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Figure 6. imMKCL-Derived Platelets Show Circulation Potential and Intact in Vivo Functionality in a Thrombocytopenic Mouse Model

(A) Platelet transfusion model in which NOG mice were irradiated (2.4 Gy) in order to induce thrombocytopenia. Nine days later, imMKCL-derived platelets (6 x
108 or 1 x 10%) and human PB-derived platelets (1 x 10%) were injected via the tail vein. Shown are representative contour plots of samples from a transfused
mouse. Detected are mouse CD41* and human CD41a* cells 30 min, 2 hr, and 24 hr after transfusion.

(B) Platelet chimerism was quantified by flow cytometry. Circulation of injected platelets was evaluated after 30 min, 2 hr, and 24 hr. N = 4 individual groups from
two independent experiments.

(legend continued on next page)
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Figure 7. Models of MKCL Self-Replication Systems

(A) Excessive c-MYC induces strong activation of caspase 3 and 7 and
apoptotic pathways, despite the suppression of INK4A/ARF by ectopic BMI1,
leading to no self-replication.

(B) Appropriate activation of c-MYC induces a relatively low level of caspase 3
and 7 activation, leading to limited self-replication.

(C) Added BCL-XL acts in concert with BMI1 to suppress c-MYC-related
apoptotic pathways, leading to MKCL immortalization.

(Eto et al., 2007; Takayama et al., 2010). We amplified the DD-encoding
sequence from pPTunerC vector and Shield1 (Clontech and Takara Biotech-
nology) to generate the cMYC-DD construct. Shield1 was used to block DD-
domain-mediated protein degradation. The use of viral vectors was approved
by committees at the University of Tokyo or Kyoto University.

Cell Culture

On day 14 of culture, during hematopoietic differentiation from hESCs and
hiPSCs (Takayama et al., 2008), HPCs were collected and transferred
onto irradiated C3H10T1/2 cells in the presence of 50 ng/ml human SCF
(R&D Systems) and 50 ng/ml human TPO (R&D) (Takayama et al., 2010).
Gene expression was controlled by the presence or absence of 2 uM
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B-estradiol or 1 ug/ml doxycycline (Clontech) for modified pMXs inducible
vector or the presence of 1 ug/ml doxycycline for Ai-LV, respectively. MK differ-
entiation from CB CD34" cell was accomplished as described previously
(Proulx et al., 2004).

In Vitro Analysis of imMKCLs, imMKCL Platelets, and Human
Platelets

qRT-PCR, cell-surface markers of imMKCLs and platelets, electron micro-
scopy, and PAC-1 binding were examined as described previously
(Takayama et al., 2010). Flow-cytometry-based platelet aggregation assays
were performed as described previously (De Cuyper et al., 2013). Clot retrac-
tion assays were carried out as described previously (Takizawa et al., 2010).
An ex vivo flow chamber precoated with human vWF (10 pg/ml, provided by
K. Soejima, Kaketsuken) was utilized to observe shear (1,600 s~ ')-dependent
thrombus formation under an inverted microscope equipped with fluores-
cence (Nikon A1R) and microfluid systems (Ibidi Products). Platelets were
stained with CFSE dye (5 uM, Invitrogen) and used in the presence of
CD42b (HIP1; Abcam; 10 ug/ml) or isotype-matched antibodies (BioLegend).
Human pooled platelets were prepared by 5-day culture at 37°C under
serum-free conditions.

In Vivo Analysis in Mice

Nine days later, irradiation in NOG mice, fresh or pooled human platelets
from a donor, or iImMKCL-derived platelets were intravenously administered
(100 ul). Then, blood samples (50-100 pl) were collected from the retro-
orbital plexus in the mice 30 min, 2 hr, and 24 hr after transfusion. The sam-
ples were labeled with human CD41a-APC and mouse CD41-PE antibodies
(EMFRET Analytics), after which chimerism was analyzed. Similar NOG mice
with thrombocytopenia were also used for in vivo imaging studies. To visu-
ally analyze thrombus formation in the microcirculation of the mesentery in
living animals, we used in vivo laser- and reactive-oxygen-species-induced
injury with a visualization technique developed through modification of con-
ventional methods (Nishimura et al., 2012; Takizawa et al., 2010). Some ex-
periments were performed with AK4 (human P-selectin antibody; Abcam;
20 pg/ml). Additional details of the methods and other information for imag-
ing are presented in the Supplemental Information.

Statistical Analysis

All data are presented as means + SEM. The statistical significance of the
observed differences was determined with one-way ANOVA followed by
Tukey’s multiple comparison test and two-tailed Student’s t tests for pairwise
comparisons. Values of p < 0.05 were considered significant.

ACCESSION NUMBERS

Raw and normalized microarray data have been deposited in the NCBI Gene
Expression Omnibus database under accession number GSE54168.

SUPPLEMENTAL INFORMATION

Supplemental Information contains Supplemental Experimental Procedures,
seven figures, and three movies and can be found with this article online at
http://dx.doi.org/10.1016/j.stem.2014.01.011.

(C) Time-lapse confocal microscopy showing potential in vivo platelet function. Mice were transfused with 1 x 108 platelets derived from different groups. Top:
representative sequential images showing initial adhesion by imMKCL-derived platelets onto injured vessel walls. CSFE-labeled immMKCL platelets (CI-2 and CI-7;
green) along with dextran (Texas Red) are shown. Bottom: the number of initially attached platelets per 100 um vessel length were counted. Actual results are
shown in Movie S2. The results are averaged data from 40 vessels from three to five animals in each group. N.S., not significant; ***p < 0.001, ***p < 0.0001. AK4;

human P-selectin antibody. The scale bar represents 10 um.

(D) Representative sequential images showing thrombus formation by imMKCL-derived platelets within a small capillary and artery. CSFE-labeled imMKCL
platelets (green) along with dextran (Texas Red) are shown. Hematoporphyrin was administrated in order to induce thrombus formation prior to laser-induced
injury. Platelets adhered to the site of laser injury, finally contributing to the complete occlusion of vessels. Original videos are available as Movie S3. The scale

bars represent 10 pm.

(E) Fresh donor platelets, pooled donor platelets, and imMKCL-derived platelets incorporated into thrombi were quantified. Pooled platelets were stored for
5 days at 37°C. Platelets from imMKCL CI-1, CI-2, CI-3, and CI-7 were used. The results summarize four independent experiments (n = 40 vessels from three to

five animals for each group). N.S., not significant; **p < 0.001, ****p < 0.0001.

