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Abstract
Immune activation via TLRs is known to prevent transplantation tolerance in multiple animal models.
To investigate the mechanisms underlying this barrier to tolerance induction, we used complementary
murine models of skin and cardiac transplantation in which prolonged allograft acceptance is either
spontaneous or pharmacologically induced with anti-CD154 mAb and rapamycin. In each model,
we found that prolonged allograft survival requires the presence of natural CD4+Foxp3+ T regulatory
cells (Tregs), and that the TLR9 ligand CpG prevents graft acceptance both by interfering with natural
Treg function and by promoting the differentiation of Th1 effector T cells in vivo. We further
demonstrate that although Th17 cells differentiate from naive alloreactive T cells, these cells do not
arise from natural Tregs in either CpG-treated or untreated graft recipients. Finally, we show that
CpG impairs natural Treg suppressor capability and prevents Treg-dependent allograft acceptance
in an IL-6-independent fashion. Our data therefore suggest that TLR signals do not prevent prolonged
graft acceptance by directing natural Tregs into the Th17 lineage or by using other IL-6-dependent
mechanisms. Instead, graft destruction results from the ability of CpG to drive Th1 differentiation
and interfere with immunoregulation established by alloreactive natural CD4+Foxp3+ Tregs.

The induction of donor-specific transplantation tolerance has been an elusive goal in
transplantation immunology since its original description by Billingham et al. (1). Although
donor-specific tolerance of solid organs from genetically disparate individuals has been
achieved in numerous rodent models (2–5), translation of this work to primates has only rarely
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succeeded (6–11). These generally disappointing results indicate that our understanding of the
basic mechanisms that promote or prevent acquired immunologic tolerance remains limited.

Recently, the activation of innate immunity via TLRs was shown by several groups to be a
barrier to the induction of transplantation tolerance (12). Transplanted animals treated with co-
stimulatory blockade cannot be induced to accept their grafts when they are concomitantly
treated with known TLR ligands (13,14). Conversely, mice that cannot normally respond to
TLR signals (e.g., mice deficient in the adaptor protein MyD88) accept allografts more readily
than their wild-type littermates when stringent transplantation models are used (15). Taken
together, these data may explain in part why tolerance is notoriously difficult to achieve in
animals receiving allografts routinely exposed to pathogens and commensal organisms (i.e.,
skin, intestine, lung, etc.). These data also suggest that TLR ligation may be a factor
contributing to the failure of tolerance strategies in primates; in contrast to relatively pathogen-
free rodent facilities where TLR signals may be significantly commuted, TLR signals may be
more readily available in primates living in less sterile environments. Hence, pathogen
exposure in primates may impede tolerance in a multitude of ways, not only through the
development of heterologous immunity and an increased frequency of memory T cells (16,
17), but also through immune activation as a consequence of TLR ligation.

In this study, we used a well-established model of CD4+-mediated allograft rejection to
investigate the mechanisms by which TLR ligation prevents allograft acceptance. We found
that CD4+Foxp3+ natural T regulatory cells (Tregs)3 are required for graft acceptance and that
CpG impairs their suppressive capabilities. We also observed that CpG promotes Th1
differentiation from alloreactive T cells both in the presence and absence of tolerogenic
conditions. Although Th1 and Th17 cells both differentiate in response to the allograft, Th17
cells do not arise from CD4+Foxp3+ natural Tregs, and Th1 cells ultimately dominate the
effector response. Finally, we determined that the ability of CpG to promote graft rejection is
not mediated through the proinflammatory cytokine IL-6. Altogether, these data suggest that
TLR ligation with CpG interferes with tolerance induction both by compromising the function
of graft-protective Tregs and by promoting the survival and differentiation of graft-destructive
alloreactive T cells.

Materials and Methods
Mice

Anti-bm12 (ABM) CD4+ TCR transgenic mice have been previously described (18,19) and
possess CD4+ T cells whose TCR recognizes the MHC class II variant I-Abm12 found on B6
(C)-H2-Ab1bm12/KhEgJ mice (i.e., bm12). ABM mice are maintained as a breeding colony in
our animal facility and have been bred to B6.PL-Thy1a/CyJ congenic mice purchased from
The Jackson Laboratory to generate ABM-Thy1.1 mice. ABM mice have also been bred with
Foxp3-GFP reporter mice (H-2b; C57BL/6 background) (20) to generate ABM-Foxp3-GFP
mice whose Foxp3+ Tregs are identified by expression of the GFP reporter. C57BL/6J (i.e.,
B6) and B6.129S7-Rag1tm1MoM/J (i.e., Rag−/−) were also purchased from The Jackson
Laboratory. IL-6-deficient bm12 mice (bm12.IL-6−/−) were generated in our laboratory by
crossing bm12 mice and B6.129S2-Il6tm1Kopf/J (i.e., B6.IL-6−/−) mice purchased from The
Jackson Laboratory. All colonies were maintained in accordance with the protocols of the
Institutional Animal Care and Use Committee of the University of Pennsylvania.

