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IMMUNOENGINEERED PLURIPOTENT CELLS
L. CROSS REFERENCE TO RELATED APPLICATIONS

|0001] Thas application claims the benefit of U.S. Provisional Application No. 62/445,969
filed on January 13, 2017.

I1. FIELD OF THE INVENTION

|0002] Regenerative cell therapy 1s an important potential treatment for regenerating injured
organs and tissue. With the low availability of organs for transplantation and the
accompanying lengthy wait, the possibility of regenerating tissue by transplanting readily
available cell lines into patients 1s understandably appealing. Regenerative cell therapy has
shown promusing initial results for rehabilitating damaged tissues after transplantation in
animal models (e.g. after myocardial infarction). The propensity for the transplant recipient's
immune system to reject allogeneic material, however, greatly reduces the potential efficacy

of therapeutics and diminishes the possible positive effects surrounding such treatments.

III. BACKGROUND OF THE INVENTION

|0003] Regenerative cell therapy 1s an important potential treatment for regenerating injured
organs and tissue. With the low availability of organs for transplantation and the
accompanying lengthy wait, the possibility of regenerating tissue by transplanting readily
available cell lines into patients 1s understandably appealing. Regenerative cell therapy has
shown promusing initial results for rehabilitating damaged tissues after transplantation in
animal models (e.g. after myocardial infarction). The propensity for the transplant recipient's
immune system to reject allogeneic material, however, greatly reduces the potential efficacy

of therapeutics and diminishes the possible positive effects surrounding such treatments.

|0004] Autologous induced pluripotent stem cells (1IPSCs) theoretically constitute an
unlimited cell source for patient-specific cell-based organ repair strategies. Their generation,
however, poses technical and manufacturing challenges and 1s a lengthy process that
conceptually prevents any acute treatment modalities. Allogeneic 1PSC-based therapies are
easier from a manufacturing standpoint and allow the generation of well-screened.,
standardized, high-quality cell products. Because of their allogeneic origin, however, such
cell products would undergo rejection. With the reduction or elimination of the cells’
antigenicity, universally-acceptable cell products could be produced. Because pluripotent

stem cells can be differentiated into any cell type of the three germ layers, the potential
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application of stem cell therapy 1s wide-ranging. Differentiation can be performed ex vivo or
1n vivo by transplanting progenitor cells that continue to differentiate and mature 1n the organ
environment of the implantation site. Ex vivo differentiation allows researchers or clinicians
to closely monitor the procedure and ensures that the proper population of cells 1s generated

prior to transplantation.

|0005] In most cases, however, undifferentiated pluripotent stem cells are avoided in clinical
transplant therapies due to their propensity to form teratomas. Rather, such therapies tend to
use differentiated cells (e.g. stem cell-derived cardiomyocytes transplanted into the
myocardium of patients suffering from heart failure). Clinical applications of such
pluripotent cells or tissues would benefit from a "safety feature” that controls the growth and

survival of cells after their transplantation.

|0006] The art seeks stem cells capable of producing cells that are used to regenerate
diseased or deficient cells. Plunipotent stem cells (PSCs) may be used because they rapidly
propagate and differentiate into many possible cell types. The family of PSCs includes
several members generated via different techniques and possessing distinct immunogenic
features. Patient compatibility with engineered cells or tissues derived from PSCs determines

the risk of immune rejection and the requirement for immunosuppression.

|0007] Embryonic stem cells (ESCs) 1solated from the inner cell mass of blastocysts exhibit
the histocompatibility antigens that are mismatches with recipients. This immunological
barrier cannot be solved by human leukocyte antigen (HLA)-typed banks of ESCs because
even HLA-matched PSC grafts undergo rejection because of mismatches in non-HLA
molecules that function as minor antigens. To date, preclinical success of PSC-based
approaches has only been achieved in immunosuppressed or immunodeficient models, or
when the cells are encapsulated and protected from the host’s immune system. Systemic
immunosuppression as used 1n allogeneic organ transplantation, however, 1s not justifiable
for regenerative approaches. Immunosuppressive drugs have severe side effects and

significantly increase the risk of infections and malignancies.

