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SUMMARY

Adoptive immunotherapy with functional T cells is
potentially an effective therapeutic strategy for com-
bating many types of cancer and viral infection.
However, exhaustion of antigen-specific T cells rep-
resents a major challenge to this type of approach. In
an effort to overcome this problem, we reprog-
rammed clonally expanded antigen-specific CD8*
T cells from an HiV-i-infected patient to pluripo-
tency. The T cell-derived induced pluripotent stem
cells were then redifferentiated into CDB* T cells
that had a high proliferative capacity and elongated
telomeres. These “rejuvenated” cells possessed
antigen-specific killing activity and exhibited T cell
receptor gene-rearrangement patterns identical to
those of the original T cell clone from the patient.
We also found that this method can be effective for
generating specific T cells for other pathology-asso-
ciated antigens. Thus, this type of approach may
have broad applications in the field of adoptive
immunotherapy.

IHTRODUCTION

T calis play a central role in acguirsd irmrmunity and the configu-
ration of systemic mmunity againgt pathogens. In particular
cytotoxic T lymphooytes {GTLs) are mafor components of this

systemic responss to microorganisms, viral infections, and
naoplesms (Cresnberg, 1981, Zhang and Bevan, 20710 T cells
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initiate their prolferative and effector functions upon human
lsukocyte antigen (HLA}-restricted  recognition of specific
antigen peptides via T cell receptors (TCRs). This is greatly hang-
ficial in enabling the selective recognition and eradication of
target celis, and alse i long-terrn immunological survaillance
by long-lived memory T cells (Buller 2 a1, 20717; Jameson and
Maszopust, 2002 Macleod st al, 2010, However, viruses in
chrenic infection or cancers often hamper or escaps the T call
immunity by decreasing the exprassion of moleculss requirad
for T eall recognition or by inhibiting antigen presentation (Megio
et al., 2008). In addition, continuous exposure 1o chronically ex-
pressed viral antigens or cancer/self-antigens can drive T cells
into an “exhausted” state. This is characterized by loss of
effector functions and the potential for long-term survival and
profiferation, ultimately leading to the depletion of antigen-re-
sponding T cell pools {Hlebanoff et al., 2008, Wherry, 2071)

The infusion of ex vivo-expanded autologous antigen-specific
T cells is being developed clinically for T cell mamunatharapy.
Howsver, up to now, highly expanded T cells have not proven
to be particularly effective (Jurs, 2007). This is in part explained
by losses of function that ccour during the ex vivo manipulation
of patient autelogous T celiz. In another instance, genetic modi-
fication of antigen receptors is gn ambitious but only partially
successful way to add desired antigen specificity to nonspecific
T celis (Morgan 21 g, 2008, Porter st gl 2071). The therapautic
affect also strongly depands on the axtent of funcliona loss that
oeours during the ax vive manipulation of T cells and on the
stability of exoganous antigen receptor sxpression specific to
target malecules in the presence of the endogenous TCR genes
{Rendle ot al., 2010; Srenner and Okur, 2009).

For the purpose of overcaoming these obstacles, the thera-
peutic potential of induced pluripotent stem cells (IPSCslis being
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explored, Embryonic stem cells (ESCs) or iPS5Cs have the
capacity for salf-renewal while maintaining pluripotency (Taka-
hashi et 2., 2007) and could potentially form the basis for the
unlimited induction of antigen-specific juvanile T calls, However,
there are challenges to this approach as wall, given that methods
far the differentiation and immunalogical education of ESCs and
iPSCs, arindeed that of intermediate hematepoiatic stem and/or
progenitor cells, into fully matured fusctional buman T celis are
not well established (Tmmermans et al., 2008, Beprogramming
the nuclelof lymphocytes was historically performed for studying
whether terminally differsntiated or fully matured somatic calls
could revert to a pluripodent state, The first demonstration of
ymphosyte reprogramming employed somatic cell nuchear
transfer in murine B and T celis, proving that terminglly differen-
tiated somatic celis were reprogrammabls (Mochedlings: and
Jaepnisch, 20021, Reprogramming muring B calls inlo pluripatart
stem cells by iIPSC technology also provided definite proof for
fate reversibilty in fully matured somatic cells (Hanna at al.,
2008). From another point of view, nuclear reprogramming of
ymphocytes is seen as having applications for regenerative
medicing different than those for scisntific research. The ire-
varsible rearangsment of genss encoding immuncgliobulins
and TCRs was recognized solely as a genetic marker in somatic
cell nuclear transfer and IPSE research, Howaver, the preserved
rearrangemeants in genomic DNA can also provide & blueprint of
“aducated” weapons for attacking cancers and pathogans in
adoptive immunotherapy. Although several groups have re-
portad the generation of T cell-derived IPSCs (T-IPSC, their
clinical applications have yet o be thoroughly explored (Brown
etal, 2000 Loh et al, 2000; Sekiatal, 2000 Stasrk et s, 20100

I the prasent study, we chose a T cell clone speacific to an HIV
type 1 (HV-1) epitope of knowe structure o act as g generic rap-
resentation of iIPSC-medizted T cell regeneration. We success-
fully induced iPSCs fram antigen-specific T celis and redifferenti-
ated them into funclional T cells. This may act a8 proofof concept
for the application of “rejuvenated”™ T cells in treating warious
diseases. Crucial to this concept was that T-iPS0s retained the
asgembled “endogenous” TOR genes aven after baing sublected
to ruciear reprogramming. Furthermore, redifferentiated T cells
showad the same pattern of TCR gene arangement as that in
the original T cells. These features may therefors serve as the
foundation for the reproduction of unlimited numbers of T cells
that express desired TGRS confarring to antigen specificity,

BESULTE

Reprogramming an Antigen-Specilie Oytotoxls T Cell
Clane into Pluripotenoy
Toestablish T celi-derived iIPECs, we magnetically separated tha
CD3™ T eall population from peripheral blood mononuciear cells
(PBMCs) of healthy volunteers, The isolated CD2™ T cells were
stimulated with human CD3 and CO28 antibody-coated mi-
orobeads {(2-CD328 beads) in the presence of interdeukin-2
{IL-2}. We then transduced the activated CD3° T calls with sepa-
rate retroviral vectors that individually code for QOT2M, SOX2,
KLF4, and c-MYC, Human ESC-like colonies were obtained
within 25 days of cullure (Figure 514 available online.

We alse isslated PBMOCs from an HLA-AZd-positive patient
with a chronic HV-1 infection, GOEY CTL clones speacific for an

antigenic peptide (aming acids Jaa] 138-145) from the HIY-1
Maf protein (Nef-138-B0WT): RYPLTFGW) [Altfeld &1 8., 2008)
were astablished. One of the clones, H25-#4, was stimulated
uaing «-003/28 beads in the presence of 1L-2 and then trans-
duced simultanecusly with sk retroviral vectors encoding
OCTE4, 50X2, KLF4, ¢-RYC, NANOG, srnd LINZBA, Howsaver,
we could not reprogram H25-84 inte pluripstency, possibly dus
to the ceils being in a fow infectious and exhausted state, or
due to ingufficient expression of the reprogramming factors. In
response, we attempled io increase transduction efficiency
and transgene expression by using two Sendal virus (SeV)
vactars, One of them encodes tetracistropic factors (00T,
SOX2, KLF4, and o-MYC) (Rishimura ot of, 2011) with the miR-
2 target sequence (SeVp[KOSMINZL]: KM, MO, and M.,
data not shown), and ancther encodes SV40 large T antigen
(SeV18[T]) (Fusan: =t al., 2008), After trangduction of phytohe-
magglutisin (FHA}-activated H25-#4 cells with the SeV vectors
in the prasence of IL-T and 1L-15, sufficlant numbers of human
ESC-like colonies sppearad within 40 days of culture (Figure 14).
Use of this SV system and optimization of transduction condi-
tions greatly improved the raprogramming efficiency. it enabled
us to reprogram sevaral CO8* or CD4° T cell clones specific to
ppEs antigen in cytomegalovirus (G, alutamic acid decarbox-
yiase (GAD) antigen in type 1 diabetes, and «-GalCer (Table 1)

The resultam CO3° T cali- and H25-84-derived ESC-ike colo-
ries (TRT3W1-7 and H2548eVT-3, respectively] exhibited alkaling
phosphatase (AF) aclivity and expressed the plurdpctent cell
markers S5EA-4, Tra-1-80, and Tra-1-81 (Figurss S1B-51E
and 1B-1E). H2845a0WT-3 expressed HLA-A24 (Figure I1FL
Both TRTEVA-7 and H2548eVT-3 also expressed human ESG-
refated genes (Figures S1F and 13). The expression of exoge-
neus reprogramming  factors fram the integrated provirus
{ThTIV1-7) was halted (Foure 51F), and nonintegrated SsV
genomic BNA was successfully removed from the cytosol by
RMAI or by self-degradation caused by temperature-sensitive
muiations (HM2545eVT-3) {Figuse TH). Comparison of gene-
axpression profiles revealad that the gens-expression pattermns
i the ESC-lke cells were similar to thoss in human E8Cs, but
differed significantly fram those in peripharal blood (PB} T calls
[Figure 516} Scant methylation of the OCT3M and NAMOG
promoter regions was confirmed using hisulfite PCH, thus indi-
cating successiul reprogramming (Freberg et al., 2007 Figues
S1H and 1. in addition, when injected into noncbese diabstic
severs combined immunodeficient (NOD-Seid) mice, those cells
formed teratomas containing characteristic tissues derived from
all thres germ flayers, which is indicative of pluripotency [Brivan-
fow et al, 2003) (Figures 53 and 2A) Therefors, those colonies
were confirmed as typical human iP5Cs.

THECs Carey Preassembled TCR Genes from the
Criginal T 2al

Almost alt TCRs are composed of heterodimerically associated
= and § chaing, TCRA or TCRE gene {encoding - chain or [F chain,
respactively) rearangements are involved in normal 28 T cell
developmant in the thymus, These rearrangements enabled us
to determine refrospectively whether the IPSCs were derived
froms an 28 7 cell. The BIOMED-2 consortivm designed multi-
plex-POR primers for analyzing TOARE gensassemblias {van Don-
genalal, 2003), and we dasigned the primers fordetecting TCRA

Call Stem Cell 12, 114-1286, January 3, 2013 ©2013 Elsevier Ins, 115
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Table 1. Generstion of Humas T-1850s from Various Patient-Dorived T Calf Spavhmans

ritiaf Cell Mo, of ESO-ike Mo, of Dolonies Pioked ug far
Antigen T Cel] Bourge NUMDEF Coloales Egiablishing T-IPSC Clanes Oate (MMAYYY)
HlW-1 Mt monocional T call elane & %0 7 7 08/2081
GV ppBs polycional letrarmer-sorted calls ~5,000 15 15 o7/
GAD rrioneshansl T oslt clons 1% 10° =100 nor picked up DB/01R

5 % 107 =100 19 RS0
-CialCer FaALS-soried Va24” cells 1% 107 =100 not picked ug pasars

5% 10° =1 ¥ 082012

Sample cells wera transduced with CCT3M, 502, KLFS, o-MYC, and SV40 large T-antigen by using wo Sendal wirus (SeV} vectors (Sevp
[KOSM302L] and SeV1B[T]. Alter around 40 days, the number of ambryonic stem cell (ESC)-ike colonies ware counied on the basts of morghology
and alkaling phosphatass (AR activity, All established T celi-darved inducad pluripotent siem oell [T-IPSC} ines wera frea from residual SaV vectors
fone exampde i the case of the HIV-1 Nelepeoilic TPSC clone is shown in Figurs 1HEL CRY, oytomegalovines: GAD, glstamiz scid decarbonylass;

FACS, fuorescence-activated coll sorting.

gane assemblies (Figure 52), TOAE and TCAA gene assemblies
warse identified as single bands representing each allele in
THTIV1-F and H2545eVT-3 (Figures B1H, 811, 1, and 1.

Wa next confirmead the presence of an antigen-recognition site
on the TOR that consisted of thres complamentarity-determining
regions {CORT, CORZ, and COR3). COR3 i the most divarsifi-
able among the three because it spans the ViDL-unction region,
where several random nucleatides M or P nusleotides) are
inserted (A and Ballimors, 1982 Lafaile st al, 1989), We dater-
mined the COM3 sequences of the sssembled TCORS and TOAR
genes in TRT3V1-7 and H2548eVT-3 and identified a set of
productive TCHA and TORE gene rearvangements {Le., in-frame
junction with no stop codony (Table 51 and Table 2. Further-
migra, the seguences of COR3 from H2548eVT-3 and H25-84
were completely identical at both TCHA and TCRE gane loci.
These resulfs indicated that the PSCs established wore
derived from a single T cell and that the antigen specificity en-
codad in the genomic DNA of the T cell was conserved during
PERIOOraTHTing.

