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Interleukin 10 attenuates neointimal proliferation
and inflammation in aortic allografts by a heme
oxygenase-dependent pathway
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Interleukin 10 (IL-10) is a pleiotropic cytokine with well known
antiinflammatory, immunosuppressive, and immunostimulatory
properties. Chronic allograft rejection, characterized by vascular
neointimal proliferation, is a major cause of organ transplant loss,
particularly in heart and kidney transplant recipients. In a Dark
Agouti to Lewis rat model of aortic transplantation, we evaluated
the effects of a single intramuscular injection of a recombinant
adeno-associated viral vector (serotype 1) encoding IL-10 (rAAV1-
IL-10) on neointimal proliferation and inflammation. rAAV1-IL-10
treatment resulted in a significant reduction of neointimal prolif-
eration and graft infiltration with macrophages and T and B
lymphocytes. The mechanism underlying the protective effects
of IL-10 in aortic allografts involved heme oxygenase 1 (HO-1)
because inhibition of HO activity reversed not only neointimal
proliferation but also inflammatory cell infiltration. Our results
indicate that IL-10 attenuates neointimal proliferation and inflam-
matory infiltration and strongly imply that HO-1 is an important
intermediary through which IL-10 regulates the inflammatory
responses associated with chronic vascular rejection.

aortic transplantation | chronic transplant rejection | recombinant
adeno-associated virus | transplant arteriosclerosis | vascular injury

hronic vascular rejection is a major cause of the loss of

functioning solid organ transplants. Typical lesions, such as
intimal thickening, proliferation of vascular smooth muscle cells
(SMC), and adventitial inflammation (1), are observed in
chronic vasculopathy and are also characteristic of arterioscle-
rosis. These lesions occur because of immune- and nonimmune-
mediated injury to the vascular endothelium which, in turn, leads
to a narrowing of the vascular lumen, ischemia, and the devel-
opment of fibrosis. A variety of lymphocyte- and monocyte-
derived cytokines have shown an influence in the development
of such vascular changes. In particular, interleukin 10 (IL-10) has
gained significant attention because of its suppressive influence
on inflammatory vascular changes such as arteriosclerosis, as
well as immune processes leading to allograft rejection.

IL-10 is a pleiotropic cytokine with well known antiinflam-
matory, immunosuppressive, and immunostimulatory properties
(2). One of its best known roles involves the ability to inhibit
cytokine production by T cells (e.g., IL-2), natural killer cells
(e.g., IFN-vy), and monocyte/macrophages (e.g., IL-la and
IL-1B, IL-6, IL-8, IL-12, TNF-«, and granulocyte—-macrophage
colony-stimulating factor) and induce anergy in T cells (2, 3).
Quelling the cytokine milieu and effector functions of alloreac-
tive T cells may represent an important method for preventing
allograft rejection; however, IL-10 may also induce peripheral
tolerance through its effect on antigen-presenting cells, partic-
ularly those involving dendritic cells (4). Furthermore, a subset
of CD4" cells that possess T regulatory cell properties
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(CD4*CD25* phenotype) rely heavily on IL-10 for their devel-
opment (5). IL-10 can also impair processes of allograft rejection
by down-regulation of class II major histocompatibility complex
(MHC) expression on monocytes and B7 costimulatory ligands
on macrophages (6, 7). Importantly, it has been shown that IL-10
prevents the development of intimal hyperplasia and atheroscle-
rosis (8—11) through its powerful inhibitory effects on monocytes
(12-14), and directly, on activation and growth of vascular SMC
(15, 16). It has been demonstrated recently that the antiinflam-
matory effects of IL-10 in a sepsis model are mediated by the
expression of heme oxygenase 1 (HO-1) (17).

HO catalyzes the rate-limiting step in degradation of cellular
heme producing equimolar quantities of biliverdin, iron, and
carbon monoxide (CO) (18). Biliverdin is then converted to
bilirubin. Two major isoforms of HO have been described: an
inducible isoform, HO-1, and a constitutive isoform, HO-2.
HO-1 is activated by a variety of oxidant stimuli, including
cytokines and growth factors, and HO-1’s induction serves as an
adaptive and protective response to injury (reviewed in ref. 19).
Evidence suggests that the induction of HO-1 is protective
against organ transplant rejection and vascular neointimal pro-
liferation after balloon injury (reviewed in refs. 20-22). How-
ever, a direct link between IL-10 and HO-1 in the transplant
setting has not been examined.

