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Abstract
Cytomegalovirus (CMV) reactivation is a well described complication of solid organ transplantation.
These studies were performed to 1.) determine if cardiac allograft transplantation of latently infected
recipients results in reactivation of CMV, and 2.) determine what impact CMV might have on
development of graft acceptance/tolerance. BALB/c cardiac allografts were transplanted into
C57BL/6 mice with/without latent murine CMV (MCMV). Recipients were treated with gallium
nitrate induction and monitored for graft survival, viral immunity, and donor reactive DTH responses.
Latently infected allograft recipients had ∼80% graft loss by 100 days after transplant, compared
with ∼8% graft loss in naïve recipients. PCR evaluation demonstrated that MCMV was transmitted
to cardiac grafts in all latently infected recipients, and 4/8 allografts had active viral transcription
compared to 0/6 isografts. Latently infected allograft recipients showed intragraft IFN-α expression
consistent with MCMV reactivation, but MCMV did not appear to negatively influence regulatory
gene expression. Infected allograft recipients had disruption of splenocyte DTH regulation, but
recipient splenocytes remained unresponsive to donor antigen even after allograft losses. These data
suggest that transplantation in an environment of latent CMV infection may reactivate virus, and that
intragraft responses disrupt development of allograft acceptance.

Introduction
The ultimate goal of transplant immunology is tolerance of alloantigen without
immunosuppression. Given the myriad of immune responses that occur simultaneously in
response to foreign antigens, it is perhaps not surprising that achieving this goal has been quite
elusive, despite decades of work. As surrogates of tolerance, we have been interested for many
years in murine models of cardiac allograft acceptance (1-5) . These models allow induced
graft acceptance and function without long term requirement for immunosuppression, offering
the unique opportunity to study events involved with allograft acceptance outside the context
of ongoing immunosuppression.

We and others have previously shown that H2d (DBA) heterotopic cardiac allografts function
indefinitely in H2b (C57BL/6) recipients after transient gallium nitrate (GN) treatment (1-5).
This allograft acceptance is associated with immune regulation of donor-reactive delayed type
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hypersensitivity (DTH) responses, which appears to be controlled by transforming growth
factor beta (TGF-β) and interleukin-10 (IL-10). Perhaps even more interesting is the
observation that under this immune regulation scenario, “linked non-responsiveness” occurs,
so that hyporesponsiveness of allograft acceptors to alloantigen is also conferred onto third
party antigens when simultaneously presented (2). Given the high incidence of infectious
pathogens seen in patients following transplantation, we were therefore extremely interested
to study what influence linked non-responsiveness might have upon a viral pathogen. We
sought to determine if allograft recipients would develop regulated responses to virus to the
detriment of the host, or conversely, develop antiviral immune responses that would disrupt
development of allograft acceptance.

Our interest in effects of viral infection on transplantation tolerance is not unique, and previous
work by others using murine models has shown that acute viral infection during or shortly after
transplantation can interfere with allograft acceptance and tolerance (6-8). In addition, chronic
infections with persistent viral shedding also appear to have detrimental effects on tolerance
(9), but interestingly, acute viral infection after establishment of tolerance does not seem to
influence graft survival (6,7). Although these models are representative of acute infection with
novel viral pathogens during or just after transplantation, clinically this probably occurs far
less frequently than reactivation of latent infection. We therefore chose to study graft
acceptance interactions with the most frequent viral pathogen encountered in clinical
transplantation, latent cytomegalovirus (CMV).

Although there are several published studies evaluating the influence of CMV in graft
acceptance/rejection in rodent models (reviewed in (10)), all of these studies utilize acute
infection during the peritransplant period. In rat models of cardiac allotransplantation, acute
infection with CMV causes allograft vasculopathy that leads to graft loss (11-14). Similarly,
accelerated rejection of murine cardiac allografts following acute infection has been described
using murine CMV (MCMV) models (15,16). Nonetheless, to date there are no data that we
are aware of evaluating the influence of latent CMV infection upon graft acceptance or
tolerance. Previous work with MCMV in transplantation has been hampered by the fact that
C57BL6 mice are highly resistant to MCMV infection (17). Fortunately, the mechanism of
this resistance has recently been described (18,19), and mutant MCMV viruses have been
developed that will infect C57BL6 mice to normal titers (20). We thus combined a model of
murine cardiac allograft acceptance with latent MCMV infection, transplanting latently
infected recipients with MCMV naïve donor organs (D-R+), modeling a commonly
encountered scenario in clinical transplantation.