Fedifforentiation of T-IFSCs Into CHE Single-Pozitive

T Celis Exprassing the Desirsd TSR

Following the apilication of specific in vitro differentiation proto-
cols, iPSCs can give rfse to mesodenm-derived cell types, sspe-
cially hematopoistic stem andfor progenitor cells {Takayams
gt al., 2008; Vodyanik et gl 2003} (Figure 2B} This was applied
to assess the capacity of T-IPS0s for hematopoisetic differentia-
tion by coculturing on C3H10T1/2 feeder cells in the presence of
VEGF, SCF, and FLT-3L for the gensration of G034 hematopoi-
atic stem and/or progeniter celiz, On day 14 of culture, the cells
ware transferred onto Dslta-like 1-sxpressing OP9 [OF9-DLT)
feeder cells [Timmermans st al, 2008) and were cocultured in
the presence of FLT-3L and IL-7 {kawe ot al., 20700} (Figure 28).
After 21-28 days of culture, the hamatopoietic cells differenti-

ated into CO45Y, CO38°, OOV, CD4584%, CD3%, and TCRap"
T lineages cells (Figure 54). Az was the case with TCRaf trans-
genic mice (Borgulya e al, 18092) and chimeric mice derived
fram ESCs produced through nuclear transplantation of T calls
{Serecikd et al, 2007), aberrant expression of TCOHz{ was
observed at the CDA/CDE double-negalive (D) stage. Although
some of these T insage celis differentiated inte the C0A/C0E
double-positive (DP) stage and the mors mature C04 or CD8
single-poaitive {SP) stages {Figure 20), we could not charac-
terize the small number of SP cells in more detai,

During thymocyte development, the CD4/COS DN and OP
stages correspond respectively to the TCAB-encoded § chain
ard TCRA-encoded 2 chain assembly stages {von Boshmar,
2004}, In the TORE locus, the negative-fesdback requlation of
gene assembly and the capacity 1o deter further réarrangermant
are very strict (Khor and Sleckman, 2002), In the TCARA locus, by
contrast, negative-fesdback regulation is relatively loose, and
further gene assembly of the preassembled gene, a phenomenon
known as “receptor revision,” tends to ocour (Huang and Hane-
caws, 2001 Krangsl, 2009). In experiments using TCRy trans-
geric mice, the reactivation of Rag? and Aag?, genes related
o recombination machinery, cocurred in C04/C08 DP-stage
thymocytes, and gene assembly of endogenous Torg was
abserved (Padovan gt al,, 1993, Patrig e gl 1993) Such further
gene assembly would be edcesdingly undesirable for our
purposes, because it would probably corvert the tropism of
the TCH and render the redifferentiated T cells incapable of at-
tacking the previously targeted antigen, To delenmine whether
such receptor revision could aocur in redifferentiating T ineage
cells, we collscted CO1a™ DN- and CDMa™ DP-stage cells from
amang the CD45", G037, TCR«, and CO5" T lineage cells
and then analyzed the gene rearrangement of TOR messenger
FbAs {mAMAs) (Figures 554-550). Mucleotids sequences of
TCRB mBNAs in the T lingages cells weare identical o thoss in

{H} Detestion of the remnants of SaY genomen RMAS by AT-POR. Bach colusn reprssents the fomplats cOMNA synibosized rom H254560T-3 calls, Savp
THOSMEMELE virus solution, snd SeV18[T] vires solulion, cDNAS o virus soluticn were he positive congrals,
i Bisullite seguencing snalyses of he OUTHY ard NANDS prosmcter regions in H25-84 and H2548eVT-3 cells. White and biack iroles represent unmestndated

ared sethylated (W) CpG disucleatices, rospectivaly.

L Multiples POR analysts to detes! TORE gena rearrangamants in the H2E45aWT-3 gename, Tubes & and B contain V(DL assembdes; Tube O cantaing [-J)8

astomihiog,

() Bultiplax PR analysiz for detection of TCRA gene rearrangamants {W-Ju assembliss),

- ar 52 for adiiiionsl data,

S Flegris )
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the T-IP5Cs at both the DM and DP stages. By contrast, same
TCRA mRMAs at the DM and P stagses were identical to those
intha Tlineage cells, but others differsd, and differing sequences
wars obasrved more frequently at the OP stage than the DY
siage (Tably 52). RAGT and BAGZ expression were observed
at baoth the DN and the DP stages, though stronger exprassion
was obsarvad at the DP stage (Figure 350).

To create mature CO& 8P cells from T-iPSC-desived T lineage
cells without receptor revisfon, we focuzed on TOR signaling.
Turka et al. (1891) reported that TCR signaling via peptide-rmajor
histocompatibility complex (MHC) complexes during positive
selection ends exprassion of AAG ganes and pravents further
assambly of TCR genes. They alse showed that mimicking
TCR signaling using CD3 antibodies had the same effect, Thene-
fore, we tried o stimulate the TOHS of redifferentiating T linsage
celis before the completion of the DN-to-DP transition {Fig-
ure 28} For this experiment, we cultured T linsage-commitied
calls on OPS-0OL1, stimulated them with «-CD3/28 beads or
FHA pwae defined this as the first stimulation) and then cocultured
thern with irradiated HLA-A24" PMBCs in the presence of iL-7
and 1L-15, which are required for the genemtion of memory
phenotype CO8" T celiz (Kaneho et al., 2009; Priic et al,, 2002;
Tan &t al., 2002, After 14 days, G038 SP calls appeared (Fig-
wre 200), These werg deemed to be derivatives of H2543eV-3
based on thelr exprassion of HLA-AZ4 (Figure ZE). Theze COB
8P cells did not express the immature thymooyle marker
CDa, but they were positive for CDS6, which is expressed on
COR* T celis cultured in witro (L and Magnn, 19945 In addition,
these clls expressed GOV and some CDZ, but not COS, On
the one hand, they did not exprass PO-1, & marker of axhausted
T eells {Figurs 2E) On the other hand, some of them expressed
the memory T call markers CORY, CD27, and CDZA simulta-
necusty, thus representing a central memaory T cell phanotyps
(Flgures 2F and 2G) (Romers et al, 2007

To test whether the redifferentiated CO8 5P celis would recog-
nize the sams epitope on the same HLA, the entire popuiation of
redifferentiated T cells was mixed with the AZ4Ne{-138-8(WT)
tetramer and subjected to flow-oytometric analysis (Kewana-Ta-
phikaws 8l al, 2002 Most of the CDB SP cells were stained
pasitively by the A24/Mef-138-8{WT) tatramer, bul not by the
confral tetramer, which represents MHIV-1 emvelope-derdved
peptides (RYLBDOQUGLL, Figure 34 and data not shown), We
then collectad the AZ4/Mef-138-B0WT) tetramer-reactive CDE™
ealls and expanded them once again using «-CD3/28 beads or
PHA stimulation (defined as the second stimulation; Figurs 34),
Finally, after saveral indepandent redifferentiation expedments,
we ohtainad A24/Maf-1 38-BIWT tetramer-reactive COE 5P celis
{reT-1,raT-2.1, raT-2.2, and raT-3). As expacted, sequence anal-
ysis of TCRA and TCRB mANAs in the redifferentiated CD8 5P
cells revealsd that the TOR gene rearrangement patiern was
identical io that in the H25-#4 original T cell clone (Figurs 38
and Table 1)

To determing whather the redifferentiated CDE 5P calls wera
of {he T cell lingage, we used gquantitative PCR o compare
geng-gxpression profiles amaong redifferentiated COB 8P cells,
PR CO4° and CDB" T cells, and the H25-#4 original T cell
clone, As shown in Figure 30, the expression patterns of
C03, CO4, and CDE ware similar among PB CDE™ T cells, re-
differantizted CDE 8P cells, and the H25-#4 orginal T cell
clone. Howaever, the pattern differed from those in PB CD4°
T cells (Figure 30), Cytotoxic “signature” genes such as gran-
e B {GIMB), pardorin (FEET), interdaron-y [IFN-y; IFNG),
aned FAS ligand (FASLG) were expressed in PB COB® T cells.
These genes were also expressed rafatively strongly i redif-
ferentiated CO8 8P cells and in the H25-#4 adginal T cell clong;
that iz, in already-primed T cells (Figure 30, The expression
patierns of several factors involved in transcription or signal
transduction and of call-surface molatules were similar among
28 COE" T cells, redifferentisted CO8 SF cells, and the H25-84
origing! T cell clone (Figure 3B} To exclude the possibility that
the redifforentiated CDE 5P cells had acquired natural killer
{ME-like properties during thelr cooulture with OP2-OL1 or
PBMCe, we used a complemantary DNA [cDMNA} microaray
tor analyze global gene-expression profiles in redifferentiated
COE cellg, the H25-#4 orginal T cell clone, and PBE NK
cefls, Corrglation and cluster analyses of the gens-axpression
profife of the redifferentiated C08 8P cells showed it to be
simdiar to thet of the H25-#4 original T cell clone but differant
from that of MK cells (Figures 3F and 3G). These data strongly
suggest that T-PSCs are able 1o redifierentiate inte CDET
T cells that exhibit the same antigen specificity as that of the
original T cell

Generalion of Highly Prollferative T Calls through
TAPEC

Fewer than 10° T lineage cells were obtained from -3 = 10°
T-iPSCs after coculture with C3H10TH/2 and OF3-DL1 cells,
Howawvar, they could be expanded fo =1 0% colls with the first
stimulation {data nat shown), After separating AZ4/Mef-138-
A(WT) tetramear-reactive COB" cells, we assessad the expansion
rate induced by the second stimulation and also assessed the
establishrment of reT-1, reT-2.2, and reT-3. We found that thess
celis expanded from 100-Told ta 1,000-fold within 2 weeks in the
prasencs of IL-¥ and IL-15, whereas the H25-84 original T call
clone expandead only about 20-fold (Figure 44). Even after 100-
to-1,000-fold expansions, some cells still expressed central
mamory T cell markers such az CCHY, CD2T, and CD2E {Fig-
ure S6). Perhaps with passage through the IPSC state, whersin
telormarase activity is quite high (Marion et al, 2009; Takahashi
et al, 2007}, re-elongation of shortenad felomerss in the H25-
#4 original T celf clone gives the redifferentiated T cells high rapli-
cative potential (Montedirn et al, 1998 Weng e1al., 1998), InTact,
the redifferantiated T cells carried longer telomerss than the orig-
vl T cell clone (Figure 48), an overall process that we call

{8y SBchemate Slustrabion of eodifforentiofion fram T47E20s inte T cells.

3 Flawe-sytomedeis ansbesiz of the phesoiyoes of differantialing T lineage ceils at 37 days after stacting rediferentistion.
3 i

(0¥ e B Flowcilomaide aradysis of the phenctypes of T calis at 60 days after staring redifferentiation. Fluomescenoe-activated coll soding (FAGS! analyses
revoaiod GO single-positive maturabon (0] and expression of several T cell markers (EL

IF and G Mamaory phenatypes of redifferantiated CO8” T cells. There axisted memorny-phanotyped calls such as af positivs for QOHET [Fl, COET, and CORE ().
Data ars représectative of al lessl hree independent sxperimants. Sees Figures 83, B4, and 35 and Tabe 37 for additional data.
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Table £, TR Gone ﬁ'@armﬂgémmﬁﬁ brs HES-4, HEE*‘%&@WQ& or Bedifferentisted CINU T Colls