3Abbreviations used in this paper: Treg, T regulatory cell; ABM, anti-bm12; MST, median survival time.
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Abs, FACS analysis, and cell sorting
The following mAbs were purchased from BD Pharmingen and used in flow cytometric
analysis: anti-CD4 (PerCP Cy5.5 conjugated; clone RM4–5), anti-CD25 (PE conjugated; clone
PC61), anti-CD90.2 (allophycocyanin conjugated; clone 53-2.1), anti-CD45R/B220 (PECy7
conjugated; clone RA3-6B2), anti-NK1.1 (PECy7 conjugated; clone PK36), anti-Gr-1 (PECy7
conjugated; clone RB6-8C5), anti-CD11c (PECy7 conjugated; clone HL3), anti-CD11b
(PECy7 conjugated; clone M1/70), anti-CD8 (PECy7 conjugated; clone 53-6.7), anti-IFN-γ
(Alexa-Fluor 700 conjugated; clone XMG1.2), anti-IL-17 (PE conjugated; clone
TC11-18H10), and anti-IL-4 (allophycocyanin conjugated; clone 11B11). Anti-Foxp3 (Pacific
Blue conjugated; clone FJK-16S) and anti-IFN-γ (allophycocyanin conjugated; clone
XMG1.2) were purchased from eBioscience. Flow cytometric analysis was performed on
FACSCalibur and LSRII cytometers (BD Biosciences), and high-speed cell sorting was
performed on FACSAria and FACSVantage SE cytometers (BD Biosciences). Flow cytometric
data were analyzed using FlowJo software (v. 8.4.2; Tree Star).

Skin transplantation
Skin transplantation was performed using a modification of the technique originally described
by Billingham and Medawar (21). In brief, recipient mice were anesthetized with ketamine
and xylazine, and a 2 × 2-cm area of dermis was removed from the lateral trunk. A full-thickness
donor skin graft was sutured to the exposed s.c. tissue bed using 4.0 chromic absorbable suture,
and animals were bandaged after application of antibiotic ointment to the graft.

Cardiac transplantation
Vascularized cardiac allografts were transplanted into the peritoneal cavity of mice using
microvascular techniques described by Corry et al. (22). Allograft viability was determined by
daily palpation of the graft through the abdominal wall, and rejection was defined as complete
arrest of contractility. Cessation of contractility was confirmed by direct visualization.

Treatment of skin allograft recipients
Mice receiving anti-CD154 and rapamycin therapy were coinjected i.p. on days 0, 2, and 4
after transplantation with 250 µg of anti-CD154 mAb (Bio-express) and rapamycin (1 mg/kg;
LC Laboratories) every other day from day 0 to 12 posttransplantation. Groups of mice were
also injected i.p. with 100 µg of CpG 1668 phosphorothioated oligodeoxynucleotide
(Integrated DNA Technologies; 5′-TCCATGACGTTCCTGATGCT-3′) every other day from
day 0 to 8 posttransplantation or a control, nonstimulatory oligodeoxynucleotide (AP-1; 5′-
GCTTGATGACTCAGCCGGAA-3′; Integrated DNA Technologies).

In vitro MLR
Bm12 splenocytes were T depleted using magnetic beads, according to the manufacturer’s
protocol (Miltenyi Biotec), and 1 × 105 stimulators were cocultured with 1 × 105 sorted CFSE-
labeled responder CD4+ T cells (23) for 4 days in complete medium (RPMI 1640 (Invitrogen
Life Technologies) + 10% FCS (HyClone) + 1% penicillin-streptomycin solution (Invitrogen
Life Technologies) + .05% 2-ME (Sigma-Aldrich)) in a 96-well round-bottom plate at 37°C
(5% CO2). Individual wells were cocultured in the presence of rapamycin (20 ng/ml), anti-
CD154 mAb (50 µg/ml), and/or CpG (3 µM). Cells were recovered after 4 days for FACS
analysis.

In vitro suppression assay
A total of 2 × 105 FACS purified CD4+CD25− cells was stimulated in the presence or absence
of CD4+CD25+ Tregs with latex beads (1 bead/1 T cell) coated with anti-CD3 (2C11; 1 µg/
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ml) and anti-CD28 (2.5 µg/ml) for 72 h. Culture medium was supplemented with CpG DNA
(3.3 µM) or left untreated. For the final 16 h of culture before recovery for analysis, cells were
pulsed with 0.5 µCi of tritiated thymidine.

Intracellular cytokine analysis
A total of 2 × 105 cells was suspended in 250 µl of complete medium for 6 h in the presence
of 10 ng/ml PMA (Sigma-Aldrich), 1 µM ionomycin (Sigma-Aldrich), and monensin (BD
Pharmingen; 4 µl of monensin/6 ml of medium) in a 96-well plate. After 6 h of stimulation in
vitro, cells were washed and surface stained. Cells were subsequently fixed and permeabilized
using either eBioscience or BD Biosciences fixation/permeabilization buffers, according to the
manufacturer’s instructions, and Abs against the intracellular proteins of interest were added
for 1 h before FACS analysis.