In addition to evaluating influences of latent CMV upon allograft acceptance, combining these
models also affords the opportunity to ask another age old question; does allogeneic stimulation
or immunosuppression cause CMV reactivation after transplantation? Allogeneic stimulation
was first proposed to cause CMV reactivation by Lang in 1972 either by transfusion or
transplantation (21). Since then, numerous in-vitro and in-vivo studies have suggested but not
proven that allogeneic stimulation can reactivate latent CMV ((22-28) reviewed in (29)). By
transplanting allografts and isografts into latently infected recipients, we tested the role of
allogeneic stimulation in CMV reactivation.

Methods
Mice

C57Bl/6 (H-2b) and BALB/c (H-2d) mice were obtained from Jackson Labs (Bar Harbor, MN).
All mice were housed and treated in accordance with Animal Care Guidelines established by
the National Institute of Health and The Ohio State University. Infected mice received 1 ×
105 pfu of deletion mutant Δm157 MCMV (kind gift of Ulrich Koszinowski (20)) by intra-
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peritoneal injection and allowed to become latent (16 weeks) as previously published (30).
Following confirmation of latency in a cohort by focused expansion assay mice underwent
heterotopic cardiac transplantation. Table I summarizes cohort numbers for each time-point
and treatment studied. For latent recipient experiments, latently infected C57BL/6 mice
received cardiac isografts (C57BL/6, n=21) or allografts (BALB/c, n=39) and grafts were
collected for analysis at day 21, day 45, or > day 100. Additionally as controls MCMV “naïve”
C57BL/6 mice received cardiac allografts (BALB/c, n=56) which were collected for analysis
at either day 21, day 45, or > day 100. For latent donor experiments, latently infected BALB/
c donor hearts were transplanted to MCMV naïve C57BL/6 mice (n=12). Finally, MCMV pre-
sensitized (but not infected) C57BL/6 recipients received MCMV-naïve BALB/c allografts 16
weeks after sensitization with 1 × 106 pfu heat killed MCMV (HK-MCMV). HK-MCMV was
generated by heating Δm157 MCMV for 30 minutes at 60°C, and lack of infectivity was
confirmed by plaque assay (not shown).

Murine Cardiac Transplantation
Heterotopic cardiac transplantation was performed as described by Corry et al (31). Briefly,
native hearts from heparinized donor mice (BALB/c) were anastomosed to recipient BL6
abdominal aorta and vena cava using microsurgical techniques. Graft survival was assessed
by bi-weekly trans-abdominal palpation. Gallium nitrate (GN, Ganite, Fujisawa, Deerfield, IL)
was administered to all graft recipients as an initial subcutaneous bolus injection of 2.2 mg
twenty-four hours prior to graft implantation, followed by 28 days of continuous delivery via
subcutaneous osmotic minipumps (model 2002, Alzet Inc., Palo Alto, CA) (3).

PCR, RT-PCR and nested RT-PCR
PCR was performed as previously described (32) using QIAamp Tissue Kit (QIAGEN GmbH,
Hilden, Germany) for DNA extraction, Taq DNA polymerase (GIBCO BRL), and a Perkin
Elmer 9700 thermocycler (PE Applied Biosystems, Foster City, CA). MCMV mRNA detection
was performed as previously described (32) using TRIzol Reagent (GIBCO BRL, Carlsbad
CA) for mRNA isolation, Reverse transcription (RT) reactions were performed after DNase I
treatment (GIBCO BRL) using U Super-transcriptase (GIBCO BRL). To control for DNA
contamination, every sample had a concomitant parallel experiment with no RT reaction. If
the first reaction yielded no visible product, a second (nested) PCR was performed using 1μl
of this first PCR reaction product. Primers for glycoprotein B (GB) and β-actin were as
previously described (32).

For inflammatory mediator mRNA quantitative PCR, RNA was extracted from tissues using
TRIzol Reagent (GIBCO BRL, Carlsbad CA), treated with 3 U DNase I Amplification Grade
(Invitrogen, Carlsbad, CA) and RT reactions were performed using SuperScript III First-Strand
Synthesis System (Invitrogen, Carlsbad, CA). cDNA were amplified with SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, CA) using Applied Biosystems 7900HT Fast
Real-Time PCR System, with GAPDH serving as endogenous controls. Thermal cycling was
carried out at 95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for
1 minute. Relative mediator mRNA were calculated using the 2-ΔΔCT method (33). MCMV
Primers for GAPDH, IFN-α, IL-12, IL-10, TGF-β, Foxp3, and IDO were obtained from
SuperArray (Frederick, MD).

