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Abstract
Long-term survival after lung transplantation is limited by acute and chronic graft rejection.
Induction of immune tolerance by first establishing mixed hematopoietic chimerism (MC) is a
promising strategy to improve outcomes. In a preclinical canine model, stable MC was established
in recipients after reduced-intensity conditioning and hematopoietic cell transplantation from a
DLA-identical donor. Delayed lung transplantation was performed from the stem cell donor
without pharmacological immunosuppression. Lung graft survival without loss of function was
prolonged in chimeric (n=5) vs. nonchimeric (n=7) recipients (p≤0.05, Fisher’s test). There were
histological changes consistent with low grade rejection in 3/5 of the lung grafts in chimeric
recipients at ≥1 year. Chimeric recipients after lung transplantation had a normal immune
response to a T-dependent antigen. Compared to normal dogs, there were significant increases of
CD4+INFγ+, CD4+IL-4+ and CD8+ INFγ+ T-cell subsets in the blood (p <0.0001 for each of the
3 T-cell subsets). Markers for regulatory T-cell subsets including foxP3, IL10 and TGFβ were also
increased in CD3+ T cells from the blood and peripheral tissues of chimeric recipients after lung
transplantation. Establishing MC is immunomodulatory and observed changes were consistent
with activation of both the effector and regulatory immune response.

Introduction
In chimeric recipients, donor-specific tolerance may be established to solid organ grafts
from the hematopoietic cell (HC) donor but not third-party donors (1–8). However, rejection
of marrow donor-derived skin grafts has been reported in chimeric recipients (9–12). Tissue-
specific minor histocompatibility antigens in organs other than skin are likely present, but
skin grafts appear to be the most susceptible to rejection (11). In an outbred dog model,
stable mixed hematopoietic chimerism (MC) can be achieved after nonmyeloablative
conditioning and transplantation of a HC graft from a DLA-identical donor (13,14). Kidney
allografts transplanted from the HC donor into these canine chimeric recipients have
survived without rejection with follow-up to 5 years (3). Peripheral immune mechanisms
contribute to the donor-specific tolerance in canine recipients with MC (5,15). In humans,
there is some limited experience transplanting kidney allografts from HLA-identical HC
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donors for end stage renal disease after HCT. Only one graft rejection was observed in these
patients (7,8). Because lung allografts are more immunogenic than kidney allografts, donor-
specific tolerance established in chimeric recipients may not be sufficient to prevent
rejection.

A major limitation to improving survival after lung transplantation is graft rejection. The
overall patient survival at 1, 5 and 10 years after lung transplantation has been reported as
78%, 50% and 26%, respectively (16). Chronic graft rejection in survivors was 33% and
43% at 5 and 10 years, respectively (16). One of the strongest risk factors for chronic
rejection is the number and severity of acute rejection episodes. Although pharmacological
immunosuppression has reduced the incidence of acute rejection after lung transplantation
and increased early survival, chronic rejection persists as a major complication (17). Also,
the intensive and prolonged pharmacological immunosuppression required for lung
transplantation may increase the risk for developing opportunistic infections.

Based on the substantial unmet medical need for better methods to prevent lung allograft
rejection and to improve overall survival, combined hematopoietic cell and lung
transplantation from DLA-identical HC donors was investigated in an outbred canine model.
Combined hematopoietic cell and kidney transplantation from HLA-haploidentical donors
was effective for inducing tolerance without pharmacological immunosuppression in 4 of 5
recipients (18). Although, clinically, most lung allografts are from HLA-mismatched donors,
transplantation of combined HC and lung grafts from DLA-identical littermates as in this
model would provide further insights into the nature of donor-specific tolerance. Also, living
donor lobar transplants are now more frequently performed and could be considered for
complications resulting in end-stage lung disease after allogeneic HCT from HLA-identical
siblings (19–21).