ELISPOT assay
Single-cell suspensions of splenocytes from transplanted animals were prepared 2 wk after
heart engraftment and plated in complete medium on 96-well ELISPOT plates precoated with
100 µl of 4 µg/ml rat anti-mouse IFN-γ, anti-mouse IL-4, or anti-mouse IL-5 capture Abs (BD
Pharmingen). Cells were tested in duplicate against medium alone (negative control) or cells
stimulated with Con A (positive control). Plates were incubated 24 h for IFN-γ and 48 h for
IL-4 and IL-5 at 37°C. After washing with PBS, followed by washing with PBS containing
0.05% Tween 20 (PBST), 2 µg/ml biotinylated rat anti-mouse IFN-γ detection mAb or 4 µg/
ml biotinylated anti-mouse IL-4 mAb or IL-5 mAb (BD Pharmingen) was added overnight.
The plates were then washed four times in PBST, followed by 2 h of incubation with HRP-
conjugated streptavidin (DakoCytomation) diluted at 1/2000 in PBS/1% BSA. After washing
three times with PBST, followed by PBS, the plates were developed using 3-amino-9-
ethylcarbazole (Sigma-Aldrich). The resulting spots were counted on a computer-assisted
enzyme-linked immunospot image analyzer (Cellular Technology), and frequencies were
expressed as the number of cytokine-producing spots per million splenocytes.

Immunopathology
Cryostat sections of snap-frozen allografts were stained by immunoperoxidase using an En
Vision kit (DakoCytomation) and affinity-purified rat anti-mouse CD4 (clone L3T4) and
Foxp3 mAbs (clone FJK-16s; eBioscience) or rabbit anti-GFP Ab (Santa Cruz Biotechnology).
Control sections were stained with isotype-matched mAbs or rabbit IgG.

Statistical analysis
All analyses were performed using SPSS statistical software (v.15.0). Continuous variables
were compared using Student’s t test, and categorical variables were compared using Fisher’s
exact test. One-way ANOVA was used to compare means between more than two groups where
appropriate. Statistical analysis between Kaplan-Meier survival curves was performed using
the log-rank test. Values of p < .05 indicated statistical significance.

Results
CpG prevents skin and cardiac allograft acceptance

To study the mechanisms by which TLR ligation impairs long-term allograft survival, we used
two previously reported models of transplantation (19,24). In the bm12→B6 model, B6 mice
spontaneously accept cardiac allografts from bm12 donors despite the MHC class II mismatch
between donor (I-Abm12) and recipient (I-Ab) (Fig. 1A). In the complementary bm12→B6 skin
transplantation model, however, B6 mice rapidly reject bm12 skin allografts with kinetics
similar to other major MHC mismatch models (median survival time (MST) = 14 days; Fig.
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1B), although a brief course of anti-CD154 mAb (250 µg, i.p.: days 0, 2, and 4) in combination
with rapamycin (1 mg/kg i.p.: days 0–12 every other day) delayed graft rejection beyond 50
days in the skin transplant recipients (Fig. 1B). Hence, long-term graft survival can be achieved
either spontaneously (e.g., cardiac model) or pharmacologically (e.g., skin model) in both
bm12→B6 transplant systems.

We subsequently asked whether the TLR9 ligand CpG would prevent allograft acceptance in
either or both of these models. Indeed, the i.p. administration of CpG prevented both
spontaneous and drug-induced graft acceptance (Fig. 1). Of note, graft rejection was specific
to CpG, because skin-grafted animals that received anti-CD154 and rapamycin did not reject
their grafts when treated with the nonstimulatory oligodeoxynucleotide AP-1 (Fig. 1B).
Although AP-1 appears to enhance graft survival over anti-CD154 plus rapamycin treatment
alone (100% graft survival (anti-CD154 plus rapamycin plus AP-1) vs 80% (anti-CD154 plus
rapamycin); Fig. 1B), this result was not statistically significant, and the improved graft survival
among AP-1-treated animals is most likely due to the lower number of animals in this group
(n = 4 in anti-CD154 plus rapamycin plus AP-1 vs n = 9 anti-CD154 plus rapamycin; Fig.
1B). Consistent with the findings of both the Greiner and Chong groups (13,14), our data
confirm that CpG administration prevents the establishment of acquired transplantation
tolerance and further demonstrate that CpG prevents spontaneous allograft acceptance, a
finding that may have important clinical implications for well-matched allografts.

Prolonged allograft acceptance requires CD4+Foxp3+ natural Tregs
To determine how CpG prevents tolerance, we first needed to understand the mechanisms
underlying graft acceptance in this system. Given that allograft survival in many tolerance
models requires the presence of Tregs (25–28), our hypothesis was that CpG abrogates
tolerance by altering graft-protective Treg number or function in transplant recipients.
Although we have previously shown that the spontaneous acceptance of a bm12 cardiac
allograft by a B6 recipient requires CD4+CD25+ natural Tregs (24), the use of rapamycin in
the bm12→B6 skin transplant system implicated adaptive Tregs in the tolerance process, given
the ability of rapamycin to induce alloreactive Foxp3+ T cells from Foxp3− cells (29).