Transfer DTH responses
Splenocytes isolated from graft recipients were tested using transfer DTH assays between 45
to 110 days post-transplant. For this assay, pinnae of naive B6 mice were injected using a 30-
gauge insulin syringe, with 40 microliters containing 8×106 RBC depleted splenocytes from
cardiac transplant recipients plus combinations of tetanus toxoid (25 limits of flocculation),
heat killed MCMV virus (1×105 PFUs), subcellular donor alloantigens (100 micrograms),
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neutralizing TGF-β antibodies (25 micrograms) and neutralizing IL-10 antibodies (25
micrograms).Changes in ear thickness were measured both before injection and 24 hours after
injection using a dial thickness gauge (Swiss Precision Instruments, Carlstadt, NJ). For
reference, changes ranging 0-30 ×10−4 inches represent background swelling due to injection
trauma, changes ranging 40-60 ×10−4 inches represent moderate DTH responses, and changes
ranging 70-100 ×10−4 inches represent strong DTH responses. Polyclonal rabbit anti-TGF-β,
goat anti-IL-10, and antiIgG antibodies were obtained from R&D Systems (Minneapolis, MN).
Subcellular H2d alloantigen was prepared according to published methods of Engers et al
(34) from BALB/c splenocytes. For DTH challenges, 75-125 micrograms protein of this
solution was injected into murine pinnae.

Histological examination of cardiac tissue
Cardiac tissues were excised and fixed in 10% neutral buffered formalin, dehydrated in
upgraded ethanol (70%, 95%, and 100%) and embedded in paraffin. For histological analysis,
3 micron sections were mounted on slides and stained with hematoxylin and eosin (H&E),
Masson’s trichrome and elastic stains. The histologic slides were evaluated in blinded fashion
by our transplant pathologist (TN). Graft histology was evaluated using a scoring system
adapted with modifications from Russell et al (35) and the International Society of Heart and
Lung Transplantation classification of cardiac allograft rejection (36). All examined histologic
parameters were semi-quantitatively scored from 0-3, with 0 representing normal histology.
Immunohistochemistry was performed on formalin-fixed, paraffin-embedded tissue from
representative MCMV-positive and negative allografts. Briefly, a double marker technique
was used for simultaneous identification of Foxp3 and a surface differentiation molecule CD3.
CD3 polyclonal antibody (DAKO, Carpinteria, CA) and an affinity purified rat anti-FOXP3
(clone FJK-16s) antibody (eBoioscience) were used for staining as previously described (37).

Virus recovery
In-vitro plaque assays were performed as previously described using mouse embryo fibroblasts
(30). More sensitive assays of infectivity in tissue by focused expansion assay (FEA) were
performed using the techniques previously described by Reddehase et al (38). Briefly, this
technique is RT-PCR of lysates from spin inoculated plaque assays to detect viral transcription.

Results
Compromised allograft function in CMV positive recipients

We have previously reported that GN induces long term graft survival in ∼97% C57BL/6 mice
receiving DBA/2 cardiac allografts (2). In the current study, C57BL6 recipients latently
infected with MCMV (D-R+), or MCMV naïve controls (D-R-) received MCMV naïve BALB/
c cardiac grafts + GN. We chose BALB/c instead of DBA mice as donors because of our
extensive experience with MCMV infection this mouse strain. Figure 1A depicts Kaplan-Meier
survival analyses, showing that ∼80% of MCMV latent recipients lost BALB/c cardiac
allograft function by 100 days post-transplant. In contrast, significantly fewer (8%) MCMV
naïve recipients lost allograft function. To control for effects of GN, latently infected C57BL6
received naïve C57BL6 cardiac isografts + GN treatment, and all cardiac isografts remained
functional throughout the experiments (>100 days). Historic control data show that non-
infected C57/BL6 recipients of BALB/c hearts that do not receive GN all reject their grafts by
day 12 (Figure 1B, D-R-GN-).

To evaluate for possible induction of heterologous immune responses by MCMV, a cohort of
allograft recipients pre-sensitized with heat killed MCMV underwent allograft transplantation.
This had no impact upon allograft survival (Figure 1B), despite development of splenocytes
reactive with MCMV antigen by DTH (not shown). Similarly, latent MCMV introduced via
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donor tissue did not influence graft acceptance (Figure 1B). Latently infected BALB/c hearts
transplanted into naïve C57BL6 recipients (D+R-) showed comparable 100 day graft
acceptance to non-infected D-R- allograft recipients, and significantly better acceptance than
latently infected D-R+ recipients (Log-rank (Mantel Cox), p=0.59, p=0.005 respectively). This
occurred despite transmission of MCMV to all naïve recipients, and development of MCMV
specific splenocyte DTH responses (not shown). Together, these data suggest that introduction
of an MCMV naïve graft into a latently infected recipient compromises induction of graft
acceptance. Compromised graft acceptance does not appear to be due to MCMV reactive
splenocytes, which develop after either pre-sensitization (without infection) or D+R-
transplantation.