Cell Stem Cell 14, 535-548, April 3, 2014 ©2014 Elsevier Inc.
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TUBB1 mutation disrupting microtubule assembly impairs
proplatelet formation and results in congenital
macrothrombocytopenia
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Abstract

This report describes a family with TUBBT-associated macrothrombocytopenia diagnosed based on
abnormal platelet B1-tubulin distribution. A circumferential marginal microtubule band was undetectable,
whereas microtubules were frayed and disorganized in every platelet from the affected individuals.
Patients were heterozygous for novel TUBBT p.F260S that locates at the o- and B-tubulin intradimer
interface. Mutant B1-tubulin was not incorporated into microtubules with endogenous a-tubulin, and
a-tubulin expression was decreased in transfected Chinese hamster ovary cells. Transduction of mutant
B1-tubulin into mouse fetal liver-derived megakaryocytes demonstrated no incorporation of mutant B1-
tubulin into microtubules with endogenous o-tubulin and diminished proplatelet formation, leading to the
production of fewer, but larger, proplatelet tips. Furthermore, mutant B1-tubulin was not associated with
endogenous o-tubulin in the proplatelets. Deficient functional microtubules might lead to defective
proplatelet formation and abnormal protrusion-like platelet release, resulting in  congenital
macrothrombocytopenia.
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Congenital macrothrombocytopenia is a genetically hetero-
geneous group of rare platelet disorders, among which
MYH9 disorders/MYH9-related disease and Bernard-Soulier
syndrome are the most frequent (1-3). Less frequent forms
involve defects in signaling pathways and/or components of
the cytoskeleton that regulate proplatelet formation and mor-
phology (4, 5). Proplatelets are cytoplasmic extensions of
megakaryocytes that are elongated by microtubule-based
forces (6). The microtubules are assembled from o- and
B-tubulin heterodimers and represent a key component of
proplatelet formation and platelet release (7). Expression of
the B-tubulin isoform, B1-tubulin, is restricted in megakaryo-
cytes and platelets (8). Tubbl-knockout mice show thrombo-
cytopenia and spherical platelets (9). We previously reported

the first TUBBI mutation affecting microtubule assembly in
the context of congenital macrothrombocytopenia (10).
Subsequent continuous studies on the differential diagnosis
of congenital macrothrombocytopenia detected abnormal
B1l-tubulin distribution in platelets and revealed a second
TUBBI mutation that impairs megakaryocyte microtubule
organization, proplatelet formation, and platelet morphology.

Materials and methods

Patients

Thrombocytopenia was incidentally identified in 12-year-old
dizygotic twin boys (Table 1). Peripheral blood smears

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Table 1 Characteristics of platelets from a family with TUBBT p.F260S mutation

Age TUBB1 Platelet count Platelet size Mean platelet Bleeding
Individual Sex (years) mutation  (x 109L) (um)’ volumne tendency  Initial diagnosis
Mother F 37 p.F260S 104 ND ND - Immune thrombocytopenia
Patient 1 M 12 p.F260S 120 3.0 +09 ND - Unknown thrombocytopenia
Patient 2 M 12 p.F260S 97 3.4 * 09 ND - Unknown thrombocytopenia
Sister F 9 p.F260S 125 35 06 13.8 - Unknown thrombocytopenia
Mean + SD 111.5 +£13.2 33+03

"Determined by microscopic observation of 200 platelets on a stained peripheral blood smear. Controls, 2.5 4+ 0.3 ym {n = 31).

2Normal range, 9.4-12.5.

showed large platelets (Fig. 1A). Neither twin had a bleed-
ing tendency. MYH9 disorders, heterozygous and homozy-
gous Bernard-Soulier syndrome, and glycoprotein (GP) IIb/
IMTa-associated macrothrombocytopenia were excluded by
immunofluorescence analysis for granulocyte myosin IIA
and by flow cytometry for platelet GPIb/IX and GPIIb/IIla
expression, respectively (2, 11). The twins’ younger sister
also had asymptomatic macrothrombocytopenia. The mother
was diagnosed with immune thrombocytopenia, and the
father was unavailable for the study. Written informed con-
sent was obtained from the mother in accordance with the
Declaration of Helsinki. Institutional Review Boards of Nag-
oya Medical Center and Miyagi Children’s Hospital
approved this study.

Immunofluorescence analysis

Peripheral blood smears were fixed with absolute methanol,
permeabilized with acetone, double-stained with anti-Bl-
tubulin antibody NB2301 (I : 1000)(10) and anti-a-tubulin
antibody DM1A (LabVision, Fremont, CA, USA)(1 : 200),
and then reacted with Alexa 488-labeled anti-rabbit IgG and
Alexa 555-labeled anti-mouse IgG (Invitrogen, Carlsbad,
CA, USA). NB2301 was raised in rabbits against a synthetic
peptide corresponding to C-terminal 425-451aa of human
Bl-tubulin. DMI1A is a mouse monoclonal antibody raised
against native chick brain microtubules. Chinese hamster
ovary (CHO) cells transfected with TUBBI c¢cDNA and
mouse fetal liver-derived megakaryocytes transduced with
TUBBI cDNA were simultaneously analyzed. Stained cells
were examined under a BX50 fluorescence microscope with
a 100x/1.35 numerical aperture oil objective using DP
Manager software (Olympus, Tokyo, Japan).

Electron microscopy

For transmission electron microscopy, washed platelets pre-
pared from acid-citrate-dextrose citrated whole blood were
fixed in 2% glutaraldehyde and postfixed in 1% osmium
tetroxide. The platelet samples were embedded in epoxy resin
(Epon 812; TAAB, Berks, UK). Ultra-thin sections were cut,
stained with uranyl acetate and lead citrate, and observed
under a transmission electron microscope (JEM-1010, JEOL,

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Tokyo, Japan) (12). For negative staining, Triton X-100-
extracted platelets were placed on formvar-coated carbon-sta-
bilized grids, stained with uranyl acetate, and examined with
JEM-1010 electron microscope (13).

Immunoblot analysis

Whole platelet proteins were isolated using a NucleoSpin
RNA/Protein kit (Macherey-Nagel GmbH & Co., KG, Diiren,
Germany), separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis on 4-12% gradient acrylamide slab
gels (Invitrogen), and electroblotted onto polyvinylidene di-
fluoride membranes. The blots were incubated with anti-allb
antibody SZ22 (Beckman-Coulter, Miami, FL, USA),
DMIA, and NB2301, and reacted with horseradish peroxi-
dase-conjugated secondary antibody. Bound antibodies were
visualized using enhanced chemiluminescent substrate. Blots
were densitometrically analyzed using ImageQuant software
(Molecular Dynamics, Sunnyvale, CA, USA).

Mutational analysis

The entire coding sequence of exons and exon-intron bound-
aries of TUBBI was amplified by PCR, and the products
were subjected to DNA sequence analysis as described (10).