|0008]| To circumvent the problem of rejection, different techniques for the generation of
patient-specific pluripotent stem cells have been developed. These include the transfer of a
somatic cell nucleus into an enucleated oocyte (somatic cell nucleus transfer (SCNT) stem
cells), the fusion of a somatic cell with an ESC (hybrid cell), and the reprograming of somatic

cells using certain transcription factors (induced PSCs or iIPSCs). SCNT stem cells and
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1IPSCs, however, may have immune incompatibilities with the nucleus or cell donor,
respectively, despite chromosomal 1dentity. SCNT stem cells carry mitochondrial DNA
(mtDNA) passed along from the oocyte. mtDNA-coded proteins can act as relevant minor
antigens and trigger rejection. DNA and mtDNA mutations and genetic instability associated
with reprograming and culture-expansion of iIPSCs can also create minor antigens relevant for
immune rejection. This previously unknown immune hurdle decreases the likelihood of

successful, large-scale engineering of compatible patient-specific tissues using SCNT stem

cells or 1IPSCs.
IV. SUMMARY OF THE INVENTION

|0009] Hypoimmune pluripotent (HIP) cells were generated that evade rejection by the host
immune system. Syncytiotrophoblast cells of the placenta were harnessed that form the
interface between maternal blood and fetal tissue. MHC I or HLA-I and MHC 11 or HLA-II
expression was reduced. CD47 was increased. This pattern of impaired antigen presentation
capacity and protection from innate immune clearance evaded the host immune rejection.
This was shown for HIP cells and particular ectoderm, mesoderm, and endoderm-derived

cells into which the HIP cells were differentiated.

|0010] Thus, the invention provides a method of generating a hypo-immunogenic pluripotent
stem cell comprising: eliminating the activity of both alleles of a B2ZM gene 1n an induced
pluripotent stem cell 1PSC); eliminating the activity of both alleles of a CIITA gene 1n the
1IPSC; and increasing the expression of CD47 1n the 1PSC.

|0011] In a preferred embodiment of the method, the 1PSC 1s human, the B2ZM gene 1s
human, the CIITA gene 1s human, and the increased CD47 expression results from
introducing at least one copy of a human CD47 gene under the control of a promoter into the
1IPSC cell. In another preferred embodiment of the 1n method, the 1PSC 1s murine, the B2Zm
gene 1s murine, the Ciita gene 1s murine, and the increased Cd47 expression results from
introducing at least one copy of a murine Cd47 gene under the control of a promoter into the

1IPSC cell. In a more preferred embodiment, the promoter 1s a constitutive promoter.

|0012] In some embodiments of the methods disclosed herein, the disruption in both alleles
of the B2M gene results from a Clustered Regularly Interspaced Short Palindromic
Repeats)/Cas9 (CRISPR) reaction that disrupts both of the B2M gene alleles. In other
embodiments of the method, the disruption 1n both alleles of the CIITA gene results from a

CRISPR reaction that disrupts both of the CIITA gene alleles.
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|0013]| The invention provides a human hypo-immunogenic pluripotent (hHIP) stem cell
comprising: one or more alterations that inactivate both alleles of an endogeneous B2M gene;
one or more alterations that inactivate both alleles of an endogenous CIITA gene; and one or
more alterations causing an increased expression of a CD47 gene in the hHIP stem cell;
wherein the hHIP stem cell elicits a first Natural Killer (NK) cell response that 1s lower than a
second NK cell response elicited by an induced Pluripotent Stem Cell 1IPSC) that comprises

said B2ZM and CIITA alterations but does not comprise said increased CD47 gene expression,
and wherein the first and second NK cell responses are measured by determining the IFN-y

levels from NK cells incubated with either of the hHIP or 1PSC 1n vitro.

|0014| The invention provides a Human hypo-immunogenic pluripotent (hHIP) stem cell
comprising: one or more alterations that inactivate both alleles of an endogeneous B2M gene;
one or more alterations that inactivate both alleles of an endogenous CIITA gene; and an
alteration causing an increased expression of a CD47 gene in the hHIP stem cell; wherein the
hHIP stem cell elicits a first T cell response in a humanized mouse strain that 1s lower than a

second T cell response 1n the humanized mouse strain elicited by an 1PSC, and wherein the
first and second T cell responses are measured by determining the IFN-vy levels from the

humanized mice 1n an Elispot assay.

|0015] The invention provides a method, comprising transplanting the hHIP stem cells
disclosed herein into a human subject. The invention further provides the use of the hHIP
stem cells disclosed herein for the preparation of a medicament for treating conditions

requiring cell transplantations.