Histologic features of cardiac allograft damage
Accepted cardiac allografts (MCMV naïve) collected 21 and 45 days after transplant display
mild leukocytic infiltration (Figure 2A&D) and scattered mild fibrosis (Figure 2G) consistent
with previous results (3). In contrast, cardiac allografts from MCMV-positive recipients show
significant graft injury, including infiltration of leukocytes (Figure 2B&E) and significant
fibrosis (Figure 2H). This is in significant contrast to the minimal cellular infiltration or fibrosis
observed in MCMV-positive isografts (Figure 2C, F, & I). Cardiac allografts from latently
infected recipients had significantly worse diffuse inflammation, fibrosis, myocyte necrosis,
and intimal arteritis scores (data not shown). An example of allograft arteritis associated with
CMV is shown in Figure 2E. Staining for antibody deposition (C3d) showed no significant
deposition for MCMV-positive recipients (data not shown). Thus our histologic evaluations
are consistent with observed MCMV-associated allograft losses, and suggest a cellular and not
humoral mechanism.

Cardiac allograft transplantation causes CMV transcriptional reactivation
It was unknown whether transplantation would result in transmission of MCMV from recipient
to graft. It was also unclear what effect GN would have upon MCMV if reactivation occurred.
Finally, because previous work with this model suggested an anti-inflammatory state in
accepted allografts, it was unclear what effect this would have on viral replication. Therefore,
cohorts of latently infected allograft (n=9) and isograft (n=3) hearts were studied 45 days after
transplant for evidence of MCMV DNA. This time point was chosen because this was when
we first began to note graft losses in our model. Transplanted hearts were removed and
evaluated by PCR for MCMV DNA, and all were found to be MCMV DNA positive (not
shown). Transplanted hearts were also evaluated using nested RT-PCR for viral RNA and FEA,
but no viral RNA (MCMV-GB) was detected at this time point (not shown). Thus, latent virus
in recipients is transmitted into naïve grafts after transplantation, but it remained unclear
whether this was due to viral reactivation, or simply infiltration by MCMV containing
leukocytes.

We have previously reported that pro-inflammatory mediators, such as tumor necrosis factor-
α or interleukin-1β, can trigger reactivation of latent CMV 21 days after stimulation (32).
Because allogeneic cardiac transplantation is known to cause inflammation, with activation of
numerous mediators causing stimulation of the MCMV promoter (28), we postulated that
reactivation might be occurring earlier than 45 days. Accordingly, cardiac allografts (n=8) and
isografts (n=6) from latently infected recipients procured 21 days post-transplantation were
analyzed for active virus by focused expansion assay. MCMV transmission was confirmed in
all allograft and isograft recipients by the presence of MCMV viral DNA in graft tissues (Figure
3). Although we were unable to recover live virus by plaque assay, FEA analysis shows that
4/8 latently infected allograft recipients had viral reactivation in their grafts (Figure 3A). In
contrast, isografts demonstrate no evidence of MCMV reactivation (0/6) either by FEA (Figure
3B), plaque assay, or RT-PCR (not shown). Viral loads determined using quantitative real-

Cook et al. Page 5

Am J Transplant. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



time PCR demonstrated comparable low overall viral DNA in allografts and isografts at day
21 and 45 (not shown), confirming that MCMV was ultimately controlled. Control mice
receiving GN alone (no graft) showed no evidence of viral reactivation (0/5, not shown). Thus
although not all allografts have detectable MCMV replication, these data support the
hypothesis that allogeneic transplant may trigger viral reactivation.

Disruption of Donor-reactive Immune Regulation
Although the current study utilizes a slightly different combination of BALB/c hearts (H2d)
into CMV naïve or latently infected C57BL/6 recipients than previously reported (2,4,5),
cardiac allograft acceptance in this combination is similarly associated with regulation of
donor-reactive delayed type hypersensitivity (DTH) responses via TGF-β and IL-10 (Figure
4A). In addition, allograft acceptors display linked-non-responsiveness to TT when TT is
mixed with donor antigen. MCMV naïve recipients manifest nominal DTH responses to
MCMV antigen with or without donor alloantigens (Figure 4A).