Bioinformatic analysis

The multiple alignment of Bl-tubulin was processed using
the ClustalW program (http://www.clustal.org). The potential
functional effects of the mutation was predicted using differ-
ent function prediction programs, such as PROVEAN (http://
www.provean.jcvi.org), Mutation Taster (http://www.muta-
tiontaster.org), and PolyPhen2 (http://genetics.bwh.harvard.
edu/pph2/). The 3D structure of B-tubulin was generated
with the program MacPyMol (http://www.delanoscientific.
com/) with coordinates from Protein Data Base entry 1JFF
(http://www.pdb.org/).

TUBB1 transfection

TUBBI cDNA in-frame with the C-terminal myc epitope
tag cloned into pcDNA3.1 (pcDNA3.1/TUBBImyc)
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Figure 1 Platelet microtubule organization and B1-tubulin (A) Platelet morphology. Peripheral blood smears were stained with May-Griinwald
Giemsa (original magnification, x1000). The patient showed giant platelets with morphologically normal leukocytes. Numbers in each panel
indicate mean platelet size (um; n=200). (B) Immunofluorescence analysis of platelet tubulin. Platelets from patient 1 lack marginal
band structure, and frayed and disorganized microtubule-like structures were evident. Asterisks indicate leukocytes stained for o-tubulin.
(C) Ultrastructure of platelets. Upper panels: Conventional transmission electron microscopy. Circumferential microtubules are absent in
marginal region of the platelets from patient 1 (Inset). Lower panels: Negative staining. Circumferential microtubule coil was absent in the
platelets from patient 1. (D) Immunoblot analysis of platelet tubulin. C, control; P1, patient 1. (E) Entire coding sequence of exons and
exon-intron boundaries of TUBB1 was amplified by PCR and subjected to direct cycle sequence analysis. A T to C transition at nucleotide
779 (c.779T > C), changing Phe260 to Ser (p.F260S), was detected. Arrow indicates position of substitution. (F) Multiple alignment of
B1-tubulin. Amino acid sequence alignment of B1-tubulin is shown for human and other species. Substituted amino acid is indicated in
bold. (G) Structural analysis of p.F260S using a tubulin 3D model. Arrows indicate locations of p.F260S, p.D249N, and p.R318W.
Phe260 (magenta) and Asp249 (yellow) are located at, and Arg318 (red) is located near o and B intradimer interface. Blue, B-tubulin; green,
a-tubulin.

(Invitrogen) was described previously (10). p.F260S Retroviral transduction of cultured megakaryocytes
mutant construct was prepared on pcDNA3.1/TUBBImyc
by site-directed mutagenesis. CHO cells were transiently
transfected with pcDNA3.1/TUBBImyc. At 24 h post-
transfection, cells were seeded on fibronectin-coated
(10 pg/mL) chamber slides (Millipore, Bedford, MA,
USA) and cultured for 3 h. They were subjected to immu-
nofluorescence analysis.

TUBBI cDNA with the C-terminal myc epitope tag
(TUBBImyc) was subcloned into the retroviral vector,
pGCDNsamIRES/EGFP, and transfected into 293gpg pack-
aging cells to obtain viral stocks (11, 14). Particles were
pseudotyped using vesicular stomatitis virus G protein.
E13.5 mouse fetal liver cells were transduced with wild type

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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or p.F260S mutant pGCDNsamIRES/EGFP-TUBBImyc and
cultured with 40 ng/mL of recombinant mouse thrombopoie-
tin. Proplatelet formation was monitored on EGFP-positive
megakaryocytes in suspension cultures under an IX71 fluo-
rescence microscope with an LCPlanFI 20x/0.40 objective
lens (Olympus). The number of proplatelet tips per megak-
aryocyte was counted on acquired images, and the size of
proplatelet tips was measured on immunofluorescence
images stained with NB2301 using Image] 1.43u software
(http://rsb.info.nih.gov/ij).

For live-cell imaging experiments, the cells were incu-
bated with PE-conjugated anti-CD41 (MWReg30, Bioleg-
end, San Diego, CA, USA) and Hoechst 33342 (Invitrogen)
to identify megakaryocytes. The dynamics of megakaryo-
cytes (proplatelet formation and cell rupture) cultured at
37°C were visualized using an AIR confocal laser scanning
microscope with a PlanApo 100x/1.40 numerical aperture
oil objective using three laser lines (405, 488, and 561 nm)
(Nikon Instruments, Tokyo, Japan). The Experimental
Animal Committee of Nagoya Medical Center and the
University of Tokyo approved the animal studies.

Results and discussion

During the course of study of the differential diagnosis of
congenital  macrothrombocytopenia, immunofluorescence
analysis detected abnormal Pl-tubulin distribution in plate-
lets from a family comprising male twins, their sister, and
mother. In resting normal platelets, B1-tubulin is localized in
the marginal microtubule band. In contrast, the circumferen-
tial ring staining was absent, whereas microtubules were
clearly frayed and disorganized in every platelet from the
affected individuals (Fig. 1B). Faint immunofluorescence
staining indicated reduced levels of a-tubulin in platelets
from patients compared with those from control patients
observed under the same conditions. Under transmission
microscopy, circumferential microtubules were identified
lying just inside cell membrane in equatorial plane of the
control platelets. In contrast, round and large platelets are
evident in samples from patient 1; circumferential microtu-
bules are absent in marginal region. Negative stain electron
microscopy demonstrated organized circumferential microtu-
bule coils, comprising about 10 microtubules in control
platelets. Circumferential microtubule coil was absent in the
platelets from patient 1. Microtubule coil possesses a single,
straight, free end, and spreads from center of an electron-
dense platelet (Fig. 1C). The expression of platelet Bl-tubu-
lin was decreased by 38%, and that of o-tubulin was
decreased to 2% compared with that in control platelets
(Fig. 1D). The decrease was not accompanied by a decrease
of mRNA levels (data not shown).

We searched for TUBBI mutations and found a novel con-
served p.F260S (c.779T > C) mutation located at the o- and
B-tubulin intradimer interface (Fig. 1E-G)(15). Restriction
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analysis confirmed heterozygosity in the affected individuals.
The mutation was not found in 108 healthy controls or in
the SNP database (http://www.ncbi.nlm.nih.gov/SNP/), sug-
gesting that it is not a common polymorphism. Different
function prediction programmes suggested deleterious effects
of the mutation (Table 2).

To determine the structural consequences of the TUBBI
p.F260S mutation on microtubule assembly, we first moni-
tored mutant B1-tubulin in CHO cells after transient transfec-
tion (Fig. 2A). Wild-type Bl-tubulin was localized as fine
filamentous cytoplasmic networks, indicating incorporation
of recombinant Bl-tubulin into microtubules with endoge-
nous o-tubulin. In contrast, mutant B1-tubulin was not incor-
porated into microtubules, and the distribution was diffuse
and partly perinuclear. Expression of Bl-tubulin in CHO
cells has been reported to arrest mitosis and lead to the for-
mation of large multinucleated cells (16). The CHO cells
became larger, multinucleated, and polyploid, and these
effects were more prominent in the mutant-transfected cells
(Fig. 2A). The expression- of endogenous o-tubulin was
decreased within the mutant-transfected cells, which was
similar to the findings observed in platelets (Figs 1B,D and
2A).

