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Abstract
Exposure to certain viruses and parasites has been shown to prevent the induction of transplantation
tolerance in mice, via generation of cross-reactive memory T cell responses or induction of bystander
activation. Bacterial infections are common in the peri-operative period of solid organ allograft
recipients in the clinic, and correlations between bacterial infections and acute allograft rejection
have been reported. However, whether bacterial infections at the time of transplantation have any
effect on the generation of transplantation tolerance remains to be established. We used the Gram-
positive intracellular bacterium Listeria monocytogenes (LM) as a model pathogen, as its effects on
immune responses are well described. Peri-operative LM infection prevented cardiac and skin
allograft acceptance induced by anti-CD154 and donor-specific transfusion (DST) in mice. LM-
mediated rejection was not due to the generation of cross-reactive T cells and was largely independent
of signaling via MyD88, an adaptor for most toll-like receptors (TLRs), IL-1 and IL-18. Instead,
transplant rejection following LM infection was dependent on the expression of the phagosome-
lysing pore-former listeriolysin O (LLO) and on IFNα/βR signaling. Our results indicate that bacterial
exposure at the time of transplantation can antagonize tolerogenic regimens by enhancing
alloantigen-specific immune responses, independent from the generation of cross-reactive memory
T cells.
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Introduction
Clinical data support a correlation between viral infections and acute rejection of established
allografts (1-4). Experimental animal models have revealed that the exposure of hosts to viral
or parasitic agents prior to transplantation can result in the development of memory T cells
(5-7) that are resistant to the effects of anti-CD154 therapy (8,9). A subset of these pathogen-
specific memory T cells has been shown to cross-react, by molecular mimicry, with alloantigen
presented by donor or recipient MHC molecules (10). In addition to viral infections prior to
transplantation, acute or persistent viral infections at the time of transplantation can prevent
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the induction of tolerance by costimulation-targeting regimens (11-14). This is thought to occur
via direct activation of cross-reacting alloreactive T cells by viral antigens (7,9) or upon
bystander activation of allospecific T cells (9,12). We and others have also shown that
engagement of single TLRs, receptors that recognize molecular patterns expressed by viruses,
fungi, parasites and bacteria, is sufficient to prevent transplantation tolerance by anti-CD154
mAb (15-17). Conversely, elimination of the TLR adaptor MyD88 facilitated the induction of
transplantation tolerance to skin allografts (15,17). Together, these experiments underscore the
importance of the TLR/MyD88 pathway in the ability to prevent transplantation tolerance
(18). Whether different classes of live microorganisms can all trigger acute rejection and utilize
the TLR/MyD88 pathway to do so remains to be investigated.

Bacterial infections occurring during the peri-operative or early post-operative period have
been reported to occur in liver, kidney and heart transplant recipients and are especially
prevalent in lung, small bowel and bone marrow transplants in both adult and pediatric
recipients (19-21). The incidence of these early bacterial infections can reach 20-80% of
patients and activation by diverse microorganisms of the innate and adaptive immune system
is likely to trigger multiple immune consequences. However, it is not clear whether bacterial
infections interfere with allograft acceptance in the clinic or whether they could hinder the
development of transplantation tolerance.

LM is an intracellular Gram-positive bacterium that has been used extensively to study the
mammalian immune responses to infection (22). The natural route of LM infection is through
the gastrointestinal tract, and food-borne LM infections have been reported to occur in
transplanted patients within the first 6 months after transplantation (23,24), although their
consequences on alloimmune responses and transplant fate are not known. Following ingestion,
LM traverses the epithelial-cell layer and disseminates in the blood stream to other organs,
such as liver and spleen. LM is phagocytosed by splenic and hepatic macrophages, as well as
by hepatocytes and escapes the phagosome by secreting listeriolysin O (LLO), which destroys
the phagosomal membrane. LM then propels itself though the cytosol and infects neighboring
cells using the actin-assembly-inducing protein (ActA). The invasion of the cytosol triggers
early inflammatory responses and, ultimately, protective immunity that depends both on innate
and adaptive immune responses. Innate immune events include the production of MCP-1
(CCL2) and Type I IFNs in a MyD88-independent but NF-κB-dependent, manner (25). The
secretion of MCP-1 by LM-infected cells results in the emigration of neutrophils and blood
CD11b+ monocytes out of the bone marrow (26). The monocytes then differentiate in a
MyD88-dependent manner into a unique population of TNFα- and iNOS-producing DCs
(TipDC). Nitric oxide, reactive oxygen radicals and TNFα produced by neutrophils and
TipDCs are the principal mediators of early LM clearance. TipDCs (CD11bint/CD11cint/
Mac-3high) are not required for the priming of LM-specific CD4+ and CD8+ T cell responses
(26). Instead, CD8+ DCs are reported to be the principal DC subset that initiates LM-specific
CD8+ T cell responses in vivo (27), although in vitro-generated CD8- DC subsets can also
stimulate LM-specific CD8+ T cells (28).