We therefore focused our initial efforts on defining the role of adaptive vs natural Tregs in
graft acceptance in recipients treated with rapamycin and costimulatory blockade. To
accomplish this task, we monitored bm12 graft survival in Rag−/− recipients whose graft-
protective Treg complement was derived from either adaptive or natural CD4+Foxp3+ Tregs
(Fig. 2, A and B, respectively). In Rag−/− recipients that receive CD4+GFP−Foxp3− naive T
cells and a bm12 skin graft (Fig. 2A), CD4+Foxp3+ Tregs that promote graft survival must
differentiate from GFP−Foxp3− precursors (i.e., adaptive Tregs). In contrast, in bm12-grafted
Rag−/− recipients that receive effector cells and CD4+GFP+Foxp3+ T cells (Fig. 2B), graft
survival is conferred by Tregs that already express Foxp3 (i.e., natural Tregs).

Using this bm12→Rag−/− system, we observed that in the absence of natural Tregs, bm12 skin
graft survival was only slightly prolonged in anti-CD154:rapamycin-treated recipient animals
(Fig. 2A, left), despite the emergence of adaptive Tregs in the draining lymph nodes of these
animals (Fig. 2A, right). However, the reconstitution of Rag−/− recipients with a physiologic
ratio of natural CD4+Foxp3+ Tregs to effector T cells (i.e., 10% CD4+Foxp3+ T cells and 90%
CD4+Foxp3− T cells) once again permitted long-term graft survival in animals treated with
anti-CD154 and rapamycin (Fig. 2, B vs A). Importantly, allograft acceptance in these animals
was not due solely to the presence of Tregs, because animals who received Tregs, but did not
receive anti-CD154:rapamycin therapy still rejected the skin graft with normal kinetics (Fig.
2B). These data suggest that even under conditions that favor adaptive Treg development (e.g.,
treatment with rapamycin), prolonged graft acceptance requires the presence of natural
CD4+Foxp3+ Tregs. Moreover, these data further demonstrate that CpG prevents allograft
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acceptance in transplantation models in which allograft survival depends on operational
CD4+Foxp3+ Tregs.

CpG does not decrease natural Treg number in vivo, but alters CD4+Foxp3+ frequency
Both in vivo and in vitro assays of Treg suppressive capability have demonstrated that Treg
suppression is dose dependent (30). Given the importance of Treg number vs effector T cell
number in establishing immunoregulation and promoting graft acceptance, we asked whether
CpG subverted long-term graft survival in our transplant system by decreasing the overall
number of Tregs in vivo.

We cotransferred CD4+GFP+Foxp3+ ABM Tregs with CD4+GFP−CD25− ABM T effector
cells (1 × 105 and 9 × 105 cells, respectively) into Rag−/− recipients grafted with bm12 skin.
We subsequently enumerated both Tregs (CD4+GFP+) and effector T cells (CD4+GFP−) in the
graft’s draining lymph nodes early after transplantation, when alloreactive T cells are initially
encountering alloantigen in the draining lymph node (day 9), and late after transplantation,
when anti-CD154:rapamycin-treated animals have accepted their grafts and anti-
CD154:rapamycin:CpG-treated animals are rejecting their grafts (day 22).

Surprisingly, we found that whereas alloreactive Tregs were most abundant in the draining
lymph nodes of animals that ultimately rejected their grafts (i.e., untreated animals (days 9 and
22) and anti-CD154:rapamycin:CpG-treated animals after cessation of therapy (day 22)) (Fig.
3A, top row), Tregs were least frequent in the draining lymph nodes of animals that accepted
their grafts (anti-CD154:rapamycin group, days 9 and 22) (Fig. 3A, top row). Despite the
decrease in Treg number in anti-CD154:rapamycin-treated animals, however, the
CD4+GFP− effector population was more profoundly diminished by these agents, and anti-
CD154: rapamycin therapy therefore resulted in a dramatic increase in the proportion of
Foxp3+ cells in the alloreactive CD4+ population (Fig. 3B). Notably, we observed that CpG
prevents this rapamycin-induced increase in frequency of Foxp3+ cells in the CD4+ population,
because Foxp3+ T cell frequency in CpG-treated animals remained similar to untreated animals
at both time points (Fig. 3B). Importantly, control experiments in which ungrafted Rag−/−

recipients received cell transfer and anti-CD154:rapamycin:CpG treatment demonstrated that
CpG rescued only alloantigen-driven Treg and effector T cell expansion, because both
regulatory and effector T cell populations remained diminished in treated Rag−/− control
animals that did not receive a bm12 skin graft at both early and late time points (Fig. 3A, bottom
row).

To ensure that Treg or T effector migration from the lymph node to the graft did not confound
our results, we examined graft histology for Foxp3+ and Foxp3− T cells in a parallel experiment.
Consistent with the work of previous investigators, we found that Foxp3+ T cells were
detectable in small numbers in both rejected and accepted grafts (data not shown). Notably,
Foxp3+ T cells were present in the grafts of animals in each of the three treatment groups, but
the overall number of these infiltrating cells was highly variable and no discernible trend was
noted between the groups (data not shown). In rejected grafts from untreated or CpG-treated
animals, the overwhelmingly predominant cellular infiltrate consisted of CD4+Foxp3− T cells.