Materials and Methods
Dogs

Litters of mini-mongrel cross-breeds and beagles were either purchased from commercial
kennels or raised at the Fred Hutchinson Cancer Research Center (FHCRC). The dogs
weighed a median of 12.1 (8.0 to 20.9) kg and were a median of 26 (11 to 50) months old at
lung transplantation. They were observed for disease for at least 60 days before study. All
were immunized for leptospirosis, papillomavirus, distemper, hepatitis, and parvovirus.
Research was conducted according to the principles outlined in the Guide for Laboratory
Animal Facilities and Care prepared by the National Academy of Sciences, National
Research Council. The Institutional Animal Care and Use Committee of the FHCRC
approved the research protocols and the American Association for Accreditation of
Laboratory Animal Care certified the kennels. Littermate donor/recipient pairs that
underwent HCT or lung transplantation were DLA-identical on the basis of matching for
highly polymorphic MC class I and class II microsatellite markers (22). In addition, specific
DLA DRB1 allelic identity was confirmed by direct sequencing (23).

Hematopoietic cell transplantation
Five recipients had stable MC at lung transplantation. They had first received a HC graft
from the DLA-identical lung graft donor after a nonmyeloablative conditioning regimen of
total body irradiation (TBI) (Table 1) (13,24). The canine model of HCT has been
previously described (4,25).
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Assessment of hematopoietic cell engraftment
Hematopoietic engraftment was determined by sustained recoveries of granulocyte and
platelet counts after radiation nadirs and by chimerism studies from serial peripheral blood
samples as previously described (26). Chimerism was assessed after both HCT and lung
transplantation in recipients with MC until the end of study (see Supplement for details).

Lung transplantation
Orthotopic left lung transplantation was performed in four groups of dogs. Group 1 (n=4)
underwent autologous lung transplantation. Group 2 (n=5) had stable MC and underwent
lung transplantation from the DLA-identical donor of the HC graft (Table 1). Recipients in
group 3 (n=7) were without donor-derived hematopoietic chimerism and received no
immunosuppression before or after lung transplantation from a DLA-identical donor.
Recipients in group 4 (n=3) were without donor-derived hematopoietic chimerism and
received short-term immunosuppression after lung transplantation. The lung transplantation
procedure has been previously described and is described in more detail in the Supplement
with modifications (27).

Pulmonary function tests
Pulmonary function studies were obtained at 1, 3, 6, and 12 months in both groups 1 and 2
and at 24 months in group 2 after lung transplantation as previously described (28–31).
Pulmonary function tests could not be conducted beyond 1 month in group 3 because of
graft loss. Measurements of lung volumes, carbon monoxide diffusion capacity, airway
resistance, compliance and single breath nitrogen washout were performed as described in
the Supplement.

Assessment of lung graft for rejection
After lung transplantation, the recipient was assessed for lung graft rejection by daily
clinical evaluations, chest X-rays and pulmonary function tests. Rejection was confirmed
and graded histologically on tissue obtained at necropsy (32). Sections from formalin-fixed
blocks were stained with hematoxylin and eosin.

Immune response to a neoantigen
Three chimeric recipients with a lung allograft were immunized with a neoantigen
(bacteriophage φx-174) according to a standard protocol (33,34). This T-cell dependent
neoantigen requires the interaction of antigen-presenting cells, T cells, and B cells for the
development of a normal IgG response. Bacteriophage φX174 was administered
intravenously at a dose of 3 × 109 plaque forming units/kg. Serial blood draws were
performed at 15 minutes (time 0) and then at 4, 7, 14 and 28 days. A secondary
immunization was given at 42 days. Phage clearance and specific phage-neutralizing
antibody activity, expressed as the rate of phage inactivation (K value [Kv]), was determined
as previously described (35).