GEnome ar
Lol resFhE, Productivity Hoarrangemeant Sequence of dunctional Reglon
e, ot A By &'
TORA
M5 [ENOME produntive TRAVE-301 TRANDM  TOTGCTGTEEGET T TOALGEEARRASEAMORAACTE
SCCTTTT
unprodustive”  TRAVIE-T0] TRASET  TOTGUAGDAM THe TOAGGAADADACCTCTTETOTTT
H2BAGeAT-3  ganome productive TRAVE-" TRANDO  TOTECTETEGET T TOACGGEAREAGSAMTAAACTS
ACOYTTT
unproductive” TR 131701 TRALODT  TETGOAGDAN T TCAGRAAACADAGCTCTTGTCTTT
rat-1 AN productive TEAYE-3 0 TRAGH TGTGGTG?G@GT T TCALGGOARGAGEAMTAACTC
ACCTYTTT
unpraductive™  TRAVIZ-T" TRAJ2E  TGTEOAEIAS TOO TOAGRAAACACACCTOTIGTCTTT
o e mAMNA productive THAWE-3 1 THANODY TOTGCTGTGEGET T TCACQGE&AGG%GQW«WACT{:
' AGCTTTT
unprodustive”  TRAVIZ-T0H THAJRIDT TETGCAGCAA oG TCAGEASAGACACCTOTTGTCTTT
ret-3 rFthA produntive THRAVE-3O1 TRAJIONDT  TETECTETGEEET T TOADGEAAEAGRARACARMITS
HCOTTTT
unproductive”  TRAYTI-101 THAMZRNT  TETGCOAGCAR TCC TCAGGAMACACACCTOTTGTETTT
Vi o Jp IV N1-DR-N2 5
TCRE —
HA5-¢ ganems productive TREVE-E0Y  TREOTQ TRBJE-5"01 mmmmﬁn& COEEACAGOOTELOE  GABACCCAGTACTIC
unproductive  gerrmiling TREDT  TREJZ-T  TACASAGOTETASCATTATG  GOGACAAUT CTACGAGCAGTACTTOGRGCOE
H2E48a T3 genoms productive TRENT-807  TREDDT  TRESEST  TETGOOAGGMICTTA CECOACAGRATECDG  GAGADCCAGTACTTO
unproductive germiling TRBOTOT  TRBSATO1T  TACAPAGCTETAACATIGTE  GQGADAACT CTACGAGDARTACTTCEBGCOCG
reT-1 LY protustive TREVT-2'DY  TREDTD  THBJZ-S'M  TGETEDCAGCAGCYTA COBEACAGGETECEGE  GAGADCCARTACTTC
e 2.1 miki& productive TREVT-9'01  TREDIO!  TRABJE-50!  TGTGCOAGCAGUTTA CEEGACAGEGTENOG  GABACCLAGTALTTC
reT-3 MR productive TREVT-9'01  THBOT'01  TRBJE-5'01  TGTGOCAGCAGCTTA COAGACAGGATEC0E  GAGACCOABTACTIC

POR-amplifiod samples (H25-45 not showr; H2545eN T30 shawn in Figues L and 158 reT-1, reT-2.9, and reT-3: shown in Figure A8) wers sequenced, then ¥, I, and J segment usages and junc-
tional sequences in COED were identifind, Following reprogramming and redifferentiation, there ware no alteralions in gene rearrangemont in efther aflefe at the TORA and TCRE gene laal, See Tabls

S dor additionad data on another T-IPS0 olone (TRTIVE-T.
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Figura 3. Characterzations of Redifferentiaied T Cells as T Cells

(AF Becogrition of ASUNel-138-2(WT totramer at B0-60 days afler starting rediflerentistion, analyzed by fow oytometry fupper pandll. Totramar-pasitive
s wairn sortad by FACE or magreiically selected, then cultured for o additional 14 days, afler which the expanded T cells wers reanalyzed for tetramer
(owesr pangd].

{5 TER mAMAs werg identifiod i a SMART-mediated cOMA fbeary for reT-1, reT-2.1, ardd reT-3 cafiz, GAPDH is an internal contra! for PCHs.

{08 Quaartitative PCR lo compare the sxpression of major cell surface reolecides (O, cell fytic malecules (1), and transcription factons and signak-transdeciion
melecudes (B among P8 GO, PE GO, raT-2.1, and HES-#4 cells. Individieal PCE reactions wars rormalized against 185 dRlA,

{F and G) Global gene sxpression was analvzed using @ cDMA microgrnry. Heat maps show the cormlation copificients batween samples (7} and tiflerantial
expression {=3-told) of genes refative bo WK celis {3 Boed and grean colorations indicale incrensed ared dotresned oxprossion, respoctively,
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Figure 4. Aodifferentinted T Cells Show T

A C e o
Redfarantislad 4 R tnotype L Jwlabends 0] w beads Cell Funchionahty snd the Same Anfigen

Epeoificily as the Originel STL Clons

(A Exparsion ratiog for re¥-1, reT-2.2, and raT-3
calls alicited by PHA LY, and IL-13 stimulation far
F wenaks, H2%-44 15 the ariginal clope. 31847 and
TEB-26 weorg othar Nel-135-80WT-specific CTL
ohonss derived from different patients,

(8 Retative telomaere length determined using low-
FISH. [Data are prasentad as maan ¢ SER,

W wotyps U2 Gag-28-0(WTHEEZTD e 1388047

COO7s - (2} Intracatulyy pradustion of gransyoe 5 sl
panell and ODI0Ta mobilization jrght pasel)
induced by stimulation of reT-2.7 cafls withy »-CDY7
D28 beads or Mef-1538-80WT1 Shadad plot
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gtimdated cglly, lzotype antibody; gray ling un-
stimylated calls, grareyma B or CO10¥a antibacky
black e stimuiated colls, granzyme B or CO107
antitsocdy,

(D} 1EM-y peoduction in the prasence of Mef-138-
BINTY wsasured using ELIBPOT. Diatz are poe-
santed as mean & 50, WNL.D., not determined,

(E) Standard ¥'Cr refesse assay performed using
the inclicaled concentrations of Mel-J38-8)4T).
Effectoritamet = 51,

See Fupure 55 for additiond data,
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ragichee mutant form of Nef-138-8(WT).
Bath peptides wers presented on HLA-
A24 cells.

One of the major mechanisms by which
CTLs induce cytoloxity is the sscration
of eytolytic molecules triggered by TCRH
signaling. Intracellular staining reveated
that the cytolytic molecule granzyme B

Bpat-farming unit £ 500 cells

“rejuvenatiorn.”” Throughout the experiments, neither autang-
mous cell expansion nor abarrant cell survival withowt ovtokines
as leukemia cellz was observed [data not shown). Taken
together, these data indicate that by passing through the T-
iPEC state, cloned cytotoxic T cells can become “rejuvenated”
to central memony-fike T calls with exceallant potential for prolifer-
ation and survival,

Hodifferentisted CO8" T Cells Exhibif Antigen-Specific T
Tl Functlionalite

To determinge whether redifferentiated CD8" T cells exertad
cylotoxic effects upon recognition of specific peplides in the
cortext of an MHC, we perlormed functionsl assays using
HLA-AZd-positive B-LOL cells as antigen-presenting  cslls.
Gag-28-9(WT) (KYKLKHIVW) is an antigenic peptide (ag 28-38)
from the HV-1 Gag protein (alteld st al, 2008), whereas Mef-
T3B-BEF) (AFPLTFGW) iz a Tyr-to-Phe-substituled singls-

182 Call Stern Cell 712, 114136, January 3, 2013 22013 Elssviar in
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was produced and stored in the granules
of rediffarentiated CD8™ T ealls (Figure 40,
left column). CO107z, also known as lyso-

Peptide concariration somal-associated membrang protein 1

{LAaMBP1), is a granulocyte membrane pro-
tein that ransiently appears at the call
surface and is coupled to degranulation
{secretion of cylolvtic molecules) of the
stimulated CTLs, after which CD107a re-
turms o the cytoptasm (Rubio et al, 2003). CD107a molecules
anthe cell surface were captursd by a flusrochrome-conjugated
antibody when redifferentiated CO8™ T salis were stimulated with
=-CD3/Z8 beads or Nef-138-80W7T) peptide, but not in the
absence of the beads or Gag-28-B(WT) peptide (Figura 4G, right
columnl. In the second exparment, we ussd the enzyme-linkaed
immunosarbent spot [ELISPOT) assay to assess coyiokine
productivity per cell and confirmed that redifferentiated CDB*
T celis produced significant lavels of IFN-y in response 1o stim-
ulgtion by s specific antigen, Mef-138-80WT) (Figure 40 In
5 separate experiment, we usad & P'Cr release sasay to investi-
gate oytolitic capacity and found that rediffersntiated CDB”
T ecalls lysed ¥ Crincorporated 8-LCLs only when Mef-138-
BIWT) was presented on B-LCLs {Figurs 48}
These results are highly indicative that redifferantiated CDE™
T oells can release gytotoxic maolscules and kill antigen-expraess-
ing target gells in an antigen-specific manner, Morsovar,

(o
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manoclongl TCRs mediate highly precise call targeting that
should broaden the therapsutic window for antigen-spacific
T cell therapy by avoiding the troublesome mispaling TCHs
that can occur with the cammonly used exagenous TOR transfer
techmigue for inducing antigen-gpecific T cells from hematapol-
atic stem calis or peripheral mature T cells (Bandle et al., 2000;
Sranner and Okar, 2008),

DISCUSSION

Using a HIW-1-epitops-specific CTL clong as a modal, we
demonsirated here that the reprogramiming into pluripotancy of
a T call clone and the subsequent redifferentiation to mature
functional CO8* T cells are possible, These redifferentiated
CDB" T cells are highly proliferative naive cells with elongated
talomeres, and they exert T call functions in the same HIV-1-
spitope-specific manner, permitiing the inferance that this
process of reprogramming and redifferentiation can rejuvenate
miature antigen-specific T calls,

Genaration of iPSCs from T cells was initially difficult, On the
bazis of reports by Seki ot al (2070, we also found that SeV is
suitable for the reprogramming of aged and exhausted fibro-
blasts, as wall as of T cells. We also found that coexprassaion
of SV40 large T antigen acted synergistically with the classic
Yamanaka factors in enhancing the reprogramming efficiency
of T calls, Therefora, 5W4D farge-T antigen intreduction using
the SeV vector aystem was also included in the profocol, Warth
noting = that ¢-MYZ i5 & known oncogene, and when i s
insertad into the genomic DMA by the retroviral vector, it rmay
become a risk for turnorigenesis in the generation of P3Cs.
The same concern doss not apply to SsV vactor systems, given
thiat the ganomic RNA could be removed from the cytoso! after
reprogramming. Thersfore, the ulifization of SeV vectors both
improved reprogramming afficiancy and shislded redifferentiat-
ing cells from oncogene- or provirus-mediated lumorigensasis
{Kahn et al, 2003

In the redifferentiation axperiments, mimicking TCH signaling
led to CDB-linage specification without reassembly of TRHA
genes, Preassembled TCH genes are a distingtive feature of
T-iPSCs not found an other pluripotent stem cells. TCR«8 is
aberrantly expressed on rediffersntiating CO4/CDE ON celis,
and the TCR signaling evoked results in the cessation of RAG
expression. Serwnld and colfeagues reported that gherrantly
early expression of TCH from preassembled Torm and Tord
following TCR signating in murine thymocytes drives later
lymphomagenesis [Serwold et al, 20100, They cautionad that
T-IFSC0s rmight confer risk for TCR-madiated lymphomagenesis.
Therefore, the redifferentiation method will need 1o be further
optimized and confirmed for clinical safety before application
in practical treatments, This may be achigved by the use of an
inducible suicida-gens systern for eliminating unwanted tumors
after injections (Hara et al., 2008; Veldwik &l al., 2004),

Irmmunclogical assays found that the redifferentiated CD&*
T cells exerted T call functions such as cytolytic activity, IFN-y
secretion, and degranudation in a normal manper when stimu-
lated with their specific antigens, The mest striking difference
was in their proliferation capacity and slongated telomerss,
which correlates with the central-memory T cell phenalype,
Stem cell-like memory T cells (Tap) wera recently iderdifisd as

a subpopulation of T celis that has the capacity for self-renewal
and that s multipotent and able to gensrate central memory,
effectar memory, and effector T cells (Sattinond et al., 2011
Turtle af g, 2009 In a humanized mouse madel, Teey, calls re-
constituted the T cell population more efficiently than other
knowen memory subsets while mediating 2 superior antitumor
responze. it was found that inhibition of GEK3R enhances the
generation of Teoy in culture, Combining T-IPSC-mediated
T cell rejuvenation with GSKER inhibition may therefore snable
efficisnt generalion of Tee. cslls and permit highly effective
immunntherapy along with the reconstitution of a normal T cell
Imemune svetem.

Althouah these data suggest that rejuvenated T cells enjoy an
advantage over the original T call clons, it remains unclesr
whethsr these HWW-epitope-specific rejuvenated T cells are
effective in improving ihe overall status of MV infection. This is
because the role of CO8Y T cells in MY infection appears to
vary depending on the diseass stage {Appay & al, 2000; Borrow
@t gl, 1954 Brodie et al, 1993 Day et al., 2006, Koup &t al,

18984). Bvaszion of the immung responge through CTL sscape s

arnther important factor in HIV pathegenasis, and the escaped
wiras Is o substantisl hurdle for HIV therapies (Phillips et al,
18941), Therefore, this system may waork best instead against
tuinars such as a melanoma, forwhich certain antigenic epitapes
are known, or against viral infections other than HIV, for which
the roles of CD8” cytotoxic T calls are mora established, Nong-
theless, the system described in our study will make it possibleto
pressrye and o supply highly profiferative, functionsl C08*
T celis specific to a variety of HIV epitopes without worrying
about exhaustion. [t may alse act as g valuable tool in better
ungferstanding the role of adoptive immusily in HIV infection.