In sum, we observed that both Treg and effector T cell number are greatest in untreated animals
that reject their grafts early after transplantation. Although anti-CD154 and rapamycin
decreased absolute Treg number, these drugs significantly increased the proportion of
Foxp3+ cells among the alloreactive responder population. After cessation of anti-CD154 and
rapamycin therapy, both Treg and effector T cell number rebounded in CpG-treated animals,
and this increase in cell number required alloantigen. We conclude from these results that CpG
does not promote graft rejection by decreasing absolute Treg number in vivo.
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CpG abrogates Treg suppression and allograft acceptance independent of IL-6
Although CpG did not diminish CD4+Foxp3+ Treg number in our transplanted animals, we
have previously observed that CpG impairs the suppressive function of Tregs in vitro (31).
Given the fact that the proinflammatory cytokine IL-6 has been implicated in the abrogation
of Treg suppressor function (32) and the fact that IL-6 is readily detectable in the sera of CpG-
treated animals (data not shown), we asked whether IL-6 was responsible for the ability of CpG
to break Treg suppression and prevent allograft acceptance.

We assayed Treg function in vitro by coculturing Tregs and effector T cells in the presence or
absence of CpG. Consistent with our previously published results (31), we found that even in
the absence of APCs, CpG effectively abrogated Treg suppression (Fig. 4A). Notably, when
CD4+CD25+ Tregs and CD4+CD25− T effectors were isolated from IL-6-deficient animals,
CpG again impaired Treg suppression under all conditions tested (Fig. 4A). These data strongly
suggest that CpG does not abrogate Treg suppression via signals mediated by IL-6.

To determine whether IL-6 was comparably dispensable in vivo, we monitored bm12 skin graft
survival in untreated animals, anti-CD154:rapamycin-treated animals, and anti-
CD154:rapamycin:CpG-treated animals in the absence of IL-6. As shown in Fig. 4B, IL-6−/−

recipients that received bm12.IL-6−/− grafts rejected their grafts with kinetics identical with
wild-type controls, and CpG continued to prevent allograft acceptance in both wild-type and
IL-6-deficient animals. These in vitro and in vivo experiments therefore suggest that whereas
CpG impairs Treg suppressive ability, these effects are not mediated solely by IL-6.

CpG does not promote Th17 differentiation from alloreactive Tregs in vivo
Although we did not find a nonredundant role for IL-6 in the abrogation of natural Treg
suppressor function, other investigators have noted in vitro that coculture of natural Tregs with
IL-6 results in Th17 production and Foxp3 down-regulation (33). We therefore asked whether
CpG was preventing allograft acceptance by diverting graft-protective natural Tregs into this
alternate fate in vivo. To do this, we used congenic ABM animals in our colony with disparate
CD90 (Thy) alleles to track regulatory (CD4+ GFP+Thy1.2+) vs effector
(CD4+CD25−Thy1.1+) T cells in vivo. We cotransferred 1 × 105 CD4+GFP+Thy1.2 ABM
Tregs with 9 × 105 CD4+25−Thy1.1 effector ABM T cells into Rag−/− mice that had received
a bm12 skin graft. Animals were once again left untreated; treated with anti-CD154:rapamycin;
or treated with anti-CD154, rapamycin, and CpG. Fourteen days after transplantation, we
isolated lymphocytes from the draining lymph nodes of the grafted animals and assayed for
intracellular IL-17, IFN-γ, and IL-4 production after restimulation in vitro.

We found that very few CD4+ T cells produced IL-4 after restimulation and that a large number
of alloreactive CD4+ T cells in the draining lymph node produced IFN-γ (~40–50% of CD4+

T cells; data not shown). In addition to Th1 differentiation, we observed that ~5–10% of graft-
reactive CD4+ T cells in the draining lymph node differentiated into Th17 cells (Fig. 5). When
we subsequently evaluated the allelic expression of CD90 protein on the Th17 cells, we found
that virtually all of the Th17-expressing cells had differentiated from naive T cells transferred
into the recipient mice (Thy1.1) and not from the GFP+Foxp3+ regulatory population (Thy1.2)
(Fig. 5). Th17 cells were not readily detectable in the lymph nodes of anti-CD154:rapamycin-
treated animals whether or not they were treated with CpG. Our results therefore demonstrate
that Th17 cells do differentiate during the alloresponse, but these cells are unlikely to promote
graft rejection in anti-CD154:rapamycin:CpG-treated animals. Furthermore, these cells arise
from naive allospecific precursors and not natural CD4+Foxp3+ Tregs in vivo.
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CpG promotes Th1 effector differentiation from naive alloreactive T cells
TLR ligation up-regulates costimulatory molecules on APCs (34) and also provides
costimulation and prosurvival signals to CD4+ T cells independent of APC effects (35,36). We
therefore hypothesized that CpG was preventing graft acceptance not only by impairing natural
Treg suppressor function, but also by promoting helper cell differentiation from naive
alloreactive CD4+ T cells. To test this, we studied Th cell differentiation from alloreactive
naive CD4+ T cells in the presence and absence of CpG both in vitro and in vivo.

