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Background

Ulceranve colins (UC) is am intraciable disease, therefore new
therapies need 1o be developed. CD4™" CD25™ vegulatory T cells
(Treg) significantly ameliorate colitis in animal models. In actrve UC
patients, although Treg are functionally preserved, their proportion in
peripberal blood decreases. Thus Treg transfer therapy is expected to be
efficacious for UC. During leukapberesis for UC, Treg are depleted, as
well as colitegenic effector lewkocytes. We therefore designed a
lewkapheresis| Treg transfer therapy in which Treg are isolated from
leukapberesis products and transfused 1o patients, and studied large-
seale germ-free methods of Treg preparation.

Methods

Using the ClimtMACS cell selection system, we conducted Treg
isolation experiments from lewkapberesis products in which B and
CDE™ T cells were depleted, followed by positive selection of CD25™
cells. In some experiments, isolated “Treg or non-"Treg were expanded
with interlewkin-2 (11.-2) 4 mansforming growth factor (TGF)-ff 1.
Expression of a Treg-specific marker, FOXP3, and gut-homing
receptors, and suppressor activity of isolated or cultured cells, were

analyzed,

Results

CD4™ CD25™" T celis were collected and efficiently enviched with a
good recovery rate. Isolated cells preferentially expressed FOXP3 and
sigmificantly suppressed T-cell proliferation in vitro. In addirion,
isolated Treg could be efficiently expanded, and Treg conld be induced
from non-"Treg with TGF-f1 in vitro. TGF-fi1 sigmificantly up-
regulated aEf7 and a4 7 integring.

Discussion

We bave established a method of Treg isolation from leukapberesis
products that can be used clinically; therefore, Treg transfer therapy is
feasible in combination with leukapheresis for UC. Expansion or
induction rJf Tn]{ in vitro may be another u;rpnmrb to 1 'reg—faunf

immunotherapy

Keywords

adaptive transfer, lewkapberesis, regulatory ‘1" cell, wleerative colitis.

Introduction

Ulceratve colits (UC), a form of inflammatory bowel
disease (IBD), 1s a chronic inflammarory disorder thar causes
persistent colonic inflammation. It mainly affects adoles-
cents and young adults and deeply impairs their quality of
life for a long period of time. Its etiology remains unknown;
therefore, immunomodulators, including corticosteroids,

which suppress immune responses in a non-specific manner,
have been the mainstay of rtreatment for this disease
However, the development of innovative therapy is despe-
rately needed because, despite conventional therapy, the
majority of patients experience repeated recurrence of the
disease following remission, and a considerable number of
patients with severe UC ultimately undergo colectomy.
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Through much research, a gradual understanding of the
pathophysiologic process of this disease has been gained, and
the evidence suggests thatan imbalance between colitogenic
effector and the regulatory function of the intestunal
immune system is responsible for colonic inflammation

T cells with immunosuppressive capability play an
important role in the maintenance of homeostasis by
actively regulating immune reactions. One such subset of
T cells, naturally occurring CD4" CD25 " regulatory T
cells (Treg), is characterized by their construtive expres-
sion of CD23, cytotoxic T-lymphocyte antigen-4 (CTLA-
4), glucocorticoid-induced tumor necrosis factor (TNF)
receptor, and the transcription factor forkhead box P3
(FOXP3) [1]. Treg exhibit a hyporesponsiveness to stimuli
through T-cell receptors, and possess the ability to
suppress CD4 " CD25~ T-cell and CD8 ™ T-cell prolif-
eration in vitm Treg are essential for the prevention of
intestinal inflammation and thus for the maintenance of
gut homeostasis. The transfer of naive CD4™ CD45RB™#"
T cells into immunodeficient recipient mice leads to the
development of chronic persistent colitis, which resembles
human IBD. This phenomenon is the result of the absence
of Treg in the transferred cell population, and the co-
transfer of Treg into such recipient mice clearly prevents
and even cures colonic inflammauon [2,3]. The existence
of Treg was first demonstrated in mice [4-7] and they have
also been idendfied in human peripheral blood [89]. In
mice, Treg constitute a typically distinct population of
CD25™ cells that comprise 3~10% of thymic, lymph node
and splenic CD4™ T cells. In humans, however, up to 40%
of peripheral blood CD4™ T cells express CD25 to some
extent. It has been shown that only a minority of human
CD4™" T cells that express the highest levels of CD25
(CD25"#") have suppressor activity [8]. The function of
Treg seems to be qualitatively preserved in UC patients, as
isolated Treg from peripheral blood or intestinal lamina
propria in IBD patients reveal suppressor activity in vir,
similar to those in healthy subjects [10-12]. However, Treg
seem to be quantitatively reduced, as the percentage of
Treg is significantly reduced in peripheral blood of active
UC patents, in inverse correlation with disease activity
[13]. Thus Treg-based cell therapy is expected to be
efficacious for the trearment of UC

Apheresis that depletes large numbers of leukocyres
from circulating peripheral blood has been developed for
the trearment of UC [14-17]. It is now considered a
standard therapy for patients with refractory UC who are

Treg preparation for cell therapy for ulceranve coliris

steroid-resistant or -dependent in Japan, and its use is
spreading to other countries. There are three methods of
extracorporeal circulation for leukapheresis (1) leukapher-
esis using a centrifugal cell separator; (2) leukapheresis by
an adsorptive membrane filter (Cellsorba™'); and (3)
granulocyte and monocyte/macrophage apheresis by a
column filled with cellulose diacetate beads (Adaco-
lumn™), Each method removes different cell populations
and thus seems to work through different mechanisms. The
former two methods deplete a large number of lympho-
cytes. As the depletion of lymphocytes by these methods is
non-selective, numerous Treg are removed during leuka-
pheresis, together with colitogenic effector lymphocytes
We have considered a possible new therapy in which Treg
are isolated from the lymphocytes removed during
leukapheresis, and retransfused into UC patients, and
named it leukapheresis/Treg transfer therapy. By such
therapy, selective depletion of colitogenic effector T cells
from UC patients and an increase in the Treg/effector
ratio are theoretically possible. To conduct such adoptive
transfer therapy with Treg, a large-scale Treg isolation
method, which is clinically applicable, needs tw be
established. We chose the CliniMACS cell selection
system from Miltenyi Biotec for this purpose. CliniMACS
is 2 magnetic bead separation method developed for large-
scale sterile isolation of cells for clinical application, and
has already been applicd clinically for the enrichment of
CD34" cells for peripheral blood stem cell rransplantation
[18,19]. The aim of this study was to establish an
appropriate method for in virm Treg-enrichment from
apheresis products from UC patients, which is applicable

to Treg transfer therapy.

