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Induction of donor-specific tolerance is still considered as the “Holy Grail” in transplantation medicine. The mixed chimerism
approach is virtually the only tolerance approach that was successfully translated into the clinical setting. We have previously
reported successful induction of chimerism and tolerance using cell therapy with recipient T regulatory cells (Tregs) to avoid
cytotoxic recipient treatment. Treg therapy is limited by the availability of cells as large-scale expansion is time-consuming
and associated with the risk of contamination with effector cells. Using a costimulation-blockade based bone marrow (BM)
transplantation (BMT) model with Treg therapy instead of cytoreductive recipient treatment we aimed to determine the most potent
Treg population for clinical translation. Here we show that CD4"CD25" in vitro activated nTregs are superior to TGFf induced
iTregs in promoting the induction of chimerism and tolerance. Therapy with nTregs (but not iTregs) led to multilineage chimerism
and donor-specific tolerance in mice receiving as few as 0.5 x 10° cells. Moreover, we show that only recipient Tregs, but not donor
or third-party Tregs, had a beneficial effect on BM engraftment at the tested doses. Thus, recipient-type nTregs significantly improve

chimerism and tolerance and might be the most potent Treg population for translation into the clinical setting.

1. Introduction

Solid organ transplantation is the only curative treatment
for many end-stage organ diseases and although short-
term survival rates have improved remarkably during the
last decades, long-term outcome is still limited [1]. Current
immunosuppressive therapies (mostly relying on calcineurin
inhibitors) have proven to be exceptionally potent in the
prevention of acute rejection episodes; however late graft
loss due to chronic rejection is still a major problem [2]
and chronic immunosuppressive treatment causes substantial
morbidity and mortality. The induction of donor-specific
immunological tolerance would obviate the need for life-long
immunosuppressive therapy in organ transplant recipients
while eliminating the risk of chronic rejection. Unlike many
other tolerance regimens, the mixed chimerism approach

has been successfully translated into the clinical setting [3];
widespread clinical application however is impeded by the
toxicity of current BMT protocols [4]. Despite the advance-
ments in the development of nonmyeloablative, so-called
reduced conditioning protocols, conditioning-related toxic-
ities and graft-versus-host disease (GVHD) are still major
problems in human BMT, especially across HLA barriers [5].
The goal of establishing noncytoreductive mixed chimerism
protocols to induce transplantation tolerance has been in
focus of mixed chimerism research for decades [4], leading to
stepwise development of minimum conditioning regimens.
The administration of costimulation blockers allowed the
development of nonmyeloablative protocols that are devoid
of global T cell depletion; however the need for cytoreduction
(by either irradiation or cytotoxic drugs) could only be
overcome by the use of “mega” doses of BM (~200 x
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10° cells/mouse — 1x 10" cells/kg), which is not realistic for
clinical translation [6, 7].

Recently, we developed a BMT protocol that is devoid
of cytoreductive recipient treatment, while using clinically
realistic doses of BM (~15-20 x 10° cells/mouse — 7.5-20 X
10® cells/kg) [8, 9], by combining therapeutic administration
of Tregs and costimulation blockade [10, 11]. Treg treatment
not only facilitates BM engraftment without the need for
irradiation or cytotoxic drugs, but also prevents chronic
rejection of donor cardiac grafts [12]. For translation into
nonhuman primate models or into the clinical setting, it
would be desirable to know which Treg population is prefer-
able in terms of efficacy and safety. Moreover, a dose titration
is necessary in order to find the optimal/minimal dose to
attain a therapeutic effect. Previously, we tested different
populations of recipient-type Tregs for their therapeutic
potential to promote BM engraftment. Polyclonal FoxP3
Tregs were produced by retroviral transduction of wild-type
B6 CD4" lymphocytes with a retroviral vector containing
FoxP3 [10, 13], but although large numbers can be generated
for experimental purposes, the role of FoxP3 in human
Tregs is more complex [14] and retroviral transduction
implicates the risk of insertional mutagenesis secondary to
gene insertion into the host chromosome, which could lead to
disruption or activation of cellular genes. CD4*CD25" nTregs
were sorted from B6 spleen and lymph nodes and cultured in
vitro with the purpose of activation, but due to their rarity,
sufficient cell numbers pose a problem in both experimental
and clinical setting. For experimental purposes, generation
of induced Tregs by in vitro culture in the presence of TGEf
and IL2 is an attractive alternative as it allows the production
of large quantities of Tregs [15, 16]; however this approach is
suggested to be less effective in human T cells [17].