Hers, we have presented a proof of concept of COB™ T cell
rejuvenation. The concept is not linmited anly to CD8™ cytotoxic
T celis. 1§ may also be applied to CD4” helper or regulatory
T cells to control desired or undesired immune reactions In the
context of malignancies, chronic wiral infections, autcimmuns
disesses, or transplantation-related immune disordars, if optimi-
zation of radifferentiation conditions can be achieved. Biological
and technical challenges lie ghead, hul the dala presented in this
work open new avenues toward antigen-spacific T cell therapiss
that will supply unfimited numbers of refuvenated T celis and will
regenerate patients’ immune gystems.

EXFERIMENTAL PROCEDURES

Geoaratinn of Anthgen-Speoifis CTL Clones

Hel138-BW T-specific GTL lines were induced from PBMUS of & palien
chrameally infected with HIV-1 who is pogitive lor HLO-A24, a3 describeg
fsaveary Tashikien &6 pl, 20, Each COTL fine was aupanded Tram
@ single-coll sorted totrames” T call, and the cels in every CTL line ware
confirmed for expregsion of only ang king of TOR2L For more detalis of
GTL-clons establishment, ses the Suppipmential Brxpedmantal Procedurss,

Gomaration of T-iP80s

Humas IPSOs were eslabizhed from PB T celis or a GTL clone as desoribad
iTakavamrs of b, P00, dightly modiPdng the oulture condifions. in brisf,
T oells wers stimulated by « CDICDEE antibody-coated beads (Miltenyi Sie-
e or by & pofmi PHE-L (Samaesisch), Tre activated oslls were transgducad
with repronramening factors vis refroviral or SV vectors and were Quitursd in
HH10 i [REME- 1640 supplemonted wilh $0% furman A Sewrm, 2 ml)
leegiliataming, 100 LWmi penicdlin, ared 100 ng/ml stopiomyoing, which woas
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gracually repizeed with hwman P50 medivrn (Dulbeccs’s modified Eagle's
madurnF U2 PR suppiemoentod with 20% knockoul serum reglacer, & mid
L-futaming, 1% ronessantial aming asids, 10 b 2-mercaptosthans), and
5 ngpfenl basic Ghroblast growth Tastar [BFGE]). The established P50 dones
wers transfected with small inferfaring RMALEET [Miahimurs st al, 30711 using
Lipolectaming RMA Max finvitregen) for removal of SeY vectors fram the
cytoplasem,

Anziyals of TOMN Goene Bearrangurmant in Benomic DHA

Ganoinic Db, wis exirachsd frem appraximatoly 5 « 10% colls using QlAzmp
DA Rite (AGEN) accarding fo the manufacturer's instrustions. For TORE
gena rezrangsment analysis, POR was pedormed according to BIOMED-3
protocols {van Dongen at al, 2000, For TORA gens reasangemant analysis,
POR was performed using e primers showen in Figues 52 and LA Tag HB
{TaKalal The POHA protocal entaing theen amplificalion cycles 30 5 at
570, 45 2 ol BEC, and 6 min al TEOE 15 ampification oycles (30 3
at 9570, 45 5 gl 62°C, and 6 min at 7290, and 12 amplification eycles (15 5
A1 $5°C, 30 5 al BEG, and § min at 72°C). Tha dominant band within the ex-
pacted dize rangs was purified using a OlAgulck gel-exirzction it {HAGEM]
and was then sequenced. ¥V, D, and J segment usages were identilied by
compaison ie the ImbunaGeneTios (IMET] database (ip Ve gt s
and by using an onlise tood BMGTALGUEST) [Lefrars, PU00), Gensesagment
amenclaisre foliows IMGT usage.

Sontysis of TOR Sone Roarrangement In mANA

& mothod based an the “switch mechaniam af the 5-end of the raverse
sransoript (SMART)™ (D et sl 2008) was used 1o symihesize doulsle-strrade
cOblAs (Super SMART cONA syninesis kit BO Clonlech). Roverse tran-
soniglion was condocted wilh the 3 SMART COS grmor, SMART U A sligonu-
cleatides (Buger BMART clN& synthesis ki), and PrimeScript Asverse
Franacaptase [TaKaRa) for 80 min at 42°C. Davble-stranded oDRA was then
synthesized and was ampdified with 5 POR Primear 114 (Super SMART cDiNa
synthesis kif), and reagents were provided in an Advantage 2 PCR Kis (8D
Clontech). The PCR protoc! entailed 20 cveles of 55 8t 85°C, 55 a1 55°C,
and 3 min a2t 880, The amplified double-stranded cDMA was used as
templates in TORA- or TORB-speoitie amplification reastions, Witk Jorward
primar (377 &-SWART) and roverse prirmer (F-THAAG for TORA ar 3-TRBC
P TOAEY, 25 oycles of ampilication were performed (30 s at 947G, 20 5 at
5570, and 1 miriat 72705 POR produsts were cloned into p3EM-T Easy Vestar
{Prommega) and ware sequanced.

T Cell Difleraatiation fram T-IPECs

Tix differentiate human PE0s into tomatopcntis oolls, we sightly modified
& previogsly descibed protecal {Tasayome o8 ol 20080 Saall clumps of
FECs =100 colis) wers bansferred onte imadiated C3H10T1/2 calis and oo-
cultgrad 1 ES medium {scove's modified Dulbecoos’s medium supplemented
with 13% letal bovies serum [FBS] and a cockitail of 10 jfmd Buman inseding
5.5 pofml buman transtering & ng/mi sodiem sefenite, 2 mb L-glutaming,
045 mbd z-menothioglyeeral, and 50 podmil ascarbic ackd in the prossnee of
YEGF, S0F, and FLT-3L. Hemalopoistic cells containe 5 P80 sacs wars
coflacted and ware franslered onto irmsciated OPS-DLT cells (provided by
FikEN BRC thraugh the Mational BioFsesowrce Project of the Ministry of
Edweatian, Guiturs, Sports, Science, and Technotogy [MEXTT (Watarai s al.
20310, The hematopoietic calls underwent T linesgs differentiation on (88~
D41 celis during copuliies & OPE medim (aMEM supplemenied with 15%
FBS, 2 mi L-gletamine, $00 Wint pericitin, and 100 ag'mi sireptosmcing in
e presance of FLT-3L and L7, The T fineage cells wers then harvested,
v with irvasdistod HLA-AZ4  PBEMOCs, and cocultured in BH10 mediun in
the prosancs of L7 and (£-15,

Intrnoellulae Staining

For intraceliutar staining of granayms 8, T calls were stimaulated by »-C0R28
beacds or peptide-loaded HLA-A2L® 8-L0Ls. After 2 b, teednidin A 85 agiml
Invitrogant was added, with inouation e 4 Bours mare, Colis were [Hos b
viepted arad fixed in FlaticnPemmeabilization salulias (8D Bicscienses). Ints-
collalyr stainirg was podormed as per the manefacturer's protocs! using
Parmiiash bulffer (BD Bioscionses) and fuoresceln iscthicoyanate (FITG)-
canjugrted granvyme B antibody (B0 Biosciences). For captering GO10Ta
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frangivnlly seposssed an cell surdaces, T oolls wars incebaled with 2-CD3/28
beads or paptide-osded HLA-A24Y BLCLs snd wers cultused with FITS-
conjugated CON0Ta antibody (Biolegend) for 6 by, Harvested cells wers fixed
and stained as desoribed above. Oala were aoquirsd on FAZSAHa 1 equlp-
ment B0 Bioscioncas) and anatyzod using Flovelo softvare {Tree Stack

Measurement of Telomere Length by Flow-FIgH
Tetamare leagih was megsured uslng a Talomers PRNA KIYRTO [DAKD) as
pranipiasly descnben Maeakesr ot 3l 20035),

BLISPOT and ¥ Or Hotonse Assays

The antigen-specilic responses of T calls wire messured wsing an BLISPOT
assay for By ard a slanded “0r release asssy a5 deseribed (Kawara-
2003, HLA-A24" B 0Ls

[y

Tasrakavay of ab, 2002 Tsunelsugu Yokota of ai,
wire usad as anligien-peesenting sells.

Statintics

2 ata are prasonied 45 maan = S0, A0 slalistios wers pordormmed wsing Excel
{Kllerosalt) and Prsm [SraphPed sefftware) programs. applving two-tailed
Studant’s I feal. Values of p < 0.05 wera conzidered significant. For additional
detzils, see the Supplemantsl Expernmmeniat Procedurss,

ACCESSION HUMBERS

The Gere Expression Umnibus sccossion number for ssicmaray deia roe
prsted i thiz paper is G3E43158.

SUPPLEMENTAL INFORMATION

Supplemental Information insludas six figures, three tables, and Supplamental
Experirmental Frocodures and car e eundd with s artichs anfios at it fde
chob e YR TIN B  sten ZINE 11002,

ACKROWLEDGRENTS

Wie thank Y umike tshil and Yull Yamazaks (The Unbversity of Tokya} for FADS
operation; Scu Makamuws, Ryoko Jono-Onishi, and Shoichi Kitayama (The
Uraversity of Tokyo) for techinical help) Hivoshi Hawamoto, Kyoks Masuda,
ang Rayl Vizcardo {RIKEN Center for Allgrgy and Imenunologyl for Kiedly
providing FE-0LT oollz and for heiplul decussioss; Yasuhore Mishimus
arwd Satory Senju Humamots University] for kindly providing T celf clones; Ma-
koto Gtsu, Akibids Kamiva, Motco Watsnabe, Ayako ¥armssto, and Masataks
Kazai {The University of Tokyo) and Masakl Yasukawa, Hiroshd Fugbwars, and
Toshiki Ochi (Ehime University) for helpful discussions; and Ales Knlsaly and
Huan-Ting Lan for ertical reading of ihe manuserpl, The propset was suppoded
inpart by a geand from the Project for Reatization of Rogorerative Medigine, by
# Grant-in-Ajd for Sciontific Research (KAKENH and by the Globsal Canter of
Excallence program from MEST of Japan, by 2 Grant-in-8id for scientific
regearch from the Japan Society for the Promation of Sciznce, and by grantz
for AIE research from iha Minising of Health, Lebor, and Welfare of Japan, The
expatimental protocol was appraved by the Institutional reguistics boasd for
murman elhics al the institute of Megical Boignes, University of Tokye [apgaroval
epmtior: 20-5-0826), The entire study was candustod in sesordance with the
Decigration af Halsirgd,

Receivad: May 31, 2092
Revized: September 28, 2042
Accepted: Movember 8, 2012
Published: January 3, 2003

REFERENCES

alt. £, and Battimere, D (19821 Joining of imenusogiobuin heavy chain
gena segmants: mpfeations from o chromosomes with gudence of thres
T-dH Fusions, Pros, Matl Acsd, Soi USA 7 S118-4122,

Sltfatd, &6, Kalife, BT, 6 Y. Stesck, H., Uchiedeld, M., Jobnsion, MM,
Burgatt, M., Swaortz, ME., Yamg, A, Aller, G, et sl [2008]. HLA Alsles

— 175 —



Cell Stem Cell
Rejuvenation of T Cells through Reprogramiming

Assoniztod with Delayed Progression to A0S Contritgte Slrongly 1o e nifial
CLEf T Call Prespanse against Hiv-1, PLed SMed, 3, 003,

Appay, V., Nixon, OF, Donshos, S8, Gillezple, G0, Dang, T, King, A.,
Ogn, G5, Spiegel, HW, Conlon, (&, Sping, G4 of al 2000, HiV-apecific
CRE T oalls produce anthdrl Sytokines but are impaired i cylalytic funs-
fian, J, Exp, Mod. 192, 6375,

Handle, GA, Linnemann, C, Heoihsas, AL, Bies, L, dgo Witle, MA.,
dorritarna, A, Haiser, A0 Pouw, W, Debets, B, Kieback, E., of al. 2010,
Ledtysd grafi-versus-host disease n mouss models of T cell recentor gens
Wiarapy. Mal. Med. 16, 5858570, Tp iolivwing 570

Bovgulyn, B, Kishio B, Uoreatay, Y, gl wan Beehmer, B {12920 Exclusion
ard incluzion of alpha amd bota T cell receptor allgles. Call BY, 525537,