Methods

Patients

Four patients with moderate to severe UC, admitted o
Kyushu University Hospital, Fukuoka, Japan, berween
2006 and 2007, were enrolled in this study. The protocol
of this study was approved by the institutional ethical
committee ar the Graduate School of Medical Sciences,
Kyushu University. Written informed consent was obrained
from all patients. Patents underwent centrifugal leuka-
pheresis therapy weekly for 5-11 weeks. Clinical char-
acteristics of the patients were summarized in Table 1
Patient | was given two separate courses of leukapheresis
because she relapsed after remission induced by the first

treatment. An isolation experiment of Treg was conducted
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Table 1. Panent charactenistics

CliniMACS Patient Age Sex Type of Clinical activiry indexi  Concomitant trearment
run number number {years) disease at the imtation of the
trearment
1 70 Female Left-sided 10 Prednisolone,
colitis S-aminosalicylic acid
2 2 59 Female Pancolins 12 Total parenteral
nutrition, prednisolone
3 1t 70 Female Left-sided 6 Prednisolone,
colinis S-aminosalicylic acid
4 3 44 Male Left-sided 12 Total parenteral
colitis nutrition, prednisolone,
S-aminosalicylic acd
5 4 18 Male Pancolitis 16 Total parenteral

“First treatment for patient 1.
1 Second trearment for patient 1.
t Rachmilemitz eriteria.

in each course of the leukapheresis for each patient
Concomitant pharmacotherapy included 5-aminosalicy-
lares and peroral and intravenous prednisone and azathio-
purine. Patent 4 underwent leukapheresis after intravenous
cvclosporine A

Isolation of Treg from leukapheresis products
using CliniMACS

Five large-scale cell-separation experiments with clinical-
grade CliniMACS reagents were performed. The Clini-
MACS system (Miltenyi Biotec, Bergisch-Gladbach,
Germany) includes an instrument, circuit tubes, clinical-
grade magnetic beads reagents and computer programs, All
of the procedures were done in sterile closed circuits. The
leukapheresis product (ILP) cells were washed, adjusted to
88 mL with phosphate-buffered saline (PBS)/ethylene-
diamineretra-acetic acid (EDTA) buffer (Miltenyi Biotec),
supplemented with 2% human serum albumin (HSA;
Mirsubishi Pharma, Osaka, Japan) and one vial each of
chinical-grade magnetic beads bearing antu-CDS8 and ant-
CDI19 monoclonal antibodies (MAb) (ChmMACS CD8
MicroBeads and ClintMACS CD19 MicroBeads; Miltenyi
Biotec), and incubated for 30 min ar room remperarure
with frequent manual agitation in a cell-preparation bag.
Then cells were centrifuged at 300 g washed again, and
resuspended in 60 mL PBS/EDTA/HSA. B cells and
CDB' T cells were depleted with the CliniMACS™™

nutrition, prednisolone,
azathioprine,
cyclosporine A

instrument (Miltenyi Biotec) by using the LS tubing set
(Milrenyi Biotec) and the depletion program 2.1. B cell/
CD8™ T-cell depleted cells were suspended in 190 mL
PBS/EDTA/HSA, labeled with 7.5 mL magnetic beads
bearing anti-CD25 MAb (ClintMACS CD25 MicroBeads;
Miltenyi Biotec) for 30 min at room temperature, washed,
and resuspended in 100 mL PBS/EDTA/HSA. CD25™
cells were isolated by three automatic cycles of positive
selection using the enrichment program 3.1 of the
CliniMACS device. Upon completion of the enrichment
program, CD25-enriched (target cell fraction; TCF) and
CD25-deplered cell fractions (non-target cell fraction;
NTCF) were collecred in separate collection bags. Ali-
quots before and after each step were taken for flow

cytometric analysis.

Flow cytometry

Cells were resuspended in fluorescence-activated cell sorter
(FACS) buffer, which consisted of PBS with 0.5% bovine
serum albumin (BSA) ar 107 cells/mL. For analysis of CD25
expression after magnetic cell separation, 1 x 10° cells were
incubared with fluorescein isothiocyanate (FITC)-conju-
gated anti-CD4 (Miltenyi Biotec) and biotin-conjugated
ant-human CD25 (4E3; Miltenyi Biotec) at4°C in the dark
for 15 min. Then the cells were washed and incubated with
phycoerythrin  (PE)-labeled  and-biotin  antibody (Ab)

—120—
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(Bio3-18E7;, Miltenyi Biotec). Next, erythrocyrolysis was
performed using Pharm Lyse (BD Biosciences, San Jose,
CA, USA) Cells were washed rwice, briefly stained with
7-amino-actinomycin-D for non-viable cell exclusion,
and subsequently analyzed by a FACSCalibur (Becton
Dickinson, Franklin Lakes, NJ, USA) using CellQuest
software (Becton Dickinson). Expression of FOXP3 was
derecred using the FITC-anti-human FOXP3 staining kit
(eBioscience, San Diego, CA, USA) according to the
manufacturer’s instructions. FITC-conjugared rac IgG2a
(eBioscience) was used as an isotype control. The analysis
was performed with a FACScan (Becton Dickinson)
using CellQuest software. For detection of gut-homing
receptors, expanded cells suspended in FACS buffer were
incubared ar 4°C with FITC-conjugated anti-integrin
B7, PE-conpugated anti-aE integrin (CD103) or ann-o4
integrin (CD49d), PE-Cy3-conjugared anti-CD4 (L3T4)
(eBioscience) in the dark for 20 min. FITC-conjugated rat
Ig(i2a and PE-mouse IgG1 (eBioscience) were used as an
isotype control. After washing, the cells were analyzed in
the same way as other stained cells.

Suppressor function assays

Mononuclear cells were prepared from NTCF using
Ficoll density-gradient centrifugation (Lymphocyte Se-
paration Medium; [CN Biochemicals, Aurora, OH, USA).
Mononuclear cells were incubared with magnetic beads
bearing and-CD4 MAb (CD4 MicroBeads; Miltenyi
Biotec) and separated into CD47 CD257 and CD4~
CD25~ cells. 5 x 10* purified CD4"* CD25
T cells were mixed with TCF cells or cultured cells at

responder

different ratios in a U-boromed 96-well plate (Corning,
Corning, NY, USA), sumulated with | pg/mL soluble anti-
CD3 (BD Pharmingen, San Diego, CA, USA) and 1.5 x 10°
mitomycin C-treated autologous CD4~ CD25 ™ cells, and
cultured for 4 days. ['H|thymidine (1 pCi) was pulsed to
each well during the final 18 h of culrure. Incorporation of
[*H]thymidine was measured by scinnllation counting
Results are expressed in cpm. as the mean of triplicare
cultures. Percentage proliferation was then calculated as
(thymidine incorporation of each cell culture/thymidine

incorporation of responder T Cells x 100.

