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We have developed a method to generate alloreactive
regulatory T cells in vitro in the presence of interferon
(IFN)-� and donor antigen presenting cells (APCs). We
hypothesized that these IFN-�–conditioned T cells
(Tcon) would reduce transplantation-associated arterio-
sclerosis. Tcon were generated from mouse (CBA.Ca,
H-2k) CD4� T cells cultured in the presence of IFN-� for
14 days. These cultures were pulsed with bone mar-
row–derived B6 (H-2b) APC. 1 � 105 CD25�CD4�

effector T cells from naive H-2k mice were then co-
transferred with 4 � 105 Tcon into CBA-rag�/� mice.
One day later, these mice received a fully allogenic B6
CD31�/� abdominal aorta transplant. Transfer of
CD25�CD4� effectors resulted in 29.7 � 14.5% lumi-
nal occlusion of allogeneic aortic grafts after 30 days.
Cotransfer of Tcon reduced this occlusion to 11.7 �
13.1%; P < 0.05. In addition, the CD31� donor endo-
thelium was fully repopulated by CD31� recipient
endothelial cells in the absence of Tcon, but not in the
presence of Tcon. In some experiments, we cotrans-
planted B6 skin with aortic grafts to ensure enhanced
reactivation of the regulatory cells, which led to an
additional reduction in vasculopathy (1.9 � 3.0% lumi-
nal occlusion). In the presence of Tcon, CD4� T cell infil-
tration into grafts was markedly reduced by a regulatory
mechanism that included reduced priming and prolifera-
tion of CD25�CD4� effectors. These data illustrate the
potential of ex vivo generated regulatory T cells for the
inhibition of transplant-associated vasculopathy. (Am J
Pathol 2010, 177:464–472; DOI: 10.2353/ajpath.2010.090292)

Transplant arteriosclerosis is the main cause of allograft loss
after cardiac transplantation1 and is critically dependent on

an inflammatory process mediated by T lymphocytes,2,3

especially CD4� T cells.4,5 We have previously shown that
CD4� T cell–mediated rejection of skin allografts can be
successfully inhibited in a mouse adoptive transfer model
by CD25�CD4� regulatory T cells generated in vivo by
donor-specific blood transfusion under the cover of an anti-
CD4 antibody.6,7 This pretreatment protocol is also suc-
cessful in inducing tolerance to heterotopic cardiac allo-
grafts in primary immunocompetent recipients.8 Further, we
have shown that CD25�CD4� regulatory T cells generated
to alloantigen in vivo using donor-specific blood transfusion
and anti-CD4 antibody regulate transplant arteriosclerosis
of allogeneic mouse abdominal aorta transplants, both in
adoptive transfer and primary recipient systems.9 However,
the development of protocols to generate regulatory T cells
in vivo may be much more difficult in the clinical situation
than in rodent models. An alternative approach emerging
as an attractive way of exploiting T cell regulation in man is
the potential transfer of in vitro generated or expanded re-
cipient-derived regulatory T cell populations as a cellular
therapy. Several different methods for in vitro expansion/
generation of Tregs have been described, including poly-
clonal expansion of naturally occurring Tregs,10 generation
of Tregs using allogeneic antigen presenting cells (APCs),
interleukin-2, and tumor growth factor (TGF)-b,11,12 ectopic
expression of the key transcription factor Foxp3,13–15 and
selection of Tregs using T cell receptor (TCR) stimulation in
the presence of rapamycin.16

We have developed an additional novel method to gen-
erate alloreactive regulatory T cells in vitro in which naïve
recipient CD4� T cells are stimulated with bone marrow–
derived donor APC in the presence of interferon (IFN)-�.
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This conditioning protocol results in the emergence of a
dominant CD25�CD62L�FoxP3� regulatory T cell popula-
tion (conditioned T cells, Tcon) by initiating apoptosis of
potential effectors, inhibiting Th17 responses, and promot-
ing Tregs development by expansion of naturally occurring
Tregs and conversion of FoxP3� precursors.17,18 The re-
sultant population inhibits the rejection of donor-specific
skin grafts mediated by naïve CD25�CD4� effector T cells
in a sensitive adoptive transfer mouse allograft model.17

The emergence of this population appears to be indepen-
dent of endogenous interleukin-10 as none is detected in
the cultures but is critically dependent on IFN-� because
cells driven under identical conditions in the absence of
exogenous cytokine lack regulatory activity and contribute
directly to allograft rejection.17,18 Here we demonstrate that
these Tregs also have the ability to impact the development
of transplant associated vasculopathy and explore some of
the mechanisms involved.

