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Abstract Many more patients would benefit from vas-
cularized composite allotransplantation if less toxic and
safer immunosuppressive protocols will become available.
Tolerance induction protocols with donor cells co-trans-
plantation are one of the promising pathways to reduce
maintenance immunosupressive regimens. We investigated
the role of donor bone marrow cells (BMC), mesenchymal
stromal cells (MSC) and in vivo created chimeric cells
(CC) used as supportive therapies in a fully MHC-mis-
matched rat face transplantation model. Twenty-four fully
MHC-mismatched hemiface transplantations were per-
formed between ACI (RT1%) donors and Lewis (RT1')
recipients under combined seven-day immunosuppressive
regimen of anti-af-T-cell receptor (TCR) monoclonal
antibody and cyclosporin A. We studied four experimental
groups—group 1: no cellular therapy; group 2: supportive
therapy with BMC; group 3: supportive therapy with MSC;
group 4: supportive therapy with CC generated in a pri-
mary chimera. We evaluated clinical and histological
rejection grades, transplanted cells migration, donor-
specific chimerism in the peripheral blood and bone mar-
row compartments, and CD47/CD25" T-cell levels. Face
allograft rejection was observed at 26.8 4+ 0.6 days post-
transplant (PT) in the absence of cellular therapy, at
34.5 £ 1.1 days for group 2, 29.3 £ 0.8 days for group 3,
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and 30.3 £ 1.38 PT for group 4. The longest survival was
observed in allografts supported by co-transplantation of
BMC. All support in cellular therapies delayed face allo-
graft rejection by chimerism induction and/or
immunomodulatory properties of co-transplanted cells.
Survival time was comparable between groups, however,
further studies, with different cell dosages, delivery routes
and delivery times are required.
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Abbreviations

BMC  Bone marrow cells
CC Chimeric cells
CsA Cyclosporin A

DRCC Donor-recipient chimeric cells
VCA Vascularized composite allograft
MSC  Mesenchymal stromal cells

PE Phycoerythrin

VBM  Vascularized bone marrow

PT Post-transplant

TCR T-cell receptor

Introduction

Vascularized composite allografts (VCA), such as hand or
face transplants, are performed across major histocompat-
ibility (MHC) barriers and include different tissue
components with specific immunogenic responses. Allo-
genic skin has been reported to induce an alloimmune
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response in skin grafts (Gibson and Medawar 1943), and
skin is considered highly immunogenic in VCA trans-
plantation (Lee et al. 1991; Murray 1971). The suspected
high immunogenicity of VCA transplants has led to the
clinical use of multi-drug immunosuppressive protocols
(Lantieri et al. 2011; Siemionow et al. 2009). Tolerance
induction is an approach to reduce the immunosuppressive
regimen and its burden. Donor-specific chimerism has been
reported in cases of operational tolerance (Starzl et al.
1992). This led to attempts to induce immunomodulation
by donor bone marrow cell (BMC) co-transplantation,
initially in solid organ (Monaco et al. 1976) and then in
VCA (Dubernard et al. 2007; Schneeberger et al. 2013)
transplantation. Experimental (Foster et al. 1998; Kawai
et al. 1995; Siemionow et al. 2002; Xu et al. 2013) and
clinical (Buhler et al. 2002; Kawai et al. 2008) cases of
operational tolerance have then been documented. Induc-
tion of chimerism and immunomodulation has been
assessed using various BMC subsets, including
hematopoietic stem cells and mesenchymal stromal cells
(MSC) (Mathew et al. 2000). We have developed a VCA-
face transplantation model (Siemionow et al. 2005)
including skin and conjunctiva, cervical lymph nodes,
cartilage, without vascularized bone marrow (VBM)
component, distinguishing this model from other VCA
transplants (Kuo et al. 2009) and allowing to study the
effects of co-transplantation of selected cell subsets of
donor origin.

In face transplantation model, under a limited 7-day
immunosuppresive regimen, we assessed the effects of
cellular therapy on chimerism induction and VCA survival
by co-transplantation of various BMC populations includ-
ing: unselected donor BMC, donor MSC, and in vivo
created chimeric cells (CCs) harvested from chimeric
animals, under our well established 7-day immunodeple-
tive protocol with anti-af-T-cell receptor (TCR)
monoclonal antibody (mAb) and cyclosporin A (CsA).

Materials and methods

Inbred 8- to 10-week-old ACI and Lewis rats (Harlan,
Indianapolis, Ind.) weighing 200 g were assigned randomly
to experimental groups, in accordance with the Guide for
the Care and Use of Laboratory Animals (NIH), with the
approval of the Cleveland Clinic Animal Research Com-
mittee. Lewis (RT1 ') rats were used as recipients of fully
MHC-mismatched face transplants from ACI (August
Copenhagen Irish) (RT1%) donor rats. Intraperitoneal phe-
nobarbital (40 mg/kg) and subcutaneous buprenorphine
(0.25 mg/kg) were used for anesthesia and analgesia,
respectively.
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Experimental Groups and Immunosuppressive
Therapy

Twenty-four face allotransplantations were performed
across MHC barrier (ACI (RT1%)-Lewis (RT1") in four
experimental groups (Table 1) under a 7-day protocol of
combined anti-of-TCR mAb (clone R73, BD Pharmingen,
San Diego, Calif, USA) (250 mg/day/intraperitoneally) and
CsA (Bedford Laboratories, Bedford, Ohio, USA) (16 mg/
kg/day/subcutaneously). Isotransplantations performed
between Lewis rats, served as controls.