Cell expansion

TCF cells purified by CliniMACS or CD4" CD25
Teells (1 x 10°/well) were stimulated with Treg expander
beads (Dynal Biotech ASA, Oslo, Norway) at a ratio of four

70

beads per cell, and cultured for 10 days in complete X-vivo
(BioWhitraker, Walkersville, MD, USA),
supplemented with 2 mm L-glutamine (Gibco BRL, Grand
Island, NY, USA), 25 mm HEPES (Gibeo BRL), 100 U/mL
penicillin (Gibco BRL), 100 pg/mL strepromycin (Gibco

15 medium

BRL), 10% heat-inactivated human AB serum (Gemini
Bioproducts, Woodland, CA, USA) and wich 500 U/mL
recombinant interleukin-2 (rlL-2; R&D Systems, Minnea-
polis, MN,, USA) in the presence or absence of 2 ng/mL
transforming growth factor (TGF}-Pl (R&D Systems)
Culwures were split in half after 3 days. When the cell
density was >2 x 10° cells/mlL., the cultures were spilt to
a density of 0.5-1.0 x 10° cells/mL in complete X-vivo 13
medium containing 500 U/mL rIL-2. Cells were separared
from Dynabeads by a magner and rested in complete X-
vivo 15 medium containing 100 U/mL rIL-2 for 2 weeks

for functional assays and flow cytometric analysis

Statistical analysis
Data were analyzed by paired stest A P-value was
considered to be significant when < 0.05.

Results
Enrichment of CD4* CD25"#" FOXP3* Treg by
CliniMACS cell separation
To acrualize Treg transfer therapy for UC patients in
combination with leukapheresis, it is necessary to establish
a method for large-scale isolation of Treg from LP that are
clean enough to be used clinically. As mentoned above, we
utilized the CliniMACS cell selection system. CD257
cells in human peripheral blood leukocyres comprise
CD4% CD25™ T cells that include Treg, CD8 " CD25"
T cells and CD19" CD25" B cells Our strategy to
isolate Treg from LP was to deplete CD19™ B and CD8"
cytotoxic T cells from LP as a first step, followed by
positive selection of CD25™ cells as a second step. After

the first step depletion, all of the CD25 " cells were

theoretically CD4 " CD25

selection of CD25 ™ cells was considered to have enriched

T cells. Thus the second step

Treg. To test whether this isolation strategy was suited for
potendal clinical application, we conducted five expeni-
ments of Treg isolation with CliniMACS from LP from
UC patients; the results are summarized in Table 2. The
initial LP contained 1.89 x 10°-8.57 x 10" leukocytes
(average 4.99 x 10%). On average, 11.0% (range 3.3-
21.2%) of the cells co-expressed CD4 and CD25, and
1.96% were CD4" CD25"* T cells (range 1.0-33%)
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Table 2. Results of isolation of CD4 " CD25™" Treg from LP from UC patients using the CliniMACS system

Collection

TCF

LP

rate (%)

Cell number

Percentage of total cells

Cha*

Cell number

Percentage of total cells

cp4t

CD4” Ccb4

Toral cells

D47 CD4" Ccbs*  CD2o*

&

(04D g

CD20"  Total
cells

CDs8*

chs?

ClimMACS CD4 "

run number

CD2sMEh

CD2sheh

CD25MEh

+

Ly
~

CD2s"eh

CD25Meh

CD2s”

493

289 % 107

184 x 107

T6.8

488

137 % 10°

578 x 107

874

883

200

9

o

6.8 96.6

o

933

934

0

74.1

S6.6

904

7.1 1.89 x 10" 586 %

121

1.0
1.1

1.7

104

33

[
~

1.33

8.6

1923

92

09

Average
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After magnertic cell separation, 5.5 x 107-2.1 x 10" cells
(average 1.03 x 10%) were collected in the TCF (2.1% of
the total LP cells on average; range 1.57-291%), which
contained <001% CD8" T cells (range 0-0.0081%),
<0.06% B cells (range 0-0.053%) and 91.1% CD4™ T
cells (range 825-968%) On
CD4* CD25"* cells were collected in the TCF (range
289 x 10’-1.37 x 10%). Only 0.70% of the isolated cells
were CD4" CD25 ™~ (range 0.11-1.66%), whereas 904%
(range 81.6-96.6%) of the cells expressed both CD4 and
CD25. The TCF was highly and preferentially enriched
for CD4* CD25"# T cells, which constituted 56.6% on
average (range 39.2-74.1%) of the isolated cells. The
recovery rate of CD4™ CD25"E" T cells, as calculated
from their frequencies in the inidal LP and TCF, was
67.8% (range 49.3-874%). Representative FACS data
illustrating the preferential retention of CD4™ CD25M#
T cells after the magnetic enrichment for CD25-expressing
cells are depicted in Figure 1A, In the LP (Figure 1A, left
panel), CD4* CD25"#" T cells are identified not only by
their high CD25 expression but also by their shightly lower
levels of CD4 expression compared with those of
CD4" CD25™ and CD4% CD25~ T cells. After
three repeninve enrichment cycles for CD25, an efficient
retention of CD4* CD25" T cells in the TCF was
achieved (Figure 1A, middle panel), whereas residual
CD4" CD23"#" T cells were almost undetectable in the
CD25-depleted NCTF (Figure 1A, right panel). In
additon, the proporuon of CD4™ CD25™ cells in the
TCF was reduced because of the depletion of activated
CD25" B cells and CD8™ CD25 " T cells (Figure 1A,
middle panel).