Materials and Methods

Mice

CBA.Ca (CBA, H2k), CBA.Ca rag1�/� (CBA-rag�/�,
H2k), CBA.Ca CP-1 (CP-1, H2k), C57BL/6 (B6, H2b), and
C57BL/6 CD31�/� (B6 CD31�/�, H2b) mice were ob-
tained from and housed in the Biomedical Services Unit
of the John Radcliffe Hospital (Oxford, UK). CBA-rag�/�

mice were originally kindly provided by Dr. D. Kioussis
(National Institute for Medical Research, Mill Hill, London,
U.K.). CP-1 mice are transgeneic for human CD52, a
pan-leukocyte surface antigen, and were originally kindly
provided by H. Waldmann.19 B6 CD31�/� mice were
generously provided by Drs. G. Duncan and T. Mak
(Amgen Institute, Toronto, Canada). All animals were
housed and treated in accordance with the Animals (Sci-
entific Procedures) Act 1986. Sex-matched mice be-
tween 6 and 12 weeks of age at the time of the first
experimental procedure were used in all experiments.

In Vitro Conditioning of CD4� T Cells

CD4� T cells were isolated from naive CBA spleens using
Miltenyi CD4 (L3T4) MicroBeads. On reanalysis the
CD4� population was more than 95% pure. Bone mar-
row–derived dendritic cells (DCs) were generated from
B6 donors using a modification of published meth-
ods.20,21 Briefly, bone marrow was harvested from mouse
femurs, RBCs were lysed, and B cells, T cells, and MHC
class II–positive cells depleted using RA3.6B2 (rat-anti-
mouse B220; hybridoma obtained from ATCC, Manas-
sas, VA), YTA 3.1 (rat-anti-mouse CD4), and YTS 169
(rat-anti-mouse CD8; hybridomas kindly provided by
Prof. H. Waldmann, Sir William Dunn School of Pathology,
University of Oxford, Oxford, U.K.), TIB120 (rat-anti-
mouse MHC class II; ATCC), followed by negative selec-
tion using sheep-anti-rat IgG-coated Dynabeads (Dynal
Biotech, Oslo, Norway). 1 � 106 enriched DCs precursor
cells were cultured with 2 ng/ml each of rmGM-CSF and
rhTGF-� 1 (PeproTech, London, UK), and at day 6, condi-

tioned DCs were harvested, washed, and counted before
use. 5 � 105 purified naive CBA CD4� T cells were cocul-
tured with 5 � 106 conditioned B6 DCs for 7 days in the
presence of 5 ng/ml IFN-� (IFN-� conditioning). On day 7
the T cells were restimulated with conditioned B6 DCs un-
der identical conditions and harvested after a further 7 days
for adoptive transfer into immune deficient mice.

Cell Harvest, Isolation of CD25�CD4� T Cells,
and Adoptive Transfer

CD25�CD4� T cells for use as an effector population were
purified from naïve wild-type CBA or CP1-CBA spleens.
CD4� T cells were enriched using TIB 120, M1/70 (rat-anti-
mouse monocyte/macrophage, ATCC), RA3–6B2, and YTS
169 followed by incubation with anti-rat Dynabeads and
magnetic separation. The enriched cells (�85% CD4�)
were incubated with anti-CD25-PE antibody followed by
anti-PE microbeads and CD25� cells were recovered using
the MACS-system (Miltenyi Biotech Ltd., Bisley, UK). CBA-
rag�/� mice were injected intravenously with 1 � 105

CD25�CD4� T cells with or without coinjection of 4 � 105

conditioned T cells. Each experiment contained animals
reconstituted with CD25�CD4� T cells only to validate the
efficacy of the effector population.

Aorta Transplantation

One day after adoptive transfer, transplantation of a sec-
tion of abdominal aorta from B6 CD31�/� donors was
performed using a technique described by Koulack and
colleagues.22

Skin Transplantation

In some mice, full-thickness B6 tail skin allografts were
transplanted onto graft beds on the flanks of reconsti-
tuted mice immediately following aorta transplantation.

Flow-Sorting

Tcon generated from total CD4� T cells from B6 (H2b)
Foxp3-GFP reporter mice were stained for CD4 and
TCR-� then flow sorted using a BD FACSAria instrument.
GFP� and GFP� cells were then transferred independently
into B6.Rag mice together with syngeneic CD25� cells as
an effector population. One day later, these reconstituted
mice were transplanted with CBA (H2k) aorta allografts.