T-cell subset analysis by flow cytometry
T-cell subsets were identified by surface and intracellular staining for surface markers and
cytokines, respectively, using a previously described procedure that had been modified (see
Supplement) (36). Cytotoxic and helper T-cell subsets were identified with a combination of
canine CD3-specific antibodies (clones CA17.6F9 or CA17.6B3) conjugated to FITC along
with PE-conjugated (ProZyme, San Leandro, CA) antibody to CD8 (CA9.JD3) or CD4
(CA13.1E4) (gift from Peter Moore, UC Davis). Antibody to canine interferon gamma
(IFNγ), tumor necrosis factor alpha (TNFα), interleukin 4 (IL4) or interleukin 10 (IL10)
(R&D Systems, Minneapolis, MN) which was directly conjugated to Alexa647 (Invitrogen,

Nash; et al. Page 3

Am J Transplant. Author manuscript; available in PMC 2010 December 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Carlsbad, CA) was added. Results were reported as the percentage of cytokine positive
CD3+CD8+ or CD3+CD4+ events out of the total number of CD3+CD8+ or CD3+CD4+ cells
for that particular cytokine.

Quantitative reverse transcribed-PCR of intracellular cytokines and FoxP3 from CD3+ T
cells

T cells were selected with canine CD3-specific monoclonal antibodies CA17.6F9 or
CA17.6B3 using Miltenyi bead technology (Miltenyi Biotec, Auburn, CA). Purity of the cell
sorts was determined by flow cytometry. Median CD3+ T cell purities of the sorted cells
from peripheral blood, lymph node, spleen, right lung and left lung were 93 (85–99)%, 98
(92–99)%, 92 (87– 97)%, 87 (85–95)% and 90 (86–97)%, respectively. From the sorted
CD3+ T cells, mRNA was extracted, isolated, and transcribed to cDNA using μMACS One
Step cDNA kits (Miltenyi Biotec, Auburn, CA). FoxP3 expression was measured by
quantitative reverse transcribed (RT)- PCR using primers and Taqman probe designed by
Primer Express (Applied Biosystems, Foster City, CA). The sequences of the primers used
for the amplification and detection of canine FoxP3 were: forward primer, 5′-
AGGATTTCCTCAAGCACTGC-3′; reverse primer, 5′-
TGGAAGAACTCTGGGAATGTG-3′ and probe 6FAM 5′-
TGGTGCAGTCTCTGGAACAG- 3′ TAMARA. The sequences of the primers used for
quantitative RT-PCR of canine interleukin- 10 (IL-10), canine transforming growth factor
beta (TGFβ) and the housekeeping gene, canine glycerol-3-phosphate dehydrogenase
(G3PDH) have been previously published (37). Absolute copy numbers were calculated
based on FoxP3, IL-10 or TGFβ standard curves, and samples were normalized to a second
standard curve for the housekeeping gene G3PDH (see Supplement for further details)
(37,38).

Statistical analysis
Comparisons of effector response and expression between groups of dogs were evaluated
via two-sample t-tests. All p-values are two-sided. No adjustment has been applied for
multiple comparisons.

Results
Stable mixed hematopoietic chimerism after hematopoietic cell transplantation

After a nonmyeloablative conditioning regimen and HCT, all recipients were chimeric and
without GVHD (Table 1). The levels of donor chimerism in the myeloid and lymphoid
compartments of the peripheral blood were stable in all recipients before and after lung
transplantation.

Prolonged survival of lung allografts in recipients with mixed hematopoietic chimerism
Four groups of recipients underwent orthotopic single lung transplantation (Table 2). Group
1 recipients underwent autologous lung transplantation and were followed for a median of
14 (12–18) months. Group 2 (n=5) included chimeric recipients that received the lung graft
from the DLA-identical donor of the HC graft. Stable MC was present for a median of 11
(5–21) months before performing lung transplantation. Recipients were followed for a
median of 27 (3–29) months. One recipient (G246) could only be followed for 3 months
because of a complication that occurred related to open lung biopsy. Lung grafts in group 2
survived until the last scheduled follow-up. The tidal volume, compliance, airway resistance
and nitrogen wash-out of the lung grafts in group 2 at 24 months were similar to group 1 at
12 months (Figure 1). There was no change in function of the lung grafts in group 2
compared to baseline evaluations. Although pulmonary function was normal, there was
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histological evidence of minimal-mild rejection (A1–A2) in 3 of the 5 lung grafts in group 2
(Table 2; Figure 2). There was no histological evidence for graft rejection in the right native
lungs from group 2 or in the autologous lung grafts in group 1. A moderate-severe vascular
rejection process (Grades A3 and A4) was observed in 5/7 of the group of DLA-identical
non-chimeric recipients without posttransplant immunosuppression (group 3) compared to
0/5 in group 2 (p≤0.05, Fisher’s test). Two of the first 3 recipients in group 3 had evidence
of mild vascular rejection (Grade A1) when they were euthanized at 6 and 7 days after lung
transplantation for early radiographic changes in the lung grafts. Subsequent recipients were
followed longer even if some changes were noted on the chest X-ray at 1 week after lung
transplantation. None of the lung grafts in group 3 survived greater than 33 days after lung
transplantation. Short-term immunosuppression with CSP and MMF after lung
transplantation in group 4 delayed but did not prevent the loss of the lung graft in non-
chimeric recipients.