Borroaw, P, Lawisid, H., Hah, 8.4, Shaw, G 0., and Oldstore, MB. (1534),
Virug-speahe COEs avtoloxie T-lymphooyte activity asscciated with contml
oof wirgmia ins prizery husnan immuradeticiency vinss bype 1 infection. . Virgl,
63, BH3-81140

deennar, WKL, and Okur, FY. 20080, Geerdow af gons ey alinical prog-
ress inclading concer reaiment with gene-modilied T cells, Hemabolagy (Am.
S, Hemated, Bdus, Program), 675881,
Brivanlou, Ak, Gage, FH., Jasnigeh, R, Jesselt, T., Malian, ., and Fossant,
Jo 203 Brem cefs. Betting standards for homan embreonic siem calls,
Zelonoce 304, 213-918
Brodie, B0, Lewirsohn, D&, Patterson, B, Jyvamapa, O, Hrieger, J.,
Coray, L., Greerbeng, PLD,, and Rigdel, 8.8, (1994, Invivo migration and func-
tion of transfarred HIV-1-spacific oytotoxis T eells, Mat, Med. §, 34-41,

Begwen, BUE., Hosddon, £ Bajesh, [, Mack, A, Lewds, AL, Fang, %, Zitur, L.,
Lagrish, 8.0, ard Nuwaysir, EF B0, Dervation of induced plaripotent
sterm calls from buman peripheal Blood T lvmphooytes. FLeS ONE 8, e85,

Bathyr, M., Moz, LG, and Harty, 4.7 (20418 Immunslogle considerations Tor
gangrating memary CODB 7 cels through vaccimation Cell Micrabicl, 13,
QG333

Dy, C.L., Haaliraare, TLE., Bioplola, P., Beown, J.A., Moodlay, E.5., Beddy, 3.,
Mackey, EW., Miler, JD, Leslie, AJ, DeFleres, O, ot al (2008 PD-1
sxpression on HiV-zpeciiic T calls is asscoiated with T-call exraustion ang
dissaze progression. Natum 443, 300854,

D, G, 136, L, Shen, L, Sehgal, P, Bkan, Y., Huang, 5., Lebvin, ML, and
Chan, ZW, {2008). Combined megaplex TOH zalation and SMART-based
regab-tieng quantitation methods Jor quantitating anfigen-specitic T ool glones
i ryeobactenisl infection, J. lmmunal, Meliods 308, 19-35,

Frebeegy, G, Dehl, LA Timoskaingn, S, arad Collas, P RI07L Epighnelis rae
pragramasing of GITA and WANOE requiatary regions Gy embreanad cari-
noers celf exiact Mol Biol, Dol 18, 1543-1553.

Fusaki, M., Ban, H., Msbdvama, A, Sackd, 8, and Hasegaws, W, 20030
Efficeany inchestion of tansgena-dree hurmn pluigetent stom cells using
a vactor Dased an Sendal Weaus, an BMA vires Bl dees sl mtegrade o
S st gengme, Proc, Jos, Acsd,, Ser, B, Phys, Bioh Sci. 85, 348-362.

Geattingnd, L., Lugh, £, Ji, Y., Pos, 2. Pautos, G, Cuigley, ME., Mmeida,
SR Bostick, B, Yo, 2. Carpenito, S, af 8l (200710 A buman memary T cefl
subset with st Soll-like properties. Mat Med. 17, 12801247,

Graenberg, B0 (18915 Adontive T eolt thesapy of turmars: mechanismgs oper-
ative i the recagnition and aliminalion of hemar cells. Ady, mmunsl, 48,
281355

Hanra, J, Maskatdaki, 3., Schorderel, P, Canmy, BW., Baard, C., Wermg, 4.,
Crengghilon, MUP., Steine, £, Cassady, L., Foreman, B, ot al. {2008}, Dirent
raprogramming of ierminally differantiated matues B mphocytes b pleipo-
{enoy. Cell 133, 2680-264.

Fara, A Baki, ML, Toguckd, &, B, B4, Yameda, ., Busissda, T., and Morl,
FA. (2008}, Mourar-dite differentiafion and selactive ablation of undiffarentiated
wembryonic Shem celts comtaining suisida gene with Dot-4 promoter, Stem Cells
Chag, 17, 615627,

Hesheellingae, ¥, s Josriseh, B (20025 Monoclonal mice generabed by
nestear ranstor rem mature B and T dongr cells, Maturs 415, 1035-1038.

Codl Stem Call 12, 114126, January 3, 2013 220712 Elsaviar Inc.

Masang, L, and Kasagawa, 0 12001, Orderod andd cossdinated rearangement
ot Bn TOR dlpha lecus: role of secorslary rearmangemant in thymic selection,
S imunal. 166, 2897-F60H.

thawa, T., Hiress, 5, Masuda, K., Kakugawa, B, Salob, 7L Shibano-Satoh, &
Hominami, A, Katsora, ¥, and Kawamoto, H. (20100 An essential develop-
rmantal cheokpoint for produstion of the T call lineage. Sclence 359, 2308,
Jamasan, 5.0, ard Masopusi, 0L 2009). Diversity in T celt memory: anembar-
rassment of riches. lmmunity 37, BE9-871.

Jume, G.H. {2007} Adoptive T cell therapy for camoer inthe oiinic. J. Cin. trvest.
117, 14881475,

Fanska, 5., Mastagha, 5. Bondanza, &, Panzoni, M., Sanvito, F., Aldrighatt],
1., Radrizzan, ., La Ssta-Cetamancio, 5., Prowas], B, Mooding, A, st al
(200 1L-T and iL-15 allow tha gensration of suicide geoe-medified aliarege-
tive self-renawing central memary human T horphooyies, Blood 113, 1008
1615,

Kawang-Tachikawa, &, Tomizaws, M., Musoya, J. Shiedz, T, Halo, &,
Makayama, E.E., Makamess, T, Magal, Y., and twamedo, & (2002} anetliziont
g versstile enarmalian virgd vector system for mojor Bistooampatibility
aofnplon class Vpeplide complaxas, J WVirgl, 76, 11582-1 1888,

Hhor, B, and Sleckman, BB (20007), lletiz esclusion at the TORbeta toows,
Cure. Upir, ol 14, 230234,

labanatt, ©.48., Gattinasd, L., and PBesila, NP (2006, GO« T-cal memory in
furmos ifrteneingy and mmmunolBoragy. mursl Hov, 277, 214-2304

Haohn, L8, Sadelain, 8., and Glorioss, L2, 20031 Occurence of laukagsrda
fesltoing gesme thevapy of X-linked SO0, Ngg. Bey, Cancer 3, 477-488,
Houp, Fa, Satny, LT, Caa, ¥, Andesws, A, Moleod, G, Borkewsky, W,
Fatiting, G, ond Mo, 0.0 {1994 Tomporal association of sellular enuss
resprsis with the iniial cosleed of viresa s peimary burman imeanodsti-
giency virug typs 1 sywoedrome, L Vired, 88, 48804658,

Hrangsl, 545, (2009) Mochanios of T goll reseptor gons rearrangement. Cusr,
Opin, Iramunnl, 21, 133-138,

Ladaitis, L0, Dol &, Boanewilie, M., Takogakl, . ard Tonegsws, S
HEREI. Junctional sequonses of T ool secopdor garmma delta genes: implica-
tars for garmrms delta T ool Ineages and far @ novel intermediate of V-{0-J
jgiring. Celf 59, 868870,

Lafrang, 8.7, 2003). (WMGT databases, web resources and taals for immuno-
aietudin and 7 cell receplor séguance analvels, Mo Smglones i, Leukemia
17, FEl-255,

Lah, ¥.H., Harung, O, L, H., Guo, ©., Sahadie, LM, Manas, P.0, Urbach, A,
Halfingr, 4G, Geekovie, 8, Vigneault, F,, et al. (208, Begrogramming of
T cafls from buman periphecal blood, Ced Stermn Cell ¥, 1514,

Le, POH., and Megrin, RS, {1504). A rovel population of skpanded haman
CLE+C05Es cabin derived fram T celis with potent In vive anfiemsr activity
in olce with savers combingd immunodeliciency, J, lrenongl, 153, 1587-
1656,

Maslecd, MK, Happlar, LW, and Marrack, 22080, kMemory C04 T colls:
gesgrabion, reaciivation and re-assigranent, lmmgnology 130, 1015,
Rarior, FLAL, Stesti, 8, UL H, Telera, A, Schosfiner, 5., Drtega, 5., Serans,
., and Blagea, WA 008, Telomerss aoqure embryonis siem ool charas-
leristics in indeced plutipatent ster cells, Cell Sters Cell 4, 141154,
Slantsing, J., Balbwealta, ¥, Ostrer, H, and Gregersen, PR, (1928) Shartered
jabamiesng in clenally expanded COZE-CDEs T colls imply a repiisative hislory
that is gistingl froes thelr CO254008+ sounterparts. J. immunal, 155, 3557
3580,

Morgan, FLA, Dudley, ME, Wanderfich, JR., Hughes, M5, Yang, 4G
Sharry, AL, Boyal, BE. Topakan, 5.1, Kammugs, U5, Restifn, MP., etal,
{Z006). Carcer regression in patients alter transfer of gengtically englosgred
pmphooytes. Sclence 314, 126-129,

Meubar, K., Schmadl, 5., and Mensch, A (2003, Telomers length measurs-
wentl and determisaticn of imminosoressconce-related  markers (CO28,
COEER0, CDUERA, infarforon-gamma ard interlsukin-d) i skin-homicg
T ol eepressing fha outaneous ymphooyte anligen: indication of a nore-
ageing T-cali subset. nmunology 708, 24631

125

— 176 —



Hatirera, K, Sano, &, Oblaka, M, Funsta, B, Umsmura, Y, Makgima, Y.
kehara, Y. Kobeysshi, T., Segoes, H., Takavasy, 3., of gl 20910
Clevefopment of defective and peraistent Sendai vires vaolor a unitun gene
deliverysxprassion systems idesl for coll reprogramming. J. Biel. Chem. 285,
ATE-4F71,

Padowan, E., Cagorali, G.. Doliabonz, P, Meyer, 3. Brogkhaus, b, amd
Lanzavecchiz, & (893). Expression of two 7 cell recapior aipha chains:
gl meeptar T cells. Soiance 262, 422424,

Patrie, #.T., Livak, F., Schate, UG, Strasser, &, Crdspa, LW, snd Shortenan, K.
{1998, MuElps regrangements in T celi receplor alphs chain genes maximize
the production of wselul thymooytes, J. Bep. Med, 178, 515622,

Prilips, B.E., Bowiend-Janes, 5., Nixon, [WF, Gotch, £00., Edweds, JP,
Ceurdesi, 5.0, Evin, LG, Rathbars, LA, Basaham, O, Fizen, CH, etal
(1991 Human immuncdieficiency vius genstic vadalian that cad escaps
eylotoxic T oall recogritin, Mature 354, $33-455,

Farter, DL, Leving, B.L., Kalos, 1., Bagg, A, andJune, TUH. 2011 Chimerio
anticen recaptor-modifing T 2ol in chrenic ymphoid leukemia. M. Engl. J.
b, 355, 23733

Brio, M., Lefrancais, L, asd Jamoeson, 5.0 (2002), Multiple choices: reguiation
af memary GOS T oelt geeeration and homeostasts by interfeukin (IL)-7 and
15, J, Bap, Bod, 185, FAO-FE2.

Homara, P, Jopolios, &, Karth, L, Piter, M, Touwey, ©, lancy, EM.
Corbesy, P, Davavre, £, Spaisar, OB, and Rufer, b, (2007, Four lunclanally
distivet popatations of homan sHestor-memary G0Ee T lymphocyles
J lmmunal. 178, 4112-4119,

Fubie, V., Stege, T.H., Singh, 1., Betts, 8UR., Weber, J&5., Roodoeor, W, and
Lea, PP, (2003). Exviva identification, isolaiion and analyss of ienorcylolybic
T eails, Mat. Med, 3. 13771388,

Sekl, T, Yuazs, 5., Ode, M. Bgashin, T, Yoe. K., Kosumoto, O, Maksta, H.,
Tohyams, 8., Haskimalo, B, Kodairs, W, et el (2070). Generation of induced
aluripotent ster cells from human terminally differentiated dculating 7 cells,
Cedl Steny Qe 7, 1114,

Gergold, T, Hashedingsr, B, infay, MA., Jasnizch, AL, and Welsaman, LL.
{20073, Earty TCH exprassion and aberrant T oell developmant in mige with
andopeious prorearmanged T el receptor genes, J. Immancl, 179, 925-938,
Sorwold, T, Hochedlinger, K., Swinds, J., Hadgpeth, 4., Jasnisch, &, angd
Weissman, LL (2010 T-cell receptor-ddven ymphomagenssis in mice
derived rom & reprogrammed T ocell, Prog. Matl Acad. Sci USa 107,
TRE3I-18843.