To determine the functional consequences of the p.F260S
mutation on platelet production, we expressed B1-tubulin in
mouse fetal liver cells by retroviral transfer and differenti-
ated them into megakaryocytes. Wild-type Bl-tubulin was
finely incorporated into microtubules, whereas mutant $1-
tubulin was diffusely distributed within the megakaryocyte
cytoplasm (Fig. 2B). During the 4-day culture period, the
proportion of megakaryocytes with proplatelet formation was
decreased among megakaryocytes transduced with the
mutant. The number of proplatelet tips was decreased, and
the size of the tips increased (Fig. 2C,D). Live-cell imaging
showed that the extent of proplatelet formation was clearly
diminished. Proplatelet elaboration was scarcely observed,
and instead, large bleb protrusions were occasionally evident
in mutant-transduced megakaryocytes (Fig. 2D and Video
S1, S2). These findings indicated that the mutant B1-tubulin
dominantly affected the microtubule assembly and impaired
proplatelet formation.

Dynamic microtubule assembly and polymerization are
required to regulate proplatelet formation and platelet matu-
ration (7, 17). The coordinate levels of a- and B-tubulins are

Table 2 Functional prediction for TUBB1 p.F260S mutation

PROVEAN Mutation taster PolyPhen2
Prediction Deleterious Disease causing Probably damaging
Score —6.794 4.23

The potential functional effects of the mutation were predicted using
different function prediction programs.



TUBB1-associated macrothrombocytopenia Kunishima et al.

A o-Tubulin B1-Tubulin Merge B o-Tubulin B1-Tubulin Merge

Wild-type
Wild-type

Mutant
Mutant

o]
o

w Wild-type
w Mutant

=

E Wild-type Mutant

D
o
*

...

N
o

o
g Megakaryocytes =
with proplatelets (%)
) £

D2 D3 D4 g
2
2y E
5 @ < 100 <
Qg ) .
S O F o-Tubulin B1-Tubulin
-
20 g 50
523
=z 8 o
Q o - o [}
S E Wild-type  Mutant a
a 2
(iif) =
<

-
o

10 pym

Figure 2 B1-tubulin transduction in Chinese hamster ovary (CHO) cells and mouse fetal liver-derived megakaryocytes. (A) B1-tubulin localization in
CHO cells that were transiently transfected with pcDNA3.1/TUBBTmyc. Cells were stained with antibodies to endogenous o-tubulin (red) and to
the transfected B1-tubulin (green) as well as DAPI to label the DNA (blue). In merged images, CHO cells expressing wild-type B1-tubulin appear
as yellow or orange, whereas cells expressing mutant B1-tubulin appear green because the expression of endogenous o-tubulin was decreased
(asterisks). Cells are representative of five independent experiments. (B) Microtubule organization in B1-tubulin-transduced megakaryocytes. Cells
were stained endogenous a-tubulin with DM1A (red) and the transduced B1-tubulin with anti-myc antibody (MBL, Nagoya, Japan) (green). Wild-
type B1-tubulin was incorporated into microtubules, but mutant B1-tubulin was not. (C) Abnormal proplatelet formation in B1-tubulin-transduced
megakaryocytes. (i) The percentage of megakaryocytes extending proplatelets was decreased in mutant-transduced cells. For each sample, 100
megakaryocytes were evaluated. (i) The number of proplatelet tips per megakaryocyte was decreased in mutant-transduced cells. Fifty megak-
aryocytes per sample were evaluated. (iii) Size of proplatelet tips was increased in mutant-transduced cells. One hundred EGFP and B1-tubulin
double-positive proplatelet tips per sample were evaluated. Data were analyzed using unpaired, two-tailed t-tests. P < 0.05 was considered statis-
tically significant. Data are presented as mean + SD. *P < 0.05, **P < 0.001. (D) Representative megakaryocytes extending proplatelets from
three independent experiments. Fewer proplatelet tips/bulbous structures are evident, and size of tips is increased in megakaryocytes transduced
with mutant. (E) Representative megakaryocytes from three independent live-cell imaging experiments. Megakaryocytes were differentiated from
fetal liver cells of CAG-eGFP mice; therefore, the cytoplasm can be identified by eGFP signals (green). The cells were stained with Hoechst to
identify nucleus (blue) and anti-CD41 antibody (red). Proplatelet elaboration is rare, and occasional large bleb protrusions are evident in megak-
aryocytes transduced with mutant (arrow heads). Original videos are available as Video S1 and S2. (F) Microtubule organization in proplatelet tips.
Megakaryocyte cultures were cytospun on glass slides. Representative images from three independent experiments.
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transcriptionally and translationally maintained for proper B-tubulin is inhibited and that of a-tubulin is upregulated
heterodimer assembly in cells, and when exogenous (18, 19). The synthesis of 2- and B5-tubulins was increased
B-tubulin is overexpressed, the synthesis of the endogenous in TUBBI-knockout mice (9). In contrast, o-tubulin was
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disproportionally decreased relative to the decrease in Pl-
tubulin (Fig. 1B,D), and furthermore, P5-tubulin was sub-
stantially absent in our patients’ platelets (data not shown).
Defective mutant $1-tubulin would cause deregulated micro-
tubule organization, as shown in platelets, CHO cells, and
cultured megakaryocytes and proplatelet tips (Figs 1B and
2A,B.F). Thus, the deficient functional microtubules might
lead to defective proplatelet formation and abnormal protru-
sion-like platelet release (Fig. 2D.E, Video S2). Defective
microtubule organization and proplatelet formation were
recently documented in Racl- and Cdc42-deficient mice
(20). Combined, these observations support the hypothesis
that imbalanced transport of unpolymerized tubulins into
platelets by proplatelet-independent platelet formation is
related to the disorganization of microtubule-like structures
in platelets.

Because p.D249N and p.R318W, locating at or near the
interface, also reportedly cause macrothrombocytopenia in
dogs and humans, respectively, mutations disrupting the
structure of the intradimer interface might affect platelet
morphology (10, 21). Analysis of congenital macrothrombo-
cytopenia caused by tubulin mutations provides insights into
the molecular mechanisms of platelet production and
morphology.
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Abstract: Xenograft models of human hematopoiesis are essential to the study of the engraftment
and proliferative potential of human hematopoietic stem cells (HSCs) in vivo. Immunodeficient mice
and fetal sheep are often used as xenogeneic recipients because they are immunologically naive. In
this study, we transplanted human HSCs into fetal sheep and assessed the long-term engraftment
of transplanted human HSCs after birth. Fourteen sheep were used in this study. In 4 fetal sheep,
HSCs were transduced with homeo-box B4 (HOXB4) gene before transplantation, which promoted
the expansion of HSCs. Another 4 fetal sheep were subjected to non-myeloablative conditioning with
busulfan. Seven of these 8 sheep showed successful engraftment of human HSCs (1-3% of colony-
forming units) as assessed after the birth of fetal sheep (5 months post-transplantation), although
HOXB4-transduced HSCs showed sustained engraftment for up to 40 months. Intact HSCs were
transplanted into six non-conditioned fetal sheep, and human colony-forming units were not detected
in the sheep after birth. These results suggest that, as compared with mouse models, where the short
lifespan of mice limits long-term follow-up of HSC engraftment, the fetal sheep model provides a
unique perspective for evaluating long-term engraftment and proliferation of human HSCs.

