in vitro differentiation
of the stem celi or the progenitor cell, a fully differentiated cell, an epidermal
progenitor cell, a pancreatic progenitor cell, a hematopoietic stem cell, a keratinoeyte,
a fibroblast, a hepatocyte, a mesenchymal stem cell, a cardiomyoeyte, a neural stem

cell, a neoron, or an astrocyte,

13. The genctically modified mammalian cell of elabm 1, wherein the genetically
madified cell is a human embryonic stem cell, a human mesenchymal stem cell, ora

human embryonic epidermal progenitor cell.

14. The genetically modified mammalian cell of claim |, wherein the genetically

modified cell is a hurnan dermal fibroblast,

15. The genetically modified cell of claim 1, wherein the reduced immunogenicity and/or
improved inmumosuppression of the genetically modified cell as compared to the
mammalian cell without said genetic modification is detormined by either: (1) a

reduction of NK-92 cytotoxicity of the genetically moditied cell as corapared to the
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mammalian cell without said genctic modification, (2} a reduction of in vitro
peripheral blood mononuchear cell proliferation of the genctically modified cell as
compared to the mammalian cell without said genetic modification, and (3} an
merease in the size and weight of tumor formation by the genetically modified cell as
compared to the mammalian cell withoot said genetic modification in humanized

NSG mice.
16. An srtificial tissoe comprising the genetically modified mammalian ccli of claim 1.

17. A skan graft, repair, or regeneration composition comprising the genetically modified

mammalian cell of claim 13 or claim 14.

18. The genetically modified mammalian ccl of claim 1, wherein the exogenous nucleic

acid is an cxpression vector.

19. The genctically modified mammalian cell of claim1¥, wherein the mammalian

C’.X})TCSSiOﬂ veetor is a fransposon vector,

20. The genetically modified manmahan cell of clatm 18, wherein the vector further

comprises a nucleic acid sequence encoding a reporter protein.

21. An isolated nuclheic acid comprising :
(1) a first nucleic acid sequence that encodes an amine acid sequence at least
95% identical to human HLA-G, wherein the amino acid sequence compriscs a mutation
that reduces retention of HLA-G in the endoplasmic reticulum-golgi recycling pathway;
and

(i1} a second nucleic acid sequence that is at least 95% identical the 3°
untranslated region sequence of the human HLA-G gene and operably linked to the first
nucleic acid sequence, wherein the second nucleic acid sequence comprises af least one
mutation that inhibits binding of 4 cognate muicroRNA to an mRNA comprising the

mutated binding site within its 37 untranslated region.

22. The isolated nucleic acid of claim 21, wherein the first mucleic acid sequence encodes

an amino acid sequence of SEQ ID NG:2.
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. The iselated nucleic acid of claim 21, wherein the second nucleic acid sequence does

not comaprise SEQ {D N4

. The isolated nucleic acid of claim 21, wherein the second nucleie acid sequence

comprises SEQ 1D NO:3.

. A mammalian expression vector comprising the iselated nucleic acid of claim 21 and

a promoter operably Hnked to the first nucleic acid sequence, wherein the promoter s

not silenced in a stem cell or a in a cell generated by differentiation of the stem cell.

6. The mammalian expression vector of claim 25, wherein the promoter comprises the

nucleic acid sequence of the Chinese hamster EF-1a promoter.

. The mammalian expression vector of claim 25, further comprising 8 third nucleic acid

sequence encoding @ reporter protein.

. The mammalian expression vector of claim 25, wherein the mammaiian expression

vector is a fransposon vector,

A manimalian cxpression vector comprising: {(a) a Chinese hamster EF-1 o promoter,
{b} a mucleic acid sequence that is operably linked to the promoter and that encodes
human HLA-G with an amine acid sequence of SEQ D NO:2, and {(¢c)a 3°UTR

sequence comprising SEQ 1D NG:3.

. A genctically modified mammalian cell comprising the mammalian expression vector

of claim 29.

A universal method of cellular or fissue repair or regeneration to a subject in need
thereof, the method comprising injecting, toplanting, or grafting to the subject a
cellular or fissue composition comprising a population of genetically modified cells of
claim 1, wherein the subject has at least one mismatched classical HLA class 1 or
BHLA class Il molecule as compared to the population of genetically modified cells,
and wherein the population of genctically modified cells exhibits reduced
immuonogenicity and/or improved immunosappression as compared to cells of the

same-type without the genctic modification.

4
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34.

39.

40,

. The method of claim 31, wherein the at least one mismatched classical HLLA class {or

HIA class I molecule is selocted from the group consisting of HLA-A, HLA-B,
HLA-C, HLA-DP, HLA-DQ, and HLA-DR.

. The method of claim 31, wherein the subject has no matches with the genetically

modified cells with respect to HLA-A, HLA-B, HLA-C, HLA-DP, HLA-D(@, and
HLA-DR.

The method of ¢laim 31, wheretn the reduced immunogenicity and/or improved
immunosuppression is determined by an NK-92 cytotoxicity assay, a humanized NSG

tamor growth assay, and/or a peripheral blood movonuclear cell proliferation assay.

. The method of claim 31, wherein the population of genetically moditied cells

comprises a population of human dermal fibroblasts.

. The method of clatm 31, wherein the population of genctically modified cells

comprises a population of lumman epidermal progenitors,

. The method of claim 31, wherein the population of genetically modified cells

comprises a population of human embryonic stem cells.

. The method of claim 31, wherein the population of genetically modified cells

comprises a population of human mesenchymal stem cells.

The method of claim 31, wherein the population of genetically modified cells
comprises genetically modified human crubryonic stem celis that were differentiated

i vitro.

The method of claim 31, wherein the population of genetically moditied cells are not
rgjected by the subject’s immune system for at least 2, 4, 6, 8, 10, 12, 14, 16, 18, 20,

24, 36, 48, or 52 weeks,
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SEM) SEM)
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