Isolation of Donor BMCs

BMC were flushed from ACI (RT1%) femoral bones in
alpha-MEM medium with 2 pg/ml gentamicin, filtered,
mixed with 0.85 % NH4Cl for 5 min, centrifuged, washed
and resuspended in phosphate-buffered saline (PBS). The
cell viability was assessed by trypan blue exclusion. In
group 2, 100 x 10° unselected BMC cells (in 50 pl PBS)
were transplanted into the bone marrow cavity of recipients.
In group 3, BMC were cultured to obtain MSC, and in group
4,100 x 10° BMC was transplanted into the bone marrow
cavity of naive Lewis rats to create primary chimeras.

MSC Expansion in Culture and Phenotype
Characterization

BMC were prepared as above: red blood cells were lysed
and ACI (RT1%*) BMC were resuspended in alpha-MEM
supplemented with 10 % fetal bovine serum (Omega Sci-
entific, Tarzana, CA), 2 mM L- glutamine, 100 U/ml
penicillin, 100 mg/ml streptomycin and 25 ng/ml ampho-
tericin B, in 75 cm? flasks, which were then incubated at
37 °C under 5 % CO, atmosphere. Non-adherent cells
were discarded by replacing the medium three times per
week. For passage, adherent cells at 70 % confluence were
detached with 2 ml 0.25 % trypsin/EDTA, washed in PBS
and replated at a density of 1 x 10* cells/cm®. After the
fifth passage, plastic-adherent cells were positive for MHC
class T (RT1%), CD90 and CD29 and negative for CD45RA,
CDl11b/c and CD31 (Fig. 1). Adipogenic and osteoblastic
differentiation potential (Dominici et al. 2006) (Fig. 1) of
MSC from passage 5 (P5) were tested in six-well plates
(5000 cells/cm?), in the appropriate induction medium as
proposed by the International Society for Cellular Therapy
(Dominici et al. 2006). Adipogenic differentiation was
confirmed by Oil Red-O (Sigma Aldrich, St. Louis, MO,
USA) staining (Fig. 1c), whereas osteogenic differentiation
was proved by Alizarin Red staining (Fig. 1b). MSC for
intraosseous injection were recovered from P5 to P8 and
resuspended in PBS at a density of 8 x 10° cells/ml.
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Table 1 Experimental groups and immunosuppressive treatment

Group (number of Number of cells

animals)

Cell supportive
therapy

Transplant MHC mismatch

Immunosuppressive treatment

Control group (N = 6)
Group 1 (n = 6)

No cell therapy

Group 2 (n = 6) BMC 100 x 10°
Group 3 (n = 6) BMSC 5 x 10°
Group 4 (n = 6) D/RCC 10 x 10°

Isotransplantation®
Fully MHC class 1

No immunosuppressive therapy

Anti-o-TCR mAb (250 pg/day) plus

mismatch” CsA (16 mg/kg/day) 7 days

# Hemiface isotransplantation from Lewis (RT1Y to Lewis (RT1")

° Fully MHC class I mismatched hemiface transplantation ACI (RT1%) to Lewis (RT1Y

Fig. 1 Preparation of donor mesenchymal stromal cells (MSC) from
ACI bone marrow and assessment of the adipogenic, osteogenic,
differentiation potentials of cultured MSC. Cultured MSC collected
for intraosseous injection, at confluence (5-8 passages), (a). Cells
were positively stained with Alizarin Red (ARS) after osteogenic

Positive Selection of CC of Donor Origin
from Primary Chimeras and Isolation of Donor/
Recipient CC

Primary chimeras were created by intraosseous injection of
100 x 10° BMC from ACI donors to Lewis recipients
under 7-day of af-TCR/CsA immunosuppressive protocol.
BMC were isolated from the femur and tibia of the primary
chimeras at 21 days post transplant (PT), as described
above, and stained with FITC-conjugated mouse anti-rat
antibody specific for donor cells RT1* MHC class I (ACI)
(clone C3, BD Pharmingen, San Diego). Cells were washed
and incubated with magnetic beads conjugated with mouse
anti-FITC-mAb (Miltenyi Biotec Inc., Auburn, CA, US),
washed, and run on LS separation columns (Miltenyi
Biotec Inc) for magnetic-activated cell sorting (MACS).
The columns were then washed with buffer to collect the
donor MHC class I (RT1%)-positive cells (positive selec-
tion), including lymphocytes, hematopoietic progenitors

i CDA45RA | *

induction (b) or with Oil Red O after adipogenic induction (c). FACS
analyses confirmed rat MSC to be positive for CD90, MHC class I
(RT1%), and CD29, and negative for CD31, CD45RA, and CDI11b/c
(d)

and MSC. Flow cytometry analysis confirmed the donor
origin of the cells (RT1*"). Moreover, 17-50 % of cells
carried both donor (RT1%) and recipient (RT1 Y MHC class
I, (Clone B5, BD Pharmingen, San Diego) antigens
(Fig. 2). These cells were determined as donor-recipient
CC (DRCC). The highest number of the DRCC harvested
by MACS was obtained at 21 days after primary chimera
creation. They accounted for 11 x 10°-14 x 10° of cells
of donor origin (50-60 % purity). We selected this fraction
of cells of donor origin and characterized their immature
phenotype (CD90") and donor/recipient MHC class I
characteristics (RT1¥/RT1 ).