Normal immune function in chimeric recipients after lung transplantation
Three chimeric recipients with the longest graft survival in group 2 were immunized with
bacteriophage φx174 to assess immune function at 14, 18 and 19 months after
transplantation, respectively. Neutralizing antibody production after primary and secondary
immunization was similar to historical normal controls (Figure 3). The normal immune
response to this neoantigen in chimeric recipients after lung transplantation suggests that the
prolonged graft survival resulted from tolerance and not immunosuppression.

Increased Tc1, Th1 and Th2 effector responses in lung allograft recipients with stable
mixed hematopoietic chimerism

Peripheral blood T-cell subsets based on intracellular cytokine production were determined
in chimeric recipients without lung allografts (n=10) at a median of 13 (10–24) months after
HCT or with lung allografts (n=4) at a median of 21 (2–29) months after lung
transplantation. Compared to normal dogs (n=10), chimeric recipients without lung
allografts had an increase of CD3+CD4+INFγ+ (Th1) and CD3+CD4+IL4+ (Th2) T cells
(p= 0.02, p=0.006 respectively) (Table 3). After lung transplantation, there was a significant
increase in levels of CD3+CD8+INFγ+ (Th1), Th1 and Th2 T cells compared to both
normal controls (p<0.0001, p<0.0001, p<0.0001, respectively) and chimeric recipients
without lung transplantation (p=0.03, p=0.04 and p=0.01, respectively). A significant
increase was not observed in the CD3+CD4+TNFα+ or CD3+ CD4+IL10+ T-cell subsets
between any of these groups. However, when chimeric recipients with other solid organ
grafts (e.g. kidney and small intestine) were included with the lung graft group (n=9),
CD3+CD4+TNFα+ T cells were also observed to be increased compared to normal dogs
(p=0.04).

FoxP3, IL10 and TGFβ in CD3+ T cells from blood and tissue in chimeric recipients with
and without lung allografts

Quantitative RT-PCR for foxP3, IL10 and TGFβ was done on CD3+ T cells isolated from
the peripheral blood in chimeric recipients with and without solid organ grafts. CD3+ T cells
were also harvested from lymph node, spleen and the right and left lung at the end of study.
Compared to normal dogs, the copy number of foxP3, IL10 and TGFβ mRNA in CD3+ T
cells from the peripheral blood of chimeric recipients (n=10) was increased (n=17;
p=0.0005, p<0.0001, p=0.005, respectively) (Figure 4). After lung transplantation, foxP3
and IL10 but not TGFβ copy number in the CD3+ T cells from blood from the chimeric
recipients (n=4) were significantly increased compared to normal dogs (p= 0.02, p<0.0001
and p= 0.22, respectively). At necropsy, the highest levels of foxP3, IL10 and TGFβ copy
number were in CD3+ T cells from the lymph nodes of normal dogs, which then decreased
in chimeric recipients (p=0.11, p<0.0001, p=0.02, respectively). FoxP3 and TGFβ copy
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number in CD3+ T cells from lymph nodes of chimeric recipients increased significantly
after lung transplantation (p=0.05, p=0.01, respectively). There was no difference in the
foxP3 copy number of splenic CD3+ T cells after HCT or lung transplantation but IL10 and
TGFβ copy number in splenic CD3+ T cells was decreased in chimeric recipients compared
to normal dogs (p=0.04, p=0.002, respectively). In both the native and donor lungs of
chimeric recipients after lung transplantation, there was in general, an increased expression
of foxP3, IL10 and TGFβ in CD3+ T cells. This may reflect the indolent inflammatory
process in the lung graft with a ‘sympathetic protective’ response in the native lung. The
increased expression of foxP3, IL10 and TGFβ in CD3+ T cells of blood and lungs and a
decrease in lymph node and spleen is consistent with a shift of regulatory activity to the
peripheral tissues in chimeric recipients.