In this study, we have investigated whether LM infection at the time of transplantation can
prevent the induction of tolerance by anti-CD154/DST. We here report that infection with LM
potently antagonizes the induction of allograft tolerance in a largely MyD88-independent, but
LLO- and type I IFN-dependent, manner. These results draw attention to the potential impact
of peri-operative bacterial infections in transplant recipients in the clinic and highlight novel
potential molecular mechanisms of prevention of tolerance.
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Materials and Methods
Mice

C57BL/6 (B6, H-2b), BALB/c (B/c, H-2d), C3H/HeJ (H-2k), CD4-/-, and CD8-/- mice on the
B6 background were purchased from the Jackson Laboratory. MyD88-/- mice on a B/c and a
B6 background were kindly provided by Dr. S. Akira (Osaka University, Japan) (29).
MyD88+/- littermates were used as wildtype control mice. IFNαR1-/- mice (8 generation
backcrosses to B6) that lack IFN-α and IFN-β receptor signaling were obtained from Albert
Bendelac (University of Chicago), OTII-Tg mice on a RAG-/-/B6/CD90.1 background whose
T cells recognize ovalbumin (OVA) peptide presented by I-Ab were a gift from Yang-Xin Fu
(University of Chicago). Animals were kept in a biohazard facility and used in agreement with
our Institutional Animal Care and Use Committee, according to the National Institutes of
Health guidelines for animal use.

Bacterial preparations
LM strains LM-wildtype (LM), LM-LLO-, and LM-ActA- were grown in brain-heart infusion
broth (BD Biosciences). Log phase cultures of LM were washed twice and diluted in PBS.
Titers were determined following optical density adjustment and colony forming unit (cfu)
assessment in spleens from infected mice. All mice receiving LM were infected
intraperitoneally (i.p.) on the day of transplantation. For infection experiments in MyD88-/-

mice or when indicated in wildtype mice, ampicillin (25mg/mouse/day) was administered i.p.
for 5 days, starting on day 2 post-transplantation or cefazolin (10mg/mouse) was injected i.p.
on the day of transplantation.

Transplantation
Abdominal heterotopic cardiac transplantation was performed using a technique adapted from
Corry and colleagues (30). Cardiac allografts were transplanted in the abdominal cavity by
anastomosing the aorta and pulmonary artery of the graft end-to-side to the recipient's aorta
and vena cava, respectively. Recipient mice were treated with anti-CD154 (MR1; 1mg/dose,
i.v. on d0, and i.p. on d7, and d14 post-transplantation) in combination with DST (107 donor
splenocytes on the day of transplantation). Some animals received an i.p. injection of different
bacterial strains of LM at the indicated doses. For parental LM, an LD50 dose of 5×105 was
chosen for subsequent experiments because all transplanted mice survived an injection of
105 cfu, while most died when injected with 106 cfu. Some animals received an i.p. injection
of IFN-β (2×104 U on d0 or d0 and d2). The day of rejection was defined as the last day of a
detectable heartbeat in the graft. In some animals, depletion of CD8+ T cells was performed
by i.v. injection of rat anti-mouse CD8 mAb (YTS-169.4, 1mg/mouse), on day -2 and day -1
prior to transplantation. CD8 depletion was confirmed by flow cytometry on spleen and
peripheral blood in pilot experiments.

Full thickness skin grafts (~1 cm2) were obtained from the dorsal flank of OVA transgenic B/
c mice, and transplanted onto the dorsal flank of B6 or IFNαR1-/- recipient mice. The recipient
mice were treated with anti-CD154 and DST, as described for the heart transplantation
experiments.

Detection of donor-specific alloantibodies
Donor-specific alloantibody titers were determined by flow cytometry. Briefly, 1/100 dilution
of mouse sera from transplanted mice were incubated with B/c lymph node cells for 1h at 4°
C, before the addition of phycoerythrin-conjugated anti-mouse IgM (Jackson Immunoresearch)
or fluoresceinconjugated (FITC) anti-mouse IgG (Southern Biotechnology). The geometric
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mean channel fluorescence (MCF) of the stained samples was determined by flow cytometry
and analyzing the binding of antibodies to non-B cells.

IFNγ ELISPOT Assays
Splenocytes (106/well, in triplicate) were stimulated with irradiated (2000 rads) donor (B/c),
syngeneic (B6), or third party (C3H/HeJ) splenocytes (5×105/well) for 12 hours. The ELISPOT
assay was conducted according to the instructions of the manufacturer (BD Biosciences), and
the numbers of spots per well were enumerated using the ImmunoSpot Analyzer (CTL
Analyzers LLC).