In this study, we examined the effects of systemic IL-10 by
using a recombinant adeno-associated viral vector (serotype 1)
(rAAV1-IL-10) delivered by a single intramuscular injection in
a rat model of chronic vascular rejection. We chose rAAV as a
delivery vehicle because of its capacity for persistent transgene
expression, the absence of viral coding sequences, and the
relatively low potential for adverse immune responses and
toxicity (reviewed in ref. 23). The mechanism underlying the
therapeutic effects of IL-10, particularly the potential involve-
ment of the HO-1 pathway, was also explored in these studies.

Methods

Vector Construction and Production. rAAYV vectors expressing rat
IL-10 (provided by Linda Watkins, University of Colorado,
Boulder) or green fluorescence protein (GFP) were generated
and purified according to methods described in ref. 24. The
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vector cassette consisted of a cytomegalovirus chicken B-actin
hybrid promoter, rat IL-10, or GFP ¢cDNAs, and a simian virus
40 polyadenylation sequence, flanked by AAV2 inverted termi-
nal repeats. Vectors were transcapsidated, by using the helper
plasmid pXYZ1, to provide viral capsids for the AAV1 serotype
and purified by iodixanol gradient centrifugation and anion
exchange (Q-Sepharose, Amersham Biosciences) chromatogra-
phy (24). The physical titers of vector preparations were assessed
by quantitative competitive PCR and dot-blot analysis.

IL-10 Gene Delivery and Aortic Transplantation. For full MHC
incompatibility in the aortic transplant model, we chose Lewis
rats as recipients and Dark Agouti (DA) rats as donors. Animals
were housed at the animal care facility (University of Florida and
University of Alabama at Birmingham), and the studies were
approved by the Institutional Animal Care and Use Committee.
rAAV1-IL10 or rAAV1-GFP (100 pl of PBS containing 1 X 10!
viral particles per 200 g of body weight) was administered by
intramuscular injection (50 ul in each thigh) into recipient rats
8 weeks before aortic transplantation. An additional group
received an equal volume of PBS. To determine the role of HO-1
in mediating the effects of IL-10, we blocked HO enzyme activity
in a separate group of rats receiving rAAV1-IL10 by weekly s.c.
injections of tin protoporphyrin (SnPP, 45 pumol/kg of body
weight; Frontier Scientific, Logan, UT) beginning 1 day before
transplantation through the end of the experiment. Each group
consisted of five to eight animals.

Eight weeks after rAAV vector delivery, a segment of thoracic
aorta was removed from DA rats under sterile conditions and
preserved at 4°C in normal saline. The aortic segment was
transplanted into Lewis rats below the renal arteries and above
the iliac bifurcation as described in ref. 25. No immunosuppres-
sion was used. To control for the effects of vector administration
and the surgical procedure, we also performed isografts (Lewis
to Lewis) that were treated with an equivalent dose of rAAV1-
GFP. The animals were followed for 8 weeks after transplanta-
tion and then killed, and the transplanted aortic grafts were
harvested for analysis.

Measurement of IL-10. Blood samples were collected at 0, 4, 8, and
16 weeks after rAAV1-IL10, rAAV1-GFP, or PBS injection, and
sera were analyzed for the presence of rat IL-10 by using a
commercially available ELISA kit (OPTEIA kit, BD Biosciences
Pharmingen) according to the supplier’s instructions. The IL-10
concentrations were interpolated by using the SOFTMAX PRO
software (Molecular Devices) against the linear range on the
standard curve.

Measurement of Neointimal Area of Aortic Allografts. For determi-
nation of vascular wall changes, aortic cross sections were stained
with hematoxylin/eosin (H&E). Histomorphometric analyses
were performed on images taken with a DMR Leica microscope
(Leica, Bannockburn, IL) and IMAGE PRO software (Media
Cybernetics, Silver Spring, MD). Neointimal and medial areas
were calculated in three to five sections per aortic graft. The
medial area was unchanged, as expected, and was used to control
for interanimal variability.

