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Abstract
Background—For the clinical applicability of regulatory T cells (Tregs) in transplantation, it is
critical to determine if donor antigen specificity is required for their immunosuppressive function.
We developed an allospecific CD4+ T cell receptor transgenic (TCR-tg) mouse as a source for
large numbers of Tregs with defined allospecificity and tested whether they are more effective
than polyclonal Tregs at suppressing allograft rejection.

Materials and Methods—CD4+CD25+CD62Lhi T cells were sorted from the spleen and
peripheral lymph nodes of wild-type (WT-Tregs) and TCR-tg (Allo-Tregs) mice, and expanded
using IL-2 and anti-CD3/anti-CD28 conjugated magnetic beads. Tregs were tested for their ability
to suppress the proliferation and cytokine production of alloreactive CD4+CD25- T cells in mixed
leukocyte assays. Syngeneic WT hosts were adoptively transferred 5×106 Tregs and transplanted
with allogeneic hearts.

Results—Using anti-CD3/anti-CD28 conjugated beads, Tregs were expanded in vitro 100-fold
and maintained their suppressor phenotype and function. Allo-Tregs were 6-8 times more potent
on a cell-for-cell basis than WT-Tregs in suppressing allospecific proliferation in vitro. Allo-Tregs
were unable to suppress in the absence of allo-antigen. Adoptive transfer of expanded Allo-Tregs
into WT recipients prolonged the graft survival in a F1 heart transplant model compared to WT-
Treg or no treatment [20.0±4.4 d (n=6) vs. 10.4±1.2 (n=8) and 9.7±1.6 d (n=6)].

Conclusions—Unlike polyclonal Tregs, allospecific Tregs are able to prolong allograft survival.
However, large numbers of Allo-Tregs were unable to induce tolerance, suggesting that Treg
therapy in immunocompetent recipients will require conditioning and/or additional
immunomodulation for the induction of tolerance.
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Introduction
Regulatory T cells (Tregs) are negative regulators of the innate and adaptive immune
response that are critical to the development and maintenance of immune tolerance [1-3].
While several subtypes of Tregs have now been described [4], the best-characterized are
thymic-derived CD4+ Tregs that express high levels of CD25 (the IL-2 receptor alpha chain)
and the transcription factor, FoxP3 [5-7]. These Tregs have been shown to be critical in the
prevention of several types of autoimmune diseases in mice [8, 9] and in humans [10, 11].
Within this population, those that express high levels of CD62L (L-selectin) may be more
potent suppressors [12, 13].

The demonstration that Tregs are involved in the development and maintenance of
allospecific tolerance in animal models [14, 15] has lead to the concept that Tregs may be
useful therapeutically in transplantation. A number of studies have documented that Tregs
can prevent rejection of allografts when co-transferred with T effector cells into
lymphopenic hosts [16-23]. While these studies have afforded important mechanistic
information and support for using Treg therapy in graft-versus-host disease, it remains
unclear whether the adoptive transfer of allospecific Tregs can provide long-term graft
survival or tolerance in immunocompetent hosts.

The immune response to allografts is fundamentally different from other immune responses
in that it constitutes both the direct (recipient T cells directly recognize donor MHC on
donor APCs) and the indirect (recipient T cells recognize donor-derived peptides bound to
MHC on recipient APCs) pathways of antigen recognition [24]. Due to the direct pathway's
overlapping recognition of conformational determinants of foreign-peptide and self-MHC
with donor-peptides and donor-MHC, the precursor frequency of the alloimmune response is
orders of magnitude greater than the frequency of antigen-specific responses [25]. In
addition, the alloimmune response is distinct from autoimmunity in that the direct and
indirect donor-reactive T cells have not been selected against donor antigen during
development. Therefore, in contrast to the role of Treg therapy to control autoimmune
diseases, which may involve a relatively small repertoire, the large repertoire of allospecific
T cells may be a significant barrier to the use of Treg therapy in transplantation.