Staerk, [, Dewlaty, ML, Gaa, 0 Masteed, 0, Hanns, J., Sommer, GA,
tlasiosiavaky, G, ard Joesasch, B, (20100 Reprogramming of human periph-
prgl oo colls 1o induced pleipolent stem oels. Gefl Stem Cell 7, 20-24.
Takabkashi, ¥, Tanabe, K., Oheuki, B Banta, X4, lobizaka, T, Tomods, K.,
ard Yamanaka, B, (2007} nduction of plurpotent stem cetls from adult human
firailasts by delred [aotors, Cell 137, 861-872.

Tarayams, M., Mishiki, H., Uswsd, 4., Tsuka, H., Sawaguchi, &, Hirayama, T,,
1o, K., and Makauchi, H, (2008}, Gensration of functional platelais from furan
amnbryoric stem oefs in vitr via ES-zans, VEGF-promoted structures fad
congeniraie hematopalstic progenitacs, Binod 177, S258-5306.

Takayarma, M., Hishimura, S, Hakamera, 5, Shimdgy, T, Dheishi, A&, Brdo 1.,
Yamaguchl, T., Oisi, 8, Mishimorg, . dakanissl, 84, ot al (20000 Trarsisen

126 Coll Sterm Cell 72, 114126, Japuary 3, 2013 52012 Elsavier Inc.

Cell Sterm Cell
Rejuvenation of T Cells through Reprogramming

aotidation of o-WYE exgressian is entical for efficient plalelel generation from
surnan indused pluripelent stem celis. J. Exp. Med, 307, 2817-2830,

Tars, LT, Brrnst, 8., Kiepar, WG, LeFy, B, Spoant, 1., and Surks, G0 2002},
friferituken (IL)-15 and 11T jointly rogulats homeostatic prefiferatian of mamory
phenstype GO+ calis bt are not required fior mamory phanatype GO colls.
A Ezp. Med, 188 1523-1532,

Timmemmans, F., Vefghs, b, Vaswalisghem, L., O Smedt M., Vas
Copperrafe, 5., Taghan, T, Moo, HI, Leclescg, G, Lengorsk, AW
Kera, T., 8t gl (2008, Generation of T cells from hamary embryonic stem
call-gerived hemalapete ranss, J. Immunol. 182, 6879-5288.
Taunstsugu-rokota, Y. Moikawa, Y., fsogal, M., Kowdana-Tachikaws, A,
Outmwars, T, Wakaes, T Gease, B, Sulsan, Bl and lvamobo, A 2003
weast-harived bomas immonedeficiency virus ype 1 pSSineg) vinus-like
sarficios aotivate dendritic celfs (DCs] and indute perforin expressian in
Gag-specific CO8(+) T cells by cross-presentation of DOs. J. Vil 77,
10250-10258,

Turka, LA, Schate, LG, Osttingsr, MA, Chun, JJ., Gorka, ©, Les, K.,
toCarmack, W.T., and Thompson, C.E. (1931} Tremooyle exgression of
R&G-1 and RAG-2: teomination by T cell receplor croas-lnking. Scisnce
255, 7TR-TEL

Turbls, 4., Swanson, HAL, Full, 4., Bstey, BH., and Biddel, 38, 2008 A
eigtirst sunsed of getf-reneding husan momory COB+ T oells sundves oyio-
teic chamatherapy, fmmuniiy 37, B34-B44,

war Danges, Jod., Langerak, 80, Brogoernann, b, Evans, PLA Hummal, M.,
Laverder, £, Defabesse, B, Daw, F., Schuuring, £, Garcia-Sanz, AL, et al,
{2003 Tasign and standardization of POR primars and protocsis for detection
of plonat Immunoglohudin and T-celi receptor gene recomiinations in suspast
lymphoprcifsrations: report of the BIDMED-2 Concened Action BMH4- G738
3935, Leukemiz 17, 2257-2317,

Veldwijk, M., BerlinghoH, 5., Laufs, 5. Hengge, LLR.. Zeler, WL, Wenz F.,
and Fruehaud, 5. (2004}, Suicide gene tharagy of sansamt coll B using ro-
compinant adenc-aseocinted virus B vectors, Cancny Gena Ther, 17, 577-634,
Wirgin, HW,, Wharny, B, and Ahmed, R 2005 Bedefining chironic viral
infection. Cell 138, 30-80,

Vodyarik, t.A, Bark, LA, Thomson, LA, and Shdodn, Ll 2005 Husan
embryonis stem celi-derived T34+ calis) efficiant pradustion in ihe cocullure
with OFS stramal| cells and analysis of rnphohematapoietic patential, Blood
165, 617-526.

van Boetmer, W, (2004}, Selectian of e T-cof repertalne: receplor-cantrolied
checkpaints in T-cell devslopment. Adv, Immusat, 84, 201238,

Wataral, H., Bybouchixin, &, Harge, B, Nagata, ¥., Sskata, 8, Sekine, £,
Oaghisoodol, M., Tashisa, T, Fuji, .. Shimizg, K. of al. (2010). Geraration
af tupctional BIKT colis i vitra fras embrpasic stam ceils bearing rearranged
iwarant Valphat4-Jalphal® TCRalpha gena. Blood 115, 230-237,

Wenn, B, Halbeook, KB, and Hodes, R, 1908]. Regulation of tefomere
lesgyth and telomerase in Tand B calls: a mechanis for maintalring reglicative
potential, (mmunity @, 151157,

Whasrry, EJ 207111 T cell exbaustion. Mal immunal, 12, 492-499.

Zhargy, M, and Bevars, W2 2017 S04 T colls: oot soldiers of the immuse
sysiem, immunity 325, 181-168.

— 177 —



HEMATOPOIESIS AND STEM CELLS

Role of SOX17 in hematopoietic development from human embryonic stem
cells
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University of Tokyo, Tokyo, Japan

1 To search for genes that promote hematopoietic development from human embryonic
: stem cells (hESCs) and induced pluripotent stem cells (iPSCs), we overexpressed
several known hematopoietic regulator genes in hESC/iPSC-derived CD34+CD43~
endothelial cells (ECs) enriched in hemogenic endothelium (HE). Among the genes
tested, only Sox17, a gene encoding a transcription factor of the SOX family, promoted
cell growth and supported expansion of CD34+CD43+CD45~/o% cells expressing the HE
marker VE-cadherin. SOX77 was expressed at high levels in CD34+CD43-
ECs compared with low levels in CD34+CD43+CD45~ pre-hematopoietic progenitor cells
(pre-HPCs) and CD34+CD43*CD45* HPCs. Sox17-overexpressing cells formed semiadherent cell aggregates and generated few
hematopoietic progenies. However, they retained hemogenic potential and gave rise to hematopoietic progenies on inactivation of
Sox17. Global gene-expression analyses revealed that the CD34+CD43+CD45~/°% cells expanded on overexpression of Sox17 are
HE-like cells developmentally placed between ECs and pre-HPCs. Sox17 overexpression also reprogrammed both pre-HPCs and
HPCs into HE-like cells. Genome-wide mapping of Sox17-binding sites revealed that Sox17 activates the transcription of key
regulator genes for vasculogenesis, hematopoiesis, and erythrocyte differentiation directly. Depletion of SOX77 in CD34*CD43~
ECs severely compromised their hemogenic activity. These findings suggest that SOX17 plays a key role in priming hemogenic

priming hemogenic potential in

endothelial cells during hema-
topoietic development from
ES cells.

potential in ECs, thereby regulating hematopoietic development from hESCs/iPSCs. (Blood. 2013;121(3):447-458)

Introduction

During mammalian development, 2 waves of hematopoiesis occur
in sequential stages: first, a transient wave of primitive hematopoi-
esis, followed by definitive hematopoiesis. These stages are
temporally and anatomically distinct and involve unique cellular
and molecular regulatbrs. The formation of primitive blood cells
occurs early during fetal life, with coordinated progression from
extraembryonic to intraembryonic sites of hematopoiesis. Within
the embryo, definitive hematopoiesis undergoes developmentally
stereotyped transitions; hematopoietic stem cells (HSCs) arising
from the aorta-gonad-mesonephros region migrate first to the
placenta and fetal liver and then to the spleen. Eventually,
hematopoiesis shifts to the BM, where homeostatic blood forma-
tion is maintained postnatally.!

During definitive fetal hematopoiesis, HSCs emerge directly
from a small population of endothelial cells (ECs) in the conceptus,
referred to as the “hemogenic endothelium™ (HE).>* HE is located
in all sites of HSC emergence, including the ventral aspect of the
dorsal aorta, vitelline and umbilical arteries, yolk sac, and placenta.

The process by which blood forms from HE involves an endothelial-
to-hematopoietic cell transition during which individual cells bud
out and detach from the endothelial layer.>* HE is distinguished
from all other ECs by the presence of a transcription factor called
Runx1.’ Runxl is expressed in HE cells, in newly formed
hematopoietic cell clusters, and in all functional HSCs.67 A similar
process occurs during hemangioblast differentiation in primitive
blood cell formation. The extraembryonic yolk sac is considered to
be the first site of emergence of the “hemangioblast,” a mesodermal
precursor with both endothelial and hematopoietic potential. Heman-
gioblasts differentiate into a HE intermediate, which gives rise to
primitive hematopoietic cells but also definitive hematopoietic
cells on activation of Runx1.8 :

Human embryonic stem cells (hESCs) and induced pluripotent
stem cells (iPSCs) have been demonstrated to reproduce many
aspects of embryonic hematopoiesis in stromal coculture or
embryoid body (EB) culture. A recent study has provided evidence
that hematopoietic differentiation of hESCs progresses through

Submitted May 19, 2012; accepted October 31, 2012. Prepublished online as
Blood First Edition paper, November 20, 2012; DOI 10.1182/blood-2012-05-431403.

There is an Inside Blood commentary on this article in this issue.

The online version of this article contains a data supplement.

BLOOD, 17 JANUARY 2013 « VOLUME 121, NUMBER 3

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

© 2013 by The American Society of Hematology

447

— 178 —



448  NAKAJIMA-TAKAGI et al

sequential stages: first is the HE, then primitive hematopoiesis, and
finally definitive hematopoiesis, a process resembling the develop-
ment of physiologic hematopoiesis.” However, the induction of
hematopoietic cells from hESCs/iPSCs is still inefficient. Signifi-
cant innovations are required before it will be possible to obtain
sufficient numbers of the specific types of hematopoietic cells
needed for therapeutic uses.

Sry-related high-mobility group box 17 (SOX17) is a member
of the SOX family of DNA-binding transcription factors. Sox17
participates in various developmental processes and biologic
activities, such as formation of definitive endoderm!© and vascular
development.!! Moreover, recent studies have shown that Sox17
also plays an important role in fetal hematopoiesis in the yolk sac
and fetal liver, especially in the maintenance of fetal and neonatal
HSCs, but not adult HSCs.!? Overexpression of Sox17 has also
been shown to confer fetal HSC characteristics onto adult hemato-
poietic progenitors.!* Among SOX family members, Sox7, Sox17,
and Sox18 are highly related and constitute the Sox subgroup F
(SoxF). Sox7 and Sox18 are transiently expressed in hemangio-
blasts and hematopoietic precursors, respectively, at the onset of
blood specification. Sustained expression of Sox7 and Sox18, but
not Sox17, in early hematopoietic precursors from mouse ESCs
and embryos enhances their proliferation while blocking their
maturation.'*15 However, the role of Sox17 in early hematopoietic
development, particularly from hESCs, has not yet been clarified.
In the present study, we tested the effect of overexpression of
known hematopoietic regulator genes in hiPSC-derived
CD34*CD43~ ECs enriched in HE to find genes that could be
manipulated to efficiently produce hematopoietic cells from hESCs.
‘We found that Sox!7 promotes the expansion of HE-like cells. We
demonstrate that SOX17 functions in HE and plays a role in the
development of hematopoietic cells from hESCs/iPSCs.