Phenotypic Analyses of the Infiltrate. An immunohistochemical
analysis of transplanted aortic segments was performed to
determine the influence of IL-10 on the intensity of the infiltrate
as well as on particular subtypes of graft-infiltrating cells. Five
rings from each aortic allograft were fixed overnight in formalin
and embedded in paraffin. Next, 4-um sections were deparaf-
finized, blocked for endogenous peroxidase, and incubated at
95°C in Trilogy solution (Cell Marque, Hot Springs, AR) for
antigen retrieval. Slides were incubated with primary antibodies
against T cells (CD3), T helper cells (CD4), cytotoxic T cells
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(CDS8), B cells (CD45RA) (all from BD Biosciences Pharmin-
gen) and monocytes (CD68, DAKO). Appropriate secondary
antibodies were used based on the origin of the primary anti-
bodies. Detection was achieved by using an avidin-biotin con-
jugate kit (Vector Laboratories). The total area of positively
stained cells/total adventitial area for each of the antigens was
determined by using IMAGE PRO software and a DMR Leica
microscope. Such counts were performed on three to five
consecutive aortic sections for each aortic transplant. Counts
were performed by two separate observers on blinded sections
to ensure validity of the method.

Western Blot Analysis. A segment of the aortic graft was washed
twice with ice-cold PBS and lysed in a buffer containing a
broad-spectrum mixture of protease inhibitors and Triton X-100.
Immunoblot analysis was performed as described in ref. 26 by
using an anti-HO-1 antibody (1:500 dilution, Stressgen Biotech-
nologies, Victoria, BC, Canada) followed by incubation with
peroxidase-conjugated goat anti-rabbit IgG antibody (1:10,000
dilution) for 1 h. The membranes were reprobed with an
anti-actin antibody (1:1,000; Sigma) to confirm equal loading.

HO Enzyme Activity Assay. Splenic HO activity was measured by
bilirubin generation as described in ref. 27. Briefly, a microsomal
fraction prepared from splenic tissue by differential centrifuga-
tion was added to a reaction mixture (400 ul) containing 3 mg
of rat liver cytosol (a source for biliverdin reductase), 20 uM
hemin, 2 mM glucose 6-phosphate, 0.2 unit of glucose-6-
phosphate dehydrogenase, and 0.8 mM B-NADPH and incu-
bated at 37°C for 1 h in the dark. One milliliter of chloroform was
added to extract the bilirubin, and the change in absorbance at
464-530 nm was measured. The concentration of bilirubin was
calculated by using the extinction coefficient 40 mM~!-cm ™!, and
enzyme activity was expressed as pmol of bilirubin formed per
60 min per mg of protein.

Statistical Analysis. Statistical analysis was performed by using
ANOVA and the Student-Neuman—Keuls posttest analysis. All
data are presented as the mean = SEM. Statistical significance
was defined as P < 0.05.

Results

Effect of rAAV-Mediated IL-10 Treatment on Neointimal Proliferation
in Rat Aortic Transplantation. To achieve elevated levels of sys-
temic IL-10, recipient Lewis rats received a single intramuscular
administration of a rAAV1-IL10 vector 8 weeks before aortic
transplantation. As shown in Fig. 1, a significant increase in
serum levels of IL-10 was observed at 4, 8, and 16 weeks after
the intramuscular injection of rAAV1-IL10, compared with the
control group of animals treated with rAAV1-GFP. The vector
dose was determined based on pilot studies to provide serum
IL-10 levels of 400-600 pg/ml at the time of transplantation.