To verify the enrichment of Treg in the TCF, LP, TCF
and NTCF were analyzed at the single-cell level for

average, 6.0 x 10’

expression of the Treg-specific markers FOXP3. As shown
in Figure 1B, FOXP3 was preferenually expressed in
CD4 " CD25"*" T cells, whereas CD4 " CD25"™ T cells
contained less FOXP3, and the CD41 CD25~ subpopu-
lation did nor contain FOXP3. As expected, the CD4 R
cells in the TCF were highly enriched with FOXP3 ™ cells
(Figure 1B, middle panel) whereas the NTCF contained
only very few FOXP3™ cells (Figure 1B, right panel). The
percentages of CD4" T cells expressing FOXP3 among
the toral CD4 " T cells before and after isolation in each
experiment are shown in Table 3. In LP, only 5.5% (range
042-104%) of CD4" T eells were FOXP3™. In TCEF,
564% (range 51.3-66.6%) of CD4™ T cells expressed
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Figure 1. Flow cytomerry of tsolated cells by CliniMACS from LP from UC panients. LP were depleted of CDS™ T and B cells and separated into
€D25" TCF and NTCE. Before and after isolation, aliguors were taken and analyzed by flow: cytometry. Representative data of five independent

experiments are shown, (A) Cells were stained with FITC-conpugated anti-CD4 and biotin-congugated anti-CD25 plus PE-conpugated anti-biotin

Ab. Data in the quadrant indicate the percentage of CD4” CD25%% T cells among the tatal number of cells. (B) Cells from each fracrion were

stained with Cy-Chrome-conjugated anti-CD4 and biotin-confugated anti-CD2 5[ PE-conpugated anti-biotin Ab, wasbed, [fixed, permeabilized and
stained with FITC-confugated anti-FOXP3. The CD4™ gate ir shown. The percentages of CD25™ FOXP3™ among CD4™ T cells are shown

FOXP3, which showed that Treg were truly concentrated.
In summary, these data revealed a preferential enrichment
of CD4* CD25"*" FOXP3* T cells from LP by the two-
step isolation strategy using the CliniMACS system

Suppressor activity of enriched Treg by
CliniMACS

To determine whether selective separation of functional
Treg was done successfully by the CliniMACS cell
selection, we assessed the suppressor activity of the
isolated TCF cells. CD4™ CD25~ T cells and/or TCF
were stimulated with antd-CD3 MAb and annigen-present-
ing cells (APC), As shown in Figure 2, cultures containing
CD4" CD25~ T cells alone proliferated vigorously,
whereas culrures containing TCF alone were hypoproli-
feratve, a characteristic of Treg When CD4" CD25™ T
cells were co-culrured with equal numbers of TCF cells,

T-cell proliferation was suppressed. This suppressive effect

was enhanced by increasing the number of TCF cells
(dara not shown). These data demonstrated that successful
enrichment of functonal Treg in the TCF was achieved
by CliniMACS cell separation. The isolared cells were,
therefore, considered to be suitable for Treg transfer

therapy.

In vitro expansion of Treg using anti-CD3/
anti-CD28-coated beads

The intestine is not only the digestive organ bur also the
biggest lymphoid tssue in the body, containing numerous
lymphocytes. Thus the question arises of how many Treg
need to be transferred ro regulate colonic inflammartion
Although fairly large numbers of Treg could be recovered
by one session of CliniMACS cell separation from LP, it
may be necessary to rransfer more Treg. Therefore, we
conducted further experiments to investigate whether

isolated Treg can be expanded in vitro by retaining their
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Table 3. Percentages of FOXP3-expressing cells among CD4™ T cells before

Y Sumida et af

and after CliniMACS selection

CliniMACS run number

LP
TCF

CD4" FOXP3" /CD4 " T cell (%)
CD4" FOXP3" /CD4 " T cell (%)

immunoregulatory function. Poor proliferative porential
upon stimulation through T-cell receprors is a well-known
charactenistic of Treg, and might be an obstacle for their
use in sufficient numbers as an immunotherapeuric
modality. Nevertheless, the anergic phenorype of Treg is
not absolute and can be broken by synergistic sumulation
through T-cell receprors with appropriate co-stimulatory
signals or growth factors, such as CD28 signaling and [L-2
[5,6,20]. Therefore, we decided to use magnetc beads
coupled with ant-CD3 and anu-CD28 Ab as artificial
APC [21-23] in the presence of IL-2, As TGF-P has been
reported to be an inducer of Treg development [24,25], we
also analyzed the stimulation conditions in the presence of
TGF-B1. We sumulated TCF cells and CD47 CD25™ T
cells as a conrrol; the results are summarized in Table 4.
TCF proliferated with anti-CD3/ant-CD28-coated beads
and 500 U/mlL IL-2 to a level comparable with
CD4% CD25 T cells (Figure 3 and Table 4). Similarly,

120
=4
L=
é 100 -
g
£ '
-0
E 40/ T
&
0
CD4'CD2S : TCF cells
1:0 1:1 0:1
Figure 2. Suppressor function of Treg isolated by Clini MACS from
LP from UC patients. The TCF iolated by ClimiMACS were
bypoproliferative  and  showed  suppressor  actrosty,  Autologous
CD4" CD25™ T cells and/or the TCF cells were co-cultured and

stimubated with anti-CD3, in the presence of autologous APC for 4
days. Cells were pulsed with ['Hjthymidine (1 yCi) and the level of
the proliferation 15 shown as the percentage proliferation, compared
with the count with culture of CD47 CD25™ T cells alone. Data
represent the means + SE of four independent experiments. "P < 0.05
for co-culture of CD4" CD2S
CD4" D25

and TCE cells compared with

.-;furrr

0.4
541

ra

Average

6.9
6.6

in

in the presence of TGF-B1, TCF and CD47 CD25 ™~ T
cells proliferated to a comparable level (Figure 3 and
Table 4).

FACS analysis revealed that TCF cells expanded in viro
maintained higher levels of FOXP3 expression than
cultured CD4™* CD25~ T cells (Figure 4, left and nght
center). When stimulated in the presence of TGF-pI,
FOXP3 expression was up-regulated in both TCF and
CD47" CD25™ populations (Figure 4, left center and
night). These results suggest that Treg can be expanded
and maintained in cell culture in the presence of IL-2 and
CD28 signaling, and that TGF-B1 induces the develop-
ment of Treg from non-Treg.

We analyzed the function of expanded cells. Expanded
TCF cells did nor proliferate in response ro stimulation in
the same manner as freshly isolated Treg In contrast,
CD4" CD25
conditions, and their proliferation was suppressed in co-

T cells proliferated well under these

culture with in wirr-expanded TCF cells (Figure 5, left
panel). The suppressor activity of bead-expanded TCF
cells was stronger than that of freshly isolated TCF cells
from the same patient (dara not shown). In contrast, m
vitre-expanded CD4 " CD25 7 T cells proliferated vigor-
ously and did
CD47" CD25
center). When cultured in the presence
only TCF cells but also CD4" CD25~
regulatory capability. Culured CD4™

not suppress the proliferanon  of
T cells upon co-culture (Figure 5, night
of TGF-BI1, not
cells revealed a
CD25~ T

and suppressed

cells
became hyporesponsive to stimulation
the proliferation of CD4* CD25~ T

culture to a similar extent as TCF cells (Figure 5, lefr

cells upon co-

center and right). /u vitro culture wich TGF-B1 did not
further enhance the regulatory activity of TCF (Figure 3,
left and left center). Similar results were obrained with
allogeneic sumulation (data nor shown). Hence, Treg in
the TCF expanded in virro retained their characreristic
phenotype of Treg, as well as their suppressive function.
In additon, it is suggested thar TGF-Bl induces the

development of Treg m viero from non-Treg
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Table 4. Results of expansion of CD4™" CD2 sh

Fold-expansion

25"

-

?
FOXP3 " CD

cpa’

CD4" CD.