Key words: engraftment, hematopoietic stem cells, large animal models, long-term follow-up, sheep

Introduction

Animal transplantation models are indispensable for
functional assessment of hematopoietic stem cells
(HSCs), because reliable in vitro surrogate assays for the
cells capable of long-term hematopoietic repopulation
in vivo are currently unavailable [§, 11]. As experimen-
tal transplantation of HSCs into humans is ethically
unattainable, xenograft models are commonly used for
studying engraftment and proliferative potential of hu-
man HSCs in vivo. Several xenogeneic transplantation
models have been studied, of which immunodeficient
mice [5-7, 9, 15] and fetal sheep [31] are advantageous

because of their immunologically naive state. Human
HSCs can readily engraft and generate progeny in these
animals. Although immunodeficient mice have gained
the broadest application in laboratory research due to the
ease of access and handling of animals, humans and mice
show distinct differences, especially in lifespan and body
size, which are relevant to HSC transplantation. The
reconstitution of human hematopoiesis in mice allows
for observation for 1-2 y after serial transplantation [10,
16, 29]; however, execution of the procedure requires a
large number of mice (Fig. 1).

The aim of this study was to examine whether the
transplantation of human HSCs into fetal sheep could

(Received 22 April 2014 / Accepted 28 May 2014 / Published online in J-STAGE 22 July 2014)
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Fig. 1. Long-term assessment of human HSCs in vivo. In immu-
nodeficient mice, although serial transplantation is an ap-
proach to evaluate the long-term assessment of human
hematopoietic stem cells (HSCs), a large number of mice
are required for the following transplantation. In contrast
in sheep, the long-term assessment can be achieved in
single animals. It is possible to conduct repeated bleeding
and evaluation of samples at desired intervals over long
periods without serial transplantation in sheep.

allow long-term engraftment of the cells in the sheep
after birth. Long-term assessment of human HSCs in
sheep can be performed because the large size and long
lifespan of sheep allow repeated sampling of bone mar-
row (BM) in individual animals at desired intervals for
long periods of time [1, 24, 31]. Here we report sustained
engraftment of human HSCs in sheep for up to 40 months
post-transplantation as assessed by clonogenic assays of
the BM.

Materials and Methods

Animals

Pregnant Suffolk ewes (Japan Lamb, Hiroshima, Ja-
pan) were bred at Jichi Medical University and at Utsu-
nomiya University Farm. All experiments in this study
were performed in accordance with the Jichi Medical
University Guide for Laboratory Animals and the Utsu-
nomiya University Guide for Experimental Animals.

Graft preparation

Human cord blood (CB) was supplied by the RIKEN
BioResource Center Cell Bank (Ibaraki, Japan). Human
CB CD34" cells, used as hematopoietic stem cells
(HSCs), were isolated by immunomagnetic separation
using an anti-human CD34 microbeads kit (Miltenyi

Biotech, Auburn, CA, USA) according to the manufac-
turer’s instructions. In a protocol (4 out of the 14 CB
samples), namely HOXB4 protocol, human CB CD34*
cells were transduced before transplantation with a poly-
merase gene-defective Sendai virus vector (DNAVEC
Corp., Ibaraki, Japan) that transiently expressed the hu-
man HOXB4 gene (GenBank accession No. NM 024015).
The HOXB4 gene provided a selective growth advantage
to transduced HSCs in vivo [4, 25, 26, 32]. The transduc-
tion was conducted by culturing the cells for 4 days in
the presence of 100 ng/ml recombinant human (rh) stem
cell factor (SCF), rh FIt3 ligand (both from R&D Sys-
tems, Minneapolis, MI, USA) and rh thrombopoietin
(Kyowa Hakko-Kirin Co., Ltd., Tokyo, Japan) [1].

In utero transplantation (IUT)

The cells were transplanted into the liver of fetal sheep
at 45 to 49 days of gestation (full term, 147 days). The
procedures of IUT were described previously [17]. In
another protocol (the BU protocol), some fetuses (4 out
of the 14 sheep) received busulfan (BU, Wako Pure
Chemical Industries Ltd., Osaka, Japan) via the dams
intravenously at 3 mg/kg (calculated based on maternal
body weight) 6 days before transplantation [2]. BU is
often administered to patients as a conditioning agent
before HSC transplantation [3, 21].

Colony-forming unit (CFU) assay

CB CD34" cells used for transplantation or sheep bone
marrow (BM) cells post-transplantation were subjected
to CFU assay. Briefly, cells were plated in a 35-mm pe-
tri dish with 1 ml of MethoCult GF* H4435 (StemCell
Technologies, Vancouver, BC, Canada) containing SCF,
granulocyte colony-stimulating factor (G-CSF), granu-
locyte-macrophage CSF, interleukin (IL)-3, IL-6 and
erythropoietin, which were recombinant human products
and purchased from StemCell Technologies. The culture
conditions equivalently support the growth of ovine as
well as human CFUs, and thus no difference in the ef-
ficiency of colony formation between ovine and human
hematopoietic cells was observed in this assay [24].
After incubation at 37°C with 5% CO, for 14 days,
colonies containing more than 50 cells were counted
under an inverted light microscope [1, 2]. Statistical
significance of the difference in colony numbers was
determined by the ANOVA-test.
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Table 1. Long-term engraftment in sheep after in-utero transplantation of human hematopoietic stem cells

In utero transplantation

Engraftment (% of human CFUs)®

Gestational

) day of Number of ~ Number of 15-17 20-25 58
Protocols Animal no. ¢ Ol trtans- transplanted  transplanted 5 months uth‘ Qm 40 months months
(Fulglla;r;rm: cells per  CD34" cellsper  post [UT prgstnIUbT prz::tnluif post IUT  post
147 days) fetus (x10%)  fetus (x10%) IUT
Y705-1 49 5.2 3.8 0.0 0.0 0.0 -
HOXBAY Y705-2 49 4.5 4.5 1.1 22 22 2.2 0.0
Y271-1 49 3.2 2.9 3.3 1.1 0.0 -
Y271-2 49 8.9 7.6 2.2 0.0 0.0 -
Y940-1 48 20.0 17.5 1.1 -9
BUY Y940-2 48 20.1 13.8 1.1 - 0.0 -
Y1061-1 48 72 2.8 2.2 0.0 -
Y1061-2 48 10.7 5.8 3.3 0.0 -
Y1018-1 49 23.6 17.8 0.0 -
Y1018-2 49 15.5 12.0 0.0 -
o Y973 45 8.6 5.6 0.0 -
Non-treatment y 93¢ 47 73 5.4 0.0 :
W110 48 17.7 13.7 0.0 -
Y955 48 13.3 10.1 0.0 -