The use of allospecific Tregs, as compared to polyclonal Tregs, can potentially increase the
efficacy of Treg therapy in mouse transplant models [17, 20, 26]. Here we report the use of a
recently developed CD4+ T cell receptor transgenic (TCR-tg) mouse called “4C” that has
direct alloreactivity to the MHC class II molecule, I-Ad [27]. We demonstrate that Tregs
derived from 4C TCR-tg mice (Allo-Tregs) can be expanded in vitro and retain the
phenotype and suppressive function equivalent to freshly isolated Tregs. In comparison to
similarly expanded polyclonal wild-type Tregs (WT-Tregs), the alloantigen specific Allo-
Tregs are more potent at suppressing alloreactive T cells in vitro when stimulated by
allogenic antigen presenting cells and can prolong cardiac allograft survival in MHC
mismatched (haploidentical) and otherwise immunologically unmanipulated mice. However,
even when administered in large numbers, Allo-Tregs were insufficient, as a monotherapy,
to produce long-term graft survival or immune tolerance.
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Materials and Methods
Mice

C57BL/6 and BALB/c (National Cancer Institute, Frederick, MD), OT-II TCR-tg (Taconic,
Oxnard, CA), and 4C TCR-tg mice previously developed in our laboratory [27] were housed
and bred at the University of California San Francisco Animal Barrier Facility. All animal
protocols were approved by our IACUC.

Antibodies and reagents
PE-anti-CD4 (GK1.5), APC-anti-CD25 (PC61.5), and PE-anti-FoxP3 (FJK-16s) were from
eBioscience (San Diego, CA). FITC-anti-CD62L (MEL-14), biotin-anti-Ly5.1 (A20), biotin-
anti-Vβ13 (MR12-3), NALE format anti-CD3 (145-2C11), and APC-conjugated streptavidin
were from BD-Pharmingen (San Diego, CA). IL-2 ELISA kits were from R&D,
Minneapolis, MN.

Cell sorting and flow cytometry
CD4+ T cells were purified from the peripheral lymph nodes and spleens of C57BL/6 and
4C TCR-tg mice using anti-CD4 magnetic beads (Dynal Biotech) and detached with
Detachabead (Invitrogen, Carlsbad, CA). Cells were then stained with anti-CD4-PE, anti-
CD25-APC, and anti-CD62L-FITC and sorted on a Mo-Flo™ cytometer (DakoCytomation,
Copenhagen, Denmark). Cells sorted to be CD4+CD62LhiCD25+ were classified as Tregs
and cells sorted to be CD4+CD62LhiCD25- were classified as conventional T cells (Tconv).
Post-sort purity was >98% for both. 4C TCR-tg Rag+/+ mice were used for Treg purification
since we found this cell population to be absent in 4C TCR-tg Rag-/- mice, similar to what
has been described with the AMB and other TCR-tg mice [20].

In vitro expansion of Tregs
Treg and Tconv expansion was carried out as described previously [9]. Mo Flo-purified T
cells were stimulated with anti-CD3 and anti-CD28 coupled to 4.5-μM paramagnetic beads
(provided by Xcyte Therapeutics, Inc.) supplemented with 2,000 IU/ml recombinant human
IL-2 (Chiron, Emeryville, CA) in complete medium consisting of 10% fetal bovine serum
(Biosource International, Camarillo, CA), nonessential amino acids, 0.5 mM sodium
pyruvate, 5 mM HEPES, 1 mM GlutaMax (Invitrogen, Carlsbad, CA) and 55 μM β-
mercaptoethanol (Sigma-Aldrich, St. Louis, MO) in DMEM medium. Tregs were plated in
24-well tissue-culture plates at a density of 0.5 - 0.8×106 per well with 1×106 beads in 1.5
ml culture medium. Cultures were split 1:4 after 72 hrs and then split every 1 - 2 days to
maintain the cultures at 0.5 – 1.0×106 /ml. Prior to use, the beads were removed from the
Tregs using a magnet. Cultures were routinely checked for surface expression of CD4,
CD25, CD62L, and the transgenic TCR marker, Vβ13, prior to use in experiments.