Fold-expansion

FOXP3™ CD25 7

T

Fald-expansion

25

CD
T cells, (%)

FOXP1"'
cDs”

Fold-expansion
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run number

I" cells, (
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T cells, (%)

T cells, (%)
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0.

8.7

1R.7

Average

For adoptive cell therapy for UC, it is hoped thar
expanded cells swrongly express gut-homing receptors,
such as a4 CD49d) B7 and 2E{CD103)p7 integrins. As it
has been previously reported that the expression of 2E and
B7 integrins 1s regulated by TGF-B1 [26,27], we investi-
gated whether 10-day cultures in the presence or absence
of TGF-P1 could up-regulate these integrins on the cell
surface by flow cytomertry. a4f}7 and aEP7 integrins were
expressed only in the small percentage of expanded
TCF cells and CD4" CD25 T cells without TGF-1
(Figure 6, left and right center). The expression of ok
and B7 inregrins was up-regulated by TGF-1 on both
cell populations. The expression of 24 integrin was not
altered significantly. In consequence, the expression of
2Ef7 integrin and also 24f7 integrin on the surface of
TCF cells and CD4™ CD25 ™ T cells was sigmficantly
increased by addition of exogenous TGF-B1 (Figure 6, left
center and right). These results suggest that TGF-pI
enhances the expression of not only 2EB7 bur also adfi7
integrin on the cell surface, and that treatment with TGF-
Bl may be useful to enhance the Treg immunoregulatory
capability to suppress intestinal inflammartion by increas-
ing the expression of gut-homing receptors and thus
migration of injected Treg to the mucosal sites of

inflammarion.

Discussion

UC is an intractable disease that develops into chronic
persistent colius. As there are many patents who are
refractory to conventional therapy, the generation of new,
more effective therapies is desperately needed. Treg
comprise a subset of CD4 ™ T cells that possess regulatory
activity of a broad range of immune reactions. As a result
of their potent immunosuppressive capability, Treg are
considered to be an atrractive therapeutic tool for
inflammarory human disorders. Extensive studies of
animal models of IBD have revealed a potent and essential
role of Treg for the prevention of colonic inflammanon
[2,3]. On account of their suppressive effect on experi-
mental models of colits, not only for prevention bur also
for therapeutic use, Treg are expected to be an attractive
tool for the treatment of IBD. In humans, we and others
have demonstrated that the propornion of Treg in the
peripheral blood is significantly reduced in active UC
[11,13]. As Treg are functionally preserved [10-12] and

only quantitatively decreased in UC patients, Treg transfer
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Figure 3. In vitro expansion of Treg isolated by ClimtMACS. Cells
in the TCF of the ClimiMACS selection and CD47 CD25~ cdlls
were actrvated with anti-CD3/ anti-CD28-coated beads at a ratio of
Jour beads per cell and SO0 Ufml. 11.-2 in the presence or absence of
2ng/mL TGF-f1. On days 5 and 10, cells were counted in aliguots of
the cultures. The expansion of cells war demonstrated as a fold-
increase compared with the orviginal cell mumber at day 0 (1 x 10°).
Values represent means + sk of four independent experiments.

immunotherapy that enhances regulatory activity is thus

expected to be efficacious for the treatrment of UC.
Leukapheresis therapy is one of the standard therapies

for UC in Japan and is mainly applied to steroid-resistant

TCF TCF
IL-2 + +
TGFp1 - A

patients. During leukapheresis, it is considered thar Treg,
as well as colitogenic effector cells, are removed from the
peripheral blood. It is, therefore, reasonable to expect
better efficacy when Treg are isolated from LP and
wransferred to the patent Thus, we chose a strategy to
isolate and rtransfuse Treg following leukapheresis. For the
application of leukapheresis, there are adsorptive and
centrifugal methods [14-17]. The former utilizes columns
to which leukocytes adhere. We chose the latter because
intact leukocytes can be collected by this method
Cenrrifugal leukapheresis for patients with UC manages
¢. 20002500 mL peripheral blood per session, which is ¢
40-45% of the rotal blood volume. In the present study,
one session of cenrrifugal leukapheresis removed on
average 9.67 x 10" CD4" T cells from the body and
6.0 x 107 Treg were isolated from LP. When isolated Treg
are returned to patients just after leukapheresis, it is
possible to achieve an increase of 1-3% in the rato of
Treg/toral CD4™ cells in the peripheral blood, which
could add a suppressive effect of Treg to the conventional
leukapheresis effect

For clinical application, it is essential to isolate Treg
safely and hygienically after leukapheresis. Although
magnetic enrichment of CD4" CD25" Treg using anti-
CD25 Ab-coared beads has already been applied in many

laboratories for experimental purposes [9,28], it is unclear

CD4'CD25 CD4'CD25
- -
5 -

CD25

e W

Figure 4. FOXP3 expression in the in vitro-expanded cells. Cells tn the TCF of the ClmiMACS selection and CD4" CD25™ eells were
stimulated with anti-CD3/ CD28 beads and 11.-2 in the presence or absence of TGF-f1 1. Flow cytametry for FOXP3 expression was performed on
day 24 (after resting for 2 weeks). Cells were stained with PE-anti-CD25 and PE-Cy5-anti-CD4, fixed, permeabilized, stained with FITC—anti-
FOXP3 and analyzed by flow cytometry. Expression of CD25 and FOXP3 on the CD4™ gate is shown. Data are representative of four independent

experiments,
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Figure 5. Suppressor function of the in vitro-expanded cells. Cells tn
the TCF of the Clint MACS selection and CD4™ CD25
stimulated with anti-CD3/ CD28 beads and 1L-2 tn the presence or
absence of TGF-f11. After 10 days, cells were separated from beads by

cells were

@ magnet and rested for 2 weeks, In \'irrn-n\pandﬂf TCF cells, TCF
CD4™ CD25~
CD4™ CD25~ cells in the presence af TGF-1 were mixed with
CD4™ CD25~ T cels and stimulated with ann-CD3  and
mitamycin-C-treated APC. Proliferanion was determined by [ "Hthy-

cells and

midine uptake, and the percentage proliferation was caleulatred by
Y CD25T T cells alone. Data
represent the means + SE of four independent experiments. "P < 0.05
for co-cultire of CD4™ CD25™
with CD47 CD25~
CD4" €D25  amd  each
CD4T CD25™ alowe, TP < 0.05 for co-culture of CD4™ CD25™
and each expanded cell compared with CD4™ CD25™ alone.