We could already show that polyclonal recipient Tregs
potently suppress alloreactivity across MHC barriers, pre-
venting the rejection of fully mismatched BM in nonirradi-
ated wild-type hosts [10]. It has been proposed in in vitro
studies that once activated, the mechanism of suppression
by Tregs was proposed to be nonspecific and not dependent
on TCR engagement [18, 19]. More recently, TCR signaling
was shown to be dispensable for FoxP3 expression but a
functional TCR is critically required for suppressive function
in vivo [20]. Although it remains unclear whether already
activated (either in the thymus or in vitro) Treg needs
another TCR stimulus to exert full suppressor potential,
an alternative approach for Treg therapy could use CD28-
mediated costimulation with a CD28 superagonistic mono-
clonal antibody to substitute TCR engagement [21]. As in our
model, Tregs are already in an activated state after in vitro
culture; we hypothesized that they do not need an additional
stimulus to prevent BM rejection. Therefore, we aimed to
determine the effectiveness of donor (Balb/c) and unrelated,
third-party (C3H) Tregs with respect to their potency to
induce chimerism and tolerance. If third-party (“off-the-
shelf”) Tregs are effective, they could be expanded in advance
and banked upon use, which would be highly relevant for
clinical use.
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2. Materials and Methods

2.1. Animals. Female C57BL/6 (B6, recipient, H-2%), Balb/c
(donor, H-Zd), and C3H/HeNCrl (C3H, third party, H-
2*) mice were purchased from Charles River Laboratories
(Sulzfeld, Germany), housed under specific pathogen-free
conditions, and used at 6 to 12 weeks of age. All experiments
were approved by the local review board of the Medical
University of Vienna and the Austrian Federal Ministry of
Science, Research and Economy and were performed in
accordance with national and international guidelines of
laboratory animal care.

2.2. BMT Protocols. Groups of age-matched B6 recipients
received 15-20 x 10° unseparated BM cells from Balb/c
donors by injection into the tail vein and costimulation block-
ade with anti-CD154 mAb (anti-CD40L, MRI, 1mg, d0),
CTLA4Ig (0.5 mg, d2 and d4), and rapamycin (0.1 mg/mouse,
d -1, d0, and d2) [10]. Groups of mice received different doses
of nTregs or iTregs (0.1-5 x 10° cells) simultaneously with
BMT as indicated.

2.3. Generation of Tregs. Tregs were generated as described
previously. Shortly, cells were isolated from spleen and
lymph nodes of naive B6 mice. For nIreg generation
CD4"CD25" cells were purified by magnetic bead separa-
tion (CD4"CD25" Regulatory T cell Isolation Kit, Miltenyi
Biotec) and cultivated for 5 days in precoated plates (anti-
CD3, anti-CD28, Biolegend) in the presence of 100 U/mL
IL-2 (Sigma). For iTreg generation CD4" cells were isolated
(L3T4 microbeads, Miltenyi Biotec) and cultured for 5 days
in precoated plates (anti-CD3, anti-CD28) in the presence of
100 U/mL IL-2 and 5 ng/mL rhTGFbeta (R&D Systems) [16].
Purity of MACS sorted populations was >90%. At the end
of culture, the Treg enriched cell populations were used for
therapeutic intravenous administration without additional
sorting steps [10].

2.4. Antibodies and Flow Cytometric Analysis. Multicolor
flow cytometric analysis of multilineage chimerism was per-
formed as described previously [23, 24]. Briefly, chimerism
was calculated as the net percentage of donor MHC class
I" (H-2DY, 34-2-12) cells among specific leukocyte lineages
(CD4" and CD8" T cells, B220" B cells, and Macl™ myeloid
cells) [23, 24]. Mice were considered chimeric if donor cells
were detectable by flow cytometry within both the myeloid
lineage and at least one lymphoid lineage. For analysis of
Tregs mAbs with specificity against CD4 (RM4-4) and CD25
(7D4) were used. For intracellular staining a FoxP3 (FJK-
16s) staining kit (eBioscience) was used according to the
manufacture’s protocol. PI was used for dead cell exclusion
when appropriate. Surface staining was performed according
to standard procedures and flow cytometric analysis was done
on Coulter Cytomics FC500 using CXP software (Coulter,
Austria) for acquisition and analysis.