In vitro suppression assays
Expanded or fresh Tregs were co-cultured with 50,000 4C Tconv cells at varying
Treg:Tconv ratios with 100,000 BALB/c antigen presenting cells (APCs). BALB/c APC
consisted of freshly isolated BALB/c splenocytes that were T cell depleted using anti-
Thy1.2 magnetic beads (Miltenyi Biotech, Bergisch Gladbach, Germany) and activated by
pre-incubating with 1 μg/ml LPS (Sigma-Aldrich, St. Louis, MO) for 6 hrs, rinsed
extensively, and irradiated with 2000 rad. In some experiments, Tregs and Tconv were co-
cultured with irradiated self-APCs and stimulated with 1 μg/ml anti-CD3 antibody; and in
some experiments, CD4+ T cells from OT-II TCR-tg mice were used as responders and the
co-cultures were stimulated with 0.1 μg/ml ovalbumin (Ova) peptide (323-339). Cultures
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were incubated at 37°C for 72 hrs and pulsed with 1 μCi/well [3H]thymidine for the final 16
hrs of incubation.

Transplantation
Vascularized heterotopic cardiac allografts were performed as previously described [28].
Rejection was defined by the cessation of a palpable heartbeat. Mice were administered
0.5×106, 5×106, or 30×106 Tregs by intravenous injection one day prior to transplantation.

Immunohistology
Cryostat sections (5 mM) were dried, acetone fixed, and incubated for 1 hr in blocking
buffer (0.1 M Tris, 0.05 M NaPhos, 0.3% Tween 20, 3% goat serum) at room temperature
(RT). Intrinsic peroxidase activity was blocked by incubation in 0.3% H2O2 in PBS for 5' at
RT and tissue biotin was blocked with the Avidin-Biotin Blocking Kit from Vector Labs
(Burlingame, CA). Slides were incubated with biotin-conjugated anti-Ly5.1 antibody
overnight at 4°C in 0.1% BSA in PBS and subsequently with streptavidin-HRP complex
(Vector Labs) for 30 min. Slides were then developed with DAB substrate (Vector Labs)
and counterstained with hematoxylin (Sigma-Aldrich).

Statistical analysis
Data are expressed as mean±SD. Significance of differences between 2 groups was
determined by unpaired 2-tailed Student's t test. Statistical analysis of Kaplan-Meier curves
was performed using MedCalc Software (Mariakerke, Belgium).

Results
Isolation and expansion of polyclonal and TCR-tg Tregs

We have recently developed a CD4+ TCR-tg with direct alloreactivity called “4C” [27]. The
4C TCR-tg was developed on the B6 (H-2b) background and has direct alloreactivity against
the MHC class II molecule, I-Ad. Potentially, alloantigen-specific CD4+ TCR-tg mice could
serve as a source of allospecific Tregs that would facilitate the characterization of the
potential therapeutic effect of allospecific Tregs in prolonging allograft survival.

The frequency of CD4+CD25+ T cells was compared between wild-type B6 mice and the 4C
TCR-tg in the B6 background. Approximately 3% of total CD4+ T cells were found to co-
express CD25 (Fig. 1A) in both wild-type and 4C TCR-tg mice. Of the CD4+CD25+ T cells,
approximately two-thirds were CD62Lhi. Previous studies have shown that CD62L marks a
Treg subset with optimal suppressive properties [12, 13]. For this purpose, and to exclude
activated conventional CD4+ T cells (which demonstrate CD62Llow expression), cell sorting
was performed gating on the CD4+, CD25+ and CD62Lhi surface phenotype (Fig. 1B).
Sorted cells were then expanded by co-culture with anti-CD3/ anti-CD28 conjugated
magnetic beads and 2000 IU/ml of recombinant human IL-2 (Fig. 1C) as previously
described [9]. Sorted cells could be expanded approximately 100-fold by 12-15 days in
culture. Phenotypic analysis of the expanded cells, WT Tregs and 4C Tregs, demonstrated
that the cells remained CD4+, CD25+, and CD62Lhi and >90% demonstrated expression of
the Treg-specific transcription factor, FoxP3 (Fig. 1D). Of the Tregs expanded from the 4C
TCR-tg mouse, >99% were found to maintain expression of the transgenic TCR β chain,
Vβ13 (Fig. 1D).