Flow Cytometric Analysis

Purity of enriched T cell populations was evaluated by
flow cytometry. Cells were stained for 30 minutes at 4°C
with the flourochrome-coupled antibodies 145-2C11 (anti-
CD3-FITC), RM4-5 (anti-CD4-PerCP), and 7D4 (anti-
CD25-PE; all BD Biosciences). For analyses from mouse
spleens, single cell suspensions were prepared, RBCs
were osmotically lysed, and the cells incubated with anti-
CD4 FITC (clone GK1.5) and anti-TCR-� PE (clone H57-
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597; both BD Pharmingen, Oxford, UK). Staining of intracel-
lular Foxp3 was performed according to the manufacturer’s
instructions (clone FJK-16s, eBioscience, San Diego, CA).
In other assays, cells were incubated with anti-human
CD52, anti-CD4-PerCP, anti-CD25-PE, and then stained for
intracellular Foxp3. Data were acquired using a FACSort
flow cytometer (Becton Dickinson, San Jose, CA) and ana-
lyzed using Cellquest software.

IFN-� ELISpot Assay

96-well MultiScreenHTS-IP filter plates (Millipore, Billerica,
MA) were coated with anti-mouse IFN-� capture antibody
(AN-18, Mabtech AB, Sweden). B6 T cell depleted stim-
ulators were prepared using rat anti-mouse CD4 (YTA3.1)
and rat anti-mouse CD8 (YTS169) followed by Dyna-
beads and magnetic separation. Responder cells were
titrated from 1 � 105 cells per well and incubated with or
without 3 � 105 stimulators at 37°C and 5% CO2 for 14
hours. Spots were developed by sequential incubations
with biotinylated anti-mouse IFN-� detection antibody
(R4-6A2), streptavidin-alkaline phosphatase, and BCIP/
NCT substrate (all Mabtech AB, Sweden) and plates read
and analyzed on an AID Bio-Tek reader (AID, Winooski,
VT). The frequency of donor-reactive IFN-� secreting
CD4� cells was calculated using the following formula:

�(number of spots in wells with stimulators)

� (number of spots in wells without stimulators)�.

Analysis of the Aortic Graft

Aortic grafts were harvested 30 days after transplantation,
flushed with saline then OCT-compound (Tissue-Tek,

Sakura, The Netherlands) and snap-frozen embedded in
OCT-compound in liquid nitrogen. Transverse sections of 5
to 6 �m thickness were cut and stained with Hematoxylin
and Eosin (H&E) or Elastin van Giesson (EvG). Morphomet-
ric analysis of transplant arteriosclerosis was performed on
EvG-stained sections. Digital photographs of three EvG-
stained sections from each graft were taken at �40
original magnification using a light microscope (Nikon,
Tokyo, Japan) and a Coolpix digital camera (Nikon).
Digitized images were then analyzed using Photoshop
software (version 6.0, Adobe, San Jose, CA). The areas
within the lumen of the vessel and within the internal
elastic lamina were circumscribed and the respective
absolute pixel counts recorded. From these measure-
ments, the quotient for the thickness of the intima was
calculated (Qint). The Qint indicates relative thickness (%)
of the intima or % luminal occlusion [Qint � intima/
(lumen � intima) � 100].

Immunohistochemistry

Biotinylated or unconjugated antibodies against CD31,
CD3, CD4, CD8, CD11b, and GR1 (BD Biosciences, Ox-
ford, UK) were used for immunohistochemistry. Transverse
6-�m sections were air-dried, fixed, and stored at �80°C
until further analyses. Primary antibodies were applied for 1
hour at room temperature or overnight at 4°C, followed by
secondary streptavidin-HRP (Vector Laboratories, Burlin-
game, CA) for biotinylated primary antibodies or by mouse-
anti-rat-IgG-HRP (Jackson Immunoresearch, West Grove,
PA) for unconjugated primary antibodies for 45 minutes at
room temperature. Staining was visualized using dimethyl-
aminoazobenzene (Sigma, St. Louis, MO) and hematoxylin