Face Transplantation Procedure
Composite hemiface allografts were transplanted across MHC
barrier, based on the common carotid artery and external

jugular vein and, using standard microsurgical techniques
(Fig. 3), as previously reported (Siemionow et al. 2005).
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Fig. 2 Positive selection of chimeric cells (CC) (or donor-origin
cells) by magnetic sorting (MACS) from a primary chimera and
isolation of donor/recipient chimeric cells (DRCC). a Before MACS,
ACI (RT1%") cells in the Lewis recipient rat bone marrow; b after
MACS, ACI (RT1*") in the positive fraction; ¢ after MACS, ACI

Fig. 3 Transplantation procedure and intraosseous cell injection.
a ACI donor rats; b composite hemifacial transplants vascularized on
the external jugular vein and common carotid artery; ¢ transplant
including the external ear and scalp, consisting of skin, subcutaneous
tissue, cartilage and cervical lymph nodes; d end-to-side and an end-

Intraosseous Cell Delivery of Cell Therapy

A hole was drilled into the femoral bone, 50 pl of bone
marrow was aspirated and cell suspensions were injected
intraosseously, as previously described (Klimczak et al.
2007) (Fig. 3f) immediately after completing the face
transplant inset.
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(RT1°M)/Lewis (RT1'") cells in the positive fraction; d isotype
control; e immunofluorescent staining of the MACS-positive fraction:
RTI*" cells; f immunofluorescent staining of the MACS-positive
fraction: RT1 ! cells; g combined image illustrating the double MHC
class T positive (RT1a™/RT1 1) DRCC

to-end fashion anastomosis on the common carotid artery and external
jugular vein, respectively; e transplant sutured; f after bone marrow
aspiration (0.2 ml) from the femoral medulla to facilitate display and
prevent supraphysiologic compartment pressures: cells injection (27-
gauge needle) and hole sealing with wax before skin closure

Clinical and Histological Evaluation of Face
Allograft Rejection

Clinical monitoring was performed daily until the end point
(grade 3 rejection). Erythema and hair loss were associated
with histological rejection grades 1 and 2, respectively,
whereas ulceration, progressive graft shrinkage, and loss of
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pliability indicated complete rejection. Per protocol skin
biopsies were performed on days 7, 21, and at euthanasia.
Rejection was assessed histologically, by hematoxylin-
eosin staining, and was graded as reported (Buttemeyer
et al. 1996; Jones et al. 2001). Normal histological findings
were graded O (no rejection). Focal epidermal mononuclear
cell infiltration and basal cell vacuolation with mild lym-
phocytic infiltration in the upper dermis was graded 1 (mild
rejection), suprabasal bulla formation in the epidermis,
with mixed infiltrate in the dermis, was graded 2 (moderate
rejection), and epidermal necrosis, with mixed cell infil-
trate and vasculitis in the dermis, was graded 3 (severe
rejection).

Immunohistochemical Assessment of Donor Cell
Migration into the Lymphoid and Non-Lymphoid
Organs of the Face Transplant Recipients

Immunohistochemical staining was performed on the skin,
liver, spleen, lymph nodes and thymus of recipients with
mouse anti-rat RT1* mAb (ACI MHC class I, Pharmingen)
as detailed previously (Siemionow et al. 2005). Primary
antibody binding was detected with a Dako EnVision kit
(Dako North America, Inc., Carpinteria, CA, USA).

Flow Cytometry Analysis of Donor-Specific
Chimerism in the Peripheral Blood and Bone
Marrow Compartment of Face Transplant
Recipients

Chimerism in the peripheral blood and donor cell migration
into the recipient bone marrow (BM) compartment of the
face transplant recipients was assessed on days 7 and 21 PT
and at euthanasia. Combinations of conjugated mouse anti-
rat RT1%-FITC (for donor MHC class I, clone C3,
Pharmingen) with CD4-PE (clone OX-35), CD8-PE (clone
0X-8), and CD45RA-PE (clone OX-33), CD90 (clone OX-
7) were used to assess the donor chimerism levels, and
double staining of CD4-PE/CD25-FITC (clone OX-39) for
regulatory lymphocytes subset. Anti-rat CD45RA mAb
(Clone OX-33) reacts with a high-molecular-weight form
of CD45 found only on B lymphocytes, has been used as a
marker for rat B lymphocytes (Woollett et al. 1985).
Negative control panels were tested, with isotype-matched
antibodies (IgG;-FITC/IgG,-PE) and PBS samples. FACS
analysis was performed on 1 x 10* cells with BD FACS
SCAN® and CellQuest® software (Beckton-Dickinson,
Franklin Lakes, NJ, USA).