Function and specificity of expanded Tregs
Next we examined the function of the expanded Tregs. When compared to freshly isolated
4C TCR-tg Treg (Allo-Treg), in vitro expanded Allo-Tregs demonstrated similar capabilities
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to suppress the proliferation and IL-2 production by BALB/c APC-stimulated 4C Tconv
cells (Fig. 2). Expanded Allo-Tregs were compared to expanded polyclonal WT Tregs in
their ability to suppress the CD4+ alloresponse to BALB/c APC in vitro. When stimulated
by BALB/c APCs, the Allo-Tregs were approximately 6- to 8-fold more potent at
suppressing a CD4+ alloreactive T cell response than similarly expanded polyclonal WT
Tregs (Fig. 3A). However, when anti-CD3ε (a pan-T cell stimulator) was used to activate T
cells, the polyclonal WT Tregs and Allo-Tregs displayed comparable suppressive activity
(Fig. 3B). Therefore, Allo-Tregs are more potent at suppressing BALB/c alloreactive T cells
than polyclonal Tregs, but show the same suppressive capability when similar TCR ligation
is applied.

To further examine the necessity of antigen-recognition for Treg function, we tested the
ability of the Allo-Tregs to suppress an antigen-specific response to ovalbumin with or
without stimulation of the 4C TCR. In this assay, Allo-Tregs were co-cultured with
ovalbumin specific CD4+ T cells (OT-II, I-Ab restricted) that were stimulated with
ovalbumin peptide and irradiated B6 splenocytes with or without the addition of irradiated
BALB/c splenocytes. We found that the Allo-Tregs only exhibited suppressive function
when BALB/c splenocytes were present in the culture (Fig. 3C), demonstrating that
expanded Allo-Tregs need to be activated to exert their suppressive function. Furthermore,
the in vitro suppression did not require the responders and Tregs to be activated by the same
antigen presenting cells.

Alloantigen-specific Tregs promote allograft survival in wild-type recipients
To test the ability of Allo-Tregs to suppress the alloresponse in vivo, expanded Allo-Tregs or
polyclonal WT Tregs were tested for their ability to prolong allograft survival in a
heterotopic vascularized heart transplant model. Expanded Tregs were adoptively
transferred into otherwise unmanipulated, sex-matched, wild type B6 mice one day prior to
heterotopic cardiac allograft transplantation from F1 (BALB/c × B6) cardiac donors.
Recipients that had either received 5×106 Allo-Tregs or no treatment were harvested 5 days
after transplantation and examined histologically. Mice that had received Allo-Tregs
demonstrated decreased myocardial leukocyte infiltrates compared to hearts transplanted
into recipients that had not received Allo-Tregs (Fig. 4A).

Allo-Tregs expressing the Ly5.1 congenic marker were used to determine the localization of
infused Allo-Tregs after cardiac transplantation. On post-transplant day 5, the recipient
spleen, mesenteric lymph nodes, and peripheral lymph nodes were examined by
immunohistochemistry. As shown in Fig. 4B, the highest density of transferred Tregs was
found in the recipient spleen (Sp) and mesenteric lymph nodes (MLN). The Allo-Tregs were
also present in the peripheral lymph nodes (PLN) and amongst subepicardial lymphocytic
infiltrates in the heart grafts (Gr). Thus, Allo-Tregs were found to migrate to lymphoid
organs as well as to the allograft.

Allo-Tregs were able to prolong graft survival despite an intact host immune system while
same number of polyclonal WT Tregs provided no graft prolongation. As shown in Fig. 5,
the intravenous transfer of 5×106 expanded Allo-Tregs was able to significantly prolong the
survival of F1 cardiac grafts when compared to no treatment (MST = 20.0 ± 4.4 days [n = 6]
versus 9.7 ± 1.6 days [n = 6]; p < 0.001). However, the same number of similarly expanded
polyclonal B6 Tregs had no effect on graft survival (MST = 10.4 ± 1.2 days [n = 8]; p =
0.60). The effect of the Allo-Tregs on allograft survival was donor specific, as the Allo-
Tregs were unable to prolong the survival of a third-party F1 (CBA × B6) graft (MST = 9.67
± 0.58 days [n = 3]; p = 0.69). When the number of Allo-Tregs was decreased 10-fold
(5×105), no prolongation was observed (MST = 9.44 ± 0.55 days [n = 5]), and increasing the
number of infused Allo-Tregs to 30×106 did not further prolong graft survival compared to
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the 5×106 infusion (data not shown). When fully HLA-mismatched BALB/c (not F1) grafts
were transplanted the administration of Allo-Tregs resulted in a small prolongation of
survival (6.80 ± 0.84 days [n=5] without Allo-Tregs versus 8.75 ± 0.96 days [n = 4] with
5×106 Allo-Tregs; p = 0.02) (Fig. 5).