Immunohistochemistry
Grafts were removed on the day of rejection or day 30 post transplantation for syngeneic grafts,
embedded in O.C.T. (Tissue-Tek Miles Inc), and immediately frozen in liquid nitrogen.
Cryostat sections were stained with anti-CD4, and anti-CD8, anti-IgG and anti-IgM antibodies
as previously described (31).

Colony counting assay
Wildtype B6 mice were infected i.p. with LM (105) or LM-LLO- (5×107) bacteria. Mice were
sacrificed on day 2 after infection and spleens were homogenized in PBS. One hundred μg of
serially diluted homogenates were plated on BHI agar plates and incubated at 37°C overnight.
Bacterial colonies were counted and total number of bacteria/spleen was calculated.

Serum IFN-β and IFN-α
B6, B6/MyD88-/- and B6/IFNαR1-/- mice were infected with LM (105 cfu i.p.). Blood was
collected by retro-orbital puncture at the indicated time points and serum isolated and frozen
at -20°C for subsequent use. Concentrations of IFN-β and IFN-α were measured by ELISA
according to the instructions of the manufacturer (PBL Interferon Source).

OT-II proliferation assays
OT-II cells were prepared by negative selection over magnetic beads (Stem Cell Technologies)
from lymph nodes of male Rag-/-/OTII-Tg mice. Stimulator cells were splenocytes isolated
from B6 mice that were either naïve or infected 2 days prior with LM (105 bacteria/mouse) in
the presence or absence of anti-CD154/DST regimen, as described for transplanted animals.
Stimulator cells were prepared by depleting T cells using anti-Thy1.2 mAb and rabbit
complement. CFSE (5μM)-labeled OTII cells (106) were mixed with stimulator cells
(0.5×106) in the presence or absence of OVA peptide (AA323-339, 1μg/well). Cells were
cultured for 5 days, stained with anti-CD4, anti-V2α and anti-Vβ5 (BD PharMingen) to identify
OTII cells and analyzed by flow cytometry. Transfer of live LM organisms from infected
splenocytes to the culture dishes was excluded, as we verified that the concentration of
penicillin/streptomycin contained in our standard culture medium effectively killed LM (data
not shown).

Statistical Methods
Comparisons of means were performed using the two-tailed Student's t test or ANOVA and
the post-hoc Tukey test for multiple comparisons, when appropriate. Graft mean survival time
(MST) and p-values were calculated using Kaplan-Meier/log rank test methods.
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Results
LM infection prevents allograft acceptance in recipients treated with anti-CD154/DST

To test whether bacterial infection prevents the induction of allograft tolerance, we used a fully
mismatched model of heterotopic heart transplantation with B/c mice (H-2d) as donors and B6
mice (H-2b) as recipients. Tolerance was induced by administration of anti-CD154 and DST.
An i.p. injection of LM (105/mouse) on the day of transplantation prevented anti-CD154/DST-
mediated graft acceptance, with all the grafts being rejected within 10 days (Figure 1A).
Comparable results were also observed with B/c recipients of B6 heart grafts treated with anti-
CD154/DST and infected with LM (data not shown). LM infection did not affect the survival
of syngeneic heart grafts, demonstrating that LM infection did not interfere with wound
healing, and suggesting that the effect of LM infection in anti-CD154/DST-treated recipients
was due to an alteration in the alloimmune response. Histological and immunohistochemical
analysis of grafts from untreated and LM-infected mice revealed infiltration by CD4+ and
CD8+ T cells and IgM/IgG deposition consistent with acute rejection in allografts but not
syngeneic grafts (Figure 1B).

Similar experiments were performed using skin grafts from B/c mice transplanted into B6
recipients. In this case, administration of anti-CD154/DST results in long-term acceptance of
skin allografts but not in transplantation tolerance and skin grafts are eventually rejected
between days 50 and 100 (Figure 1C). LM infection at the time of transplantation completely
abrogated the ability of anti-CD154/DST to prolong skin graft survival.

LM infection restores alloreactive B and T cells responses in recipients treated with anti-
CD154/DST

LM-mediated rejection correlated with elevated serum levels of donor-specific IgG but not
IgM antibodies (Figure 2A), suggesting that alloreactive T helper and B cell responses were
restored in anti-CD154/DST-treated recipients by LM infection. The absence of detectable
circulating allo-IgM but presence in the allograft (Figure 1B) may be due to the ability of LM
infections to enhance class-switching from IgM to IgG. Primed donor-specific IFN-γ-
producing cells were detected in the spleen of LM-infected anti-CD154/DST-treated recipients
of cardiac allografts (Figure 2B). LM-mediated rejection of skin allografts also correlated with
an increased frequency of donor-specific IFN-γ-producing splenocytes (data not shown).
Together, these data are supportive of LM infection overriding the immunosuppressive activity
of anti-CD154/DST and resulting in enhanced donor-specific immune responses.