2.5. Skin Grafting. Full thickness tail skin from donor
(Balb/c) and fully mismatched third-party (C3H) mice were
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grafted 4 to 6 weeks after BMT and visually inspected
thereafter at short intervals. Grafts were considered to be
rejected when less than 10% remained viable. Grafts that
remained viable throughout the follow-up were stored in
4.5% formalin (with a buffered pH of 7.5) and embedded in
paraffin within 24 h.

2.6. Histological Analysis. 4 um sections were cut from
paraffin-embedded tissue, stained with hematoxylin-eosin
(HE) and Giemsa according to standard protocols, and
analyzed by an experienced pathologist in blinded fashion.
Skin allografts were scored according to Banff 2007 working
classification of skin-containing composite tissue allograft
pathology [22].

2.7. Mixed Lymphocyte Reaction (MLR). MLRs were per-
formed as described in detail previously [6, 10]. Briefly, 4
x 10° responder splenocytes were incubated in triplicate
with 4 x 10° irradiated (30 Gy) stimulator cells of either B6
(recipient), Balb/c (donor), or C3H (3rd party) origin or with
medium only. After 72h of incubation, cells were pulsed
with [3H]-thymidine (Amersham, Biosciences, UK) for 18 h.
Incorporated radioactivity was measured using scintillation
fluid in a B-counter. Stimulation indices (SI) were calculated
in relation to medium controls. Results represent averaged
data of triplets from pooled animals.

2.8. Anti-Donor Antibodies. Recipient serum harvested >3
months after BMT was heat-inactivated and incubated with
recipient-type and donor-type thymocytes. Binding of serum
IgG Abs to thymocytes was analyzed by flow cytometry using
FITC-conjugated rat anti-mouse IgGl and IgG2a/2b (BD
Pharmingen).

2.9. Statistics. A two-sided Student’s t-test with unequal
variances was used to compare chimerism levels and SI values
between groups. Fisher’s exact test was used to compare
chimerism rates between groups and rejection scores. Skin
allograft survival was calculated according to the Kaplan-
Meier product limit method and compared between groups
using the log-rank test. A p value less than 0.05 was consid-
ered to be statistically significant.

3. Results

3.1. nTregs Are More Potent Than iTregs in the Induction
of Hematopoietic Chimerism. Recently, we could show that
therapeutic administration of polyclonal recipient Tregs
enhances BM engraftment and obviates the need for cytore-
ductive recipient preconditioning. In previous experiments,
different Treg populations demonstrated similar suppressive
potency in vitro and in vivo [10]. Cells were used without
further sorting at a dose of 3 x 10° cells/mouse for FoxP3
transduced Tregs (FoxP3 Tregs) or in vitro activated natural
CD4*CD25" Tregs (nTregs) [10] and 3-5 x 10° cells/mouse
for TGEB induced Tregs (iTregs) [10, 12] after in wvitro
culture without further sorting (corresponds to ~150-250
x 10° cells/kg). For nonhuman primate experiments and
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FIGURE I: nTregs are superior to iTregs in the induction of mixed
chimerism. Groups of B6 mice were grafted with 15-20 x 10° Balb/c
BM cells under the cover of costimulation blockade (anti-CD154,
CTLA4Ig) and rapamycin and were additionally treated with
decreasing numbers of recipient-derived nTregs (white bars) and
recipient-derived iTregs (grey bars), respectively. Percentages of
successfully induced chimeras are shown. Mice were considered
chimeric if donor cells were detectable by flow cytometry within
both the myeloid lineage and at least one lymphoid lineage for the
length of follow-up. Data are pooled from multiple independent
experiments (n.d.: not done).

subsequent clinical application it would be desirable to find
the most suitable cell population and the lowest efficient cell
number. Therefore, we investigated the potency of nTregs
and iTregs in the induction of chimerism and tolerance as
we assumed that FoxP3 Tregs would be less suitable for
clinical application due to safety issues concerning retroviral
transduction [12]. B6 recipients received a conventional dose
of fully mismatched Balb/c BM cells under the cover of
costimulation blockade (anti-CD154 mAb d0, 1 mg/mouse;
CTLA4Ig d2, 0.5 mg/mouse) and short-course rapamycin (d
-1/0/+2, 0.5 mg/mouse) combined with decreasing numbers
of different Treg populations. Notably, chimerism rates were
significantly higher in nTreg than in iTreg treated mice and
cell numbers could be reduced to 0.5 x 10° cells/mouse
(results were comparable to FoxP3 Tregs, data not shown)
(Figure 1).