Discussion
In this study, we demonstrate that Tregs with direct allospecificity are more potent than
polyclonal Tregs at suppressing alloimmunity both in vitro and in vivo. Allospecific Tregs
were able to significantly prolong graft survival as a single immunosuppressive agent in
mice that were otherwise not manipulated or immunologically impaired. Similar to other
studies, we found polyclonal Tregs or 3rd party-Tregs to be ineffective [22, 26, 29],
confirming the importance of antigen specificity in Treg therapy. Importantly, we find that
despite a large number of transferred allospecific Tregs, only limited immunological
protection was afforded.

Because of their role as natural immune suppressors, Tregs are an attractive therapeutic
agent for preventing allograft rejection. To date, many studies have demonstrated the
efficacy of Tregs in prolonging or preventing graft survival in rodent models that are
immunologically impaired, such as Rag-/- recipients [23], nu/nu recipients [20, 22], T cell-
depleted recipients [21], and irradiated recipients [17]. While these studies have generated a
tremendous interest in the potential use of Tregs for induction of transplantation tolerance
[30-32], the ability of Tregs to suppress the alloresponse in otherwise unmanipulated and
MHC incompatible hosts is not well characterized [26, 33].

CD4+ TCR-tg mice can serve as a source of antigen specific CD4+CD25+ Tregs for use in
rodent models to investigate the therapeutic efficacy of antigen-specific Tregs. Expanded
Tregs from the BDC2.5 TCR-tg, a TCR-tg derived from an islet-specific autoimmune NOD
CD4+ T cell, have been shown to be effective in preventing autoimmune diabetes when
transferred to pre-diabetic NOD mice; whereas similarly expanded non-specific NOD Tregs
were less effective [9]. In addition, Tregs from the ABM TCR-tg, a CD4+ TCR-tg specific
for the MHC class II molecule I-Abm12, can prolong skin and heart allografts in
lymphopenic mice that are syngeneic with the exception of this molecule [20].

While it has been traditionally considered that T cells with direct alloreactivity are the
primary mediators of acute rejection and those with indirect alloreactivity mediate chronic
rejection [34], a substantial role is now also appreciated for the indirect pathway in acute
rejection [35-37]. Recent findings have similarly demonstrated that Tregs with indirect
allospecificity are indeed potent suppressors of the alloresponse [17, 21, 38, 39] and that co-
administration of Tregs with direct or indirect alloreactivity improves their efficacy [17]. An
interesting future study would be to compare the efficacy of TCR-tg Tregs with direct
specificity to those with indirect specificity and to test for synergism between these subsets.

Treg administered to immunocompetent recipients will likely require adjuvant
immunosuppression and/or lymphodepletion to achieve long-term graft survival [26].
Recent evidence has found that anti-thymocyte globulin (ATG) [40] and Rapamycin [18]
increase Treg generation through the conversion of allospecific effector T cells into Tregs.
Pu et al. were able to increase survival of liver transplant recipients in a rat model through
the co-administration of Tacrolimus and Tregs [29]. Similarly, Rapamycin has been used
successfully to increase Treg effectiveness in murine transplant experiments [21, 26, 41] and
to increases human Treg suppressive capabilities in vitro [42].

It is now known that activation of innate immune pathways through TLR signaling pathways
leads to dendritic cell maturation and the inhibition of Treg function [43-46]. Surgical
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trauma, inflammation, and ischemia-reperfusion injury that occurs during procurement,
storage, and implantation of transplant organs can lead to the release of endogenous
molecules that act as innate immune stimulants [30, 47]. Therefore, delayed or multiple
administrations of Tregs postoperatively may improve their efficacy [21, 26].