|0016] The invention provides a hypoimmunogenic pluripotent cell, comprising an
endogenous Major Histocompatibility Antigen Class I (HLA-I) function that 1s reduced when
compared to a parent pluripotent cell; an endogenous Major Histocompatibility Antigen Class
[T (HLA-II) function that 1s reduced when compared to the parent pluripotent cell; and a
reduced susceptibility to NK cell killing when compared to the parent pluripotent cell;
wherein the hypoimmunogenic pluripotent cell 1s less susceptible to rejection when
transplanted into a subject as a result of the reduced HLA-I function, the reduced HLA-II
function, and reduced susceptibility to NK cell killing.

[0017] In some embodiments, the hypoimmunogenic pluripotent cell 1s reduced by a
reduction 1n 3-2 microglobulin protein expression. In a preferred embodiment, a gene

encoding the -2 microglobulin protein 1s knocked out. In a more preferred embodiment, the
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[3-2 microglobulin protein has at least a 90% sequence 1dentity to SEQ ID NO:1. In a more
preferred embodiment, the -2 microglobulin protein has the sequence of SEQ ID NO:1.

|0018] In some embodiments, the HLA-I function 1s reduced by a reduction in HLA-A
protein expression. In a preferred embodiment, a gene encoding the HLA-A protein 1s
knocked out. In some embodiments, the HLA-I function 1s reduced by a reduction in HLA-B
protein expression. In a preferred embodiment, a gene encoding the HLA-B protein 1s
knocked out. In some embodiments, the HLA-I function 1s reduced by a reduction in HLA-C
protein expression. In a preferred embodiment, a gene encoding the HLA-C protein 1s

knocked out.

|0019] In another embodiment, the hypoimmunogenic pluripotent cells do not comprise an

HL A-I function.

|0020] The mnvention provides a hypoimmunogenic pluripotent cell wherein the HLA-II
function 1s reduced by a reduction in CIITA protein expression. In a preferred embodiment, a
gene encoding the CIITA protein 1s knocked out. In a more preferred embodiment, the
CIITA protein has at least a 90% sequence 1dentity to SEQ ID NO:2. In a more preferred
embodiment, the CIITA protein has the sequence of SEQ ID NO:2.

|0021] In some embodiments, the HLA-II function 1s reduced by a reduction in HLA-DP
protein expression. In a preferred embodiment, a gene encoding the HLA-DP protein 1s
knocked out. In some embodiments, the HLA-II function 1s reduced by a reduction in HL A-
DR protein expression. In a preferred embodiment, a gene encoding the HLA-DR protein 1s
knocked out. In some embodiments, the HLA-II function 1s reduced by a reduction in HL A-
DQ protein expression. In a preferred embodiment, a gene encoding the HLA-DQ protein 1s

knocked out.

|0022] The 1mnvention provides hypoimmunogenic pluripotent cells that do not comprise an

HL A-II function.

|0023] The invention provides hypoimmunogenic pluripotent cells with a reduced
susceptibility to macrophage phagocytosis or NK cell killing. The reduced susceptibility 1s
caused by the increased expression of a CD47 protein. In some embodiments, the increased
CD47 expression results from a modification to an endogenous CD47 gene locus. In other
embodiments, the increased CD47 expression results from a CD47 transgene. In a preferred
embodiment, the CD47 protein has at least a 90% sequence 1dentity to SEQ ID NO:3. In a
more preferred embodiment, the CD47 protein has the sequence of SEQ ID NO:3.

5
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|0024| The 1invention provides hypoimmunogenic pluripotent cells comprising a suicide gene
that 1s activated by a trigger that causes the hypoimmunogenic pluripotent or differentiated
progeny cell to die. In a preferred embodiment, the suicide gene 1s a herpes simplex virus
thymidine kinase gene (HSV-tk) and the trigger 1s ganciclovir. In a more preferred
embodiment, the HSV-tk gene encodes a protein having at least a 90% sequence 1dentity to
SEQ ID NO:4. In a more preferred embodiment, the HSV-tk gene encodes a protein having
the sequence of SEQ ID NO:4.

|0025] In another preferred embodiment, the suicide gene 1s an Escherichia coli cytosine
deaminase gene (EC-CD) and the trigger 1s 5-fluorocytosine (5-FC). In a more preferred
embodiment, the EC-CD gene encodes a protein having at least a 90% sequence 1dentity to
SEQ ID NO:5. In a more preferred embodiment, the EC-CD gene encodes a protein having
the sequence of SEQ ID NO:5.