We hypothesized that LM infection promoted APC maturation/activation, which in turn
resulted in enhanced stimulation of alloreactive T cells. Using antigen-specific T cells,
splenocytes from control, LM-infected or LM-infected and anti-CD154/DST-treated mice
were isolated 48h post-infection, T-depleted, irradiated, pulsed with OVA peptide and used to
stimulate CFSE-labeled syngeneic naïve OTII-Tg OVA-specific T cells for 5 days. As shown
in Figure 2C, OTII T cells proliferated more vigorously to OVA presented by splenocytes from
LM-infected mice, whether initially immunosuppressed with anti-CD154/DST or not,
compared to splenocytes from control uninfected mice. These data are consistent with the
conclusion that splenocytes from LM-infected mice have a greater antigen-presentation
capacity than control splenocytes which resulted in enhanced T cell priming in LM-infected
animals. Consistent with this hypothesis, we observed statistically significant increases in
expression levels of CD80 and CD86 but not MHC class II in CD11c+ dendritic cells from
LM-infected mice (data not shown).
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CD4+ or CD8+ T cells can mediate allograft rejection in LM-infected recipients
To determine whether LM-triggered rejection was T cell-mediated, CD8-/- and CD4-/- mice
were utilized. CD8-/- mice rejected B/c heart grafts at a rate comparable to wildtype mice, while
treatment with anti-CD154/DST resulted in long-term graft survival for >60 days. LM infection
in anti-CD154/DST-treated CD8-/- mice resulted in acute rejection (Figure 3A), associated
with an increased frequency of donor-specific IFNγ-producing T cells and elevated
alloantibody titers (data not shown). Thus, LM-induced rejection in anti-CD154/DST treated
recipients is not dependent on the presence of alloreactive CD8+ cells.

As previously described, CD4-/- mice spontaneously accepted B/c heart allografts (31). LM
infection resulted in acute rejection in 60% of CD4-/- recipients of cardiac allografts (Figure
3B). To confirm that the rejection in LM-infected CD4-/- mice was due to activated CD8 cells,
CD4-/- recipients were depleted of CD8+ cells (Figure 3B). In the absence of CD4+ and
CD8+ cells, none of the LM-infected recipients rejected their grafts. Together, these results
demonstrate that rejection of the allografts in LM infected recipients can be mediated by either
CD4+ or CD8+ T cells and that LM infection renders alloreactive CD4+ T cells resistant to the
immunosuppressive effects of anti-CD154/DST, and the activation of CD8+ T cells largely
independent of CD4+ T cells.

The ability of LM infection to prevent transplantation tolerance is not due to the stimulation
of cross-reactive T cells

Previous studies demonstrating the ability of lymphocytic choriomeningitis (LCMV) and
pichinde, but not murine cytomegalovirus and vaccinia, viral infections to prevent the induction
of tolerance (7,11,12) have led to the suggestion that the acquired resistance to tolerance is due
to generation of cross-reactive memory T cells co-recognizing viral peptides and alloantigens.
To test whether LM's ability to prevent the induction of tolerance is due to LM-specific T cells
cross-reacting with alloantigen, we tested whether prior generation of anti-LM memory
responses resulted in resistance to subsequent transplantation tolerance. Recipients pre-
immunized with live LM two weeks before heart transplantation successfully accepted cardiac
allografts when treated with anti-CD154/DST, even if they were re-infected with LM at the
time of heart transplantation and anti-CD154/DST treatment (Figure 4). This indicates both
successful generation of protective anti-LM immune responses (as otherwise peri-transplant
LM infection would have prevented transplantation tolerance) and insufficient generation of
cross-reacting allospecific memory T cell responses to mediate allograft rejection. Similarly,
infection with LM seven weeks before transplantation, to ensure more time for the development
of memory responses, did not prevent the ability of anti-CD154/DST to induce transplantation
tolerance (Figure 4). Together, these data suggest that generation of cross-reactive allospecific
T cell responses is not the mechanism by which LM prevents transplantation tolerance.

LLO but not ActA expression is required for LM to prevent transplantation tolerance
We next focused on the features of LM that conferred its ability to trigger acute allograft
rejection despite treatment with anti-CD154/DST. Common molecular patterns expressed by
LM can potentially engage various TLRs and several immune responses elicited by LM are
dependent on expression in host cells of the TLR adaptor MyD88 (22). The pro-rejection effect
of live LM was mostly independent of MyD88-mediated signaling as LM infection induced
acute rejection in the majority of anti-CD154/DST-treated B6/MyD88-/- recipients of B/c/
MyD88-/- allografts (Figure 5A).