3.2. nTregs Promote Multilineage Chimerism and Donor-
Specific Skin Graft Tolerance. As nTregs have shown to be
more potent at lower doses and also reduce the risk of
reconversion into effector T cells as they show demethylation
of TSDR region, a prerequisite for stable FoxP3 expression
and long-term Treg functionality and lineage stability [25,
26], we used this particular Treg population for subsequent
experiments. Chimerism in Treg treated BMT recipients was
of multilineage nature, with donor populations present in
all tested leukocyte lineages, including T cell populations,
which is proposed to be a prerequisite for tolerance [27, 28].
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FIGURE 2: Therapeutic nTreg treatment induces multilineage chimerism at doses of 3, 1, and 0.5 x 10° cells without cytoreduction. B6 BMT
recipients were treated with different doses of recipient nTregs (m 3 x 10°cells, n = 4; @ 1 x 10%cells, n = 8; A 0.5 x 10° cells, n = 6; O
0.1 x 10° cells, n = 6). Donor (H-2D*") chimerism among leukocytes of T cell (CD4" and CD8"), B cell (B220"), and the myeloid (Macl®)
lineage was assessed by flow cytometry of peripheral blood at multiple time points and is shown as mean percent (error bars indicate standard
deviation). Data are representative for at least 3 independent experiments per group.

Chimerism levels in peripheral blood persisted for the length
of follow-up and correlated with chimerism in lymphoid
organs (BM and spleen, data not shown). Chimerism levels
between BMT recipients that received 3, 1, or 0.5 x 10° cells
were comparable without a significant difference; however,
BMT recipients that received 0.1 x 10° cells did not develop
chimerism in any lineage (p < 0.05 for most time points)
(Figure 2).

To assess donor-specific tolerance, skin transplants were
performed 4 to 8 weeks after BMT. All chimeras induced
with Treg doses that successfully developed chimerism (0.5-
3 x 10° cells) accepted donor skin for the length of follow-
up, whereas mice BMT recipients that failed to develop
chimerism uniformly rejected donor skin (Figure 3(a)).
Third-party grafts were rapidly rejected in all groups (MST =
9 in all groups, pooled data), indicating immunocompetence
in all mice. Histopathologic analysis revealed that grafts of
Treg induced chimeras were almost completely free of signs
of chronic rejection, regardless of the Treg dose they received,
with no significant differences being observed (Figures 3(b)
and 3(c)). These data suggest that a dose of 0.5 x 10° nTregs is
sufficient for the induction of chimerism and tolerance.

3.3. Polyclonal Recipient Tregs Are Superior to Donor and
Third-Party Tregs. The limited availability of Tregs from a
single individual could constitute a major barrier to the
implementation of Treg cell-based therapy in the clinical
setting. Third-party derived Tregs could be a promising alter-
native, as they can be prepared and expanded in advance and
stored until use. Therefore, we tested the potency of different
Tregs sourced to induce chimerism and allograft tolerance.
In vitro activated nTregs from recipient, donor, or third-party
strain were used at a dose of 3 x 10° cells in combination
with the Treg BMT protocol [10]. Whereas recipient Tregs
again potently induce hematopoietic chimerism, donor and
third-party Treg therapy failed to prevent BM rejection.
Chimerism in recipient Treg treated mice was permanent
and of multilineage nature in all recipients, whereas recip-
ients of donor or third-party Tregs (and controls without
Treg treatment) failed to develop multilineage chimerism
(p < 0.05 for most time points) (Figure 4). Donor Treg
treatment led to transient chimerism in one recipient; how-
ever, chimerism was restricted to the B cell and myeloid
lineages and became undetectable after 4 months after
BMT.
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FIGURE 3: Tolerance is successfully induced in chimeras that received low-dose Treg therapy. Donor-specific tolerance was assessed by grafting
of donor and third-party skin 4-6 weeks after BMT. (a) Donor skin graft survival was significantly prolonged in BMT recipients treated with
Treg numbers that have been shown to be sufficient to induce chimerism (m 3 x 10° cells, n = 4; @ 1 x 10° cells, n = 8; A 0.5 x 10° cells,
n = 6;0 0.1 x 10° cells, n = 6; ¥ pooled third-party grafts, n = 24). Survival was calculated according to the Kaplan-Meier product limit
method and compared between groups using the log-rank test (p < 0.05 for 0.1 x 10° cells versus each other group). (b) Classification of skin
allograft pathology for syngeneic grafts (n = 4) and Treg treated groups (3 x 10° cells, n = 8; 1 x 10° cells, # = 8; 0.5 x 10° cells, nn = 5; 0.1 x
10° cells, nn = 8) are shown [22] (Grade 0: no or rare inflammatory infiltrates, skin architecture intact; Grade 1: mild inflammatory infiltration,
no involvement of overlying epidermis; Grade 2: moderate perivascular inflammation with mild epidermal/adnexal involvement; Grade 3:
severe inflammation, atrophy of epidermis, dyskeratosis, and/or keratinolysis). Data are representative for at least 2 independent experiments