In vitro, we asked whether CpG promoted Th differentiation from naive T cells in the presence
of costimulatory blockade and rapamycin. Using intracellular cytokine stains, we assayed for
the production of IFN-γ and IL-4 in CFSE-labeled CD4+CD25− T cells purified from ABM
mice that were cocultured with T-depleted bm12 splenocytes in the presence or absence of
rapamycin (20 ng/ml), anti-CD154 mAb (50 µg/ml), and CpG (3 µM) for 4 days. As expected,
Th1 cells, but not IL-4-producing Th2 cells differentiated in response to bm12 stimulators (Fig.
6A). Although CpG did not promote significant proliferation of alloreactive T cells in the
presence of rapamycin and anti-CD154 mAb treatment, we found that CpG rescued Th1
differentiation (Fig. 6A). To confirm these results in vivo, we performed an ELISPOT assay
on splenocytes isolated from CpG-treated and PBS-treated recipients of bm12 cardiac
allografts. Consistent with our in vitro results, we found that Th1 cells were much more
abundant in animals treated with CpG than with PBS (Fig. 6B). Taken together, these results
suggest that TLR ligation promotes Th1 effector differentiation from naive alloreactive T cells
under conditions of both spontaneous and pharmacologically induced graft acceptance.

Discussion
The recent discovery that TLR signals prevent transplantation tolerance represents a major
breakthrough in the ongoing effort to establish reliable allograft tolerance in humans.
Throughout the process of transplantation, organ recipients are inundated by endogenous and
exogenous TLR ligands alike, because surgical trauma and ischemic injury to the graft cause
the release of endogenous TLR ligands (hyaluronan, heat shock proteins, heparan sulfate, etc.)
(37–39), and ubiquitous pathogens provide a continuous source of exogenous TLR stimulation.
Given the unavoidable nature of TLR stimulation in humans, it therefore seems unlikely that
allograft tolerance will be achieved unless this barrier can be surmounted therapeutically.
However, rational therapy cannot be designed without a significantly improved understanding
of the mechanisms by which TLR ligation prevents allograft acceptance.

In this study, we demonstrate that the TLR9 ligand CpG prevents allograft acceptance both by
promoting the differentiation of Th1 effector T cells from naive precursor T cells and by
interfering with Treg suppression. Although it remains unclear whether these effects are
mediated by cytokines produced by TLR-responsive cells or whether they result from TLR9
ligation directly on T cells, our data suggest that IL-6 produced in response to TLR ligation
does not by itself account for the ability of CpG to abrogate transplantation tolerance. We
specifically evaluated the role of IL-6 in preventing transplantation tolerance in our Treg-
dependent tolerance models because of its reported effects on both adaptive and natural Tregs.
Notably, IL-6 promotes the differentiation of Th17 cells from naive T cells in lieu of adaptive
Foxp3+ Tregs (40). Moreover, it may release effector T cells from Treg suppression (32), and
it may promote Th17 differentiation from natural CD4+Foxp3+ Tregs (33). In light of these
data highlighting the ability of this cytokine to impair Treg differentiation and/or function, we
were thus surprised that Treg-dependent allograft acceptance could be prevented in its absence.
Although IL-6 may therefore not be necessary to either disable Tregs or enable effector T cells
to escape Treg suppression, it is important to recognize the limitations imposed by the cytokine-
deficient system used in our study. Given that cytokine redundancy is extremely prevalent
(41) and that a variety of other cytokines signal through the gp130 component of the IL-6R
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(e.g., IL-11, leukemia inhibitory factor, etc.), other pleiotropic cytokines produced in response
to TLR ligation may compensate for the absence of IL-6 either by engaging the gp130 receptor
or by using shared signaling pathways downstream of the receptor (42). Hence, our data do
not necessarily exclude a role for IL-6 in the prevention of transplantation tolerance, and instead
predict that therapies that attempt to block IL-6 in isolation will be ineffective in overcoming
the barrier to tolerance imposed by TLR ligation.

In addition to its potential influence on Tregs, we tested the hypothesis that CpG abrogated
transplant tolerance by influencing effector T cell differentiation in our transplanted animals.
Both in vitro and in vivo, we found that CpG promoted Th1 differentiation from naive
alloreactive T cells. We also specifically investigated the possibility that Th17 effector T cells
produced in response to the allograft prevented transplantation tolerance in CpG-treated
animals, because Th17 cells are known to be pathogenic in a variety of animal models (20,
43), although their role in transplantation tolerance or rejection is currently unclear (44).
Although a small proportion of bm12-specific Th17 cells differentiated in response to the graft
in untreated animals, the emergence of these cells was blunted by anti-CD154:rapamycin
treatment and, unlike Th1 cells, was not rescued by treatment with CpG.