The effects of IL-10 on the vascular changes in the rat aortic
grafts were analyzed by histology and morphometry at 8 weeks
after transplantation. As demonstrated in Fig. 2 C and F, IL-10
markedly reduced the neointimal proliferation that was observed
clearly in the control GFP group (Fig. 2 B and E). Neointimal
proliferation in the PBS-treated animals receiving aortic allo-
grafts was similar to the rAAV1-GFP group (data not shown).
No neointimal proliferation was seen in aortic isografts from
animals treated with rAAV1-GFP (Fig. 2 4 and D). A quanti-
tative analysis of the aortic allografts showed a significant (P <
0.01) reduction in the neointimal area as well as the neointimal/
medial ratio in the IL-10 group as compared with the GFP
controls (Fig. 2G).
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Fig. 1. Serum levels of IL-10 in recipient Lewis rats at 0, 4, 8, and 16 weeks
after asingle intramuscular administration of rAAV1-IL-10 or rAAV1-GFP (100
ul of PBS containing 1 X 10" viral particles per 200 g of body weight). *, P <
0.01 for rAAV1-IL-10-injected animals versus rAAV1-GFP control at respective
time points; n = 5-8 per group.

Role of HO-1 Expression and Activity in IL-10-Mediated Inhibition of
Neointimal Proliferation. Both IL-10 (8-11) and the expression of
HO-1 (28, 29) have been demonstrated to exert antiinflamma-
tory properties resulting in vascular protection in allograft
rejection as well as in balloon-induced vascular injury. However,
a clear link between the effects of IL-10 and HO activity in
chronic rejection has not yet been established. In this study, we
first examined HO-1 protein expression in the explanted grafts.
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Fig. 2. The effect of IL-10 treatment on neointimal proliferation in aortic

allografts. (A-C) H&E staining of explanted aortic grafts (Lewis-to-Lewis
isografts and DA-to-Lewis allografts) 8 weeks after transplantation. (D-F)
Higher-magnification images showing the neointimal layer (vertical bar) in
the respective groups. (G) Morphometric analysis of neointimal and medial
area performed on explanted aortic grafts. Three to five sections per aortic
segment were examined. Data are presented as mean = SEM from five or six
animals per group, *, P < 0.01 for rAAV1-IL-10 versus rAAV1-GFP.
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Fig. 3. HO-1 protein expression by Western blot analysis in aortic grafts 8
weeks after transplantation. Lanes 1 and 2, aortic isografts (Lewis-to-Lewis
transplants) from animals treated with AAV-GFP; lanes 3-5, aortic allografts
(DA-to-Lewis transplants) from animals treated with AAV-GFP; lanes 6-8,
aorticallografts from animals treated with AAV-IL-10. Each lane represents an
individual transplant and was loaded with 20 ug of protein.

As demonstrated in Fig. 3, aortic allografts from both IL-10 and
GFP groups demonstrated markedly elevated levels of HO-1. No
difference in HO-1 expression was observed between the IL-10
and GFP groups. Consistent with observations from ref. 30, the
expression of HO-1 was localized predominantly to infiltrating
cells (data not shown). In the isografts, however, HO-1 levels
were undetectable, suggesting that the immune injury associated
with allograft rejection in both groups led to maximal local
expression of HO-1, which was not affected by IL-10.

To explore the effects of systemic HO inhibition on the
protective effects of IL-10 in preventing neointimal prolifera-
tion, aortic allograft recipients were treated with SnPP. IL-10
levels in the IL-10 plus SnPP-treated animals were not signifi-
cantly different from the IL-10-alone group (245 *+ 31 pg/ml at
4 weeks; 365 = 108 pg/ml at 8 weeks; and 438 = 77 pg/ml at 16
weeks). As shown in Fig. 4 C and F, blockade of HO reversed the
decrease in neointimal proliferation observed in the IL-10-
treated animals (Fig. 4 B and E), a quantitative analysis of which
is shown in Fig. 4G. Inhibition of HO enzyme activity by SnPP
(Fig. 4H) was confirmed in splenic microsomes, a site for
constitutive expression of HO-1 (31). Interestingly, IL-10 signif-
icantly increased splenic HO activity, an effect abolished by
SnPP (Fig. 4H).