Figure 1. CD25�CD4� T cells reconstitute transplant arteriosclerosis in rag�/�-mice. A: Design of adoptive transfer experiments. Naïve CD25�CD4� effector T
cells were prepared from spleens harvested from untreated wild-type CBA mice. 1 � 105 CD25�CD4� effector T cells were injected intravenously into untreated
CBA-rag�/� hosts (day �1). One day later these animals were transplanted with a fully allogeneic B6 CD31�/� aorta as an abdominal interposition allograft. The
grafts were harvested after 30 days for histology. B: Elastin-van-Giesson staining was performed to enable quantification of luminal obstruction due to transplant
arteriosclerosis. Transplant arteriosclerosis did not develop in the absence of adoptively transferred lymphocytes in CBA-rag�/� animals bearing B6 CD31�/� aorta
allografts (left panel; harvested on day 30). In the presence of 1 � 105 CD25�CD4� effector T cells, transplant arteriosclerosis consistently developed in aorta
allografts (right panel; marked with white arrows). C: Quantification of luminal obstruction caused by transplant arteriosclerosis was perfomed by
morphometric measurement of intimal hyperplasia, and mean values with SD are given. Transfer of CD25�CD4� effector T cells elicited transplant arteriosclerosis
as compared with non-reconstituted animals (P � 0.001; Mann–Whitney U test).
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counterstain. For enumeration of CD4� T cell infiltration, five
random high-power fields were examined by area-counting
in sections taken from three transverse planes from each
individual aorta.

Statistical Analysis

Data were compared between groups by the Mann–
Whitney U test or by analysis of variance followed by
Bonferroni post hoc analyses if multiple groups were
compared. P values �0.05 were considered statistically
significant.

Results

CD25�CD4� T Cells Reconstitute Transplant
Arteriosclerosis in Rag-Mice

We used an adoptive transfer model using T cell– and
B cell– deficient rag�/� mice to examine the effect of T

cell regulation in vivo. In this model nonreconstituted
CBA-rag�/� recipients of fully allogeneic B6 CD31�/�

aorta transplants do not develop transplant arterioscle-
rosis (Figure 1, A–C). However, transfer of 1 � 105

naïve CD25�CD4� T cells resulted in pronounced
transplant arteriosclerosis (mean intimal obstruction:
29.3 	 19.4%, n � 6 mice) 30 days after implantation
indicating successful effector cell reconstitution.

Cotransfer of in Vitro IFN-�-Conditioned CD4�

T Cells Reduces Transplant Arteriosclerosis

Based on the observation that adoptive transfer of regu-
latory T cells generated in vivo suppress the development
of transplant arteriosclerosis in allogeneic aorta trans-
plants,9 we hypothesized that T cells conditioned with
IFN-� in vitro18 would similarly regulate the develop-
ment of transplant arteriosclerosis in allogeneic aorta
transplants. CBA-rag�/� recipients of fully allogeneic B6
CD31�/� aorta transplants were coreconstituted with 1 �

Figure 2. Cotransfer of in vitro IFN-�–conditioned CD4� T cells reduces transplant arteriosclerosis. A: Tcon were generated from purified naïve CBA total CD4�

T cells cocultered with irradiated B6 APC and recombinant mouse-IFN-� for 14 days. Tcon were harvested and without further purification or manipulation
transferred intravenously into CBA-rag�/� hosts at 4 � 105 per animal. 1 � 105 naïve CD25�CD4� T cells were cotransferred as an effector population (day �1).
The following day, a fully allogeneic B6 CD31�/� aorta was transplanted. The grafts were harvested after 30 days for histology. B and C: Representative histology
of aortic sections harvested 30 days after transplantation into CBA-rag�/� hosts. Grafts harvested from animals reconstituted with effector T cells only (left panel)
showed transplant arteriosclerosis with intimal hyperplasia (marked with white arrows) reducing the vessel lumen by about 30%. Grafts from experimental
animals after cotransfer of effector T cells and Tcon (center panel) showed a threefold reduction of intimal hyperplasia (11.7%, marked with white arrows),
whereas control grafts from animals reconstituted with Tcon only developed intimal hyperplasia occluding 6.3% of the vessel lumen. Differences among groups
were statistically significant (P � 0.0039; analysis of variance with Bonferroni post hoc analysis). D: CBA Tcon were generated as described above but with
third-party B10.S (H2s) APC. On day 14, the resultant population was harvested and CBA.rag�/� mice reconstituted and transplanted with B6 CD31�/� aorta grafts
as described above. These ‘third-party’ Tcon had no impact on the development of vasculopathy. E: Tcon were generated from B6 Foxp3-GFP reporter CD4� T
cells driven by CBA (H2k) APC. On day 14, the resultant cells were flow sorted into GFP-negative and GFP-positive populations. Figures in the respective quadrants
show percent purity when gated on TCR-�. These populations (4 � 105) were then transferred into B6 immunodeficient mice together with (1 � 105) syngeneic
CD25�CD4� T cells as an effector population. One day later, the reconstituted mice were transplanted with CBA (H2k) aorta allografts. Aortas were harvested
on day 30 and evaluated for luminal obstruction (F).
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105 naïve CBA CD25�CD4� T cells plus 4 � 105 IFN-�–
conditioned T cells (Figure 2A). This resulted in a sub-
stantial reduction in luminal occlusion (29.3 	 14.5% and
11.7 	 13.1%, effectors only and effectors � Tcon re-
spectively; Figure 2, B and C), demonstrating the poten-
tial of such populations to influence the development of
transplant arteriosclerosis. This effect is donor alloanti-
gen specific because CBA T cells driven under identical
conditions but with third-party B10.S (H2s) bone marrow–
derived DCs were unable to prevent vasculopathy in B6
H2b CD31�/� aortic grafts in the same adoptive transfer
mouse model (Figure 2D), a phenomenon also seen with
skin allografts.18