|0026] In another preferred embodiment, the suicide gene encodes an inducible Caspase
protein and the trigger 1s a chemical inducer of dimerization (CID). In a more preferred
embodiment, the inducible gene encodes a Caspase protein comprising at least a 90%
sequence 1dentity to SEQ ID NO:6. In a more preferred embodiment, the gene encodes a
Caspase protein comprising the sequence of SEQ ID NO:6. In a more preferred embodiment,

the CID 1s AP1903.

|0027] The mnvention provides a method for producing a hypoimmunogenic pluripotent cell,
comprising reducing an endogenous Major Histocompatibility Antigen Class I (HLA-I)
function 1n a plurnipotent cell; reducing an endogenous Major Histocompatibility Antigen
Class II (HLA-II) function 1n a pluripotent cell; and increasing the expression of a protein
that reduces the susceptibility of the pluripotent cell to macrophage phagocytosis or NK cell
killing.

|0028] In one embodiment of the method, the HLA-I function 1s reduced by reducing the
expression of a [5-2 microglobulin protein. In a preferred embodiment, the [3-2 microglobulin
protein expression 1s reduced by knocking out a gene encoding the -2 microglobulin protein.
In a more preferred embodiment, the 3-2 microglobulin protein has at least a 90% sequence
1dentity to SEQ ID NO:1. In a more preferred embodiment, the -2 microglobulin protein
has the sequence of SEQ ID NO:1.

|0029] In another embodiment of the method, the HLA-I function 1s reduced by reducing the

expression of HLA-A protein expression. In a preferred embodiment, the HLA-A protein
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expression 1s reduced by knocking out a gene encoding the HLA-A protein. In another
embodiment of the method, the HLA-I function 1s reduced by reducing the expression of
HLA-B protein expression. In a preferred embodiment, the HLA-B protein expression 1s
reduced by knocking out a gene encoding the HLA-B protein. In another embodiment of the
method, the HLA-I function 1s reduced by reducing the expression of HLA-C protein
expression. In a preferred embodiment, the HLA-C protein expression 1s reduced by

knocking out a gene encoding the HLA-C protein.

|0030] In another embodiment of the method, the hypoimmunogenic pluripotent cell does not

comprise an HLA-I function.

|0031] In another embodiment of the method, the HLA-II function 1s reduced by reducing the
expression of a CIITA protein. In a preferred embodiment, the CIITA protein expression 1s
reduced by knocking out a gene encoding the CIITA protein. In a more preferred
embodiment, the CIITA protein has at least a 90% sequence 1dentity to SEQ ID NO:2. In a
more preferred embodiment, the CIITA protein has the sequence of SEQ ID NO:2.

|0032] In another embodiment of the method, the HLA-II function 1s reduced by reducing the
expression of a HLA-DP protein. In a preferred embodiment, the HLA-DP protein
expression 1s reduced by knocking out a gene encoding the HLA-DP protein. In another
embodiment of the method, the HL A-II function 1s reduced by reducing the expression of a
HLA-DR protein. In a preferred embodiment, the HLA-DR protein expression 1s reduced by
knocking out a gene encoding the HLA-DR protein. In some embodiments of the method,
the HL A-II function 1s reduced by reducing the expression of a HLA-DQ protein. In a
preferred embodiment, the HLA-DQ protein expression 1s reduced by knocking out a gene

encoding the HLA-DQ protein.

|0033]| In another embodiment of the method, the hypoimmunogenic pluripotent cell does not

comprise an HLA-II function.

|0034] In another embodiment of the method, the increased expression of a protein that
reduces the susceptibility of the pluripotent cell to macrophage phagocytosis results from a
modification to an endogenous gene locus. In a preferred embodiment, the endogenous gene
locus encodes a CD47 protein. In another embodiment, the increased protein expression
results from the expression of a transgene. In a preferred embodiment, the transgene encodes

a CD47 protein. In a more preferred embodiment, the CD47 protein has at least a 90%
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sequence 1dentity to SEQ ID NO:3. In a more preferred embodiment, the CD47 protein has
the sequence of SEQ ID NO:3.