Statistics

The number of animal samples was estimated for a supe-
riority trial (Hackshaw 2009), with two-tailed tests and a

5 % alpha risk at 80 % power, as follows: N = Fx2/D?;
D = (M2 — M1)/SD, where N: number of subjects in each
arm; F: 8 for 80 % power; D: standardized difference; M1:
expected value for the standard treatment; M2: expected
value of the new treatments; SD: standard deviation. We
assumed a standard deviation of 10 % (6 days) of the mean
survival of 60 days obtained in our previous study on free
vascularized skin transplantation in a fully MHC-mis-
matched (ACI to Lewis) experimental model under 7-day
oaf-TCR and CsA regimen (Demir et al. 2005). An
expected 30 % increase in survival on cell therapy would
result in a need for 5.3 rats per group (rounded to 6) to
observe a significant difference. Transplant survival was
compared in log-rank tests, with JMP 5.1.21 software (SAS
Institute, Cary, NC), considering a p-value < 0.05 to be
significant (Fig. 4).

Results

Clinical and Histological Outcomes of the Face
Allograft Transplant Recipients

Other than the animals suffering technical failure (throm-
bosis) during establishment of the experimental model, all
the isotransplantation controls survived indefinitely and
were euthanized at 10 months PT. Allograft rejection
occurred between 25 and 29 days PT (mean * SD:
26.8 £ 0.6) in group 1 (controls-no cell therapy)
31-38 days PT (345 £ 1.08) in group 2 (BMO),
27-32 days PT (29.3 £ 0.8) in group 3 (MSC), and
25-34 days PT (30.3 £ 1.38) in group 4 (DRCC). The
allografts survived significantly longer in all groups with
cell support therapy compared to the controls (no cell
therapy) (log-rank test: p = 0.0005 for BMC, p = 0.0298
for MSC, p = 0.0256 for DRCC) (Fig. 4). The allograft
survival was significantly longer with BMC than with MSC
(BMC vs. MSC: p = 0.0022) or CC (BMC vs. DRCC:
p = 0.0344) therapy. BMC therapy increased survival by
30 % (26-34 days = 30.8 %). The allograft survival did
not differ between the MSC and CC groups (group 3 vs.
group 4: p = 0.2276).

There was no evidence of graft-versus-host-disease
(GvHD) in any group. Histological findings were normal
for the epidermis and dermis of all skin biopsy specimens
from all groups obtained before day 7 (grade 0). After days
7 PT, the lymphocytic infiltrate in the upper dermis was
consistent with grade 1 rejection (Fig. 4a). On days 21
(group 1) and 26 (group 2) PT, epidermal edema with
mixed (lymphocytic and neutrophilic) infiltrates in the
upper dermis was observed, together with suprabasal bulla
formation and moderate perivascular mononuclear cell
infiltrate in the dermis, corresponding to grade 2 rejection
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Fig. 4 Rejection of the facial transplant: clinical and histological
evaluation and time interval between transplantation and complete
rejection. a, b Erythema or hair loss signaled the onset of rejection
associated with histological grades 1 and 2, respectively. ¢ Complete
rejection: ulceration, progressive shrinkage, and loss of pliability.
d Rejection occurred at 25-29 days PT in the controls (group 1; no
cell therapy) (mean + SD: 26.8 £ 0.6), at 31-38 days PT
(34.5 + 1.08) in group 2 (BMC), at 27-32 days PT (29.3 £ 0.8) in

(Fig. 4b). Biopsy specimens from rejected transplants
showed epidermal necrosis typical of grade 3 rejection
(Fig. 4c¢).

Immunohistochemical Evaluation of Donor Cell
Migration in the Recipient Lymphoid Organs
and Non-Lymphoid Tissues

At euthanasia, donor-derived ACI (RT1*") cells displayed
similar distribution in the skin, thymus, spleen (white
pulp), and B- and T-cell zones of the lymph nodes, but not
in the liver of the transplant recipients (Fig. 5) for all cell
therapies.

Flow Cytometric Analysis of Donor-Specific
Chimerism in the Peripheral Blood and Bone
Marrow Compartment of Face Allograft Recipients

Peripheral Blood Analysis of Donor Chimerism

At 7 days PT, the total donor chimerism in all groups
ranged 42.41-66.53 % of the RT1*t cells of the post-de-
pletional fractions of T lymphocytes (CD4, CDS), B
lymphocytes (CD45RA), and granulocyte monocytes
(CD11b/c) (Fig. 5). Co-transplantation of BMC resulted in
higher levels of donor chimerism for T cells, B cells, and
granulocyte macrophages cells: 63.90 % for RT1*"/CD4™"
cells, 46.73 % for RT1*T/CD8" cells, 1.77 % for RT1*"/
CD45RA™ cells and 60.66 % for RT1**/CD11b/c* cells.
At 21 days PT, the values were as follows: 12.29 % for
RT1*/CD4%, 6.14 % for RT1*T/CD8™" cells, 2.42 % for
RT1*"/CD45RA™ cells, and 9.61 % for RT1**/CD11b/c*
cells. At 35 days PT they were 23.66 % for RT1*t/CD4*
cells, 11.75 % for RT1*T/CDS8™ cells, 2.82 % for RT1*"/
CD45RA™ cells and 19.74 % for RT1**/CD11b/c* cells.