comparing with cultares of CD4

and tach expanded cell compared
tP <005 for
expanded  cell

alome,

compared  with

what would be suited to the large-scale purification
of Treg under sterile conditions for clinical applicarions.
To this end, we sought to develop a strategy that
cnsures the efficient and reliable enrichment of human
CD4* CD25"" T cells from LP. We chose the Clini-
MACS cell selection system for this purpose. This system
is a magnenc bead-based cell 1solation system developed
by Miltenyi Biotec for clinical purposes, and has been
used clinically for such procedures as CD34 ™ stem cell
rransplantation [18,19]. Our protocol comprised one cycle
of CD8™"
CD19 beads, followed by three repetitive enrichment

T/B-cell depletion with anti-CD8 and ann-

cycles for CD25" cells. Pre-depletion was included to
B cells and CD8™ CD25™ T

cells. These cells would contaminate Treg-enriched cells

eliminate acuvared CD25°

to various degrees, depending on the blood composition of
each patient Therefore, after almost all CD4~ CD257

co-culture  of

cells were deleted, the TCF could include Treg at high
purity. In fact, B cells and CD8™ T cells were almost
underectable in the cell products after depletion, and a low
percentage of CD4~ CD25 " cells was only present in the
TCE It has recently been shown that a single magnenc
cell-separation step efficiently depletes human Treg from
LP bur is insufficient for their enrichment [29]. Hoffmann
er al. [30] have reported a protocol for Treg enrichment
thar comprises B-cell depletion with ant-CD19 beads

followed by enrichment for CD25 " cells. However, the

low percentage of CD8" T cells stll contaminares the
TCF by their method. We consider that i is safer to
deplete CD8 ™ CD25™ T cells because such cells may act
as colitogenic factors. In our protocol, the enrichment for
CD25 ensured not only the preferential retention of cells
with high CD25 expression but also an almost-complete
elimination of CD4~ CD25"
their CD25 expression profile, TCF conrained a high

cells. As expected from

percentage of FOXP3-expressing Treg, and potently
suppressed non-Treg proliferation in funcrional assays. In
consequence, Treg could be isolated in fairly good
numbers and with good recovery rates and, more im-
portantly, isolated Treg retained their immunoregulatory
activity. Thus Treg can be isolated from LP in large
numbers that are clean enough for clinical use, and Treg
transfer therapy is feasible in combination with centrifugal
leukapheresis for UC.
The mechanism of Treg-mediated suppression of
intestinal inflammation is not fully understood. Most in
vitro studies have failed to identify a soluble suppressor

cytokine for CD4" CD25™ Treg activity . In vive,

however, an experimental model of colitis revealed rhar
suppression of colonic inflammation depends on immu-
IL-10 and TGF-p, as adminis-
and IL-10 [31] to
recipient mice abrogated the protective effect of Treg. We

nosuppressive cytokines,

tration of Ab-neutralizing TGF-p |2

have previously demonstrated that Treg express a high
level of TGF-P1 [32]. We have shown that Treg-produced
TGF-B1 is essential for the suppression of colits, as
Treg isolated from TGF-P1-deficient mice fail to amelio-
rate the disease [33]. In contrast, it is not always required
for the inhibition of T-cell proliferation in vitro [33]
Recently, Li er al [34] have reported that Treg from T-cell
specific TGF-P1 knockour mice failed to suppress a
CD4*% CD45RB™® T-cell transfer model of colits, which
demonstrates that TGF-B1 produced from Treg is essen-
tial for gut homeostasis. It is therefore of interest whether
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Figure 6. 2Efi7 and a4f37 expression on the in vitro-expanded cells. Cells in the TCF of the CliniMACS selection and CD4* CD25

T cells

were stimulated with anti-CD3/ CD28 beads and 1L-2 in the presence or absence of TGF-f1. 2ER 7 and 248 7 expression was analyzed by FACS
after a 10-day culture. Cells were stained with PE-CyS-anti-CD4, PE-anti-CD103 (2£) or PE-anti-CD49d (24) and FITC-anti-B7 and
analyzed by flowe cytometry, Expression of aEfi7 and 2417 on the CD4* gate i shown. Data are representanve of rwo independent EXperiments.

Treg mobilized to the intestine in IBD patients express
high levels of TGF-B1 and IL-10.

In Treg transfer therapy for UC, the number of Treg
that are considered sufficient for amelioration
colonic inflammation is unclear Collection of 1 x 10
CD4 " CD25"#" cells per session of CliniMACS separation
from LP is fairly good. However, more Treg may be needed
to suppress intestinal inflammation as the intestine is the
organ thar contains the most immune cells in the body. Thus
we conducted in vitro expansion of Treg. Treg isolated using
CliniMACS could be expanded in vito up to 18-fold in 10
days. Treg retained their immunosuppressive activity
during m wire culture. These results suggest that more
Treg can be transferred ro patients after in virrs expansion,
at least theorerically. However, we need to pay much more
auention ro the safery of the transfer of such cultured cells
than that for simple rransfusion of isolated cells

Treg develop in the thymus and were originally
considered to be of a different lineage from convenuonal
CD4" T cells [1]. Recently, however, TGF-P1 has been

of

found ro induce development of Treg from non-Treg in
vitro 24,25]. Thus we tested whether CliniMACS-isolared
Treg can be further enriched during cultivation in the
presence of TGF-BI, and whether Treg can be induced
Culure with TGF-BI
increased the percentage of CD4" FOXP3™ cells in the
TCEF, although TGF-B1-treated TCF cells did not show a
significant in
CD4" CD25™ T cells in the presence of TGF-B1 in vitro