|0035] Another embodiment of the method further comprises expressing a suicide gene that
1s activated by a trigger that causes the hypoimmunogenic pluripotent or differentiated
progeny cell to die. In a preferred embodiment, the suicide gene 1s a herpes simplex virus
thymidine kinase gene (HSV-tk) and the trigger 1s ganciclovir. In a more preferred
embodiment, the HSV-tk gene encodes a protein having at least a 90% sequence 1dentity to
SEQ ID NO:4. In a more preferred embodiment, the HSV-tk gene encodes a protein having
the sequence of SEQ ID NO:4.

|0036] In another embodiment of the method, the suicide gene 1s an Escherichia coli cytosine
deaminase gene (EC-CD) and the trigger 1s 5-fluorocytosine (5-FC). In a preferred
embodiment, the EC-CD gene encodes a protein having at least a 90% sequence 1dentity to
SEQ ID NO:5. In a more preferred embodiment, the EC-CD gene encodes a protein having
the sequence of SEQ ID NO:5.

|0037] In another embodiment of the method, the suicide gene encodes an inducible Caspase
protein and the trigger 1s a specific chemical inducer of dimerization (CID). In a preferred
embodiment of the method, the gene encodes an inducible Caspase protein comprising at
least a 90% sequence 1dentity to SEQ ID NO:6. In a more preferred embodiment, the gene
encodes an inducible Caspase protein comprising the sequence of SEQ ID NO:6. In a more

preferred embodiment, the CID 1s AP1903.
V. BRIEF DESCRIPTION OF THE DRAWINGS

|0038] Figure 1A shows the rationale for the novel hypoimmune pluripotent cells described
herein. Fetuses are protected from “rejection™ during pregnancy by fetomaternal tolerance.
The cells have downregulated MHC class I expression. They also have downregulated MHC
class II expression. They also have upregulated CD47. Figure 1B shows that fetomaternal
tolerance 1s mediated by syncytiotrophoblast cells. Figure 1C shows that syncytiotrophoblast
cells show no MHC I and II and high CD47 levels.

|0039]| Figure 2 shows murine induced pluripotent stem cells (miPSC) generated from
C57BL/6 fibroblasts. Pluripotency was demonstrated by the reverse transcriptase polymerase
chain reaction (rtPCR). Multiple mRNAs associated with pluripotency were detected 1n

miPSC cell extracts but not in uninduced cells (parental murine fibroblasts).
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|0040] Figure 3 confirms the pluripotency of the miPSC cells. The C57BL/6 miPSC cells
formed teratomas 1n syngeneic mice as well as BALB/c nude and scid beige mice. No

teratomas were formed 1n immunocompetent allogeneic BALB/¢ mice.

|0041] Figure 4 shows that when [3-2-microglobulin expression 1s knocked out in the miPSC
cells, MHC-I expression cannot be induced by IFN-y stimulation (right panel). As a control,

the parent miPSC cells were stimulated with IFN-y (left panel) and increased their MHC-I

expression.

10042 ] Figure 5 shows that the miPSC/B-2-microglobulin knockout further comprising a Cuta

expression knockout (double-knockout) did not show any baseline MHC-II expression and

could not be induced by TNF-a to express MHC-II.

|0043] Figure 6A shows increased Cd47 expression from a transgene added to the 3-2-
microglobulin/Ciita double-knockout (iIPSC™P° cells). Figure 6B shows that the C57BL/6
iPSC™PO cells survive in the allogeneic BALB/c environment but the parental iPSC cells do

not.

10044 | Figure 7 shows one embodiment of the invention. It shows a schematic diagram of
the 1IPSC engineering that resulted in the hypoimmune pluripotent cells of the invention. To
generate hypoimmune stem cells, first CRISPR-Cas 9 engineering was used to knock out
both of the B2m alleles. Second, CRISPR-Cas 9 engineering was used to knock out both of

the Cuta gene alleles. Third, a lenti-virus was used to knock 1n a Cd47 gene.

|0045] Figure 8A Schematically depicts the role of B2Zm in the MHC I complex. A B2m
knock-out depletes MHC I in mice or HLA-I in humans. Figure 8B schematically shows that
Cuta1s a transcription factor that causes MHC II expression in mice or HLA-II expression in

humans. A Ciita knockout depletes MHC II or HLA-II expression.