Finally, to further our understanding of how TLR ligation subverts tolerance induction, our
study explored the underlying mechanisms responsible for tolerance itself. Although a number
of studies over the last 15 years have described the importance of Tregs in the tolerance process
(3,5,25–30), we present evidence that thymic-derived natural CD4+Foxp3+ T cells may be
indispensable mediators of immunoregulation under certain transplantation conditions. This
may be particularly relevant in lymphopenic transplant recipients, because natural Tregs may
be important in controlling the homeostatic proliferation of effector cells that may ultimately
contribute to graft rejection (45). Although it is known that natural Tregs can control
homeostatic proliferation (46), it is currently unknown whether homeostatic proliferation can
be controlled by rapamycin-induced adaptive Tregs. Moreover, lymphopenia might in theory
be more effective in promoting the expansion of CD4+Foxp3+ natural Tregs compared with
adaptive Tregs generated from naive CD4+Foxp3− T cells, given that natural Tregs may possess
high-affinity receptors that recognize endogenous self-peptide:MHC complexes (47,48).

Although we have previously shown that rapamycin-induced CD4+Foxp3+ adaptive Tregs
generated in vivo from polyclonal CD4+GFP− effector T cells can prevent the rejection of DBA
skin grafts transplanted onto Rag−/− recipients (29), our current study suggests that adaptive
Tregs are not always sufficient to establish tolerance. Although it is not immediately clear why
adaptive Tregs promote tolerance in one skin transplant model and not another, we speculate
that the low frequency of adaptive Treg conversion observed in our study (4–10%) may not
generate a sufficient number of Tregs to consistently protect the graft. Alternatively, the higher
dose of rapamycin used in our earlier study (3 mg/kg) may have prolonged adaptive Treg
survival in vivo, because the suppressive capabilities of rapamycin-induced adaptive Tregs
depend on the continued presence of this drug (49). Clearly, additional experiments will be
needed to define the role of these various Treg populations in transplantation tolerance and
delineate the multitude of factors that affect their specificity, survival, and function.

In conclusion, our data indicate that TLR ligation concomitantly prevents the establishment of
immunoregulation and promotes effector differentiation in transplanted animals. Importantly,
TLR ligation abrogates graft acceptance both in the presence and absence of pharmacologic
treatments designed to maintain alloreactive T cells in a quiescent state. Our data thus support
the view that immunoregulatory mechanisms critical to transplantation tolerance dominate
only during a state of global immune quiescence that encompasses both the innate and adaptive
immune systems. We must therefore endeavor to incorporate more integrated models of
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adaptive and innate immunity into the design of future tolerance protocols if we are to achieve
durable donor-specific tolerance in humans.
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FIGURE 1.
CpG prevents allograft acceptance. A, Bm12 (I-Abm12) cardiac allografts were transplanted
into B6 (I-Ab) recipients, and recipient mice were injected perioperatively with CpG (50 µg
i.p.; days 0, 2, and 4; ◇) or PBS (control; ■). *, p = 0.001. B, Bm12 (I-Abm12) skin allografts
were transplanted onto B6 (I-Ab) recipients. Transplanted animals received either no treatment
(n = 7; ■); treatment with anti-CD154 mAb (250 µg i.p.; days 0, 2, and 4) and rapamycin (1
mg/kg i.p. every other day for 12 days) (n = 9; ♦); treatment with anti-CD154, rapamycin, and
CpG (100 µg i.p. every other day for 8 days) (n = 8; ◇); or treatment with anti-CD154,
rapamycin, and AP-1 (100 µg i.p. every other day for 8 days) (n = 4; ○). *, p = 0.03 (♦ vs ◇). †,
p = NS (♦ vs ○).
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FIGURE 2.
Prolonged allograft acceptance requires CD4+Foxp3+ natural Tregs. A, Left panel, Bm12 skin
allografts were transplanted onto Rag−/− recipient mice, and recipients were injected i.v. with
1 × 106 CD4+GFP− effector T cells (sorted from ABM-Foxp3-GFP mice) (n = 27). Recipients
received no treatment (■), or were treated with anti-CD154 and rapamycin (♦) or anti-CD154,
rapamycin, and CpG (◇). Data are pooled from three different experiments. *, p < 0.04 for ■
vs ♦ or ◇ . p = NS for ♦ vs ◇ . MST = 14.5, 22, and 23.5 days (■, ♦, ◇), respectively. Right
panel, Rag−/− recipients received a bm12 skin graft and were injected with 1 × 106

CD4+GFP− effector T cells (sorted from ABM-Foxp3-GFP mice) and treated as above. On
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days 9 and 13, animals were sacrificed and the draining lymph nodes were analyzed for
GFP+ adaptive Tregs. Plots are representative of two experiments with two animals per group.
B, Rag−/− recipients received bm12 skin allografts and were injected i.v. with 9 × 105

CD4+CD25− effector T cells (sorted from ABM mice) and 1 × 105 CD4+GFP+ Tregs (sorted
from ABM-Foxp3-GFP mice) (n = 23). Mice were divided into the three treatment groups, as
described above, and monitored for graft rejection. Data are pooled from three different
experiments. *, p = 0.004 (♦ vs ◇). †, p = 0.04 (■ vs ◇). MST = 13.5, 47.5, and 16 days (■,
♦, ◇), respectively.