from non-Treg by TGF-fI

increase suppression. Cultivation  of
significantly increased the proportion of CD4 " FOXP3 ™
cells, and such cells showed suppressor acrivity to reduce
T-cell proliferation. Thus, as reported previously in
healthy subjects [24,25], TGF-P1 can induce Treg differ-
entiation i wtw from non-Treg obtained from UC
patients. Induction of Treg s vitro may be an alternative
approach to conduct Treg-based immunotherapy.
Lymphocyte rrafficking is mainly regulated by adhesion
molecules, L-selecrin and integrins. The integrin a4fi7 is a
homing recepror for cellular migration of T lymphocytes
o mucosal sites [35,36). The 24B7 integrin binds to
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vascular addressins, selectively expressed by venules in
mucosal tssues. Expression of the other B7 integrin, 2EB7,
on T cells 1s thought to be important for intestnal
intraepithelial T-lymphocyte (IEL) entry into the epithe-
lial compartment [37,38|. It has been postulated rhar
lymphocytes entering the gastrointestinal tract from the
peripheral blood do so via an interaction of 24p7 on their
surface with the mucosa-associated cell adhesion molecule
on endothelial cells. Subsequent to migration, the aE
subunit is up-regulatred by TGF-fi1 in the microenviron-
ment of the intestine. The aEP7 integrin is suggested to
interact with E-cadherin on the enterocyte surface,
thereby mediating selective localization or retention of
IEL in the epithelium. Therefore, we analyzed 24B7 and
aEB7 expression of expanded cells. In contrast to the
TGF-B1 untreated cells, we could detect higher levels
of expression of «EB7 and «4f7 on expanded TCF
and CD47 CD25~ T cells in the presence of
TGF-B1, and each of TGF-Pl-treated cells (Treg and
non-"Treg) showed suppressive properties for conventional
CD4" CD25

treatment with TGF-fi1 may support clinical cell therapy

T cells m viro. Taken rtogether, the

for mucosal inflammation using in wiee-induced or
-expanded human Treg by up-regulating the expression
of gut-homing receprors and thus the trafficking of infused
Treg t the gut

In summary, we have established a protocol to isolate
Treg from LP from UC patents in clinically relevant
numbers under sterile condinons, and this enables clinical
trials of Treg transfer therapy for UC patients, in
combination with leukapheresis. Successful expansion or
induction of Treg v wre demonstrates the future
possibility of transfer therapy of culuvated Treg
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Abstract To investigate whether bone marrow-derived
cells (BMC) would migrate and engraft into the sensory
epithelium of the inner ear, BMC of green fluorescence pro-
tein (GFP) mice were transplanted into lethally irradiated
recipient mice. Then the recipient mice were treated with
streptomycin and immunohistochemical staining was per-
formed to evaluate the migration and engraftment of donor
BMC into the sensory epithelium of the inner ear. Immuno-
histochemical staining for GFP was found initially in the
vascular epithelium and oral mucosa but not in the sensory
epithelium of the inner ear. In the case of mouse, BMC may
not migrate and be engrafted into the sensory epithelium of
the inner ear.
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Introduction

Many non-mammalian species continually produce new
sensory hair cells of the inner ear and regenerate them in
response to damage. The regenerated sensory hair cells
arise from adjacent non-sensory (supporting) cells, by a
proliferative response whereby supporting cells re-enter the
mitotic cycle or direct transdifferentiation of supporting
cells to the sensory cells without dividing [1, 2]. Unfortu-
nately, in adult mammals, several authors have reported
that in vivo differentiation of newly produced cells into the
hair cells of the inner ear is rare or non-existent [3, 4].
Recent advances in techniques used to study non-mamma-
lian sensory cells regeneration promise to broaden our
understanding of molecular signaling to trigger supporting
cells to generate new sensory cells [5]. Another new area of
study in tissue-engineering also has recently been devel-
oped and this technique may provide a new way to regener-
ate the injured sensory cells of mammalian inner ear.
Numerous studies have shown that bone marrow-derived
cells (BMC) display tremendous transdifferentiation [6-11]
and also we have demonstrated that BMC can be engrafted
in the olfactory epithelium and then differentiate into olfac-
tory neuron cells [12]. In case of the inner ear, intrave-
nously transplanted mouse-BMC into irradiated adult mice
was found in the spiral ligament and the locations normally
occupied by fibrocytes and mesenchymal cells [13]. Naito
etal. [14] isolated chinchillas’ BMC, labeled with Dil
(Molecular Probes, Eugene, OR), and injected it directly
into the inner ear of the same animals, which had been
treated with gentamicin. Matsuoka et al. [15] isolated BMC
from mice and injected it directly into the inner ear of Mon-
golian gerbils. In those studies, the BMC directly trans-
planted into the cochlea were found in the scala tympani.
scala vestibule, spiral ligament or modiolus [14, 15]. To our
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knowledge. there have been few reports, which suggest the
possibility of BMC migrating into the sensory epithelium
of the inner ear [ 16]. We performed an experiment in which
BMC of green fluorescence protein (GFP) mice were trans-
planted into lethally irradiated recipient mice followed by
treatment with streptomycin. Since Lang etal. [13] have
reported that adult mice receiving unmanipulated BMC
showed inner ear engraftment levels about four times
higher than those receiving clonal hematopoietic stem cells
we used unmanipulated BMC including mesenchymal stem
cells. The efficacy of adult stem cell engraftment increases
in damaged organs [17]. Thus, we tried to add damage to
the inner ear by streptomycin injection after radiation.
Some studies have suggested that patients can recover ves-
tibular function after severe vestibular function loss caused
by gentamicin and streptomycin ototoxicity [18, 19]. The
vestibular epithelium in adult rodents shows a small but
significant increase in cell proliferation in response to hair
cell damage in vivo [20]. These reports might suggest that
the vestibular epithelium of mammals including humans
appear to contain cells with stem cell properties. We are
interested in whether BMC would supply the stem cells of
the vestibular sensory cells and contribute to the recovery
of injured vestibule. We focused on the sensory epithelium
of the vestibule in order to evaluate the migration and
engraftment of BMC into the sensory cells of the inner ear.

Materials and methods
Animals and animal care

Female GFP transgenic mice (C57BL/6 TgN (act-
EGFP)OsbC14-Y0I-FMI31) were gifted by Dr. Okabe
[21] and female C57BL/6 mice were purchased from Oka-
yama University Animal Center. All animals used in the
present study were housed, supervised, and handled accord-
ing to the Okayama University Graduate School of Medi-
cine and Dentistry guidelines for the care and use of
laboratory animals. This research was approved by the Ani-
mal Experiment Control Committee of the Okayama Uni-
versity Graduate School of Medicine and Dentistry, under
No. 05-006-099.