Expression of FoxP3, IL10 and TGFβ in CD3+ T cells from blood and tissue during acute
lung graft rejection

The expression of foxP3, IL10 and TGFβ was also evaluated in nonchimeric recipients
experiencing acute lung rejection (group 3, Figure 5). FoxP3 copy number was increased in
blood, lung allograft and most markedly in lymph node (p=0.04, p=0.06 and p=0.005,
respectively). IL10 and TGFβ were unchanged in the blood, decreased in lymph node and
spleen, and increased in the lung allograft. CD3 and foxP3 staining of lymph nodes from
recipients rejecting a lung graft showed that there were an increased number of foxP3+ cells
compared to a lymph node from a normal dog (Supplement, Figure 1).

Discussion
In a canine model of combined hematopoietic cell and lung transplantation, it was
demonstrated that lung grafts had prolonged survival without loss of function but there was
histological evidence of minimal-mild rejection. Even though minimal-mild graft rejection
did not significantly affect lung function during the observation period of greater than 2
years in some recipients, it did reflect persistent donor-specific alloreactivity or indolent
chronic rejection. It is uncertain if there would have been progressive loss of lung function
with longer follow-up of the recipients. Partial tolerance has also been observed to HC
donor-derived skin grafts in this dog model of MC as well as in other transplantation models
(4,10,39). Rejection of kidney, heart or heterotopic small bowel grafts has not yet been
observed in chimeric large animal recipients (3,5,39,40). Rejection of skin grafts in chimeric
recipients has been attributed to the presence of polymorphic minor histocompatibility
antigens of the skin and also possibly, the non-vascularized nature of the skin graft (39,41).
However minor histocompatibility antigens are likely expressed on most organs other than
the skin and the presence of histological rejection in the lung graft may therefore relate more
to other intrinsic features of the graft especially the effectiveness of donor antigen
presentation for activation of the host immune system. The lung is a highly immunogenic
organ based on the observation that the rates of rejection are higher after lung
transplantation than kidney or liver transplantation. Even though an indolent rejection
process was observed among recipients after combined hematopoietic cell and lung
transplantation, this approach may improve lung transplant outcomes since the survival of
the lung grafts was markedly prolonged compared to lung transplant recipients without
donor chimerism.

The term ‘partial clinical tolerance’ has been proposed to describe recipients who require
minimal immunosuppression for maintaining stable allograft function. Partial tolerance has
been more easily achieved after liver transplantation (42). The state of ‘partial clinical
tolerance,’ in most cases however, is still dependent on pharmacological
immunosuppression and withdrawal of this may result in the loss of graft function. In
experimental models besides the dog, partial tolerance has also been observed after small
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intestine and kidney transplantation in the rat (43,44). In experimental models, an indolent
stable state of low grade inflammation may persist without significant impairment of graft
function, possibly as the result of a balance between regulatory and effector immune
mechanisms. A longer follow-up than what was performed in the current study would be
required to confirm this possibility. The indolent chronic rejection of the lung allograft in
mixed chimeric recipients might be prevented by converting recipients to full hematopoietic
chimerism or adding low-doses of pharmacological immunosuppression.