Influence of HO-1 on IL-10-Mediated Suppression of Adventitial Infil-
trate in Aortic Allografts. Adventitial infiltration with lymphocytes
and monocytes/macrophages is a consistent feature of immune-
mediated injury in rat aortic allografts. As shown in Fig. 5, the
explanted grafts from control recipients treated with GFP
displayed a marked adventitial infiltration with T cells (CD3")
with its helper (CD4") and effector (CD8") subsets, B cells
(CD45RA™), and monocytes/macrophages (CD68"). As ex-
pected, the IL-10-treated animals showed significant reduction
in the adventitial infiltrate for all of the above cell populations
by 50% (for CD3"), 47% (for CD4%), 48% (for CD8"), 62% (for
CD45RA™"), and 50% (for CD68™). Interestingly, systemic HO
blockade in recipient rats with SnPP resulted in a complete
reversal of this protective effect for CD3*, CD4*, CD8", and
CD45RA™ infiltrating cells. Although there was an increase in
the density of CD68* cells in the IL-10 + SnPP group, it did not
reach statistical significance. Taken together, these results dem-
onstrate that HO activity, at least in part, mediates the modu-
latory effects of IL-10 on chronic rejection of rat aortic allografts
in terms of both neointimal proliferation and inflammation.

Discussion

Neointimal proliferation and inflammation are characteristic
features of chronic vascular rejection, a process that leads to
significant loss of functioning organ transplants. The results of
this study show that IL-10, delivered by a single intramuscular
administration of a rAAV serotype 1 vector, can effectively
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Fig. 4. The effects of HO blockade on neointimal proliferation in aortic

allografts. To block HO activity, Lewis recipients of DA aortic segments re-
ceived weekly s.c. injections of SnPP. (A-C) H&E staining of explanted aortic
allografts 8 weeks after transplantation. (D-F) Higher-magnification images
of the neointimal layer (vertical bar) in the respective groups. (G) Morpho-
metric analysis of neointimal-medial area performed on explanted aortic
grafts. Three to five sections per aortic segment were examined. Data are
presented as mean + SEM from five or six animals per group, *, P< 0.001, IL-10
versus GFP control; #, P < 0.05, IL-10 + SnPP versus IL-10 group. (H) Effect of
SnPP on HO activity in aortic allograft recipients treated with rAAV1-GFP,
rAAV1-IL-10, or rAAV1-IL-10 + SnPP. HO activity was determined in splenic
microsomes as described in Methods. Data are presented as mean + SEM; n =
5or 6 animals per group; *, P < 0.01, IL-10 versus GFP control, #, P< 0.01, IL-10
+ SnPP versus IL-10 and GFP groups.

prevent vascular changes associated with chronic rejection in a
rat model of aortic transplantation. The findings show that HO-1
mediates the beneficial effects of IL-10 in aortic allografts
because inhibition of HO activity reverses not only neointimal
proliferation, but also inflammatory cell infiltration. This study
demonstrates a mechanistic link between the protective effects
of IL-10 and HO-1 in transplantation.

IL-10 has been an attractive candidate for immunomodulatory
therapies aimed at improving graft survival because of its ability
to promote Th2-type immune responses with concomitant sup-
pression of Thl responses. The other effects of IL-10 that
promote allograft survival include suppression of leukocyte
adhesion and migration, promotion of regulatory T cell devel-
opment, inhibition of antigen-specific responses, and regulation
of IL-10 receptor levels (2, 32). IL-10-deficient mice receiving
cardiac allografts exhibit significantly greater leukocyte infiltra-
tion and vascular neointimal proliferation compared with wild-
type recipients (2, 32). On the other hand, increased IL-10 levels
achieved by the administration of a recombinant protein or by
using a gene delivery system inhibits vascular neointimal prolif-
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Fig. 5. Effects of HO blockade on IL-10-mediated attenuation of inflamma-
tory infiltrate in aortic allografts. Inmunohistochemical analysis was per-
formed on aorticallografts 8 weeks after transplantation. (Left) Immunostain-
ing for T cells (CD3, CD4, and CD8), B cells (CD45RA) and macrophages (CD68)
in the indicated groups. (Magnification bars: 0.1 mm.) (Right) Morphometric
analysis of the area of positive adventitial staining for the respective marker
in relation to the total adventitial area. Three to five sections per aortic
segment were examined. Data are presented as mean *= SEM from n = 3-7
animals per group; *, P < 0.05, IL-10 versus GFP and IL-10 + SnPP groups for all
markers except CD68 where *, P < 0.05 only for IL-10 versus GFP group.

eration after balloon injury and transplant-related arterioscle-
rosis (10, 11, 32). Our approach involving the use of a rAAV
vector for IL-10 delivery eliminates the need for repeated
administration as well as the adverse immune effects related to
other viral vectors. It also allows for constitutive and sustained
levels of expression not observed in previous studies of IL-10
administration.