3 Percentage of human CFUs was calculated by dividing the number of CFUs positive for the human-specific f2-microglobulin gene
sequence by the total number of CFUs being analyzed in the bone marrow. ® In the HOXB4 protocol, human CD34" cells transduced
with HoxB4 were transplanted into non-con ditioned fetal sheep [1]. @ In the BU protocol, BU was administered 6 days before [UT of
non-transduced human CD34* cells {2]. ¥ In the non-treatment protocol, non-transduced human CD34* cells were transplanted into non-
conditioned fetal s heep [1, 2]. © Sheep Y940-1 unexpectedly died from an accident during the procedures of bone marrow aspiration. CFU,

colony-forming unit; BU, busulfan; IUT, in utero transplantation.

Assessment of human engrafiment

To evaluate the engraftment of human cells, BM was
aspirated from the iliac bone of lambs using a 13-gauge
biopsy needle (Jamshidi, CareFusion, San Diego, USA),
under local anesthesia with 2% lidocain (Xylocaine,
AstraZeneca, Tokyo, Japan). BM cells were harvested
by removing red blood cells with ACK lysis buffer (155
mM NH,CL, 100 mM KHCOs3, and 1 mM EDTA) (Wako
Pure Chemical Industries, Ltd.). In vitro colony forma-
tion assay of sheep BM cells after transplantation was
conducted as described above (in the section of CFU
assay). Each colony was derived from a single human
or sheep hematopoietic progenitor cell. DNA of each
colony was subjected to polymerase chain reaction
(PCR) to identify human colonies [24]. First, each col-
ony was plucked into 50 ul of distilled water and di-
gested with 20 pg/ml proteinase K (Takara, Shiga, Japan)
at 55°C for 2 h, followed by 99°C for 10 min, to extract
DNA. Each DNA sample (5 ul) was used for a nested
PCR to identify the human B2-microglobulin—specific
sequences [1, 2]. The outer primer set was 5'-CAGGTT-
TACTCACGTCATCCAG-3' and 5'-GGTTCACACG-
GCAGGCATACTC-3', and the inner primer set was
5-GTCTGGGTTTCATCCATCCG-3' and 5'- GGT-
GAATTCAGTGTAGTACAAG-3". The amplification

conditions for the outer PCR were 95°C for 30 s, 58°C
for 30 s, and 72°C for 30 s for 25 cycles. The outer PCR
products were purified using a QIA quick PCR purifica-
tion kit (Qiagen, Chatsworth, CA, USA). The amplifica-
tion conditions for the inner PCR were 95°C for 30 s,
58°C for 30 s, and 72°C for 30 s for 30 cycles. Simulta-
neous PCR for the B-actin sequence was also performed
to verify the DNA amplification of each sample. The
primer sequences of either humans or sheep were 5'-GT-
CACCCACACTGTGCCCATCTACG-3' and 5'-GC-
CATCTCCTGCTCGAAGTC-3". The amplification
conditions were 94°C for 30 s, 55°C for 30 s, and 72°C
for 30 s for 40 cycles. The amplified human B2-
microglobulin (133 bp) and fS-actin (209 bp) products
were resolved by 2% agarose gel and visualized by ethid-
ium bromide staining. The engraftment efficiency of
human hematopoietic cells was expressed as the ratio of
the number of human-derived colonies to the total num-
ber of colonies.

Results

Frozen human cord blood (CB) was obtained from
RIKEN Cell Bank. The cells were thawed, and a range
of 2.8 x 105 —17.8 x 10° of CD34" cells were isolated
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Fig. 2. In vitro CFU assay for validating the viability and func-
tionality of transplanted CD34* cells. In order to assess the
viability and functionality of human cord blood (CB)
CD34" cells in the three protocols, colony forming-unit
(CFU) assays of each CB CD34" sample were conducted.
Results are shown as mean + standard deviation. Statistical
significance was determined by ANOVA test. No significant
difference was observed among the three protocols.

for use as hematopoietic stem cells (HSCs) for trans-
plantation in fetal sheep. The cells were transplanted into
14 fetal sheep at 45 to 49 days of gestation. Two proto-
cols were used in some of the sheep [1, 2]. Four fetal
sheep received HOXB4-transduced CD34* cells (the
HOXB4 protocol) [1]. Another 4 fetal sheep were sub-
jected to non-myeloablative conditioning with busulfan
(the BU protocol) [2]. The two protocols, which exhib-
ited comparable effects on the short-term engraftment
potential of HSCs (up to 5 months post-transplantation)
(1, 2].

The number of transplanted CD34" cells varied wide-
ly among the 14 sheep from 2.8 x 10° to 17.8 x 10, and
the maximal cell number was about 6.4 times larger than
the minimum cell number (Table 1). However, the num-
bers of mononuclear cells and CD34% cells that were
transplanted into each fetus did not differ significantly
among the three protocols (Table 1; P=0.06 and 0.14,
respectively).

To verify the viability and functionality of the trans-
planted cells, we performed CFU assays and compared
the results of the two modified protocols and the original
protocol (Fig. 2). The CB CD34" cells formed multi-
lineage colonies (CFU-G, M, GM and BFU-E) at similar
efficiencies as those shown in other previous reports
[7, 22, 23]. There was no significant difference in the
number of CFUs among the three protocols (£=0.09),
suggesting comparable viability and functionality of CB
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s ™ ° [ ] protocol (11 = 4)
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g. 3. Long-term follow-up of human HSC engraftment after [UT
in sheep. Human cord blood (CB) CD34 cells were trans-
duced with HOXB4 and transplanted into intact (non-con-
ditioned) fetal sheep (HOXB4 protocol, m). Intact (non-
transduced) human CB CD34" cells were transplanted into
fetal sheep conditioned with busulfan (BU) (BU protocol, ).
In addition, intact human CB CD34" cells were transplant-
ed into intact fetal sheep (non-treatment protocol, A). The
scatter plots show percentages of human colony-forming
units (CFUs) at the indicated months after in utero trans-
plantation (IUT). The percentage of human CFUs was
calculated by dividing the number of CFUs expressing the
human B2-microglobulin gene by the total number of CFUs
being analyzed in the bone marrow.