After transplantation, the chimerism levels in the
peripheral blood of face allograft recipients decreased for

@ Springer

group 3, and 25-34 days PT (30.3 £ 1.38) in group 4 (d). Survival
was significantly higher in all cell therapy groups than in the control
group (no cell therapy) (log-rank test: p = 0.0005 for BMC,
p = 0.0298 for MSC, p = 0.0256 for CC). The BMC groups had
the latest onset of transplant necrosis and significantly longer survival
than the MSC group (BMC vs. MSC: p = 0.0022) or CC (BMC vs.
CC: p = 0.0344). Transplant survival was similar after MSC and
chimeric cell (CC) injections (MSC vs. CC: p = 0.2276)

all cell lineages, reaching their lowest level on day 21 PT.
The early development of donor-specific chimerism was
observed in both the T-cell and B-cell lineages. By day 21,
the T-cell chimerism had declined, replaced by a B-cell
based donor chimerism (Fig. 5a).

Group 2 (BMC) displayed significantly higher levels of
B-cell peripheral blood chimerism than the other groups.
The higher levels of chimerism in the CD45RA™ B-cell
lineage were observed at 7 days PT and increased until
complete allograft rejection, illustrating the engraftment
and proliferation of donor B-progenitors or precursors. On
day 21 PT, the chimerism levels in the BMC group were
three times higher compared to MSC group (group 3) and
seven times higher compared to the control group. On days
7, 21, and 35 PT, and at euthanasia, the levels of B-cell
chimerism (RT1*"/CD45RA™ cells) were 0.44, 0.36, 0.22
and 0.22 %, respectively, for group 1; 1.77, 2.42, 2.82 and
0.325 % for group 2 (BMC); 1.38, 0.75, 0.96 and 0.22 %
for group 3 (MSC) and 1.01, 0.36, 1.24 and 1.26 % for
group 4 (CC) (Fig. 5).

Bone Marrow Compartment

In all groups, the donor cell engraftment into the recipient
BM compartment was confirmed by the presence of RT1**
cells. As expected, the recipients receiving a cell therapy
showed 10-15 times higher levels of donor origin cells,
compared to the controls (group 1). On day 7, in all study
groups, about 1.56-2.74 % of the cells of donor origin in
the BM compartment presented an immature CD90*/
RTI** phenotype (Fig. 5). On day 21 PT, the chimerism in
the recipient BM compartment decreased in all experi-
mental groups, reaching levels ranging 1.09-5.63 % for
total BMC chimerism at euthanasia. Over the time, the
proportion of cells of donor origin with an immature phe-
notype also declined, from 0.43 to 0.88 % RTI**/CD90™"
cells at euthanasia.
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engrafted in recipient skin (a), thymus (b), spleen (white pulp)
(¢) and lymph nodes (d), but not in the liver (e); representative
samples from Group 2 on PT day 37 (euthanasia). Kinetics of donor-

Evaluation of CD4%/CD25% Cell Levels

The CD4%/CD25" T-cell levels, peaked on day 21 PT, at
3.13 % for the BMC group, 2.66 % for the MSC group,
and 2.7 % for the CC group, with no significant differences
between groups (Fig. 5). The CD41/CD25% cell levels then
increased slightly during rejection episodes.

Discussion

The co-transplantation of donor BMC was tested to pro-
mote allograft survival, both experimentally (Foster et al.
1998; Kawai et al. 1995; Siemionow et al. 2002; Xu et al.
2013) and clinically (Buhler et al. 2002; Kawai et al. 2008;
Schneeberger et al. 2013). We transplanted BMC, MSC,
and in vivo created CC of donor origin as a supportive
therapy in a VCA model. The donor cells migrated to the
blood, BM, skin, spleen and lymph nodes, and thus con-
tributed to chimerism induction and extended face
transplant survival.

The rationale to use our well established non-myeloab-
lative induction therapy, of 7 day protocol of anti- aff-TCR
mAb and CsA, was based on the selective elimination of
about 95 % of the T lymphocytes bearing aff chains, but
sparing the yd T cells (Klimczak et al. 2007; Siemionow
et al. 2003b). yo T cells regulate local immune response
effectors in the skin, lung, intestine and central nervous
system (Nanno et al. 2007), and support immunomodula-
tory effects (Fujihashi et al. 1999). Anti-af-TCR mAb
have been successfully used in cardiac (Heidecke et al.
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specific chimerism (RT1%") in the recipient peripheral blood (f) and
bone marrow (g). Kinetics of CD47/CD25% T-cell numbers (h),
peaking on day 21, at 2.83 %, during acute rejection process, for
BMC, 1.32 % for DRCC and 1.85 % for MSC, with no significant
difference between groups

1995), renal (Heidecke et al. 1998), and VCA (Siemionow
et al. 2002) transplants. CsA, used as a part of our
immunosuppressive protocol, does not affect hematopoi-
esis and preserves immunomodulatory effects of MSC (Le
Blanc et al. 2004). However, CsA has been reported to
interfere with regulatory T cells (Wang et al. 2006).