We observed that live bacteria needed to be present for only a short time after transplantation,
as treatment with high doses of the anti-LM antibiotic ampicillin on day 0 but not day 2 [as
performed by others to isolate early molecular events triggered by LM (32)] post infection and
transplantation prevented LM-induced allograft rejection (Figure 5B). These observations
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suggest that early events of LM infection, including LLO-dependent escape from the
phagosome and cytosolic invasion, as well as ActA-dependent infection of neighboring cells
by LM, may be critical. To test whether cellular invasion by live LM was necessary for the
inhibition of tolerance induction, LLO-deficient and ActA-deficient LM strains were utilized.
Whereas maximally tolerated numbers of ActA-deficient bacteria (107 cfu) were as effective
as parental LM at preventing anti-CD154/DST-mediated transplantation tolerance, LLO-
deficient bacteria even at high titers (5×107) were unable to inhibit transplantation tolerance
(Figure 5C). The failure of LLO-deficient LM to promote acute rejection was not due to its
inability to replicate to sufficient bacterial titers, as splenic bacterial counts in mice infected
with LLO-deficient (5×107) and parental (105) LM were similar on day 2 post-infection (Figure
5D), a time after which the elimination of LM with ampicillin has no effect on graft outcome
(Figure 5B).

Prevention of tolerance by LM infection is mediated by Type I IFNs
The LLO-mediated phagosomal lysis and cytosolic propagation by LM is known to result in
IFN-β production by infected cells, in a MyD88-independent manner (26). To test for the role
of type I IFN in the rejection process, we first analyzed the kinetics of production of IFN-β
and IFN-α following LM infection. As shown in Figure 6A, LM infection resulted in increased
serum levels of IFN-β that peaked at 48h after infection and were similar in wildtype and
MyD88-/- mice, confirming previous reports that IFN-β production by LM is MyD88-
independent (25). IFN-β serum levels were not increased in LM-infected IFNαR1-/- mice
(Figure 6A), consistent with the notion that IFNα signaling provides an amplification loop for
type I IFN production (33). In contrast to IFN-β, LM infection did not result in detectable serum
levels of IFN-α in any of these 3 mouse strains (data not shown). These data reveal a correlation
between rejection and the production of IFN-β by LM-infected mice.

To test whether the pro-rejection effect of LM was dependent on type I IFN signaling, we used
IFNα1-/- B6 mice as recipients of B/c heart and skin transplants. Anti-CD154/DST induced
similar prolongation of heart and skin allograft survival in IFNα1-/- and wildtype B6 animals
(Figure 6B). Whereas LM infection prevented anti-CD154/DST-mediated prolongation of
heart and skin allograft survival in wildtype recipients (Figures 1A and 1C), administration of
LM to IFNα1-/- mice failed to prevent anti-CD154/DST-mediated long-term graft acceptance
of both heart (Figure 6B, Left Panel) and skin allografts (Figure 6B, Right Panel). These results
indicate that type I IFN signaling is necessary for LM infection to induce acute rejection.

Finally, we demonstrate that the administration of IFN-β, in a dose-dependent manner, was
sufficient to prevent anti-CD154/DST-mediated prolongation of skin allograft survival (Figure
6C). Together, these experiments show a correlation between LM-induced IFN-β production
and prevention of allograft acceptance, necessity of IFNα1 signaling for LM to prevent anti-
CD154/DST-induced graft survival and sufficiency of type I IFN to prevent anti-CD154/DST-
mediated graft survival, thus fulfilling Koch's postulate for a role of type I IFN in the prevention
of allograft acceptance.

Discussion
Our results show that infection with the intracellular Gram-positive bacterium LM at the time
of transplantation prevents cardiac transplant tolerance and long-term skin allograft acceptance
induced by anti-CD154/DST. LM-mediated acute graft rejection is dependent on its expression
of LLO and on type I IFN signaling, but mostly independent of MyD88 expression. Our data
suggest that live LM infection results in the activation of APCs that promote the stimulation
of alloreactive T cells rather than activation of T cells cross-reactive to LM and alloantigen.
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We and others have previously shown that the administration of single TLR agonists can
prevent the induction of cardiac transplantation tolerance or of long-term skin allograft
acceptance by anti-CD154/DST (15-17). However, several pieces of evidence indicate that the
mechanisms by which TLR ligands and LM prevent transplantation tolerance can be distinct.
First, the kinetics of acute rejection induced by TLR ligands are slower than those triggered
by LM. In fact, TLR-induced acute rejection of cardiac allografts did not occur until
discontinuation of the anti-CD154 therapy on day 21 post transplantation (15). In contrast, LM
infection completely eliminated the protective effects of anti-CD154/DST resulting in similar
rejection kinetics as those in untreated animals. This suggests more a vigorous enhancement
of adaptive immune responses by LM compared to TLR agonists. Additionally, whereas
cardiac allograft rejection following injection of CpG in anti-CD154/DST- treated mice is
dependent on MyD88 (unpublished results), LM-driven acute rejection could proceed largely
independently of MyD88 expression. This result is consistent with the demonstration that
CD4+ and CD8+ T cell responses to LM can be elicited independently of TLR2, TLR4 and
MyD88 (32). Similarly in our study, the enhancement of allogeneic T cell responses and
antagonism of transplantation tolerance by LM is mostly independent of MyD88. Because LM
may also trigger signals dependent on other receptors for microbial molecular patterns (22), it
is conceivable that non-MyD88-dependent receptors mediate signals playing a role in LM's
ability to prevent transplantation tolerance.