per group. (c) Representative histology from skin grafts of Treg treated groups and syngeneic controls (>120 d after skin grafting; HE staining
magnification x100) is shown.
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at multiple time points and is shown as mean percent (error bars indicate standard deviation). **p < 0.005, *p < 0.05 (Student’s ¢-test for

recipient Tregs versus each other group).

Assessment of donor-specific tolerance revealed that
neither donor nor third-party Tregs were able to significantly
prolong skin graft survival (donor Tregs MST = 19.5 days,
p = 0.256; third-party Tregs MST = 35 days, p = 0.0948
versus no Tregs MST = 11 days). Importantly, recipient-type
Tregs led to indefinite survival in the majority of recipients
(>30 weeks after skin grafting, p = 0.0046 versus no Tregs;
p = 0.0266 versus donor Tregs; p = 0.0101 versus third-party
Tregs). Skin graft survival was prolonged in one mouse of
the donor Treg group, which developed transient chimerism;
however it was rejected eventually (Figure 5).

3.4. Chimeras Induced through Recipient nTreg Treatment
Show Humoral and In Vitro Tolerance. In vitro T cell toler-
ance was also evaluated by performing MLR assays at the end
of follow-up (>30 weeks after BMT). Recipient Treg treated
chimeras showed specific hyporesponsiveness towards donor
antigen in vitro, in contrast to BMT recipients treated with
donor or third-party Tregs or without Tregs whose response

toward donor stimulators was preserved and comparable to
naive mice (reactivity towards donor antigen p 0.014
recipient Tregs versus naive B6; p = 0.014 recipient Tregs
versus third-party Tregs). Alloreactivity towards third-party
antigens was preserved in all mice, reassuring immunocom-
petence in chimeras treated with combined BM and Treg cell
therapy (recipient Tregs p = 0.025 donor versus third-party)
(Figure 6(a)). Development of anti-donor Abs (antibodies)
was shown to be associated with the development of chronic
rejection and late graft loss in clinical transplantation. More-
over it was suggested to be associated with split tolerance
or incomplete humoral tolerance in the experimental setting
[29]. Serum from BMT recipients was analyzed for the
presence of anti-donor antibodies late after BMT and skin
grafting (>3 months) through flow cytometric crossmatch.
No anti-donor Abs were detectable in chimeras treated with
recipient Tregs, whereas BMT recipient treated with donor or
third-party Tregs and control mice (BMT recipients receiving
the same regimen without Tregs) developed substantial levels
of anti-donor Abs (Figure 6(b)). Thus, only Treg therapy with
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n = 5). Survival was calculated according to the Kaplan-Meier
product limit method and compared between groups using the log-
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recipient-type cells prevents development of a humoral anti-
donor response in BMT recipients.

4, Discussion

The study presented demonstrates that polyclonal nTreg
therapy prevents rejection of allogeneic BM with higher
potency than iTregs, allowing for a 6-fold reduction of Treg
dose compared to our previous reports [10]. Moreover these
data are evidence that recipient Tregs are superior to donor
and third-party Tregs in their capacity to promote BM
engraftment, chimerism induction, and tolerance.

The mixed chimerism approach has been successfully
translated into the clinical setting; however, widespread
clinical application in transplant recipients has been hindered
by the toxicity of current BMT protocols. We previously
reported a noncytotoxic protocol by combining therapeutic
Treg treatment and a clinically feasible number of stem cells.
Notably, Treg treatment not only facilitates BM engraftment
and the induction of hematopoietic chimerism, but was
also shown to prevent chronic rejection of heart allografts,
making it superior over protocols based on irradiation or
cytostatic drugs [12]. Here, we could show that nTregs are
the preferable Treg population for therapeutic application, in
both theoretical and quantitative terms. Although generation
of iTregs in vitro has practical advantages in murine models,
as they are easy to obtain in large numbers, the risk of
reconversion is not negligible and induction of stable Tregs
in human is more complex than in rodents [30]. In our
previous reports, all tested Treg populations were effective in
promoting the induction of chimerism and tolerance at high

doses [10]; however, in dose titration experiments, superiority
of nTregs is undisputable. These data suggest that, for clinical
trials using cell therapy for mixed chimerism induction, this
population might be best suited for both availability of cell
numbers and safety concerns. Although it is likely that purity
of Treg in vitro cultures is never 100%, contamination by
T effector cells in nTreg cultures could be further reduced
by addition of rapamycin [31]. Likewise, in our experience,
contamination by CD25" conventional T cells was less in
nTreg than in iTreg cultures.