The post-depletional fraction of donor T lymphocytes
and other cells of donor origin, including: B lymphocytes
(RT1*"/CD45RA™), granulocytes, monocytes and den-
dritic cells (RT1*"/CDI11b/c™), were responsible for the
development of the donor-specific chimerism. The levels of
donor chimerism (ranging 42-66 %) detected in the
peripheral blood of the recipients on day 7 PT may be
explained by the amount of the co-transplanted cells
(specifically, 100 x 10° BMC). The number and the type
of co-transplanted cells may account for the observed dif-
ferences in chimerism levels between the groups. We
injected 5 x 10® of nucleated cells per kilogram of donor
BMC as supportive therapy, based on our previous findings
(Klimczak et al. 2007) and clinical reports of donor BMC
co-transplantation in solid organs (2 x 10°-3 x 10® BMC/
kg) (Herve 2003). The dose of 5 x 10° MSC (2.5 x 10’
MSC/kg) was based on the reports on the rat heart trans-
plantation model where a total dose of 2 x 10® MSC was
delivered intravenously (Popp et al. 2008), In addition, we
considered the dose based on the clinical experience with
MSC where dosages of 1-9 x 10° to 1-2 x 10’ were
administered for treatment of graft-versus-host disease (Lin
and Hogan 2011). In our study, all cell therapies were
delivered via an intraosseous route, to prevent development

of the adverse effects associated with intravenous
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injections, such as e.g., emboli formation (Inoue et al.
2006), as well as to limit cell sequestration in the liver or
spleen (Itakura et al. 2007) and finally to allow for
induction and maintenance of high levels of chimerism
(Klimczak et al. 2007).

Table 2 shows a comparison between current study and
our published data on chimerism induction following
intraosseous BMC delivery without VCA—under 7-day
anti-of-TCR  mAb-CsA immunosuppression protocol
(Klimczak et al. 2007) which was tested in fully mis-
matched ACI(RTla)-tO-LeWiS(RTll) VCA transplants of
inguinal flap (Demir et al. 2005) or hemiface allografts
(Siemionow et al. 2005). The cells of donor origin
migrating from the allograft, contributed to the develop-
ment of chimerism (Siemionow et al. 2005) and 45 % of
chimerism detected in group 1 on day 7 PT originated from
the transplant. Indeed, our previous study on MHC class
[-mismatched face allografts without VBM component or
supportive BMC therapies, revealed high levels of donor
chimerism in both the CD4 (17 %) and CD8 (9 %) T-cell
populations which correlated with long term survival of
face transplant recipients (Siemionow et al. 2005). How-
ever, our previous study differed from the current report
since the immunosuppressive protocol was based on
tapered dose of CsA maintenance monotherapy. In the
current model, both the donor BMC and the cells resident
in the face transplant contributed to the peripheral blood
chimerism. The abundant lymph nodes in the facial allo-
transplant could contribute to the higher donor cell
chimerism compared to a groin flap VCA (Demir et al.
2005). However, the face survival was shorter compared to

the groin VCA. We previously reported 8-11 % of total
peripheral blood chimerism after intraosseous or intra-
venous transplantation of 70 x 10® ACI BM cells in Lewis
rats treated with a 7-day anti-of-TCR mAb-CsA protocol
(Klimczak et al. 2007). In current study, chimerism levels
of 55-65 % reported in group 2 (face and BMC co-trans-
plantation) on day 7 post-transplant are consistent with
these findings.

The time interval between transplantation and face
allograft rejection was too short to observe the complete
disappearance of the circulating CC. Chimerism levels fell
rapidly after peaking at 1 week PT, and this decrease in
chimerism correlated with transplant rejection with low
chimerism levels still persisting at the time of full rejection.
It remains unclear whether chimerism is required for tol-
erance maintenance or is a consequence of donor-specific
unresponsiveness. Experimental models of skin and renal
transplantation involving donor cell depletion with donor-
specific antibodies (Masli et al. 2000; Wren et al. 1992)
have suggested that chimerism is involved in tolerance
induction. The risk that the donor-specific antibodies are
targeting the transplant was of concern. Thus, we have
chosen co-transplantation of CC after their isolation from
the primary chimeras.

The total chimerism levels in the peripheral blood were
similar after CC or unselected BMC delivery; however, the
levels of B-cell and CD90™ progenitor cells of donor origin
were higher after BMC co-transplantation (group 2). The
higher number of progenitor cells in the BMC preparation
may account for higher levels of RT1**/CD90" progeni-
tors detected in the BM compartment between days 7 and

Table 2 Current and previously published results on chimerism and VCA transplant survival under different protocols

Study VCA Immuno- Intra-osseous donor Transplant survival Chimerism in blood on day 21
trans- suppressive BMC injection (days) mean or [range]
lant® Total RT1%/ RT1%/ RT1%/
plant therapy
RT1? CD4 CD8 CD45RA
(%) (%) (%) (%)
Siemionow et al. Hemi-face CsAC No [196-330] 14.1 9.6 4.2 0.3
(2005)
Demir et al. Groin flap 7 days afp-TCR 59 20.5 14 6.5 0
(2005) mAb/CsAP
Klimczak et al. NAP 35 x 10° NAB 6.5 3.8 1.8 0.8
(2007) 70 x 10° 7.8 54 1.6 0.7
Current Group Hemi-face No 27 9.7 9.1 3.7 0.4
study 1
Group 100 x 10° 35 15.6 12.3 6.1 24