Although imperfect, Foxp3 is widely seen as the most
useful single marker of regulatory T cells. We therefore
asked whether in this system, regulation is Foxp3-depen-
dent. Because it is not possible to sort cells directly on
the basis of Foxp3 expression, we took advantage of B6
(H2b) mice in which GFP has been knocked-in to the
Foxp3 locus.23 Total CD4�GFP� T cells were stimulated
with CBA (H2k) BM-DCs for 14 days in the IFN-� condi-
tioning protocol then resorted into GFP� and GFP� pop-
ulations which were adoptively transferred into immuno-
deficient B6 mice together with B6 CD25�CD4� cells as
an effector population. One day later, the reconstituted
mice were transplanted with CBA (H2k) aortic allografts.
As shown in Figure 2E, stimulation of cells from these
reporter mice with alloantigen in the presence of exogenous
IFN-� results in enrichment for Foxp3� cells, consistent with
our previous observations with these cells.18 Reconstitution
of immunodeficient B6 mice with CD25�CD4� cells alone
resulted in significant intimal proliferation, and this was re-
duced substantially by cotransfer of sorted Foxp3�GFP�

Tcon. (Figure 2F). Surprisingly, the reciprocal Foxp3�GFP�

population controlled intimal expansion to the same
extent, suggesting that in this system, regulation does
not appear to be Foxp3-dependent. Although the rea-
sons for this unexpected outcome are not clear at
present, recent analyses have shown that while natu-
rally occurring regulatory T cells (nTregs) have stable
epigenetic modifications in the Foxp3 locus and thus,
stable Foxp3 expression, these changes and Foxp3
expression can be transient in adaptive Tregs.24 Thus,
it is possible that in some situations, loss of Foxp3
expression may either precede loss of regulatory func-
tion25 or that the suppressive effect of ex vivo gener-
ated Tregs can be Foxp3-independent.

Cotransfer of in Vitro IFN-�-Conditioned CD4�

T Cells Inhibits Endothelial Repopulation

The pathogenesis of fibrotic lesions that eventually led to
transplant arteriosclerosis involves repopulation with host-
derived endothelial cells.26,27 Thus, endothelial repopula-
tion represents an additional parameter with which to as-
sess graft damage. To track the origin of endothelial cells in
the graft, we used CD31�/� donors whose endothelial cells
do not stain for CD31 on immunohistochemistry.28 In
CBA.rag�/� mice transplanted without cell transfer, B6
CD31�/� aorta grafts showed no repopulation and the en-

dothelial cells remained CD31 negative (data not shown). In
contrast, transplanted animals reconstituted with naïve
CD25�CD4� effector T cells alone showed an almost com-
plete turnover of endothelial cells such that 30 days post-
transplant, the endothelial lining was �80% recipient-de-
rived (Figure 3, A and B). However, this effect was almost
completely inhibited by the cotransfer of IFN-�–conditioned
T cells where the vast majority of the endothelium remained
donor-derived, demonstrating clearly the efficiency of reg-
ulation in this system.

IFN-�-Conditioned Tregs Inhibit Accumulation of
Intragraft CD4�T Cells

To maximize the chances of detecting informative phe-
notypic changes in tissue histology, we sought to opti-
mize regulation in this model given the fact that cotransfer
reduced rather than abolished transplant arteriosclerosis.
It has been shown previously that regulation mediated by
in vivo generated regulatory cells can be enhanced by
antigen-specific reactivation.29,30 We took advantage of
the observation that allogeneic skin allografts are ac-
cepted in the presence of conditioned T cells in rag�/�

hosts,17,18 and hypothesized that skin but not aorta grafts
contain sufficient donor antigen presenting cells for full
reactivation of the IFN-� conditioned Tregs. Therefore,
mice were reconstituted with naïve CD25�CD4� cells
plus IFN-�–conditioned cells and simultaneously trans-
planted with skin and aorta grafts. This resulted in a
further reduction in transplant arteriosclerosis (1.9 	
3.0% luminal occlusion), indicating improved suppres-