Porrett et al. Page 15

J Immunol. Author manuscript; available in PMC 2010 March 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 3.
CpG does not decrease absolute Treg number in vivo, but alters CD4+Foxp3+ frequency. A
total of 1 × 105 CD4+GFP+ T cells sorted from ABM-Foxp3-GFP mice was cotransferred with
9 × 105 CD4+ CD25− ABM T cells i.v. into Rag−/− mice. Rag−/− mice received either a bm12
skin graft (A (top row) and B) or no graft (A, bottom row). Animals received either of the
following: 1) no additional treatment; 2) treatment with anti-CD154 and rapamycin (anti-
CD154 mAb (250 µg i.p. on days 0, 2, and 4); rapamycin (1 mg/kg i.p. every other day for 12
days)); or 3) treatment with anti-CD154, rapamycin, and CpG (100 µg i.p. every other day for
8 days). Data are representative of two to three mice per group. A, Top row, CD4+GFP+ vs
CD4+GFP− cell number in the draining lymph nodes of skin-grafted animals (e.g., axillary and
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inguinal lymph nodes ipsilateral to the graft). Bottom row, CD4+GFP+ vs CD4+GFP− cell
number in the equivalent lymph nodes in ungrafted animals. B, CD4+GFP+ frequency in the
draining lymph nodes in skin-grafted animals.
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FIGURE 4.
CpG abrogates Treg suppression and allograft acceptance independent of IL-6. A, 2 × 105

CD4+CD25− T cells were cocultured in complete medium for 72 h in the presence or absence
of CD4+CD25+ Tregs (2:1 ratio) and anti-CD3 plus anti-CD28-coated latex beads for 72 h. T
cells were FACS sorted from either C57BL/6J or B6.IL-6−/− mice. Culture medium was
supplemented with CpG DNA (3.3 µM) or left untreated. Tritiated thymidine was added to the
cultures for the last 16 h of incubation. B, C57BL/6J (n = 24) and B6.IL-6−/− (n = 24) mice
received bm12 (■, ●, ▲) or bm12.IL-6−/− skin grafts (□, ○, Δ), respectively, and received no
treatment (■, □); treatment with anti-CD154 and rapamycin (●, ○); or treatment with anti-
CD154, rapamycin, and CpG (▲, Δ), as previously described. Data are pooled from two
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experiments. *, p < 0.001 (circles vs triangles). p = NS between IL-6+/+ and IL-6−/− recipients
within any treatment group (■ vs □; ●vs ○; ▲ vs Δ).
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FIGURE 5.
CpG does not promote Th17 differentiation from alloreactive Tregs in vivo. A total of 1 ×
105 CD4+GFP+Thy1.2+ T cells sorted from ABM-Foxp3-GFP mice was cotransferred with 9
× 105 CD4+CD25−Thy1.1+ ABM T cells i.v. into Rag−/− mice transplanted with bm12 skin
allografts. Animals received either no additional treatment (untreated); treatment with anti-
CD154 and rapamycin; or anti-CD154, rapamycin, and CpG, as previously described. Fourteen
days after transplantation, animals were sacrificed, and lymphocytes from the graft’s draining
lymph nodes were restimulated in vitro in the presence of PMA and ionomycin and stained for
IL-17 protein. Top row, CD4+IL-17+ cells in the draining lymph nodes of untreated animals.
Bottom left, Thy1.2 expression on gated CD4+IL-17+ cells in untreated animals. Bottom
right, Number of CD4+IL-17+ T cells from draining lymph nodes of untreated animals derived
from Thy1.1 or Thy1.2 T cell donors.
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FIGURE 6.
CpG promotes Th1 differentiation from naive alloreactive T cells in vitro and in vivo. A, 1 ×
105 T-depleted bm12 splenocytes were cocultured for 96 h with 1 × 105 CFSE-labeled
CD4+CD25− T cells sorted from ABM mice. Anti-CD154 mAb (50 µg/ml), rapamycin (20 ng/
ml), and CpG (3 µM) were added to individual culture wells. After 96 h of stimulation, the
cells were washed and restimulated in vitro for intracellular cytokine analysis. Left panel,
Frequency of CD4+IFN-γ and CD4+IL-4+ T cells in representative culture wells after 96 h.
Right panel, Number of CD4+IFN-γ and CD4+IL-4+ T cells in culture wells after 96 h. Mean
± SD is shown of triplicate wells. Data are representative of two different experiments. B, B6
mice transplanted with bm12 cardiac allografts were treated with CpG (50 µg i.p.; days 0, 2,
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and 4) or PBS. Mice were subsequently sacrificed 2 wk after transplantation, and cytokine
production from splenocytes from individual animals was assayed using an ELISPOT assay.
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