2

A All studies based on fully MCH class I mismatch VCA transplantations from ACI donors to Lewis recipients

B Comparison of donor BMC introsseous and intravenous injection

€ Continuous CsA immunosuppressive protocol: CsA 16 mg/kg/day for 7 days, then tapered to 2 mg/kg/day (over 4 weeks) and maintained at

this level thereafter

D 7 days anti-aB-TCR mAb/CsA immunosuppressive protocol: 250 mg/day af-TCR plus 16 mg/kg CsA for 7 days
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35 PT in the MSC and CC groups, thus contributing to
higher levels of chimerism in the peripheral blood. The
chimerism level of the donor B-cell lineage increased
significantly over the time after BMC delivery when
compared to groups with MSC or CC co-transplantation,
confirming the engraftment and proliferation of donor
BMC progenitors. A transition from T-cell to B-cell chi-
merism predominance was observed on day 21 PT for the
BMC group. An increase in donor origin B-cell chimerism
specifically seen in the B-cell progenitors/precursors pop-
ulation was also observed after CC delivery. Interestingly
we have not observed increase in B-cell chimerism in
group receiving supportive therapy with donor MSC. This
should be explained by the absence of hematopoietic pre-
cursors and B-cell progenitors, within the MSC population.
We have previously reported that following face trans-
plantation without VBM component (Siemionow et al.
2003a, 2005) we observed chimerism with a T-cell lineage
predominance. In contrast, in transplants including VBM
component (Kulahci et al. 2010; Siemionow et al. 2003b)
chimerism was characterized by B-cell lineage predomi-
nance. We have reported that B-cell progenitors (over
10 % of cells) present in the VBM component of allograft
(Siemionow et al. 2008), accounted for maintenance of the
B-cell chimerism over longer period of time compared to
the chimerism maintenance observed after intravenous
BMC transplantation We have also reported differences in
chimerism levels observed after intravenous vs. intraoss-
eous bone marrow transplantation (Klimczak et al. 2007).

The short timeline for donor cells engraftment, differ-
entiation and detection in the peripheral blood, as shown
for the B cells in group 2 and 4, relies on the combination
of a non-myeloablative protocol with intraosseous trans-
plantation of the donor origin cells. For engraftment,
proliferation and differentiation the progenitor cells require
microenvironment provided by bone marrow niche allow-
ing for direct interaction with MSC (Janczewska et al.
2003) and this microenvironment was warranted by direct
intraosseous BMC delivery. Moreover, short-term
immunodepletive protocol of anti-af3-TCR mAb, used in
this study, did not affect B-cell precursors and allowed for
their rapid engraftment and reconstitution. Rapid lymphoid
recovery, observed 10 days after VBM transplantation, was
previously reported in lethally irradiated rats (Janczewska
et al. 2003). Intraosseous transplantation of BMC, MSC as
well as in vivo created CC, delivers these cells directly into
natural bone marrow environment allowing for immediate
recovery of the hematopoietic cell activity. We reported
similar results after VBM (Siemionow et al. 2008) and after
intraosseous (Klimczak et al. 2007) cells transplantation in
non-irrradiated rats. This approach may have contributed
for development of operational tolerance achieved in our
different VBM transplantation study using fully MHC-

mismatched hind-limb transplant model under the same
immunosuppressive protocol (Siemionow et al. 2003b).
Finally, CsA, which is known to inhibit T lymphocyte
proliferation, with no direct effect on B cells (Boldt et al.
2006; Heidt et al. 2008), may have influenced the B/T cell
ratios of recipient and donor cells. The absence of co-
stimulatory molecules on immature B cells causes CD4*
T-cell anergy, as reported in vitro (Parker 1993) and
in vivo (Niimi et al. 1998; Yan et al. 2002). Donor-derived
B cells also specifically delete donor-reactive CD8™" T cells
(Fehr et al. 2008). The only study, reporting donor-specific
tolerance to be independent of donor B cells, involved the
use of B-cell deficient rats and continuous anti-B-cell mAb
administration. However, the elimination of B cells was
incomplete (Yokoi et al. 1999).

This is the first report on the application of different
cellular therapies in a face transplantation model. MSC
administration resulted in lower levels of chimerism
induction compared to other cell therapy groups, however,
despite lower chimerism levels, MSC therapy improved
allograft survival. Lower level of chimerism in MSC
therapy group is not surprising because MSC are not
hematopoietic cells, thus will not contribute to chimerism
directly, and their distribution to the periphery is limited. In
this study we have relied on the immunomodulatory
properties of MSC. MSC decrease T-cell activation in vivo,
probably by inhibiting dendritic cell maturation and anti-
gen-presenting function, as well as proliferation and
maturation of T cells (Beyth et al. 2005; Inoue et al. 2006);
B cells (Corcione et al. 2006) in vitro. These features
support their use to treat transplant rejection and GvHD (Le
Blanc and Ringden 2007) in solid organs and bone marrow
transplantation respectively. However, doubts remain about
the immunomodulatory properties of the MSCs in vivo,
since injection of donor MSC has been reported to either
prolong (Bartholomew et al. 2002) or shorten (Inoue et al.
2006; Sbano et al. 2008) allograft survival. Finally, MSCs
inhibit the afferent phase of alloreactivity, but not the
cytotoxic effects of the activated T cells (Rasmusson et al.
2003).