These results show that, on a cell-per-cell basis, allospecific Tregs are more potent at
suppressing alloreactive T cells than are wild-type, polyclonal Tregs. However, as a
monotherapy, the observed allograft protection in a haploidentical mouse heart transplant
model is only modest. Supplementation with immunomodulatory agents, addition of Tregs
with indirect antigen specificity, and/or alterations in Treg expansion technique, dosage,
timing, and dosing frequency may be required to improve their efficacy.
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Fig. 1. 4C TCR-tg has physiological numbers of CD4+CD25+ Tregs that can be expanded in vitro
(A) Wild type (B6) and 4C TCR-tg mice have similar frequencies of splenic CD4+CD25+ T
cells. (B) Tregs (B6 or 4C TCR-tg) were isolated based on a CD4+CD25+CD62Lhi surface
phenotype by MoFlo cell sorting. (C) 4C TCR-tg were expanded over 100-fold in vitro by
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co-culture with anti-CD3/anti-CD28-conjugated magnetic beads and 2000 IU/ml rhIL-2. (D)
Post-expansion, 4C TCR-tg Tregs (Allo-Tregs) were found to remain CD62Lhi and maintain
expression of CD25, FoxP3 expression and the transgenic TCR marker, Vβ13.
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Fig. 2. Cultured Allo-Tregs retain similar in vitro suppressive abilities compared to freshly
isolated Allo-Tregs
(A) Freshly isolated (open squares) and expanded (solid squares) Allo-Tregs were co-
cultured at different ratios with 5×104 4C Tconv responders and 105 LPS-stimulated, T-cell
depleted, and irradiated BALB/c splenocytes in suppression assays. (B) Supernatants from
the suppression assay were tested by ELISA for IL-2 concentration. Data from fresh and
cultured Tregs at the 1:1 Treg:Tconv ratio are shown. Suppression assays were performed in
triplicate and data are shown as mean+/-SD. The results shown are representative of 3
independent experiments.
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Fig. 3. Allospecific Tregs suppress allospecific T cells in vitro better than polyclonal Tregs
(A) Allo-Tregs (filled squares) or polyclonal WT Tregs (open squares) were co-cultured at
different ratios with 5×104 4C Tconv responders and 105 BALB/c APCs in suppression
assays. (B) In similar suppression assays, Allo-Tregs (filled squares) and WT Tregs (open
squares) were stimulated with anti-CD3 antibody (1 μg/ml) and syngeneic B6 APC and
demonstrated equivalent suppressive capabilities. (C) Allo-Tregs are unable to suppress the
I-Ab-restricted OT-II TCR-tg T cell response to ovalbumin peptide presented by B6 APCs
(open squares), but are able to suppress the same OT-II TCR-tg T cell response when
BALB/c APCs are added to the co-culture (filled squares). Suppression assays were
performed in triplicate and data are shown as mean+/-SD. The results shown are
representative of 2 independent experiments.
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Fig. 4. Allo-Tregs localize to the cardiac allograft and decrease graft leukocytic infiltrate
WT B6 mice were intravenously injected with 5×106 Tregs derived from 4C TCR-tg mice
(Allo-Tregs) one day prior to heterotopic cardiac transplantation with F1 (BALB/c × B6).
(A) Cardiac allografts from recipients treated with Allo-Tregs (+Tregs) have decreased
subepicardial leukocytic infiltrates compared to untreated recipients (-Tregs); 200×
magnification. Results are representative of 5 mice. (B) Immunohistological staining of
Ly5.1+ Allo-Tregs (Brown staining) in Ly5.2+ B6 hosts of Ly5.2+ F1 (BALB/c × B6)
cardiac grafts five days post-transplantation. Representative sections from spleen (Sp),
mesenteric lymph node (MLN), peripheral lymph node (PLN), and cardiac graft (Gr); 200×
magnification. Results are representative of 5 mice.
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Fig. 5. Allo-Tregs suppress alloreactivity in vivo better than polyclonal Tregs in a donor specific
manner
WT B6 mice were intravenously injected with 5×106 Allo-Tregs (4C) or polyclonal WT
Tregs (B6) one day prior to heterotopic cardiac transplantation with F1 (BALB/c × B6),
BALB/c, or 3rd party F1 (CBA × B6) donors and graft survival was compared by Kaplan-
Meier analysis. Rejection was defined by the cessation of a palpable graft pulse.
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