[0046] Figures 9A, 9B and 9C show that B2m-/- 1IPSCs lack MHC-I expression, B2m-/-Ciita-
/- 1PSCs lack MHC-I and MHC-II and B2m-/-Ciita-/- Cd47 tg iIPSCs lack MHC-I and MHC-
IT and overexpress Cd47.

|0047] Figures 10A, 10B, 10C, 10D and 10E show mouse models of transplanted “wild type
1IPSCs™ v. hypoimmune PSCs into allogeneic or syngeneic host mice. Here, the iIPSCs were
formed from C57BL/6 mice, and the allogeneic mice are BALB/c. Figure 10A, “wild type
1IPSCs” only formed teratomas 1n syngeneic C57BL/6 mouse thighs. In contrast, an immune

response was mounted 1n the allogeneic host mice (BALB/c) and no teratomas grew. Figure
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10B, “wild type 1IPSCs” formed teratomas 1n syngeneic C57BL/6 mice. Figure 10C, the
immune response prevented teratoma formation 1n allogeneic BALB/c. Figure 10D compares
the T cell response (IFN-y and IL-4) to the 1IPSC 1n syngeneic and allogeneic hosts using a
spot frequency assay (frequency of cells releasing IFN-y and IL-4). IFN-y and IL-4 release
was very low in C57BL/6 hosts but dramatically increased in BALB/c hosts. Figure 10E
depicts the B cell responses 1n syngeneic and allogeneic hosts. The 1IPSCs were incubated
with the serum of the host animals that had previously received 1PSCs. Bound
immunoglobulins were measured using flow cytometry. The mean fluorescence intensity

(MFI) was significantly higher from serum taken from the allogeneic BALB/c recipient hosts.

10048 Figures 11A, 11B, 11C, 11D and 11E show the partial effect of knocking out the B2Zm
ogene 1n the 1IPSCs described above. Figure 11A, B2m-/- 1IPSCs grew 1n syngeneic C57BL/6
mouse thighs, forming teratomas due to the lack of an immune response, while a partial
immune response was mounted 1n the allogeneic host mice (BALB/c¢); e.g. some of the
transplanted cells survive. Figure 11B, B2m-/- 1IPSCs formed teratomas in the syngeneic
mice. Figure 11C, a partial survival (60%) was achieved in the allogeneic hosts. Figure 11D,
differences 1n the T cell response (IFN-y and IL-4) between the two hosts showed that a nld
but detectable response of T cells against the B2m-/- 1IPSCs. Figure 11E shows the B cell
responses 1n the different host mice, showing the weaker immune response as compared to
wild type 1IPSCs. There was still a significantly stronger immunoglobulin response after
allogeneic transplantation of B2m-/- iIPSCs into BALB/¢ when compared to syngeneic
transplantation into C57BL/6. Thus, there was limited survival of the B2m-/- iPSCs 1n 1n

allogeneic recipients.

[0049] Figure 12A, 12B, 12C, 12D and 12E show the increased partial effect of knocking out
the B2m gene and the Ciita gene 1 1PSCs on cell survival in syngeneic and allogeneic host
mice. Figure 12A, B2m-/- Cuita-/- 1IPSCs formed teratomas in syngeneic C57BL/6 mouse
thights due to the lack of an immune response, while a partial (but reduced as compared to
the B2m-/- 1IPSCs) immune response was mounted 1n the allogeneic host mice (BALB/¢).
Figure 12B, B2m-/- Cuta-/- 1IPSCs formed teratomas in the syngeneic mice. Figure 12C
shows that some cellular grafts (91.7%) survive 1n allogeneic hosts. Figure 12D, T cell
response (IFN-y and IL-4) differences between the two hosts showed a mildly higher IFN-y
response 1n allogeneic versus syngeneic recipients. Figure 12E depicts the B cell responses
in the different host mice. The weaker immune response was compared to wt 1IPSCs and

B2m-/- 1IPSCs. A significant difference between allogeneic and syngeneic recipients was not
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observed. Overall, there was limited survival of the B2m-/- Ciuita-/- iIPSCs 1n allogeneic

recipients that can be attributed to a measurable immune response).