Splenocyte DTH responses in latently infected allograft recipients were first performed around
the time that cardiac allograft losses began to occur (∼day 45), and interestingly, there was
negligible DTH response to donor antigen (Figure 4B). This hyporesponsiveness persisted
despite disruption of TGF-β and IL-10-mediated DTH regulation and loss of linked donor DTH
non-responsiveness (Figure 4B). This hyporesponsiveness was not general anergy, as latently
infected recipients responded strongly to both MCMV and TT antigen (Figure 4B). To
determine whether we were measuring for allo-responses too early, these DTH experiments
were repeated at day >100 in a D-R+ cohort that had previously lost their grafts around day 60
after transplant. Surprisingly, this cohort showed identical results to the day 45 cohort, with
splenocytes remaining hypo-responsive to donor antigen by DTH, despite absence of TGF-β
and IL-10 regulation, and disruption of linked non-responsiveness (data not shown). Thus
allograft losses in our model occur without demonstrable anti-donor reactive cells in spleens
of recipients.

Intra-graft mediator biology
Lack of demonstrable recipient splenocyte responses to alloantigen, despite disruption of
regulation suggested to us that allograft acceptance is being disrupted locally in grafts. To test
for local disruption of allograft acceptance by donor-specific T-cells, we attempted to isolate
graft infiltrating cells (GIC) to perform DTH testing. Despite exhaustive attempts, we were
unable to isolate enough GICs from day 45-50 allografts to perform such testing. As a surrogate
to GIC DTH testing, day 21 allograft or isograft recipients latently infected with MCMV and
non-infected allograft recipients were tested for regulatory molecules TGF-β, IL-10, Foxp3,
and IDO mRNA expression using quantitative RT-PCR. TGF-β and IL-10 were chosen for
obvious reasons, and Foxp3 and IDO were chosen because we have recently shown that both
might be critical to spontaneous renal allograft acceptance (37). Alternatively, allograft losses
seen in MCMV-positive recipients might be consequent to an inflammatory signal induced by
MCMV, and because acute MCMV infection induces IFN-α and IL-12 (39), these
inflammatory cytokines were also evaluated.

As shown in Figure 5, allografts show significantly higher expression of regulatory genes
Foxp3, IDO, and TGF-β compared to isografts independent of MCMV. Importantly, recipient
MCMV does not appear to negatively influence graft expression of regulatory genes Foxp3,
IDO, IL-10, or TGF-β, as CMV-positive allografts have significantly higher transcript levels
than CMV-negative allografts. In contrast, MCMV does appear to influence inflammatory
mediator expression, as CMV-positive allografts show significantly increased IFN-α mRNA
compared to CMV-negative allografts. Expression of IL-12 approaches but does not reach
statistical significance. In addition mRNA analyses performed on day 21 allograft and isograft
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recipient spleens (all CMV-positive n=3 each) showed no significant differences for any of
these mediators (data not shown). Collectively, these data suggest that MCMV—positive
allograft recipients display local intra-graft inflammatory and anti-inflammatory immune
responses that are not observed in either MCMV-negative allografts or in MCMV-positive
isografts.

Intragraft regulatory T-cells
Our previous work has suggested a role for regulatory T-cells in this model of cardiac allograft
acceptance (4,5,40). To determine if MCMV was influencing development or persistence of
T-regulatory cells within grafts, sections of allografts from CMV-positive and negative
recipients were evaluated by immunohistochemistry for Foxp3+ cells. As shown in Figure 6,
there are Foxp3+ CD3 cells in both CMV-positive and CMV-negative grafts in a similar
scattered distribution (A&B). Foxp3+ CD3 cells persist in allografts at least until day 45 after
transplant, and actually appear somewhat more numerous in CMV-positive allografts at this
time point (Figure 6D&E). Taken together, these data confirm the inflammatory mediator data,
suggesting that allograft losses observed in MCMV-positive recipients is not consequent to
loss of T-regulatory cells in these grafts.

Discussion
This study demonstrates that presence of MCMV in recipients clearly impairs allograft
acceptance after MHC-mismatched heterotopic cardiac transplantation. It is not entirely
surprising that CMV influences graft acceptance in our model, given the well known
relationship between rejection and CMV reactivation in patients (41-43). Since Lopez et al
first suggested that reactivation of CMV might trigger graft rejection (44), it has become clearer
clinically that CMV reactivation might have a causal influence, as prophylaxis of CMV seems
to reduce the incidence of acute rejection (45).