Although there are several reports questioning the
potency of polyclonal Tregs to suppress alloreactivity, there
is evidence that at least some suppressor activity is antigen
nonspecific upon activation [19]; the need for additional TCR
signaling in the presence of CD28 costimulation still needs to
be determined [20, 21]. Unlike other studies, which needed
Tregs specific for (direct and indirectly presented) donor
antigens to prevent chronic rejection [32], BMT recipients
treated with activated polyclonal recipient Tregs were devoid
of signs of chronic rejection (in both skin and heart allografts)
in our model. We hypothesize that the absence of cytotoxic
recipient conditioning favors the induction of regulatory
mechanisms and intragraft tolerance.

Although recipient-type Tregs are used for therapeutic
application in most alloimmunity models, donor-type Tregs
have been shown to be able to prevent BM rejection [33, 34].
The use of frozen umbilical cord blood (UCB) units for Treg
culture and generation of “off-the-shelf” Tregs is an attractive
therapeutic approach as T cell subsets are largely naive and
of reduced complexity, enhancing Treg purity by using CD25
as Treg marker [35]. However, when we tried different Treg
sources, BM rejection could only be prevented by recipient-
derived cells. Although we could not rule out the fact that
higher doses of donor or third-party Tregs would also prevent
BM rejection, we demonstrated that for mixed chimerism
induction recipient cells might be the most suitable Treg
source. As banking of infant UCB has increased markedly, it
might be an attractive alternative for autologous Treg sources
in the future.

In conclusion, we have demonstrated that recipient-
type nTregs are the most potent Treg population for the
deliberate induction of donor-specific tolerance via the mixed
chimerism approach. We think that these data are relevant for
the translation to the nonhuman primate setting and clinical
trials. Although additional studies are required to reveal
detailed mechanisms, the combination of Treg therapy and
mixed chimerism might allow widespread clinical application
of this powerful tolerance approach in the future.
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FIGURE 6: Chimeras induced through recipient Treg treatment demonstrate donor-specific hyporesponsiveness in vitro and humoral
tolerance. (a) Mixed lymphocyte reaction results from selected BMT recipients were obtained 28-37 weeks after BMT. Chimeras of recipient
Treg treated mice (n = 4) showed specific hyporesponsiveness to donor antigens in vitro (p = 0.0247 SI anti-donor compared to third-party
antigen; p = 0.0183 SI anti-donor compared to naive B6 mice, n = 3). Donor reactivity was preserved in BMT recipients that were treated
with donor (n = 3) or third-party (n = 3) type Tregs. SIs were calculated by dividing the mean cpm from responses against recipient (black
column; B6), donor (white column; Balb/c), or third-party (grey column; C3H) stimulator cells by mean background cpm (i.e., cpm with no
stimulator population). Error bars indicate standard deviation. (b) BMT recipients were analyzed for the existence of anti-donor antibodies
in serum >3 months after BMT (i.e. ~1-2 months after skin grafting). Recipient Treg induced chimeras (n = 4) uniformly failed to develop
detectable levels of anti-donor antibodies, whereas BMT recipients treated with donor (n = 4) or third-party (n = 3) Tregs and control
mice without Treg treatment (but receiving BM, costimulation blockade, and rapamycin; n = 5) developed substantial antibody levels. The
reactivity of sera with syngeneic (B6; grey filled area) and donor (Balb/c; black line) thymocytes is shown by flow cytometry through indirect
staining with anti-mouse IgG. Representative histograms are shown.