Anti-CD154-mediated immunosuppression has been shown to operate via different
mechanisms, including inhibition of T cell activation, induction of T cell anergy, facilitation
of deletion of alloreactive T cells and promotion of donor-specific regulation (34). The latter
has been ascribed to both conversion of conventional T cells into FoxP3+ regulatory T cells
(Tregs) (35), and chemokine-driven recruitment of Tregs into cardiac allografts from tolerant
animals (36). We have shown that CpG-mediated rejection coincides with reduced anti-
CD154-induced recruitment of Tregs into cardiac allografts, perhaps because of decreased
expression of CCL17 (TARC) and CCL22 (MDC), two chemokines that attract CCR4-
expressing cells (15). Because CCR4 is preferentially expressed on Tregs (36), a reduction of
intra-graft CCL17 and CCL22 in CpG-treated recipients results in an increased ratio of effector
T cells to Tregs in the graft (15). This supports a hypothesis of reduced suppression by Tregs
of effector responses within the allograft, leading to acute rejection. The rapid rejection kinetics
induced by LM is incompatible with a similar mechanism of prevention of tolerance. Indeed,
LM-induced rejection occurs within the first ten days after transplantation, a time point prior
to recruitment of Tregs into cardiac allografts in anti-CD154-treated animals. Therefore, acute
rejection induced by LM is unlikely to be due to reduced Treg recruitment to cardiac allografts.
Instead, our results support a model in which increased activation of alloreactive T cells results
in escape from suppression by Tregs at the priming rather than at the effector stage of the
response. Whether LM infection also prevents conversion of conventional T cells into Tregs
remains to be investigated.

The pro-rejection effect of LM is dependent on expression of LLO, a pore-former molecule
that is specific to LM, and that is necessary for the cytosolic invasion and subsequent production
of type I IFNs. Indeed, our results indicate that LM-mediated acute rejection depends on
IFNαR1 expression and that exogenous IFN-β can prevent the induction of transplantation
tolerance.

The interplay between type I IFN signaling and tolerance is becoming recognized in the
autoimmunity field as evidence suggests that type I IFNs may interfere with tolerance and
promote autoimmunity both in experimental models and in the clinic. In NOD mice, IFN-β
accelerates autoimmune diabetes and breaks the tolerance to b cells in non diabetes-prone mice
(37). In humans, increased serum levels of type I IFNs have been described in lupus patients,
where type I IFN signaling is thought to promote maturation of DCs, resulting in enhanced T
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cell activation (38). Finally, increase circulating levels of type I IFNs, and polymorphisms in
the type I IFN pathway are associated with systemic lupus erythematosus disease susceptibility
(39).

The consequences of IFNα/β signaling in transplantation are less well established. Type I IFN-
mediated signaling appears to play a major role in ischemia/reperfusion injury (IRI) (40,41).
Recently, type I IFNs have been reported to mediate the prevention of skin allograft acceptance
by LPS and poly I:C by reducing the deletion of alloreactive CD8+ T cells necessary for graft
acceptance (42). We have extended these findings to a microbial infection and demonstrate a
correlation between LM-induced IFN-β production and prevention of allograft acceptance, the
necessity of IFNαR1 signaling for LM to prevent anti-CD154/DST-induced graft survival and
sufficiency of type I IFN to prevent anti-CD154/DST-mediated graft survival. These data taken
together support the hypothesis that Listeria infections prevent long-term allograft survival
mediated by anti-CD154 through the secretion of IFN-β.

LM infection also enhanced the ability of splenic APCs to present antigen to naïve T cells in
vitro, and enhanced antigen-specific differentiation/effector function as determined by the
augmented production of IFN-γ by alloreactive T cells and the restored allo-IgG response.
These results are consistent with known properties of type I IFNs, which induce upregulation
of B7 costimulatory molecules (43) and facilitate the expansion and survival of T cells (44,
45). Furthermore, the production of type I IFN after LM infection has been reported to enhance
the capacity of CD4+ T cells to produce IFN-γ (46). Several cell types have been shown to
produce IFN-β after LM infection, including NK cells, DCs and macrophages (47,48). The
specific cell types producing IFN-β in LM-infected recipients of cardiac allografts remains to
be elucidated.