|0050] Figure 13A, 13B, 13C, 13D and 13E show the complete effect of knocking out the
B2m gene and the Cita gene and knocking in the Cd47 transgene 1n 1PSCs on cell survival in
syngeneic and allogeneic host mice. Figure 13 A, B2m-/- Cuta-/- Cd47tg 1PSCs teratomas
orew both 1n syngeneic C57BL/6 and allogeneic host thighs. All of the transplanted cell
orafts survived. Figure 13B, B2m-/- Cuta-/- Cd47tg 1IPSCs formed teratomas in C57BL/6.
Figure 13C, 100% of cellular grafts survived in the allogeneic hosts. Figure 13D shows the
lack of T cell response (IFN-y and IL-4) in allogeneic recipients. No difference between the
two hosts was observed. Figure 13E Depicts the lack of B cell responses 1n allogeneic
recipients. No difference between the two hosts was observed. Thus, there was complete
survival of the B2m-/- Cuta-/- Cd47tg 1IPSCs 1n allogeneic recipients. They were not

immunogenic as they elicited no T cell or B cell response.

|0051] Figure 14A, 14B and 14C show that the B2m-/- Cuta-/- Cd47tg 1PSCs (referred to as
non-immunogenic pluripotent cells (HIP) cells) evaded the host immune system. Figure 14 A,
stimulatory NK cell ligand expression did not increase 1n the HIP cells. A fusion protein that
recognizes various ligands of the NK cell transmembrane protein NKG2D was used to assess
the level of activatory ligands, which may activate cytolytic NK cell activity. Fusion protein
binding to 1PSCs thus 1s an overall parameter for their expression of activating NKG2D
ligands. Figure 14B, HIP cells did not make NK cells increase their CD107a expression, a
marker for functional NK cell activity. In contrast, B2m-/- Cuta-/- iIPSCs induced CD107a
expression on NK cells and thus triggered their cytolytic function. Figure 14C, IFN-y Elispot
assays with purified syngeneic NK cells from C57BL/6 mouse spleen showed no NK cell
response elicited by HIP cells. Thus, NK cells were not activated to release IFN-y. The spot
frequency for HIP cells was not different from that of unstimulated NK cells (neg. control).

Only B2m-/- Ciita-/- 1IPSCs resulted 1n significantly increased IFN-y spot frequencies.

|0052] Figure 15A and 15B show additional data showing that the HIP cells evaded rejection
or killing by the innate immune system due to the Cd47 transgene. An in vivo NK cell assay
had a mixture of 50% 1PSCs and 50% HIPs that were injected into the NK-rich peritoneum of
syngeneic C57BL/6 (syngeneic) mice. Here, cytotoxicity 1s caused by NK cells. After 24
and 48 hours, peritoneal cells were recovered and sorted. Figure 15A compares the 1IPSCs
with B2m-/- Cuta-/- 1IPSCs (no Cd47 transgene). The B2m-/- Cuita-/- iIPSCs were selectively
killed by NK cells. Figure 15B compares 1IPSCs with B2m-/- Cuta-/- Cd47 tg 1IPSCs (HIP
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cells). The HIP cells were not selectively killed by NK cells. The 50% ratio of HIP cells
among peritoneal 1IPSCs was maintained, indicating no NK cell sttimulation. Thus, while
MHC-I and MHC-II knockouts rendered the cells highly susceptible to NK cell killing, the

Cd47 overexpression removed stimulatory NK cell interaction.

|0053] Figure 16 shows that the murine HIP cells of the invention displayed a normal murine
karyotype.

|0054] Figure 17A, 17B and 17C show that the murine HIP cells of the invention retained
pluripotency during the engineering process. Rt-PCR analysis of markers generally accepted
to indicate pluripotency are shown (Nanog, Oct 4, Sox2, Esrrb, Tbx3, Tcll, and actin as a
loading control). The pluripotent markers were expressed throughout the three-step
engineering process. Figure 17A compares 1PSCs, B2m-/- 1IPSCs, and murine fibroblasts
(negative control). B2m-/- 1IPSC cells retained the pluripotency genes. Figure 17B shows the
same analysis but the B2m-/- Ciita -/- iIPSCs. They retained the same pluripotency genes.
Figure 17C shows the same analysis but with the B2m-/- Cuta -/- Cd47 tg 1PSCs (HIP cells).
These cells retained the same pluripotency genes. In addition, histology 1images of teratomas
that developed after transplantation of HIP cells into SCID beige mice show that cell types
associated with ectoderm, mesoderm, and endoderm were 1dentified. Immunofluorescence
markers for all three germ layers were detected (data not shown). Cell morphology was
correct for neuro-ectoderm, mesoderm and endoderm. Immunofluorescence staining for