CD34" cells transplanted in all three protocols in the
present study. Regarding the HOXB¢ protocol, the trans-
duction of CB CD34" cells with the HOXB4 gene did
not affect the myeloid/erythroid ratio as assessed by CFU
assays. It was about 10:1 either before or after the
HOXB4 transduction.

A total of 14 ovine fetuses received transplantation,
and no abortion was observed in this study. After the
birth of lambs, the BM of each lamb was tested to iden-
tify the presence of human CFUs (Table 1). In the non-
treatment group, human CFUs were not detected after
birth [1, 2]. In the BU protocol, human CFUs were de-
tected up to 5 months post-transplantation [2]. Notably,
in the HOXB4 protocol, they were detectable up to 40
months post-transplantation (Fig. 3). All of the sheep
lost human CFUs by 58 months post-IUT. Thus, human
hematopoietic cells could engraft in sheep for up to 40
months. However, extremely low levels (<0.01%) of
transplant-derived cells were detected in the peripheral
blood (PB) of all of the sheep, in good agreement with
the results in our previous studies and other reports
[1,2,18-21, 24, 28, 30].
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Discussion

In this study, we showed long-term engraftment of
human HSCs in sheep for up to 40 months through the
HOXB4 protocol; that is, we detected human clono-
genic hematopoietic colonies in sheep BM for the pe-
riod. Previous other studies just showed the presence of
human cells in the PB by flow cytometry with anti-human
CD45 antibody or other human specific hematopoietic
markers, but did not conduct clonogenic studies [31].
This is the first report showing the evidence of long-term
engraftment of human HSCs in sheep through clono-
genic assays.

In the original non-treatment protocol of our sheep
IUT (i.e., without genetic transduction or conditioning),
human CB CD34* cells could not mediate engraftment
for longer than 5 months post-transplantation [1, 2].
However, Zanjani et al. {31] demonstrated successful
cell engraftment for up to 3.6 y after the transplantation
of human fetal liver HSCs even without genetic transduc-
tion or conditioning. There are several possible explana-
tions for this discrepancy, one of which is the route of
injection. Zanjani et al. [31] injected cells into the ab-
dominal cavity of fetal sheep, whereas we injected cells
into the liver of fetal sheep. However, we previously
showed that no significant differences in the engraftment
efficiencies of human HSCs existed among the animals
receiving intrahepatic, intraperitoneal and intravascular
injections [28]. Another possibility is the gestational day
of injection. Zanjani et al. [27] injected cells at days
51-71 of gestation, whereas we injected cells at days
45-49 of gestation. However, according to our previous
studies [1, 2, 24, 28], the gestational day of fetal sheep
for performing the cell injection (45-79 gestational days)
did not affect the engraftment efficiency, either. One
more possible explanation for this discrepancy is the
source of cells used in the studies, as suggested by Noia
et al. [18]. Zanjani et al. [31] used human fetal liver
mononuclear cells, whereas we used human CB CD34*
cells. Thus, it is reasonable that the transplantation of
ontogenetically matched HSCs (fetal-to-fetal) results in
a better outcome than that of ontogenetically mismatched
HSCs (neonatal-to-fetal).

A very low level of transplant-derived cells was pres-
ent (<0.01%) in the PB of the sheep, unlike in the PB
of immunodeficient mice [14, 15]. This issue has been
repeatedly mentioned in other studies about sheep IUT
of human HSCs [1, 2, 17, 19, 20, 24, 28, 30]. A possible

explanation is that the low PB chimerism is just re-
flected by the low BM chimerism (1-3%). Another pos-
sible explanation is xenogeneic mismatch between hu-
man HSCs and sheep stromal cells, and the mismatch
may be larger than that between human HSCs and mouse
stromal cells. The stromal trophic stimulations from the
sheep microenvironment, such as cytokine secretion and
adherent molecules, would not allow human hemato-
poietic differentiation, hampering human terminally
differentiated cells to appear in the PB. The other pos-
sibility is attributed to innate immunity. That is the case
when human HSCs were transplanted into even the most
immunodeficient NOG mice. The numbers of human
red blood cells (RBCs) and platelets were extremely
low in PB in spite of high levels of human HSC-derived
progenitors in BM {12, 13]. The poor reconstitution of
human RBCs and platelets was a result of phagocytosis
by macrophages [12, 13]. Though the absence of human
blood cells in the PB, the fetal sheep model is suitable
for long-term assessment of human HSCs. The fetal
sheep model should provide a unique perspective for
evaluating the engraftment and behavior of human
HSCs.
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Introduction

Induced pluripotent stem (iPS) cells are generated from adult
mature cells following transduction with the transcription factors
Oct3/4, Sox2, Kif4, and ¢-Myc [1,2]. They have the ability to
differentiate into all cell types [3,4,5] and, therefore, have
considerable potential for autologous stem cell therapies [6,7].
Recently, it was shown that iPS cells do not elicit immune
responses when they are transplanted into syngeneic mice [8,9] or
into autologous monkeys [10,11]. Therefore, it is likely that human
iPS cells would not elicit immune responses in an autologous
setting [12].

However, autologous derivation of iPS cells requires consider-
able time and effort for their generation and for assessment of their
clinical safety and efficacy. Therefore, the establishment of human
leukocyte antigen (HLA)-typed banks of iPS cells for cell
transplantation therapies has been proposed [13,14,15,16]. Given
that such banks would involve HLA-matched allogeneic human
iPS cells being used for medical applications, a better model
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system is needed to reflect the likely HLA-matched settings and
testing and developing medical applications. As swine show close
similarities in anatomy, biochemistry and physiology to humans,
they have been used as a possible model system [17,18]. In
addition, swine are the only large animal that have inbred MHC-
defined strains available [19,20,21]. One such strain, Clawn
miniature swine, was established in 1978 by Nakanishi and
colleagues at Kagoshima University, and its swine leukocyte
antigen (SLA) genotype was identified [20,22,23]. Previously, we
established iPS cells from inbred SLA-defined Clawn miniature
swine [24] (Fig. S1 in File S1). The transplantation of porcine iPS
cells in an SLA-matched setting might provide a robust model for
transplantation of human iPS cells in an HLA-matched setting. In
the present study, we sought to determine whether iPS cells from
Clawn miniature swine induce immune responses in an SLA-
matched setting. ‘
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Materials and Methods

Animals

Clawn miniature swine (7- to 20-month-old male and female
pigs) were purchased from Japan Farm (Kagoshima, Japan).
Clawn miniature swine have two SLA haplotypes, C1 and C2
[22,23]. As shown in the genealogy (Fig. S2 in File S1), the donor
animal (AT25) and the recipients (CT19, CQ38, CU65, SF63,
SD57 and CQ74) were very closely related. All pigs were housed
at 23-27°C under conditions of 50-70% humidity with a 12 hours
light/12 hours dark cycle. All animals were housed in individual
pens (I mx1.5 m) with a bedding space (0.5 mx1 m). They were
given 600 g of feed once daily.