In summary, our results point to type I IFNs as interesting potential targets for facilitating
transplantation tolerance. Type I IFNs can be induced by many viral and bacterial infections
(49) and can occur downstream of MD88-dependent and -independent events (50,51). We
therefore speculate that infections occurring during the peri-operative period that are capable
of inducing Type I IFNs may be capable of enhancing alloreactivity and preventing
transplantation tolerance. IFN-a was the first biotherapeutic drug to be approved for clinical
use and type I IFNs are routinely employed for the treatment of hepatitis B and C and of multiple
sclerosis (52-54). This use of type I IFNs has been reported to precipitate episodes of acute
rejection (55,56). Our results prompt the speculation that such treatments in transplant
recipients may additionally antagonize transplantation tolerance. Finally, our data draw
attention to an important potential impact of peri-operative bacterial infections in transplanted
patients and their impending interference with the induction of transplantation tolerance or the
long-term acceptance of allografts. Of note are our preliminary observations that injection of
Staphylococcus aureus also prevents anti-CD154/DST-mediated acceptance of skin allografts
(Ahmed et al, manuscript in preparation). However, the mechanisms by which this is
accomplished appear to be distinct from those of LM infection. Thus investigations into the
impact of infections on the induction of transplantation tolerance are likely to identify new
approaches that facilitate the induction of tolerance.
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Figure 1. LM infection prevents anti-CD154/DST-mediated allograft acceptance
(A) LM infection prevents anti-CD154/DST-mediated cardiac allograft acceptance. B6
recipients of B/c heterotopic heart grafts were left untreated (n=5) or were treated with anti-
CD154 (1mg/mouse on days 0, 7 and 14 post-transplantation) and DST (5×106 splenocytes,
i.v. on the day of transplantation) in the absence (n=6) or presence (n=8) of an infection with
LM (105 cfu i.p. on the day of transplantation). Recipients of syngeneic hearts were untreated
but received the same dose of LM as the anti-CD154/DST groups (n=4). p<0.01 for anti-
CD154/DST vs no treatment; p<0.001 for anti-CD154/DST vs anti-CD154/DST+LM. (B)
Histology and immunohistochemistry of cardiac allografts isolated at the time of rejection from
an untreated mouse and from mice treated with anti-CD154/DST and anti-CD154/DST+LM,
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as well as from a syngeneic graft harvested on day 30 from a mouse infected with LM. Cellular
infiltration of CD4+ and CD8+ cells is observed, as well as alloantibody deposition, in rejecting
but not syngeneic grafts. This result is representative of 3 allografts analyzed/group
(magnification 200X). (C) LM infection prevents anti-CD154/DST-mediated skin allograft
acceptance. B6 mice were transplanted with B/c or B6 skin and treated as indicated (no
treatment, n=5; anti-CD154/DST, n=8; anti-CD154/DST+LM, n=5; syngeneic+LM, n=5).
Skin grafts were considered rejected when fully scabbed and necrotic. p<0.001 for anti-CD154/
DST vs no treatment and vs anti-CD154/DST+LM.
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Figure 2. LM infection restores B and T cell alloreactivity in anti-CD154/DST-treated recipients
(A) Restoration of allo-IgG responses. Serum from transplanted mice was collected at the
indicated time points and concentrations of allo-reactive IgM and IgG antibodies was
determined by flow cytometry. Results represent the mean and standard deviation of 4
determinations per group. p<0.05 for Allo+anti-CD154/DST+LM vs no treatment, vs Syn+LM
and vs Allo+anti-CD154/DST. (B) Restoration of primed allo-specific IFN-γ-producing cells.
Splenocytes from transplanted or naïve mice treated as indicated were isolated 2-3 weeks post
transplantation and stimulated with syngeneic (B6), donor (B/c) or third party (C3H/HEJ)
irradiated splenocytes. The frequency of IFN-γ-producing cells was analyzed as indicated in
the Materials and Methods. Results represent the mean and standard deviation of 4
determinations per group. p<0.001 for Allo+anti-CD154/DST+LM vs Allo+anti-CD154/DST,
vs naïve+LM and vs naïve; not significant vs no treatment. (C) LM infection results in increased
APC capacity to prime T cells. B6 mice were infected with LM and either untreated or treated
with anti-CD154/DST. The splenocytes were isolated 48h after infection and depleted of T
cells using anti-Th1.2 mAb and rabbit complement. T cell-depleted splenocytes either unpulsed
or pulsed with OVA peptide were used to stimulate CFSE-labeled OVA-specific B6/
RAG1-/-/OTII-Tg T cells that had been enriched by negative selection over magnetic beads.
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Cultures were harvested after 5 days and analyzed by flow cytometry. Results represent CFSE
fluorescence intensity of CD4+/Vα2+ cells and are representative of 3 independent
experiments. p<0.01 for LM-infected+OVA and LM-infected/anti-CD154/DST+OVA vs
naïve+OVA.
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Figure 3. CD4+ or CD8+ T cells can mediate allograft rejection in LM-infected recipients
(A) B6/CD8-/- mice were transplanted with BALB/c hearts and treated as described for Figure
1 (n=5 mice/group). p,0.01 for CD8-/-+anti-CD154/DST vs no treatment and vs CD8-/-+anti-
CD154/DST+LM. (B) B6/CD4-/- mice were used as recipients of B/c hearts. Mice were left
untreated, or infected with LM. In one group, CD8+ cells were depleted with anti-CD8 mAb
(n=4-5 mice/group). p<0.01 for wildtype (WT) vs CD4-/-, vs CD4-/-+anti-CD8+LM and vs
CD4-/-+LM; p<0.05 for CD4-/-+LM vs CD4-/- and vs CD4-/-+anti-CD8+LM.
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Figure 4. The ability of LM infection to prevent transplantation tolerance is not due to the
stimulation of cross-reactive T cells
B6 mice were infected with LM only on day -45 (n=5), or on days -14 and +0 (n=4), or only
on day +0 (n=7) relative to transplantation with B/c hearts and initiation of the anti-CD154/
DST treatments. p<0.001 for no treatment vs anti-CD154/DST, vs anti-CD154/DST+LM-D-45
and vs anti-CD154/DST+LM-D-14+0.
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Figure 5. Mechanisms of acute rejection by LM
(A) B6/MyD88-/- recipients of B/c/MyD88-/- hearts were treated as in Figure 1 (untreated, n=3;
anti-CD154/DST, n=6; anti-CD154/DST+LM, n=10). p<0.01 for MyD88-/- vs MyD88-/-+anti-
CD154/DST+LM and vs MyD88-/-+anti-CD154/DST; p<0.01 for MyD88+anti-CD154/DST
vs MyD88-/-+anti-CD154/DST+LM. (B) B6 recipients of B/c cardiac allografts were treated
as in Figure 1. Some groups received ampicillin (Amp, 25 mg/mouse for 5 days) or cephazolin
(10 mg/mouse) starting on the day of LM infection (n=6) or 2 days later (n=6). p<0.001 for
WT+anti-CD154/DST vs WT+anti-CD154/DST+LM and vs WT+anti-CD154/DST+LM
+antibiotic-D2. (C) LM (105 cfu, n=7), ActA-deficient LM (LM-Act-, 107 cfu, n=5), or LLO-
deficient LM (LM-LLO-, 5×107 cfu, n=9) were used on the day of transplantation to infect B6
recipients of B/c hearts treated with anti-CD154/DST as for Figure 1. p<0.001 for LM-LLO-