Methods

Cell lines

H1 hESCs (WiCell Research Institute) and TkCBV4-7 hiPSCs generated
from human cord blood (CB) CD34™" cells were maintained on irradiated
murine embryonic fibroblasts in DMEM-F12 (Sigma-Aldrich) supple-
mented with 1X MEM nonessential amino acids (Gibco-Invitrogen), 1X
GlutaMAX-I (Gibco-Invitrogen), 20% knockout serum replacement (Gibco-
Invitrogen), 0.1mM 2-mercaptoethanol (Sigma-Aldrich), 1% penicillin/
streptomycin solution (Sigma-Aldrich), and 5 ng/mL of human basic
fibroblast growth factor (ReproCELL). Every 3-4 days, the cells were
dissected into clumps of approximately 300-500 cells in a dissociation
solution consisting of 0.25% trypsin, 20% knockout serum replacement,
and 1mM CaCl, in PBS and transferred to a new feeder layer to maintain
them in an undifferentiated state. The OP9 stromal cell line was kindly
provided by Toru Nakano (Osaka University, Osaka, Japan). OP9 cells were
maintained in o-MEM (Gibco-Invitrogen) supplemented with 2.2 g/L of
sodium bicarbonate, 20% FBS, and 1% L-glutamine and penicillin/
streptomycin solution (Sigma-Aldrich).

EB differentiation

H1 hESCs or TkCBV4-7 hiPSCs were dissociated into single cells with
Accumax (Innovative Cell Technologies). The cells were washed with
DMEM-F12 and recultured at 1 X 106 cells per 60-mm Petri dish (Falcon)
in 5-mL mTeSR1 (StemCell Technologies) supplemented with 10pM
LY27632 (Cayman), 2 ng/mL of human Bone Morphogenetic Protein 4 (BMP4;
PeproTech), and 2 ng/mL of human activin A (PeproTech). At day 2 of culture,
EBs were split from 1 60-mm Petri dish to 2 60-mm Petri dishes and cultured in
EB medium consisting of IMDM (Sigma-Aldrich) containing 15% FBS, 1X
GlutaMAX 1, 1% penicillin/streptomycin solution, 200 pg/mL of bovine holo
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transferrin (Bovogen), 50 pg/mL of ascorbic acid (Sigma-Aldrich), and 450p.M
1-thioglycerol (Sigma-Aldrich) supplemented with 2 ng/mL of human BMP4
and 5 ng/mL of human VEGF (PeproTech). At day 4 of culture, medium
conditions were changed as described in Figure 1B. LY363947 (Cayman) was
used as an inhibitor of TGFp signaling. EBs were constantly cultured on a shaker
at 70 rpm.

Flow cytometric analysis and OP9 coculture

EBs were dissociated with 0.25% trypsin-EDTA solution (Sigma-Aldrich)
and filtered through a nylon screen to obtain a single-cell suspension. Flow
cytometric analysis and cell sorting were performed using a FACSAria I
cell sorter (BD Biosciences) and the data were analyzed using FlowJo
Version 9.5.3 software (TreeStar). The following Abs were used for the flow
cytometric analysis: CD34 (clone 581; Alexa Fluor 647 or PE-Cy7), CD43
(clone CD43-10G7; PE), CD45 (clone HI30; PE-Cy7), CD11b (clone
M1/70; Brilliant Violet 421), CD235a (clone HIR2; PE), CD144 (VE-Cad;
clone 16B1; PE), and CD309 (KDR; clone HKDR-1; APC). Sorted cells
were resuspended in hematopoietic medium (IMDM, 10% FBS, 1%
L-glutamine and penicillin/streptomycin solution) supplemented with 20
ng/mL of human SCF and 20 ng/mL of human thrombopoietin (TPO;
PeproTech), and transferred onto semiconfluent irradiated OP9 cells. For
mature hematopoietic cell differentiation, sorted cells were resuspended in
HE medium supplemented with 20 ng/mL of SCF, 20 ng/mL of TPO, 10
ng/mL of human IL-3 (PeproTech), and 3 units/mL of human erythropoietin.

Retrovirus and lentivirus vectors, virus production, and
transduction

Mouse Sox!7 fused to ERT with a 1 X or 3X Flag tag was subcloned into the
MIG retrovirus vector, which contains the long-terminal repeats from the
murine stem cell virus and an internal ribosomal entry site upstream of the
enhanced green fluorescent protein (GFP) as a marker gene. A recombinant
vesicular stomatitis virus glycoprotein—pseudotyped high-titer retrovirus
was generated using a 293gpg packaging cell line.!¢ The virus containing
media from the 293gpg cell cultures was concentrated by centrifugation at
6000g for 16 hours. To knock down SOX17, lentiviral vectors (CS-H1-
shRNA-EF-1a-EGFP) expressing shRNA against human SOXI17 and
luciferase were prepared. Target sequences were as follows; Sh-
SOX17#1143; GCATGACTCCGGTGTGAAT, and Sh-SOX17#1273; GGC-
CAGAAGCAGTGTTACA. The viruses were produced as described previ-
ously.!” EBs at approximately day 5-12 of culture were dissociated and the
indicated cell populations were sorted using a FACSAria II. Sorted cells
were seeded onto semiconfluent irradiated OP9 cells and transduced with a
SOX17-ERT retrovirus or a SOX17 knock-down virus. Transduced cells
were cocultured with OP9 cells in the presence of the indicated cytokines.
To induce nuclear translocation of SOX17-ERT, 4-hydroxy tamoxifen
(4-OHT) was added to the medium to a concentration of 200nM on the
following day.

Quantitative RT-PCR analysis

Total RNA was extracted using TRIzol reagent according to the manufactur-
er’s instructions (Invitrogen). cDNA was synthesized from total RNA using
ThermoScript RT-PCR System (Invitrogen). Quantitative RT-PCR was
carried out using FastStart Universal Probe Master (Roche Applied
Science), the Universal Probe Library (Roche Applied Science), and the
Applied Biosystems 7300 Fast Real-Time PCR system (Applied Biosys-
tems). Primer sequences and probe numbers used are listed in supplemental
Methods (available on the Blood Web site; see the Supplemental Materials
link at the top of the online article).

Colony-forming assay

Colony assays were performed in methylcellulose (StemCell Technologies)
containing IMDM supplemented with 20 ng/mL of human SCE, 10 ng/mL
of human IL-3, 10 ng/mL of human TPO, and 3 units/ml of human
erythropoietin, and incubated at 37°C in a 5% CO, atmosphere. The
colonies were counted at day 12 of culture. Images were captured by
BIOREVO BZ-9000 (KEYENCE) with CFI Plan Fluor ELWD DM 20XC
(Nikon) and processed using Adobe Photoshop Elements 4.0.
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Figure 1. Screening of genes that promote expansion of hematopoietic cells from hESCs/hiPSCs. (A) Hematopoietic fractions derived from hESCs in EB culture used in
this study. (B) Schematic representation of the protocol modified for efficient induction of pre-HPCs/HPCs from hESCs/hiPSCs in EB culture. (C) Expression of BRACHYURY,
RUNX1, and TAL1/SCL expression during differentiation of hESCs in EBs determined by quantitative RT-PCR analysis. mRNA levels were normalized to GAPDH expression.
Expression levels relative to that in hESCs (day 0 of EB culture) are shown as the means * SD for triplicate analyses. (D) Cell growth of CD34*CD43~ cells from day 6 EBs and
CD34+CD43+ cells from day 8 EBs. EBs were formed by suspension culture of hiPSCs. Sorted cells (2 X 10%) were transduced with the indicated hematopoietic regulator
genes and cultured on OP9 cells in the presence of 20 ng/mL of SCF and TPO. At day 14 of cuiture, the absolute numbers of cells were determined and are indicated in bars.
Representative data from repeated experiments are shown. (E) Expression of SOX17 during differentiation of hESCs in EBs determined by quantitative RT-PCR analysis.
mRNA levels were normalized to GAPDH expression. Expression levels relative to that in hESCs (day 0 of EB culture) are shown as the means = SD for triplicate analyses.
(F) Expression of SOX17, SOX7, and SOX18in bulk EB cells, CD34*CD43~ cells (ECs), CD34+CD43*CD45 cells (pre-HPCs), and CD34+CD43*+CD45* cells (HPCs) from
day 8 EBs determined by quantitative RT-PCR analysis. mRNA levels were normalized to GAPDH expression. Expression levels relative to those in CB CD34* cells are shown

as the means * SD for triplicate analyses.
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Gene-expression microarray

Total RNA was extracted using TRIzol reagent according to the manufactur-
er’s instructions (Invitrogen). Purified total RNA was amplified and labeled
using the WT expression kit (Ambion) according to the manufacturer’s
instructions. The labeled samples were hybridized to Human Promoter
Gene 1.0 ST GeneChip arrays (Affymetrix) to assess and compare overall
gene-expression profiles as described previously.'® Microarray data were
submitted to the Gene Expression Omnibus under accession number
GSE38156. Expression profiles of the cells were clustered using hierarchi-
cal clustering. Distance between 2 samples was defined with the Pearson
correlation using all or selected probes. Probes were selected using the
Gene Ontology (GO) database or ChIP-on-chip data of Sox17.

ChlP-on-chip experiment

CD34*CD43~ cells from EBs at day 6 of culture were seeded on irradiated
OP9 cells and transduced with a 3 X Flag SOX17-ERT retrovirus. The cells
were further cultured on OP9 cells in the presence of SCF, TPO (20 ng/mL),
and 200nM 4-OHT. CD34+ cells were collected at day 27 of culture by
magnetic cell sorting using magnetic beads conjugated with anti-CD34 Abs
(Miltenyi Biotec) and subjected to a ChIP assay using an anti-FLAG Ab
(M2, Sigma). ChIP was carried out as described previously.'$ ChIP on chip
analysis was carried out using the SurePrint G3 Human Promoter Kit,
1 X 1M (G4873A, Agilent Technologies). Purified immunoprecipitated and
input DNA was subjected to T7 RNA polymerase-based amplification as
described previously.! Labeling, hybridization, and washing were carried
out according to the Agilent mammalian ChIP-on-chip protocol (Version
9.0). Scanned images were quantified with Agilent Feature Extraction
software under standard conditions. The assignment of regions bound by
SOX17 around transcription start sites (TSSs) was carried out using direct
sequence alignment on the human genome database (National Center for
Biotechnology Information Version 36). The location of SOX17-bound
regions was compared with a set of transcripts derived from the MGI
database. Bound regions that were within —8.0 kb to +4.0 kb of the TSS
were assigned. Alignments on the human genome and TSSs of genes were
retrieved from Ensembl (http://www.ensembl.org). Intensity ratios (IP/
input: fold enrichment) were calculated, and the maximum value for each
promoter region of a gene was used to represent the fold enrichment of the
gene. Fold enrichment was calculated only for probes for which signals
both from IP and input DNA were significant (P < 1073). ChIP-on-chip
data were submitted to Gene Expression Omnibus under accession number
GSE38156.

GO analysis

GO annotation was obtained using gene2go database (ftp://ftp.ncbi.nih.gov/
gene/DATA/gene2go.gz) from Entrez (retrieved January 2012). Human
genes were collected from the database and enrichment of SOX17-binding
genes was distributed to 2 X 2 contingency tables for all GO terms
(having/not having GO and binding/not binding to SOX17). We calculated
P for each contingency table using hypergeometric distribution. The P
value reflects the likelihood that we would observe the distribution by
chance and significant GO terms were selected when P < .001.

Immunostaining

Sox17-ERT-transduced cells were sorted by flow cytometry and cultured
on MAS-coated glass slides (Matsunami Glass Industries,) for 4 hours. The
cells were then fixed with 2% paraformaldehyde and immunostained with
an anti-laminin Ab (ab11575; Abcam) or an anti-FLAG Ab (M2; Sigma-
Aldrich) for primary antibody reaction, and an Alexa Fluor 555 goat
anti-rabbit IgG (Molecular Probes) or Alexa Fluor 555 goat anti~mouse
IgG (Molecular Probes) for secondary antibody reaction, respectively.
Images were captured by BIOREVO BZ-9000 (KEYENCE) with CFI Plan
ApoVC 100X H (Nikon) and processed using Adobe Photoshop Elements 4.0.

Western blotting

Total cell lysate was resolved by SDS-PAGE and transferred to a PVDF
membrane. The blots were probed with an anti-Sox17 Ab (09-038;
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Millipore) or an anti-a-tubulin (CP06; Calbiochem) and an HRP-
conjugated secondary Ab. The protein bands were detected with Super-
Signal West Pico Chemiluminescent Substrate (Thermo Scientific).