Figure 3. Cotransfer of in vitro IFN-�–conditioned CD4� T cells inhibits
endothelial repopulation. A: B6 CD31�/� donors were used to enable dif-
ferentiation of the origin of endothelial cells. On staining with anti-CD31 Ab
endothelial cells of donor origin remain unstained, whereas endothelial cells
of recipient (CD31 wild-type) origin stain brown. Reconstitution with 1 � 105

CD25�CD4� effector T cells resulted in nearly circumferential recipient
endothelial cell repopulation (left, CD31� cells indicated by black arrows).
Cotransfer of 4 � 105 conditioned T cells significantly reduced endothelial
cell repopulation (right, white arrow). B: Differences among the effector
only (CD25�CD4�) group and the groups having received a Tcon cotransfer
or Tcon only (histology not shown) were statistically significant (P � 0.0001;
analysis of variance with Bonferroni post hoc analysis).
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sive function mediated by the IFN-�–conditioned Tregs,
consistent with enhanced reactivation in vivo (Figure 4,
A–C versus Figure 2C). Importantly, the presence of an
additional skin graft resulted in luminal obstruction that
was virtually identical to that seen in mice transplanted
with aortic allografts but without cell reconstitution (Figure
1C, P � 0.55). Thus, additional alloantigen challenge
reduced vasculopathy to a level that resulted from the
surgery itself.

A clear impact of the additional skin graft was also
seen in terms of the number of CD4� T cells found within
the aorta itself. As shown in representative photomicro-
graphs (Figure 4D), CD4� T cells were readily detected
in aorta allografts of mice reconstituted with effectors only
and in mice reconstituted with effectors plus Tcon and
correlated closely with CD3 staining (data not shown).
However, in aorta allograft recipients reconstituted with T
effectors plus Tcon and cotransplanted with an additional
skin graft, CD4� T cells were virtually absent. Enumera-
tion showed that this effect is statistically significant (Fig-

ure 4E) indicating that at least part of the mechanism of
regulation mediated by reactivated Tregs involves an
inhibition of effector cell recruitment to the graft itself. One
trivial but plausible explanation for the reduced numbers
of CD4� T cells in aortas of mice transplanted with an
additional skin allograft is that this is due simply to se-
questration of effector T cells within the skin graft itself
rather than enhanced regulatory T cell activation. To test
this possibility, CBA.rag�/� mice were reconstituted with
CD25�CD4� cells only then transplanted with aorta plus
skin allografts or with aorta allografts alone. Thirty days
later, the aortas were harvested and CD4� T cell infiltra-
tion enumerated by immunohistochemistry and direct
counting. As shown in Figure 4F, there was no difference
in the number of CD4� T cells within the aorta grafts in the
two groups providing further support for the hypothesis
that the reduction in vasculopathy mediated by Tcon in
the presence of an additional skin graft (Figure 4E) is
indeed due to enhanced activation of the regulatory T cell
population.

Figure 4. Tcon inhibit the accumulation of intragraft CD4� T cells. Tcon were transferred intravenously into CBA-rag�/� hosts at 4 � 105 per animal. 1 � 105

naïve CD25�CD4� T cells were cotransferred as an effector population (day �1). The following day, a fully allogeneic B6 CD31�/� aorta and full-thickness skin
were transplanted. The skin cotransplant was aimed at improving alloantigen-specific reactivation of Tcon in vivo. Aorta grafts were harvested after 30 days for
histology. A and B: Transplant arteriosclerosis was virtually absent in recipients of a Tcon cotransfer that also had received a B6 skin allograft at the time of aorta
transplantation. C: On comparison with animals that had received effector cells only, the difference was statistically significant (P � 0.001; Mann-Whitney U test).
D: Representative immunocytochemistry showing CD4� T cell infiltration into aorta allografts in the situations described above each panel. E: Enumeration of
CD4� T cell infiltration. Each point represents a single animal. Statistical differences between the groups are shown (analysis of variance with Bonferroni post hoc
analysis). F: CBA-rag�/� mice were reconstituted with naïve CD25�CD4� T cells only and transplanted one day later with an aorta allograft alone or with an aorta
plus skin allograft. On day 30, the number of CD4� T cells infiltrating the aorta grafts in both groups was enumerated by immunohistochemistry. The presence
of an additional skin graft did not influence the number of CD4� cells infiltrating the aorta.
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Tcon Reduce the Number of Circulating CD4�

T Cells and Inhibit Effector T Cell Priming

To rule out the possibility that cotransfer of IFN-�–condi-
tioned cells simply prevented successful CD25�CD4�

cell reconstitution, 1 � 105 CD25�CD4� cells from CBA
mice transgenic for human CD52� (CP-1 mice) were
transferred to CBA.rag�/� mice with and without 4 � 105

IFN-�–conditioned cells. In spleens harvested 31 days
after cell transfer and 30 days after aorta transplantation,
CD4�hCD52� cells were readily detected in mice recon-
stituted with CD25�CD4� cells only (Figure 5A) and im-
portantly, the same population was detected in the pres-
ence of Tcon (Figure 5B). These data rule out ineffective
effector cell reconstitution as a trivial explanation for the
effect of Tcon in vivo. To investigate the mechanisms by
which conditioned T cells prevent transplant arterioscle-
rosis, we reconstituted additional CBA-rag�/� mice with
1 � 105 CD25�CD4� effector cells (n � 2) 	 4 � 105

Tcon (n � 4). The following day a B6 aortic allograft was
implanted, and 14 days later spleens were harvested and
splenocytes stained for FACS analysis. As shown in Fig-
ure 5C, FoxP3� cells were readily detected in mice that
received a cotransfer of conditioned T cells showing effec-
tive Tregs engraftment and stable expression of this Tregs-
associated transcription factor. Significantly, mice that re-
ceived a cotransfer of conditioned T cells had substantially
fewer CD4� T cells per spleen when compared with effector
only controls (3.7 � 105 versus 8.5 � 104, effectors only

and effectors � Tcon respectively, P � 0.0071, Figure
5D) indicating that at least one mechanism by which
Tcon inhibit transplant arteriosclerosis is limiting effector
T cell expansion. To ask whether IFN-�–conditioned T
cells can also influence T cell priming, CD4� T cells were
isolated from the spleens of reconstituted aortic allograft
recipients and recall anti-donor responses determined in
an IFN-� ELISpot assay. Earlier studies had shown that
arteriosclerosis in this model begins at approximately day
10 post transplant and thus day 14 rather than day 30
was chosen for this analysis to avoid the possibility of a
decline in T cell responses. Representative ELISPOT
wells are shown in Figure 5E and analyzed data in Figure
5F. An abundant IFN-� response was detected from
CD4� T cells in transplanted mice reconstituted with
effector cells only. Significantly, this was reduced by
about 75% in mice cotransferred with IFN-�–conditioned
cells (Figure 5F) indicating that these in vitro generated
Tregs have a profound effect on T cell priming.

Discussion

In this study, we show that CD4� T cells conditioned in
vitro with IFN-� and bone marrow–derived donor APCs
reduce transplant arteriosclerosis mediated by naïve
CD25�CD4� T cells. In this model the induction of trans-
plant arteriosclerosis is entirely dependent on transferred
CD25�CD4� T cells, and leads to 20% to 30% occlusion

Figure 5. Tcon reduce the number of circulating
CD4� T cells and inhibit effector priming. Spleens
were harvested from CBA-rag�/� hosts 31 days
after adoptive transfer of CBA-CP1 (hCD52 trans-
geneic) effectors with (n � 6) or without (n � 6)
CBA wild-type Tcon cotransfer and 30 days after an
allogeneic B6 CD31�/� aorta transplant. Splenocytes
were stained with the respective flourochrome-
coupled antibodies. Representative FACS dot plots
are shown. A and B: Dot plots gated on live lym-
phocytes stained with anti-CD4-PerCP and anti-
human CD52-FITC, small insets: Histograms gated
on live CD4� lymphocytes discriminating hCD52�

T cells derived from the Tcon population from
hCD52� T cells derived from the effector
(CD25�CD4�) population (B). In other experi-
ments CBA.rag�/� mice were reconstituted with
1 � 105 CD25�CD4� effector cells (n � 2) or with
effector cells and 4 � 105 Tcon (n � 4). The
following day, a B6 aortic allograft was performed.
Spleens were harvested on day 14 posttransplant.
Splenocytes were stained with TCR�-PE, CD4-
PerCP and intracellular Foxp3-APC for FACS anal-
ysis. Alternatively, CD4� cells were purified by
magnetic positive selection from pooled spleno-
cytes and challenged with B6 stimulators in an IFN-�
ELISpot assay. C: Percentage of CD4�TCR�� cells
that express Foxp3. D: Absolute number of
CD4�TCR�� cells. E: Representative ELISpot im-
ages (1 � 105 cells per well). F: Frequency of
donor-reactive IFN-� secreting CD4� cells.