We used CC isolated from ACI/Lewis chimeras to
investigate the effect of these cells alone, on the face
allografts survival. We found that 17-50 % of the cells of
donor origin positively selected from primary chimeras on
the basis of donor MHC class I (group 4) presented both
the donor (ACI, RT1?%) and recipient (Lewis, RT1') MHC
class I antigens. We named these cells “donor/recipient
chimeric cells”. DRCC resulted from fusion of the donor
and recipient progenitors present within the BM compart-
ment of the primary chimeras (Terada et al. 2002).
Presence of DRCC has been described experimentally, in
liver transplantation and BM transplantation (Wang et al.
2003), and in studies on intestine (Rizvi et al. 2006), heart
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(Nygren et al. 2004), kidney (Bonde et al. 2010) and VCA
(Ajiki et al. 2005) transplantation. The survival and impact
of DRCC is unknown (Kashofer et al. 2006) and these cells
may simply result either from in vivo cell fusion or from
the transfer of plasma membrane fragments (trogocytosis)
(Yamanaka et al. 2009). Trogocytosis is the mechanism
when large amounts of surface proteins can be transferred
between the cells. In the absence of a nuclear cell fusion a
fragments of membrane may be exchanged between the
donor and recipient cell. The potential mechanism of action
of DRCC may be either direct through cell-to-cell inter-
actions or indirect by secretion of anti-inflammatory
factors. The CCs share MHC class I originating from both
the donor (ACI, RT1% and the recipient (Lewis, RT1Y.
DRCC migrated and engraft to the lymphoid organs during
the window of immunological silence supported by a short
term of anti-af-TCR mAb/CsA protocol. By presenting
antigens including MHC class I of both the donor and
recipient, DRCC may educate recipient regulatory cells
(regulatory T cells B cells and macrophages) allowing for
graft acceptance. As reported by Chow and co-workers
(2013), the transfer of host MHC class I molecules to
transplanted donor cells permit their self identity and pro-
tect from detection by the host NK cells and macrophages.

We assume that DRCC, expressing both the donor and
recipient MHC class I antigens, may facilitate allograft
acceptance by modulating the immune responses. To the
best of our knowledge this is the first report on application
of DRCC as a supportive therapy in VCA, resulting in the
extension of facial allograft survival. We will investigate
this hypothesis further, to clarify the role of DRCC in the
face transplantation outcomes.

Furthermore, a population of T cells expressing CD4"/
CD25" was detected in our rat face transplantation model.

The low levels of CD4*/CD25" T cells 1 week after
transplantation in this study may be due to the anti-af3-TCR
mAD inactivating all T lymphocytes bearing a3-TCR and
by CsA inhibiting the production of IL-2, a cytokine
required for CD4"/CD25™ T-cell development (Noris et al.
2007). Then, the level of CD4*/CD25" T-cell population
increased during the T-cell recovery period. The increase
of the CD4/CD25" cell subset levels was also observed
during rejection time. The CD47CD25" T cells subset
studied in blood has to be considered as both reactive and
immunomodulatory cells, including activated alloreactive
and regulatory CD4" T lymphocytes. This might explain
its increase occurred at the onset of rejection, as reported in
liver and kidney allograft recipients (Bunnag et al. 2008;
Veronese et al. 2007). A study of the T-regulatory subset
through a CD4"CD25"" gating was limited by the
absence of consensual threshold (MFI or percentage) to
consider cells as CD25™&" among the CD25" ones (Bryl
et al. 2009; Pinheiro et al. 2011; Strauss et al. 2007). This
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would justify a FOXP3 assessment of the infiltrating cell
subsets in the transplant in further studies on the current
model. The development of regulatory or alloreactive
immune reactions in skin and draining lymph nodes, limits
the interpretation of this CD47CD25™ cell subset in blood,
that might be naturally occurring T regulatory cells or
alloreactive cells.

This study is an exploratory investigation comparing
the effect of different cellular therapies on the face
allograft survival in a setting of VCA transplantation.
Based on the promising results, this study serves as a
foundation for future investigations, where extension of
face allograft survival can be tested following different
timing of cell delivery and different cell dosages. In
summary, this study confirmed that all cellular therapies
extended significantly face allograft survival compared to
the controls. Allografts supported with unprocessed BMC
showed the longest survival. Both, the MSC and in vivo
created CC therapy contributed to prolonged facial
allograft survival due to their immunomodulatory prop-
erties. However, despite maintenance of donor specific
chimerism tolerance was not achieved. Cellular therapies
with donor origin cells have potential for clinical appli-
cations as suggested by recent reports in kidney (Kawai
et al. 2014) and VCA transplantations (Gorantla et al.
2011; Hequet et al. 2008). However, before introduction
of these therapies to the clinical practice, further studies
are needed to assess the efficacy, kinetics and
immunomodulatory properties of the transplanted MSC
and DRCC.
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