The obvious question is what causes allograft losses in recipients latently infected with CMV
in our model? Murine models of allograft tolerance are associated with development of
metastable regulatory mechanisms that might be quite sensitive to disruptive forces (4,5).
Possible disruptive forces include non-donor-antigen-specific antiviral immune responses
following viral reactivation, which could alter either the inflammatory or regulatory milieu
within transplanted grafts. Alternatively, donor-antigen-specific responses might develop
either from MCMV infection (heterologous immunity) or following loss of regulation induced
by MCMV.

Perhaps the simplest explanation for disruption of allograft acceptance in our model is that
MCMV reactivated by allogeneic stimulation acutely infects naive allografts, with subsequent
local antiviral immune responses causing graft losses, and the preponderance of our data
support this hypothesis. We have recently shown using a comparable MHC mismatched skin
model (H2b donor, H2d recipient) that allografts, but not isografts, will reactivate latent MCMV
21 days after grafting (MF Forster, AA Bickerstaff, CH Cook, manuscript in preparation). In
the current study, viral DNA are detectable in all grafts from latently infected recipients (Figure
3 and not shown), but MCMV is harbored in leukocytes (46), and could simply travel as a
passenger during leukocytic infiltration (Figure 2). Focused expansion assay of infectivity is
considered the most sensitive method to detect viral activity (38), and using this method
reactivation was detected in 4/8 allografts from D-R+ allograft recipients 21 days after
transplantation (Figure 3). It is possible that reactivation occurs slightly before or after this 21
day time point and is being missed, or that inherently low cardiac titers coupled with active
antiviral immune responses exceed our abilities of detection. Host immune response could be
the most sensitive indicator of viral activity (47), thus the most compelling support of
reactivation is the association of elevated IFN-α mRNA levels with CMV-positive allografts
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(Figure 5). Acute MCMV infection is known to cause type-I interferon release, and
interestingly this response is mediated by plasmacytoid dendritic cells (39,48-50), which have
also been implicated in various models of tolerance (51-53). Thus although not demonstrated
with absolute certainty, we feel that data from our skin model taken together with data reported
here support the hypothesis that reactivated virus acutely infects naïve allografts causing type-
I interferon expression.

Not only does IFN-α expression support the hypothesis of MCMV reactivation from latency,
but it also suggests a possible mechanism of graft loss. Exogenous type I interferons have been
linked with clinical allograft rejection (54-57), accelerated cardiac rejection in rodents (58),
and recently disruption of tolerance and graft acceptance in several different models (59-61).
If MCMV is reactivating and acutely infecting naïve allografts, it becomes similar to other
acute viral infections that induce IFN-α and disrupt allograft acceptance, such as lymphocytic
choriomeningitis virus and Pichinde virus (6-8,62-64). IFN-α directly stimulates murine NK-
cells to expand, become cytotoxic, and release both TNF-α and IFN-γ (49,65,66), as well as
non-specifically stimulate bystander T cells (67). In addition, virally activated NK-cells can
lyse allogeneic cells (68,69) as well as disrupt T-regulatory cell function (70). To more
conclusively demonstrate that induced IFN-α is the mechanism which causes allograft losses
in our model, we considered using IFN receptor knockout mice as recipients, but unfortunately,
MCMV infection is lethal in these mice precluding such experiments (71). Thus although not
definitively proven, our data and those of others are certainly consistent with the hypothesis
that type I interferon induction by MCMV might contribute to our observed graft losses.

Loss of DTH regulation and linked non-responsiveness, with concomitant eventual viral
control in MCMV-positive allograft acceptors suggests that in this model, anti-viral responses
trump or subvert the “tolerogenic” forces that would normally lead to allograft acceptance.
Surprisingly, despite loss of regulation, allograft recipient splenocytes remain unresponsive to
donor antigen even months after graft loss. Lack of systemic donor antigen reactivity suggests
to us that allograft acceptance is disrupted locally within grafts, either specifically or non-
specifically. DTH studies using graft infiltrating cells might have answered the specificity
question, but these studies were technically not possible to perform (see Results). Up-regulation
of intragraft “tolerogenic” mediators, including Foxp3 and IDO in CMV-positive recipients
suggests that MCMV does not disrupt intragraft accumulation of regulatory T-cells, and this
was confirmed by immunohistochemistry. It is also important to note that when MCMV is
introduced with the graft (D+R-), there is no significant influence on graft acceptance, despite
viral transmission to the recipient. Taken together, these data suggest that introduction of CMV
into naïve allografts tips the balance of local tolerogenic forces toward inflammation, causing
non-donor specific graft loss. Encouragingly, the non-TGF-β/IL-10 mechanism mediating
splenocyte DTH hyporesponsiveness to donor antigen in the current report appears to be fairly
robust, persisting despite graft loss. This suggests that if CMV reactivation or the IFN-α
response to it could be controlled, that induced allograft acceptance might be restored.