Results

Screening of genes that promote hematopoietic development
from hESCs/iPSCs

Hematopoietic development from hESCs and hiPSCs recapitulates
physiologic development, beginning in the conceptus and proceed-
ing in a stepwise manner. CD34*CD43~ endothelial cells (ECs)
enriched in HE give rise to the earliest hematopoietic progenitors,
pre-hematopoietic progenitor cells (pre-HPCs) with an immunophe-
notype of CD34*CD43*CD45~. Pre-HPCs then mature into
CD34*CD43+CD45" HPCs that express CD45, a marker antigen
specific to hematopoietic cells (Figure 1A).2%21 We improved the
conventional culture system to efficiently induce HPCs in EB
culture by modifying cytokine conditions and adding an inhibitor
of TGF-B signaling (Figure 1B). In our culture system, the
expression of hematopoietic regulator genes such as RUNXI and
SCL/TALI increased in EBs after day 4 of culture accompanied by
the decrease in expression of early mesodermal marker genes such
as Brachyury (Figure 1C).

To identify genes that promote hematopoietic development
from PSCs, we transduced hiPSC-derived ECs purified from
day 6 EBs with several known hematopoietic regulator genes. We
selected 13 genes that are known to play an important role in the
development and/or maintenance of HSCs, including RUNXI,
Scl/Tall, Gata2, and HOXB4. The growth of the transduced cells
was monitored in the presence of SCF and TPO for 14 days.
Unexpectedly, most of these known regulator genes did not
promote cell growth, but Sox!7 did. A similar effect was
observed when we transduced CD34+CD43* pre-HPCs/HPCs
from day 8 EBs (Figure 1D). To confirm these findings, we
overexpressed SoxI7 in hESC-derived ECs and pre-HPCs/HPCs.
Overexpression of Sox!7 also promoted cell growth of hESCs (data not
shown). Based on these results, we decided to conduct a detailed
analysis of the function of SOX17 using hESCs.

Sox17 promotes expansion of HE-like cells

SOX17 mRNA was highly expressed in EBs between days 2 and
4 of culture (Figure 1E). SOX17 has been described as one of the
master regulator genes for endodermal development.'®?? High
expression of SOXI7 in EBs at early time points supposedly
reflects the development of endodermal cells. In contrast, ECs
emerged at approximately day 6 in our culture system at the same
time as increased expression of hematopoietic regulator genes such
as RUNXI and SCL/TALI (Figure 1C). Therefore, the expression of
SOX17 after day 6 may indicate a role of SOX17 in hematopoietic
development (Figure 1E). Indeed, SOXI7 was expressed at high
levels in ECs, but at significantly lower levels in pre-HPCs, HPCs,
and human CB CD34* cells (Figure 1F). Other SOXF family
genes, SOX7 and SOXIS8, showed a very similar pattern of
expression profiles (Figure 1F).

To evaluate the effect of overexpression of Sox/7 in hematopoi-
etic development in detail, we produced a retrovirus containing
Sox17 fused to ERT (SoxI7-ERT). We transduced ECs from
day 6 EBs with the Sox!7-ERT retrovirus on OP9 stromal cells and
cultured them in the presence of SCF and TPO. The addition of
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Figure 2. Sox17 promotes the expansion of CD34+CD43*CD45~"ow cells. (A} Growth curve of ECs from day 6 EBs that were transduced with a Sox17-ERT or a control
retrovirus. ECs (2 X 10%) were transduced with the indicated retrovirus on OP9 cells and cultured in the presence of 20 ng/mL of SCF and TPO and 200nM 4-OHT. The absolute
numbers of cells were determined and plotted. Representative data from repeated experiments are shown. (B) Appearance of a representative colony generated by
Sox17-overexpressing cells in panel A observed under an inverted microscope. Images were collected using BIOREVO BZ-9000 (KEYENCE) with CFI Plan Fluor ELWD DM
20%C (Nikon). (C) Typical cell morphology of Sox17-overexpressing cells in panel A. Sorted cells were cytospun onto glass slides and observed after Wright-Giemsa staining.
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control retrovirus cultured on OP9 in the presence of 20 ng/mL of SCF and TPO and 200nM 4-OHT for 10-15 days and then analyzed for theirimmunophenotypes.

4-OHT, which induces nuclear translocation of ERT fusion protein, 4-OHT, suggesting leaky translocation of Sox17-ERT (data not
considerably stimulated cell growth (Figure 2A). Overexpression shown). Indeed, Sox17-ERT was detected in both the nucleus and
of Sox17-ERT promoted cell growth moderately even without cytoplasm without 4-OHT, whereas the addition of 4-OHT induced
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efficient nuclear translocation of Sox17-ERT (supplemental Figure
1A). Sox17-overexpressing cells formed semiadherent cell aggre-
gates on OP9 cells (Figure 2B). Morphologic analysis revealed that
they showed a monotonous morphology intermediate between ECs
and pre-HPCs (Figure 2C). We performed further immunostaining
with an anti-laminin Ab. After incubation in slide chambers for
4 hours, ECs attached to the slide glasses and stretched their
cytoplasm out. In contrast, Soxl7-overexpressing cells behaved
like pre-HPCs and maintained a round shape, suggesting that
SoxI7-overexpressing cells do not retain strong adhesive properties
of ECs, although they form semiadherent cell aggregates on OP9
cells (supplemental Figure 1B). Flow cytometric analysis demon-
strated that SoxI7-overexpressing cells expanded on OP9 cells
were mostly CD34*CD43* and did not express or expressed a low
level of CD45 (CD45/°w). These cells coexpressed the HE
producer VE-cadherin (Figure 2D). Interestingly, overexpression
of SoxI7 in pre-HPCs and HPCs from day 8 EBs similarly
expanded CD347CD43+CD45 °%VE-cadherin* cells (Figure 2D).
Although the endothelial-specific marker KDR/FLK1 was
expressed in the majority of ECs from day 6 and 8 EBs (data not
shown), its expression was immediately down-regulated during
differentiation into pre-HPCs and HPCs and also on activation of
Sox17 (Figure 2D).

Comprehensive gene-expression analyses using microarrays
were performed to investigate the developmental stage of the cells
expanded on overexpression of Sox/7. ECs from day 6 and 8 EBs,
pre-HPCs from day 8 EBs, and HPCs from day 8 and 12 EBs were
transduced with Sox17-ERT and cultured on OP9 cells. These cells
were then treated with 4-OHT and the resulting CD34tCD43*
CD45 /v cells were subjected to microarray analysis. Freshly
isolated ECs from day 6, 8, and 12 EBs, pre-HSCs from day 8 EBs,
and HPCs from day 8 and 12 EBs served as control samples. The
CD34*CD43*CD45~"% cells overexpressing Sox17 appeared to
express both EC-related genes such as VE-cadherin/CDHS and
ESAM and hematopoietic-related genes such as RUNXI and
SCL/TALI (supplemental Table 1). Hierarchical clustering of the
cell populations based on the microarray data of total genes
revealed that SoxI7-overexpressing cells showed very similar
profiles of gene expression irrespective of the cell sources (ie, ECs,
pre-HPCs, and HPCs; Figure 3A). We next performed clustering
using probes corresponding to genes identified as “Transcription
factor” and “Hemopoiesis” from the GO database. SoxI7-
overexpressing cells were developmentally placed between ECs
and pre-HPCs/HPCs (Figure 3B-C). These findings, together with
the intermediate morphology between ECs and pre-HPCs, suggest
that CD34+CD43+CD45 /1o cells expanded on the overexpression
of Sox17 are at a developmental stage between HE and early HPCs.
To confirm this possibility, we then investigated whether the
CD34+CD43+CD45~ % cells overexpressing SoxI7 give rise to
mature hematopoietic cells on inactivation of Sox17 (Figure 4A).
As expected, after depletion of 4-OHT, CD34*CD43+CD45/low
cells lost expression of CD34 and VE-cadherin but gained a higher
level of CD45 expression and gave rise to CD235a™ erythroblasts
and CD11b™ myeloid cells more efficiently than they did in the
presence of 4-OHT (Figure 4B-C). This trend was confirmed in
colony-forming assays. We seeded CD34+CD43+tCD45 /o cells
overexpressing SoxI7 in methylcellulose medium in the presence
and absence of 4-OHT. SoxI7-overexpressing cells in the presence
of 4-OHT mainly formed compact colonies consisting of nonhemo-
globinated cells with a morphology similar to ECs (Figure 2B),
whereas they generated hemoglobinated erythroid colonies and
myeloid colonies in the absence of 4-OHT (Figure 4D). These
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Figure 3. CD34+*CD43*CD45/o¥ cells expanded on overexpression of Sox17
developmentally place between ECs and pre-HPCs/HPCs. Gene-expression
patterns of wild-type and Sox17-overexpressing cells obtained in microarray analy-
ses were clustered using hierarchical clustering. The distance between 2 samples
was defined with the Pearson correlation using total genes (A) or certain probes
selected from the GO database (B-C). “Transcription factor” represents genes that
are located in the nucleus and have at least 1 of the GO terms “regulation of
transcription, DNA-dependent,” “transcription factor activity,” or “transcription factor
complex” (B). “Hemopoiesis” represents genes that are annotated with the GO terms
“hemopoiesis,” “vasculogenesis,” “erythrocyte differentiation,” “erythrocyte matura-
tion,” and/or “erythrocyte development” (C). The color of each cell represents the
value of correlation indicated on the right side of the matrix.

findings clearly indicate that the CD34+*CD43*CD45 v cells
overexpressing SoxI7 still retain hemogenic potential, which
becomes apparent on removal of 4-OHT.
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Figure 4. CD34+CD43*CD45o% cells expanded on
overexpression of Sox17 retain hemogenic potential.
(A) Experimental design to evaluate effects of withdrawal
of 4-OHT on Sox17-overexpressing cells. ECs from day
6 EBs transduced with a Sox17-ERT retrovirus were
cultured in the presence of 20 ng/mL of SCF and TPO
and 200nM 4-OHT for 15 days. Then, the cells were
subjected to coculture with OP9 cells and colony-forming
assays. For coculture with OP9 cells, the cells were
replated onto OP$ cells and cultured in the presence of
20 ng/mL of SCF and TPO, 10 ng/mL of IL-3, and
3 units/mL. of erythropoietin with and without 4-oht. at day
7 of culture, the cells were analyzed for their immunophe-
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of 20 ng/mL of SCF, 10 ng/mL of TPO and IL-3, and
3 units/mL erythropoietin with and without 4-OHT. At day
12 of culture, the colonies were counted. (B) Representa-
tive flow cytometric profiles of cells overexpressing Sox17-
ERT before and after depletion of 4-OHT. (C) The
absolute numbers of CD2357 erythroblasts and CD11b*
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respectively. Compact colonies indicate colonies com-
posed by HE cell-like cells. The appearance of a repre-
sentative compact colony and an erythroid colony ob-
served under an inverted microscope is depicted (right
panel).
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We next compared the expression of globin genes in Sox17-
overexpressing CD34¥CD43+7CD45~ /v HE-like cells and their
hematopoietic progeny with globin gene expression in CB CD34*
cells. CD34+tCD43+CD45 o cells expanded on overexpression
of Sox17 were further cultured in the presence and absence of
4-OHT for 7 days and then GFP™ cells expressing Sox17-ERT were
collected by cell sorting. RT-PCR analysis revealed that embryonic
globin (e) and fetal globin (y), but not adult globin (8), were highly
expressed in Sox17-overexpressing cells and/or their hematopoietic
progeny (supplemental Figure 2). These results raise the possibility
that the CD347CD43*CD45~/ov HE-like cells expanded on over-
expression of SoxI7 are a hemogenic intermediate differentiated
from hemangioblasts that primarily give rise to yolk sac—type
blood cells.?

S0X17 is essential for the hemogenic activity of HE cells

Our results so far indicate that the overexpression of SoxI7
promotes the expansion of HE-like cells, but inhibits their
hematopoietic differentiation into pre-HPCs. Because SOXI17

is highly expressed in ECs enriched in HE, we examined the
role of SOX17 by knock-down analysis. We transduced ECs
from day 5 EBs with lentiviruses expressing shRNA against
SOX17 on OP9 cells and allowed them to differentiate into
hematopoietic cells for 9 days. The most effective shRNA,
sh-SOX17#1273 (Figure 5A), suppressed the development and
differentiation of hematopoietic cells including both erythro-
blasts and myeloid cells significantly, whereas it only moder-
ately diminished the growth of CD235a-CD11b~ nonhematopoi-
etic cells, the majority of which do not express SOX17 even
though approximately 25%-30% of these cells are SOX17+ ECs
(Figure 5B-C). sh-SOX17#1143 similarly, albeit modestly, sup-
pressed the production of hematopoietic cells. Similar results
were obtained when we knocked down SOXI7 in ECs from day
6 EBs (data not shown). However, hematopoietic differentiation
was not affected on SOXI17 knock-down in pre-HPCs from
day 8 EBs (Figure 5D). These findings indicate that SOX17
plays a key role in the acquisition of hematopoietic potential in
HE cells.
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