References [4] N. Pilat and T. Wekerle, “Transplantation tolerance through
mixed chimerism,” Nature Reviews Nephrology, vol. 6, no. 10,
(1] K. E. Lamb, S. Lodhi, and H.-U. Meier-Kriesche, “Long- pp. 594-605, 2010.

term renal allograft survival in the United States: a critical o o )
reappraisal,” The American Journal of Transplantation, vol. 11, (5] B. Gyurkocza and B. M. Sandmaier, “Conditioning regimens
no. 3, pp. 450-462, 2011, for hematopoietic cell transplantation: one size does not fit all,

w o Blood, vol. 124, no. 3, pp. 344-353, 2014.
[2] Z. M. El-Zoghby, M. D. Stegall, D. J. Lager et al., “Identifying

specific causes of kidney allograft loss,” American Journal of [6] T. Wekerle, ]. Kurtz, H. Ito et al, “Allogeneic bone mar-
Transplantation, vol. 9, no. 3, pp. 527-535, 2009. row transplantation with co-stimulatory blockade induces
macrochimerism and tolerance without cytoreductive host

[3] J. M. M. Granados, G. Benichou, and T. Kawai, “Hematopoietic treatment,” Nature Medicine, vol. 6, no. 4, pp. 464-469, 2000.

stem cell infusion/transplantation for induction of allograft
tolerance,” Current Opinion in Organ Transplantation, vol. 20, [7]1 M. M. Durham, A. W. Bingaman, A. B. Adams et al.,, “Cut-
no. 1, pp. 49-56, 2015. ting edge: administration of anti-CD40 ligand and donor



Journal of Immunology Research

[8

(15]

(16]

(17]

(19]

[20]

(21]

[22]

bone marrow leads to hemopoietic chimerism and donor-
specific tolerance without cytoreductive conditioning,” Journal
of Immunology, vol. 165, no. 1, pp. 1-4, 2000.

M. Girgis, C. Hallemeier, W. Blum et al., “Chimerism and clini-
cal outcomes of 110 recipients of unrelated donor bone marrow
transplants who underwent conditioning with low-dose, single-
exposure total body irradiation and cyclophosphamide,” Blood,
vol. 105, no. 8, pp- 3035-3041, 2005.

Y. Reisner and M. E Martelli, “Transplantation tolerance
induced by ‘mega dose’ CD34+ cell transplants,” Experimental
Hematology, vol. 28, no. 2, pp. 119-127, 2000.

N. Pilat, U. Baranyi, C. Klaus et al., “Treg-therapy allows mixed
chimerism and transplantation tolerance without cytoreductive
conditioning,” The American Journal of Transplantation, vol. 10,
no. 4, pp. 751-762, 2010.

N. Pilat and T. Wekerle, “Combining Treg therapy with mixed
chiemrism: getting the best of both worlds,” Chimerism, vol. 1,
no. 1, pp. 1-4, 2010.

N. Pilat, A. M. Farkas, B. Mahr et al., “T-regulatory cell
treatment prevents chronic rejection of heart allografts in a
murine mixed chimerism model,” The Journal of Heart and Lung
Transplantation, vol. 33, no. 4, pp. 429-437, 2014.

E. Jaeckel, H. Von Boehmer, and M. P. Manns, “Antigen-
specific FoxP3-transduced T-cells can control established type 1
diabetes,” Diabetes, vol. 54, no. 2, pp. 306-310, 2005.

S.E. Allan, L. Passerini, R. Bacchetta et al., “The role of 2 FOXP3
isoforms in the generation of human CD4" Tregs,” The Journal
of Clinical Investigation, vol. 115, no. 11, pp. 3276-3284, 2005.

S. Fu, N. Zhang, A. C. Yopp et al., “TGF-f3 induces Foxp3 +
T-regulatory cells from CD4 + CD25 — precursors,” American
Journal of Transplantation, vol. 4, no. 10, pp. 1614-1627, 2004.
R.J. DiPaolo, C. Brinster, T. S. Davidson, J. Andersson, D. Glass,
and E. M. Shevach, “Autoantigen-specific TGFbeta-induced
Foxp®* regulatory T cells prevent autoimmunity by inhibiting
dendritic cells from activating autoreactive T cells,” Journal of
Immunology, vol. 179, no. 7, pp. 4685-4693, 2007.

D. Q Tran, H. Ramsey, and E. M. Shevach, “Induction of
FOXP3 expression in naive human CD4"FOXP3™ T cells by
T-cell receptor stimulation is transforming growth factor-f3-
dependent but does not confer a regulatory phenotype,” Blood,
vol. 110, no. 8, pp. 2983-2990, 2007.

E. M. Shevach, R. A. DiPaolo, J. Andersson, D.-M. Zhao, G.
L. Stephens, and A. M. Thornton, “The lifestyle of naturally
occurring CD4"CD25"Foxp3" regulatory T cells,” Immunolog-
ical Reviews, vol. 212, pp. 60-73, 2006.