Virus induced heterologous immunity has been shown in numerous investigations to have
significant influences upon graft acceptance and tolerance induction, although MCMV remains
relatively unstudied. Importantly, MCMV infection has been shown to induce T cells reactive
with H2d antigen (72), which is relevant to our model that utilizes H2d donor to H2b recipients
previously infected with MCMV. While pre-sensitization with heat killed virus might not
completely replicate the immune response to actual infection, HK-MCMV recipient
sensitization did induce splenocytes reactive to MCMV. Nonetheless, these cells appear
insufficient to cause allograft loss in our model (Figure 1B). Similarly recipient sensitization
to MCMV following D+R- allograft transplantation did not influence graft acceptance. Recent
work by others has suggested that induction of TCR-Vβ4 CD8 T-cells can influence tolerance
induction (73). Although we did not specifically test for H2d reactive TCR-Vβ4 CD8 T-cells,
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these cells have not been strongly associated with MCMV infection (74-76), and more
importantly there was no functional evidence of these cells in our splenocyte DTH testing
(Figure 4B). Thus it does not appear that MCMV induced donor specific heterologous immune
responses contribute to disruption of graft acceptance in our model.

In conclusion, it is clear that prior CMV infection in cardiac allograft recipients has significant
impact on induction of allograft acceptance. Our data support the hypothesis of latent CMV
reactivation by allogeneic stimulation, with subsequent infection of naïve grafts causing non-
donor-specific immune responses and graft loss. Independent of whether CMV is reactivated,
previous recipient CMV infection is associated with an intragraft type-I interferon response
that has been shown by others to cause graft loss. Because CMV is so prevalent, at first blush
these data seem discouraging to potential development of tolerance strategies in patients.
Nonetheless, it is exciting that in our model splenocyte DTH assays demonstrate
unresponsiveness to donor antigen despite disruption of regulation. Together these findings
are consistent with graft losses occurring consequent to local anti-viral immune responses
taking out already vulnerable grafts as “innocent bystanders”. Given the prevalence of CMV
in the population, we suspect that tolerance induction strategies will need to directly address
influences of CMV or the associated type-I interferon antiviral responses to achieve success.
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Figure 1. Cytomegalovirus and cardiac graft survival
C57BL6 (H2b) mice received BALB/c (H2d) cardiac allografts or C57BL6 isografts. A.
Recipients latently infected with murine cytomegalovirus (MCMV) received allografts (◆D-
R+ Allograft) or isografts (▲D-R+ Isograft) and were compared with non-infected allograft
recipient (■D-R- Allograft) for graft survival. Kaplan—Meier analysis shows that latently
infected D-R+ allograft recipients have significantly worse graft survival than non-infected D-
R-allograft recipients (21% versus 92%, p<0.0001). All D-R+ cardiac isografts remain
functional beyond 100 days post-transplant. B. Latent infection of donor allografts (oD+R-)
showed 100 day graft survival comparable to non-infected D-R-allografts (p=0.59).
Sensitization (without infection) using heat killed MCMV (□D-R- HK-MCMV) also had no
significant influence upon graft survival. Non-infected C57BL/6 mice not treated with gallium
nitrate (historical controls) promptly reject their BALB/c grafts (ΔD-R- GN-). Cardiac graft
function was assessed by trans-abdominal palpation.
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Figure 2. Pathologic changes in cardiac allografts of recipients latently infected with murine
cytomegalovirus (MCMV)
Histology in cardiac allografts (BALB H2d) from MCMV-naïve C57BL/6 recipients compared
to allografts and isografts from MCMV-positive C57BL/6 recipients 21 and 45 days post-
transplant. A,D&C. Representative H&E (A&D) 21 and 45 days after transplant show typical
cellular infiltration associated with this model, and trichrome sections (G) show mild patchy
fibrosis in CMV-naïve recipient allografts. B&E. In contrast, CMV-positive recipient
allografts show prominent cellular infiltration 21 days after transplant (B), which is more
pronounced by day 45 (E) and is associated with vasculitis (black arrow) with fibrin (red arrow)
deposition in lumen. H. Day 45 trichrome staining shows advanced fibrosis (blue staining).
C,F,G. Isografts from CMV-positive recipients show bland myocardium, with very lile cellular
infiltrate at either time point, and nominal fibrosis at day 45. Specimens were formalin fixed