Bone marrow transplantation

Bone marrow transplantation was carried out according to a
standard protocol described previously [22]. Briefly, immedi-
ately after 8-week-old female C57BL/6 recipient mice had
undergone 10 Gy of lethal whole-body-irradiation split into
two doses separated by 6.5h to minimize gastrointestinal
toxicity, they were transplanted with bone marrow cells har-
vested from the femurs of age- and sex-matched GFP donors

@ Springer

Donor bone marrow cells were resuspended in Hank’s bal-
anced salt solution and 5 x 10" bone mwrow cells were
injected into the tail vein of the recipients. The recipient mice
were maintained in a specific pathogen-free environment and
received normal chow and hyper-chlorinated drinking water
for the first 3 weeks after bone marrow transplantation. To
determine the engraftment of the donor bone marrow, the
bone marrow was examined 4 weeks after transplantation by
immunohistochemical staining for GFP [23].

Injection of streptomycin and tissue preparation

The recipient mice were treated with streptomycin (intra-
peritoneal injection, 10 mg/day x 10 days) at 1 month after
the bone marrow transplantation. They were sacrificed
under diethyl-ether anesthesia at 1 (n=4) and 2 (n=4)
months after the streptomycin injection. The head of each
mouse was cut into two halves along the sagittal plane and
the brain tissues were removed. After overnight fixation in
4% paraformaldehyde and decalcification for 14 days in
10% ethylenediamine-tetraacetic acid (EDTA), the tissue
samples were embedded in paraffin and 5 pm thick, consec-
utive cross-sections were prepared.

Immunohistochemistry for GFP

The sections were deparaffinized and rehydrated. Endoge-
nous peroxidase was blocked by incubation for 30 min in
0.3% H,0, in methanol to block endogenous peroxidase.
The sections were then incubated in 0.1% trypsin (Difco
Laboratories, Detroit, Michigan) for 5 min at 37°C. Afier
blocking of non-specific binding sites by incubation in 10%
normal swine serum for 15 min, the sections were incubated
overnight at 4°C in anti-GFP (Santa Cruz Biotechnology
Inc. Santa Cruz, California) polyclonal rabbit antibody at a
dilution of 1:100. The sections were then rinsed in TBS fol-
lowed by treatment with swine anti-rabbit immunoglobulin
(Dako, Copenhagen, Denmark) antibody for 30 min, After
rinsing in TBS, the sections were incubated in streptavidin
peroxidase (Dako, Copenhagen, Denmark) at room tempera-
ture for 30 min, followed by staining with DAB for 15 min.
Staining was visualized using a light microscope (BX51-54;
Olympus). Sections from the olfactory epithelium of the
donor mice were used as positive controls, while negative
control sections were processed in an identical way with the
exception that the primary antibody was excluded.

Results
Four weeks after transplantation, the bone marrow of the

recipient mice was occupied fully with GFP-positive
cells derived from donor bone (Fig. 1), a linding that
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Fig. 1 Numerous GFP-positive cells were seen in the bone marrow of
the recipient mice | month after transplantation. The recipient bone
marrow was reconstructed by self-renewal of transplanted donor bone
marrow-derived cells. M muscle layer, B bone layer, BM bone marrow,
scale bar = 100 pm

demonstrated the recipient bone marrow had been recon-
structed by transplanted donor marrow cells. GFP-posi-
tive cells were found in the vascular endothelia (Fig. 2a)
and oral mucosa (Fig. 2b) of recipient mice both 2 and
3 months after the bone marrow transplantation. The ves-
tibular epithelium cells were partially vacuolated and the
arrangement of them was disordered. However, we could
not find any GFP-positive cells among them (Fig. 3).
Immunostaining for GFP was found in all cells of the
olfactory epithelium of the positive controls, whereas no
positive staining was found in the sections of the negative
control animals.

Discussion

If BMC migrate into the sensory epithelia of the inner ear,
similar to what occurs in epithelia of other organs, this
would represent one of the first steps of therapy for vestibu-
lar dysfunction or sensorineural hearing loss. However, in
the present study, we could not find any BMC among the
sensory epithelium of the vestibule. This observation sug-
gested that BMC might not be engrafted into the inner ear,
even if there were stem cells in the sensory epithelium of
the inner ear in mature mammals. Krause et al. [8] reported
that the engraftment rate of the transplanted cells depends
on (1) the degree of tissue damage induced by the trans-
plant, (2) the residual tissue-specific stem cell capacity
within each organ, and/or (3) the normal rate of cell turn-
over in each organ. The sensitivity of each organ to radia-
tion or severe injury like graft versus host disease (GVHD)
may influence epithelial engraftment. For example, the
number of bone marrow-derived epithelial cells in the gas-

Fig. 2 Two months after bone marrow transplantation, GFP-positive
cells were found in a the endothelial cells (arrows) of the vessels (V)
near the mandibular bone (MB), fibroblasts (wide arrows) and b epi-
thelial cells (black arrows) and dendritic cells which might be the Lan-
gerhans cells (wide black arrows) of the oral squamous cell (SC) layer,
and some hemagioendothelinl cells (HC), fibroblasts (white arrows)
and a few lymphatic cells (LC) of the submucosal (5M) layer, scale
bars = 50 pym

trointestinal (GI) tract was increased remarkably during
epithelial regeneration after radiation, GVHD or ulcer for-
mation [24]. When compared with the GI or respiratory
epithelia, the sensory cells of the inner ear may be more
resistant to irradiation and GVHD. Although we added
damage to the inner ear using streptomycin injection, it
might have been not enough for efficacy of BMC-engraft-
ment. Previously we have demonstrated that BMC can be
engrafted in the olfactory epithelium and then differentiate
into olfactory neuron cells [12]. Olfactory neurons have an
unusual lifelong ability to continue neurogenesis and they
differentiate from stem cells (globose basal cells). The
transplanted donor BMC may have been engrafted as the
stem cells of olfactory neuron cells. On the other hand, the
rate of cell umover among the sensory epithelium of the
inner ear is very low, even in the avian vestibular epithelium
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Fig. 3 Three months after marrow transplantation (two months after
streptomycin injection), there were no GFP-positive cells in the saccu-
lar epithelium although damage induced by streptomycin was
observed, SM saccular macula, scale bar = 50 pm

[25]. Although it has been reported that BMC might have
ability 1o generate sensory cells of the inner ear [16] and
BMC directly transplanted into the cochlea can survive
after 3 weeks [14], we could not observe the engraftment of
BMC into the sensory epithelium of the inner ear. How-
ever, even the spontaneous engraftment rate of donor BMC
into the olfactory epithelium is about 0.15% [12]. Consider-
ing the difference in the number of sensory cells between
the olfactory epithelium and the inner ear epithelium, there
might be a possibility that the engraftment rate of BMC into
the mouse-vestibular-epithelium had been too small to
detect in the present study.

Conclusion

This study shows no evidence, which suggests the possibil-
ity of BMC, serving as a source of precursor cells for the
sensory cells of the inner ear.
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