DAPI, GFAP, cytokeratin 8 and brachyury confirmed the pluripotency of the HIP cells.

|0055] Figure 18A, 18B and 18C show HIP cells differentiated into mesodermal lineage cells
and lost their pluripotency markers. Figure 18A shows the pluripotent markers in the HIP
cells (labeled “mHIP”’) were lost 1n the differentiated murine endothelial cells (labeled
miEC™). Figure 18B shows the pluripotent markers were retained in the HIP cells but not in
the differentiated murine smooth muscle cells (labeled “muSMC™). Figure 18C shows the
pluripotent markers were retained in the HIP cells but not in the differentiated murine
cardiomyocytes cells (labeled “m1CM”). These results were confirmed by
immunohistochemustry (data not shown). Endothelial cells were detecting using anti-CD31
and anti-VE-cadherin, smooth muscle cells were detected using anti-SMA and anti-SM22
antibodies, and cardiomyocytes were detected using anti-Troponin I and anti-sarcomeric

alpha actinin antibodies).
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[0056] Figure 19A and 19B show that the HIP cells were differentiated into the endoderm
lineage Islet cells (1ICs) that produced C-peptide and insulin. Figure 19A, differentiation
markers were not detected in HIP cells but were 1n the induced 1slet cells. Figure 19B, the
induced 1slet cells produced insulin. Immunohistochemistry staining for C-peptide confirmed

these results (data not shown).

|0057] Figure 20A and 20B show the HIP cells differentiated into the ectoderm lineage.
Figure 20A shows the HIP cells in vitro and Figure 20B shows the differentiated neuronal
cells. Immunohistochemical staining with the neuroectodermal stem cell marker Nestin and

Tuj-1 confirmed these results (data not shown).

|0058] Figure 21A, 21B and 21C show that the cells differentiated from the HIP cells
retained the depleted MHC I and II phenotype and Cd47 overexpression. Figure 21A
compares MHC-I, MHC-II, and Cd47 expression between the mouse induced endothelial
cells (“miEC™) and the B2m-/- Cuta -/- Cd47 tg miEC cells. Figure 21B compares MHC-I,
MHC-II, and Cd47 expression between the mouse induced smooth muscle cells (“miSMC™)
and the B2m-/- Cuta -/- Cd47 tg muSMC cells. Figure 21C compares MHC-I, MHC-II, and

Cd47 expression between the mouse induced cardiomyocytes (“muCM™) and the B2m-/- Ciita

-/- Cd47 tg miCM cells.

|0059] Figure 22 A, 22B and 22C shows that the endothelial cells differentiated from the HIP
cells are non-immunogenic. Figure 22A, transplantation of the C56BL/6 miECs syngeneic
and allogeneic mice. miECs 1n allogeneic BALB/c recipient mice generated a pronounced
immune response but not in syngeneic mice. This was evidenced by strong IFN-y Elispot and
immunoglobulin responses (FACS analysis) in BALB/c recipients (Figure 22B). Figure 22C,
neither HIP nor miEC cells generated an immune response 1n syngeneic or allogeneic

recipients.

|0060] Figure 23 A, 23B and 23C shows that the mouse induced smooth muscle cells
differentiated from the HIP cells are non-immunogenic. Figure 23 A, transplantation of the
C56BL/6 miSMCs syngeneic and allogeneic mice. miSMCs 1n allogeneic BALB/c recipient
mice generated a pronounced immune response but not in syngeneic mice. This was
evidenced by strong IFN-y Elispot and immunoglobulin responses (FACS analysis) in
BALB/c recipients. Figure 23C, neither HIP nor miSMC cells generated an immune response

1in syngeneic or allogeneic recipients.
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|0061] Figure 24A, B and C shows that the mouse induced cardiomyocyte cells differentiated
from the HIP cells are non-immunogenic. Figure 25A, transplantation of the C56BL/6
mi1CMCs syngeneic and allogeneic mice. Figure miCMCs 1n allogeneic BALB/¢ recipient
mice generated a pronounced immune response but not 1n syngeneic mice. This was
evidenced by strong IFN-y Elispot and immunoglobulin responses (FACS analysis) in
BALB/c recipients (Figure 24B). Figure 24C, neither HIP nor miCMC <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>