vs LM-WT and vs LM-ActA-. (D) Number of LM-WT and LM-LLO- bacteria recovered from
the spleen 2 days after infection (n=4/group), as described in Materials and Methods. p=0.2096,
not significant.
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Figure 6. Prevention of tolerance by LM infection is mediated by Type I IFNs
(A) In vivo production of IFN-β by B6, B6/MyD88-/- and B6/IFNαR1-/- mice infected with
LM (105 cfu). Animals were bled at the indicated time points and the concentration of serum
IFN-β was measured by ELISA. *p<0.05 between serum from LM-infected B6 mice at 48h
and all other time points and with serum from LM-infected IFNαR1-/- mice at 48h. (B)
Prevention of tolerance by LM infection is dependent on Type I IFNs. B6/IFNαR1-/- mice were
used as recipients of B/c heart (Left Panel) or skin (Right Panel) allografts. Mice were left
untreated or were treated with anti-CD154/DST or with anti-CD154/DST/LM (n=4-6 mice in
all groups). (Left Panel) p<0.05 for IFNαR1-/-+anti-CD154/DST+LM vs IFNαR1-/- no
treatment and WT+anti-CD154/DST+LM. (Right Panel) p<0.01 for IFNRαR1-/-+no treatment
vs IFNRαR1-/-+anti-CD154/DST and +anti-CD154/DST+LM. (C) IFN-β is sufficient to
prevent anti-CD154/DST-mediated graft survival. B6 mice were transplanted with B/c skin
and left untreated or treated with anti-CD154/DST. Two groups of mice received i.p. injections
of IFN-β (104U on day 0, n=5 or 2×104 U/mouse on days 0 and 2 post-transplant, n=5). P<0.05
between IFN-β-treated and anti-CD154/DST alone groups.

Wang et al. Page 21

J Immunol. Author manuscript; available in PMC 2008 December 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