A. M. Thornton and E. M. Shevach, “Suppressor effector
function of CD4"CD25" immunoregulatory T cells is antigen
nonspecific;,” Journal of Immunology, vol. 164, no. 1, pp. 183-190,
2000.

A.G. Levine, A. Arvey, W. Jin, and A. Y. Rudensky, “Continuous
requirement for the TCR in regulatory T cell function,” Nature
Immunology, vol. 15, no. 11, pp. 1070-1078, 2014.

J. Zhu and E. M. Shevach, “TCR signaling fuels T(reg) cell
suppressor function,” Nature Immunology, vol. 15, no. 11, pp.
1002-1003, 2014.

L. C. Cendales, J. Kanitakis, S. Schneeberger et al., “The Banff
2007 working classification of skin-containing composite tissue
allograft pathology,” American Journal of Transplantation, vol.
8, no. 7, pp. 1396-1400, 2008.

T. Wekerle, M. H. Sayegh, J. Hill et al., “Extrathymic T cell
deletion and allogeneic stem cell engraftment induced with

(24

[25]

[26]

(27]

(30]

(31]

(33]

[34]

costimulatory blockade is followed by central T cell tolerance;”
Journal of Experimental Medicine, vol. 187, no. 12, pp. 2037-2044,
1998.

P. Blaha, S. Bigenzahn, Z. Koporc et al,, “The influence of
immunosuppressive drugs on tolerance induction through
bone marrow transplantation with costimulation blockade,”
Blood, vol. 101, no. 7, pp. 2886-2893, 2003.

M. A. Curotto de Lafaille and J. J. Lafaille, “Natural and adaptive
foxp3™ regulatory T cells: more of the same or a division of
labor?” Immunity, vol. 30, no. 5, pp. 626-635, 2009.

A. Toker, D. Engelbert, G. Garg et al., “Active demethylation of
the Foxp3 locus leads to the generation of stable regulatory T
cells within the thymus,” The Journal of Immunology, vol. 190,
no. 7, pp. 3180-3188, 2013.

H. Xu, P. M. Chilton, Y. Huang, C. L. Schanie, and S. T. Ildstad,
“Production of donor T cells is critical for induction of donor-
specific tolerance and maintenance of chimerism,” Journal of
Immunology, vol. 172, no. 3, pp. 1463-1471, 2004.

N. Pilat, C. Klaus, M. Gattringer et al., “Therapeutic efficacy of
polyclonal tregs does not require rapamycin in a low-dose irra-
diation bone marrow transplantation model,” Transplantation,
vol. 92, no. 3, pp. 280-288, 2011.

W. E N. Chan, H. Razavy, and C. C. Anderson, “Differential
susceptibility of allogeneic targets to indirect CD4 immunity
generates split tolerance,” Journal of Immunology, vol. 181, no.
7, pp. 4603-4612, 2008.

D. A. Horwitz, S. G. Zheng, . Wang, and J. D. Gray, “Critical role
of IL-2 and TGF-p in generation, function and stabilization of
Foxp3"CD4" Treg,” European Journal of Immunology, vol. 38,
no. 4, pp. 912-915, 2008.

J. L. Riley, C. H. June, and B. R. Blazar, “Human T regulatory
cell therapy: take a billion or so and call me in the morning,”
Immunity, vol. 30, no. 5, pp. 656-665, 2009.

O. Joffre, T. Santolaria, D. Calise et al., “Prevention of acute and
chronic allograft rejection with CD4"CD25 " Foxp3" regulatory
T lymphocytes,” Nature Medicine, vol. 14, no. 1, pp. 88-92, 2008.
A. M. Hanash and R. B. Levy, “Donor CD4"CD25" T cells pro-
mote engraftment and tolerance following MHC-mismatched
hematopoietic cell transplantation,” Blood, vol. 105, no. 4, pp.
1828-1836, 2005.

P. A. Taylor, A. Panoskaltsis-Mortari, J. M. Swedin et al.,
“L-selectin™ but not the L-selectin'® CD4*25" T-regulatory cells
are potent inhibitors of GVHD and BM graft rejection,” Blood,
vol. 104, no. 12, pp. 3804-3812, 2004.

W. R. Godfrey, D. J. Spoden, Y. G. Ge et al., “Cord blood
CD4"CD25"-derived T regulatory cell lines express FoxP3
protein and manifest potent suppressor function,” Blood, vol.
105, no. 2, pp. 750-758, 2005.