The IL-10 receptor is expressed on vascular SMC, and IL-10
has direct inhibitory effects on SMC proliferation in vitro and in
vivo in balloon injury-induced intimal hyperplasia (16). How-
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ever, the intracellular mechanisms of these effects are incom-
pletely understood. Interestingly, the vascular protective effects
of HO-1 follow a pattern very similar to that of IL-10 (22, 33, 34),
which prompted us to investigate the link between IL-10 and
HO-1 in our model. The protective effects of HO-1 have been
demonstrated in several models of transplantation (reviewed in
refs. 21, 35, and 36). Chemical or genetic manipulation to
increase HO-1 expression showed significant reduction in neo-
intimal proliferation in a model of aortic transplantation (33)
and in mechanically induced vascular injury (22, 34, 37). In
addition, HO-1 has been shown to mediate the antiinflammatory
properties of IL-10 in endotoxin-induced septic shock (17). Our
studies extend these important observations to chronic allograft
rejection.

Transplant rejection is associated with increased expression of
HO-1, which is localized predominantly to infiltrating cells (30).
This induction is attributed to several stimuli, including heme,
cytokines, growth factors, and nitric oxide (30), which are all
relevant to immune-mediated tissue injury. Although we ob-
served increased local expression of HO-1 in allografts, the
difference between the IL-10 and GFP-treated grafts was not
significant. However, IL-10 treatment resulted in increased
splenic HO activity and was associated with graft protection.
These results are consistent with Araujo et al. (38) that systemic,
rather than local, expression of HO-1 is more important for
allograft survival. Using HO-1 transgenic mice, Araujo et al.
reported that hearts transplanted from MHC-mismatched do-
nors into transgenic recipients displayed significantly longer
survival rates than when transgenic hearts were transplanted into
MHC-mismatched recipient animals. Several recent studies have
suggested that the neointimal lesion in transplant vasculopathy
consists predominantly of myointimal cells derived from circu-
lating progenitor cells (39, 40). We speculate that IL-10 or the
IL-10-HO-1 pathway modulates recruitment of progenitor cells
to the site of vascular injury and modifies progression of the
neointimal lesion.

The protective properties of HO-1 have been ascribed to the
antiinflammatory, antiapoptotic, and antiproliferative effects of
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one or more of its products (41, 42). Increased HO activity leads
to the generation of CO and biliverdin, both of which, when
administered systemically, are associated with prolonged graft
survival (28, 43). CO, among other functions, has antiapoptotic
effects (44) and also suppresses SMC proliferation (37). Recent
studies have also linked the protective effects of HO-1 to
concomitant up-regulation of the cell cycle regulatory protein
p21 in renal epithelial cells (45) and SMC (34), an effect shared
by IL-10, as shown in macrophages (46). Otterbein et al. (47)
have demonstrated that CO exerts antiinflammatory effects, in
part, by increasing macrophage IL-10 production. Inoue et al.
(48) have corroborated these findings by providing evidence that
the overexpression of HO-1 in macrophages leads to a significant
increase in macrophage-derived IL-10 levels.

Up-regulation of HO activity has been shown to interfere with
leukocyte adhesion to vascular endothelium by changing the
expression of various adhesion molecules (49-51), a phenome-
non that has been attributed to biliverdin and/or bilirubin, rather
than CO (49, 50). Recent studies have shown that treatment of
graft recipients with biliverdin decreases intragraft inflamma-
tion and inhibits T cell proliferation (43), an effect also observed
with CO (52, 53). Together, these findings suggest a significant
role of HO-1 in regulating the processes involved in allograft
rejection.

In summary, our studies demonstrate that the protective
effects of IL-10, administered by using a rAAV vector, are
mediated through a HO-1-dependent mechanism in a model of
aortic transplantation. Our studies further substantiate the role
of HO-1 as a “therapeutic funnel” (54) because it appears to
mediate the action of several other molecules that have been
used to improve graft survival, including rapamycin (55) and
statins (56).
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