and embedded. Magnification = 40X, except for D & E 100X.
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Figure 3. Molecular reactivation of latent murine cytomegalovirus (MCMV) after cardiac
transplantation
Allograft and isograft recipients latently infected with MCMV were evaluated 21 days post-
transplant by focused expansion assay for MCMV glycoprotein-B (GB) mRNA transcription
using nested RT-PCR. A. Allografts from latently infected recipients show definitive molecular
MCMV reactivation in 4/8. B. Isografts from latently infected mice showed no evidence of
molecular reactivation (0/6). Both allografts and isografts contain MCMV DNA confirming
prior infection and transmission in all recipients. Each lane represents DNA or mRNA from
one graft. Presence of β-actin confirms recovery of RNA and controls are technique controls.
No-RT controls performed concurrently with all RT-PCR confirm absence of DNA
contamination (not shown).
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Figure 4. Changes in immune regulation in cardiac allograft recipients latently infected with
murine cytomegalovirus (MCMV)
Splenocytes isolated from MCMV-naive (D-R-) and MCMV-positive (D-R+) cardiac allograft
recipients between 33 and 110 days post-transplant were evaluated using trans-vivo DTH.
Briefly, splenocytes (Spl) obtained from individual mice were combined with sub-cellular
donor alloantigen (DonAg) alone or with polyclonal antibodies to TGF-β or IL-10, tetanus
toxoid (TT) with/without DonAg, or heat inactivated MCMV with/without DonAg, and
injected into pinnae of naïve C57BL/6 mice. All mice were sensitized to TT prior to evaluation.
A. As previously published, MCMV-negative allograft acceptors demonstrate regulation of
donor-reactive DTH responses that are restored by antibodies to TGF-β or IL-10. Further,
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immune regulation extends to suppress TT-reactive DTH responses when donor alloantigen is
present at the DTH site, so-called “linked non-responsiveness”. As expected MCMV-naïve
splenocytes did not show a full response when challenged with MCMV antigen. B. Splenocytes
from recipients latently infected with MCMV no longer demonstrate TGF-β or IL-10
regulation, but interestingly remain unresponsive to donor antigen. In addition, there is
disruption of linked non-responsiveness, as prominent CMV- and TT-reactive DTH responses
are not suppressed when co localized with donor antigen at DTH sites. DTH responses are
measured after 24 hours as the change in ear thickness (mean ± SD × 10−4 inches). Each bar
represents results from 3-6 mice (D-R-) or 5 mice (D-R+).
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Figure 5. Influence of murine cytomegalovirus (MCMV) on regulatory and inflammatory mediator
mRNA in cardiac grafts
Real-time RT-PCR was performed on heterotopic cardiac grafts 21 days after transplantation
for regulatory genes Foxp3, IDO, IL-10, and TGF-β, or inflammatory genes IFN-α and IL-12.
Groups were allograft or isograft recipients latently infected with MCMV (CMV+ Allo or
CMV+ Iso respectively) and non-infected allograft recipients (CMV- Allo). Allografts show
significantly higher expression of regulatory genes Foxp3, IDO, and TGF-β compared to
isografts independent of MCMV. Recipient MCMV does not appear to negatively influence
graft expression of regulatory genes Foxp3, IDO, IL-10, or TGF-β, as CMV+ allografts have
significantly higher transcript levels than CMV- allografts. In contrast, MCMV does appear to
influence inflammatory mediator expression, as CMV+ allografts show significantly increased
IFN-α mRNA compared to CMV- allografts. Each point represents mean ± standard error
mRNA frequency (mRNA relative to GAPDH) from n=1 mouse (performed in duplicate).
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Figure 6. Foxp3 staining of cardiac allografts
Immunohistochemical staining was performed on representative sections from CMV-positive
and negative allografts 21 and 45 days after transplantation. A&D. Sections from CMV-
negative allografts show numerous CD3+ cells (brown) with scattered Foxp3+ cells (blue).
B&E. CMV-positive allografts show a similar staining pattern at day 21, but have more
numerous Foxp3+ cells at day 45 after transplant. C&F. 40X views of CMV-positive grafts,
clearly showing persistence of Foxp3+ T-cells (blue).
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Table I
Numbers of mice in each group

Days after transplant
21 45 100

D-R+ Allograft (n) 11 9 19
D-R- Allograft (n) 9 15 32
D-R+ Isograft (n) 6 3 12
D+R- Allograft (n) 12
D-R- HK-MCMV Allograft (n) 10
D-R-GN- Allograft (n) 12
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