470 Warnecke et al
AJP July 2010, Vol. 177, No. 1



of the vessel lumen 30 days after cell reconstitution. This
is consistent with reports from other models and under-
lines the importance of CD4� T cells in vasculopathy.5 In
the setting of transplantation, CD4� T cells can be stim-
ulated by both the direct and indirect pathways of al-
lorecognition where recipient T cells recognize alloge-
neic APC and self APC presenting allogeneic peptides,
respectively.31 This is relevant for the model used in this
study, because the IFN-�–conditioned (H2k) regulatory T
cells arise from total CD4� T cells stimulated only via the
direct pathway by allogeneic (H2b) APC. Thus, a poten-
tial concern for effective regulation of transplant arterio-
sclerosis in this situation is that the naïve effector T cell
population is probably stimulated predominantly by the
indirect pathway following aorta transplantation because
endothelial cells are relatively poor antigen presenting
cells,32 and the vessel graft itself might contain only few
‘professional’ donor APC capable of direct pathway stim-
ulation. While this potential lack of APC may reduce direct
pathway stimulation of the effector population, it could
also limit direct pathway reactivation of the IFN-�–condi-
tioned Tregs. The fact that arteriosclerosis was reduced
to a greater extent in mice given a skin and aorta trans-
plant compared with that in mice transplanted with an
aorta graft alone supports this contention and could thus
emphasize the importance of reactivation to elaborate full
Tregs function in vivo. Although additional strategies to
ensure direct pathway reactivation may be a requirement
of the specific transplant model used in the current study
and is not likely to be a feature of whole-organ transplan-
tation where the donor organ contains abundant donor
APC, the overall phenomenon may be of particular sig-
nificance for example in islet transplantation and in trans-
plantation of tissues derived from stem cells where the
indirect pathway may be the predominant route of
allosensitization.

Reconstituted immunodeficient mice were used in this
study so that the numbers of Tregs and potential effector
cells could be controlled independently, but whether IFN-
�–conditioned Tcon can influence alloreactive responses
in nonlymphopenic mice remains an active area of inves-
tigation in this laboratory. We have shown previously that
in vivo generated Tregs cannot only prevent allograft re-
jection in reconstituted immunodeficient mice but are
also responsible for preventing rejection in primary trans-
plant recipients with an intact immune repertoire.33 Such
observations lead to cautious optimism that when de-
livered in sufficient numbers, probably in conjunction
with short-term adjunctive immunotherapy, IFN-�–condi-
tioned Tcon may be capable of affecting graft outcome in
immunocompetent recipients.

The data presented in this study not only emphasize
the potential of in vitro generated Tregs but also indicate
the dual role of IFN-� in shaping immune responses
whereby IFN-� can act as a cytotoxic effector molecule or
as a cytokine involved in regulation depending on the
specific microenvironment and context. Although the pre-
cise mechanism by which arteriosclerosis is prevented
by IFN-�–conditioned regulatory T cells is unclear, the
presence of these cells results in a 3.5-fold reduction in
the number of effector T cells capable of secreting IFN-�

(Figure 5F). Given the fact that IFN-� is recognized as
one of the main effector mechanisms responsible for
tissue damage and the development of transplant arte-
riosclerosis,34–36 an inhibition of IFN-� production seems
to be a likely explanation. In the context of endothelial
cells, IFN-� can be proapoptotic by enhancing the ex-
pression of both Fas and pro-caspase 8.37 Furthermore,
it has recently been shown that IFN-� and the Fas/FasL
pathways cooperate in the development of transplant
associated vasculopathy.38 Thus, an inhibition of IFN-�
production does appear to be consistent with the protec-
tive effects mediated by this population of alloantigen-
driven adaptive Tregs.

Taken together, our data show that IFN-�–conditioned
T cells can ameliorate transplant arteriosclerosis by re-
ducing effector cell priming, expansion, and graft infiltra-
tion. These cells could be beneficial in clinical solid organ
transplantation for induction therapies in settings where
the HLA typing of the donor is known before the trans-
plant, such as living donor organ transplantation, and for
improving maintenance therapy by boosting T cell regu-
lation after transplantation. The latter could even be im-
portant in the context of chronic rejection, given the po-
tential of these in vitro generated cells for reducing
transplant arteriosclerosis.
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