Six-week-old non-obese diabetic/severe combined immunode-
ficient (NOD/SCID) and NOD/SCID/yc™" (NOG) male mice
were purchased from CLEA Japan (Tokyo, Japan) and the Central
Institute for Experimental Animals (Kawasaki, Japan), respective-
ly. The mice were maintained under a 12 hours light/12 hours
dark cycle and fed ad libitum.

All animal experiments reported here were approved by the
Institutional Animal Experiment Committee of Jichi Medical
University (mice 13490 and pigs 13450).

Porcine iPS cells

C1 iPS cells were established from porcine embryonic
fibroblasts (PEFs) of a C1 strain animal using retroviral vectors
expressing human SOX2, OCT3/4, KLF4, and c-MYC [24]. The
cells were maintained on a feeder layer of mitomycin C (Kyowa-
Hakko-Kogyo, Tokyo, Japan)-treated STO cells (ATCC, VA,
USA) in Knockout DMEM (Invitrogen, CA, USA) supplemented
with 15% fetal bovine serum (Invitrogen), 1% glutamax-L
(Invitrogen), 1% nonessential amino acids (Invitrogen), 0.1 mM
2-mercaptoethanol (Invitrogen), 50 U/ml penicillin (Invitrogen),
50 pg/mL streptomycin (Invitrogen), 10 pM forskolin (Biomol
International Inc), and in-house produced recombinant porcine
leukemia inhibitory factor (1:200 of conditioned medium) at
38.5°C in a humidified atmosphere of 5% COy in air.

Transplantation

Transplantation experiments were performed in the Center for
Development of Advanced Medical Technology of Jichi Medical
University and in the Japan Farm Clawn Institute. For transplan-
tation into pigs, C1 iPS cells were harvested by trypsinization and
then incubated on gelatin-coated dishes for 15 min to remove
STO feeder cells. Harvested iPS cells were washed by centrifu-
gation and suspended in 500 puL of phosphate-buffered saline
(PBS). Recipient pigs were anesthetized by 5% isoflurane
inhalation. The cells were injected (3x107 cells/site) into the
testes of the Cl pigs (z=4) using 23-gauge needles (Terumo,
Tokyo, Japan) in combination with ultrasound guidance (Fig. S2 in
File S1). C1 iPS cells were also injected into the ovaries of Cl
(n=1) and C2 (n=1) pigs after laparotomy (Fig. S2 in File S1). At
47 or 125 days after injection, the pigs were euthanized by
administration of KCI solution under general anesthesia.

For transplantation into mice, C1 iPS cells were injected (1 x10°
cells/site) intramuscularly into the hindlimb of NOD/SCID and
NOG mice using 29-gauge needles (Terumo). At 5 or 16 weeks
after transplantation, the mice were euthanized and tumors were
isolated.

Immunohistochemistry

Tissue samples were fixed with 4% paraformaldehyde in PBS
(Wako, Osaka, Japan) and embedded in paraffin. For immuno-
staining, the sections were first blocked using 2% bovine serum
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albumin (Sigma-Aldrich, MO, USA) in PBS and then stained with
anti-porcine CD3 (Abcam, MA, USA; 1:50), and anti-human
CD79 (Dako, CA, USA; 1:50). Some sections were stained with
hematoxylin and eosin.

Cytochemical staining

For immunocytochemistry, cells were fixed with 4% parafor-
maldehyde in PBS and permeabilized with 0.2% Triton X-100 in
PBS (Sigma-Aldrich). The cells were then blocked with 2% bovine
serum albumin in PBS and incubated with primary antibodies.
The cells were washed and then incubated with fluorescence-
labeled secondary antibodies and 1 pg/ml DAPI (Roche Applied
Science, USA; 1:1000) to stain the nuclei. The primary antibodies
used were antibodies against Oct3/4 (Santa Cruz Biotechnology,
TX, USA; 1:200), SLA class I (Vmrd, WA, USA; 1:100), and
CD47 (Thermo Fisher Scientific, CA, USA; 1:30). The secondary
antibodies used were anti-mouse or anti-rabbit IgG conjugated
with FITC (Invitrogen, 1:500) or Alexa Flour 555 (Invitrogen,
1:500).

For lectin cytochemistry, cells were incubated with biotinylated
Maackia amurensis lectin 11 (MAL, Vector Laboratories, USA; 1:25)
or FITC-conjugated Sambucus nigra lectin (SNA, Vector Laborato-
ries, USA; 1:40) at 4°C overnight. FITC-ultravidin (Leinco
Technologies, MO, USA; 1:200) was applied to the MAL-treated
cells for 1 hour at room temperature.

Mixed lymphocyte reaction (MLR)

Peripheral blood mononuclear cells (PBMCs) were isolated from
porcine peripheral blood using Ficoll-Paque PLUS (GE Health-
care, Buckinghamshire, UK) following the manufacturer’s proce-
dures. PBMCs from SLA-matched recipients (C1) were suspended
in RPMI-1640 (Gibco) medium with 10% FBS as responder cells.
Then, 1x10° responder cells and 2x10* mitomycin C-treated
stimulator cells were plated in each well of 96-well U-bottomed
plates (Becton Dickinson, USA) and incubated at 38.5°C for 5
days. Plates were pulsed with 1 uGi/well of *H-thymidine (GE
Healthcare) for 24 hours and the cellular uptake of *H-thymidine
was quantified using a B-scintillation counter (Aloka, Tokyo,
Japan). Stimulation index were represented by the mean of cpm
experimental/cpm unstimulated. Significant differences were
examined using Student’s t-test.

Humoral immune response

The presence of porcine IgG antibodies against C1 iPS cells in
pigs was determined using a flow cytometer. C1 iPS cells were
incubated with 1:10 diluted serum taken from the CI1 iPS cell-
transplanted C1 pigs, and from allogeneic pigs that were not C1 or
C2. After secondary staining with FITC-conjugated anti-porcine
IgG specific for Fec fragment (AbD Serotec, Oxford, UK), the cells
were examined by FACS Calibur flow cytometer. Data acquisition
and analysis were performed using CellQuest software (BD
Pharmingen).

In vitro NK-cell mediated cytotoxicity assay

PBMCs were isolated by density gradient centrifugation using
Ficoll-Paque PLUS to exclude polymorphonuclear cells. The cells
were incubated with BD Pharm Lyse Buffer (BD Bioscience) to
remove erythrocytes. The cells were labeled with a PE-~conjugated
anti-porcine CD16 antibody (AbD Serotec). The labeled cells were
isolated with anti-PE paramagnetic microbeads (Miltenyi Biotec,
Bergisch-Gladbach, Germany) according to the manufacture’s
instructions. The isolated cells were labeled with an FITC-
conjugated anti-porcine CD3 antibody (BD Bioscience). Using a
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