Immune tolerance in recipients with MC is dependent upon multiple mechanisms (45). In a
lymphoablative murine model, central mechanisms involving intrathymic negative selection
or deletion of donor-reactive T cells were observed in the development of stable MC (46–
48). Peripheral T cell depletion of donor-reactive host T cells preceded by anergy to donor-
antigens has also been reported in thymectomized murine recipients (49). More recently, in a
non-lymphoablative murine model, donor-specific regulatory activity and immune tolerance
to skin grafts could be adoptively transferred from recipients with MC (50). In a large
animal model, peripheral regulation was demonstrated in vitro when peripheral blood
mononuclear cells from a mixed chimeric miniature swine suppressed alloreactivity of
donor-matched responder cells to recipient-matched stimulator cells (51). In the dog, a
peripheral tolerance mechanism was also evident in chimeric recipients which failed to
convert from mixed to full hematopoietic chimerism after donor lymphocyte infusions (15).
In the chimeric recipients, there was an increase in Th1 and Th2 cells in the peripheral blood
consistent with a T helper type 1 and 2 effector response. After lung transplantation, Th1
and Th2 cells remained increased but Tc1 were then also observed to increase. In
combination with the indolent rejection of the lung grafts, these observations are not
consistent with a deletional mechanism of immune tolerance in this model of MC. There
were also changes which involved the regulatory subsets of CD3+ T cells expressing foxP3,
IL10 and TGFβ. Regulatory T cell subsets with the dominant expression of one of these
molecules have been described. FoxP3 expression has been described in CD4+CD25+
regulatory T cells. IL10 and TGFβ are expressed in the Tr1 and Th3 regulatory T cells
respectively. Since quantitative RT-PCR was performed on a population of CD3+ T cells,
changes in the copy number of these molecules could have resulted from an increased
expression within the cells without an increase in cell number. In previous studies of in vivo
interleukin-2, an increase of foxP3 copy number by PCR in the blood was associated with an
increase in CD4+CD25hi ± foxP3+ T cells (52,53). The decreased signal from foxP3, IL10
and TGFβ in CD3+ T cells from secondary lymphoid organs (i.e. lymph nodes and spleen)
and increase in the blood and lungs was consistent with a mobilization of a regulatory
response to suppress alloreactivity in peripheral tissue. Similar trafficking of foxP3+
regulatory T cells from lymph nodes to peripheral tissues during a graft-versus-host reaction
has been observed in a murine model after adoptive transfer (54). The immunomodulatory
changes observed in the dog model of MC and lung transplantation were consistent with the
conclusion that donor-reactive helper and cytotoxic T cells persist and were only partially
controlled by regulatory as well as other tolerance mechanisms.

Recipients rejecting the lung allograft (group 3) also had increased foxP3 expression in
CD3+ T cells from blood similar to what had been observed in chimeric recipients. Increases
of foxP3 in CD3+ T cells from the blood therefore may not be a good indicator of the
presence or absence of tolerance. The largest increase of foxP3 expression in CD3+ T cells
during rejection was in the lymph node compared to blood, spleen and lung graft. It had
previously been shown that alloantigen-specific CD4(+)CD25(+)foxp3(+) regulatory T cells
developed and are required within lymph nodes during tolerization (55). In this large animal
model, the increase of foxP3 in CD3+ T cells from the lymph node likely occurred as a
compensatory regulatory mechanism that was induced by factors related to rejection. There
was also an increased IL10 and TGFβ copy number in CD3+ T cells in the lung graft during
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rejection but no change in the blood and a decrease in lymph node and spleen. These
changes may represent the mobilization of regulatory T cells to the peripheral tissues
including the graft for the control of alloreactivity. This demonstrates that there is a response
of regulatory immune mechanisms, albeit inadequate, in parallel with an effector response of
the immune system during acute rejection. In dog and human, in vitro regulatory T cell
expansion (CD4+CD25+) has been observed in mixed leukocyte reactions (56,57).
Alloantigen stimulation of CD4+CD25+ T cells has resulted in antigen-specific regulatory T
cells (58,59). In addition, it has been demonstrated that antigen-specific CD4+CD25+
regulatory T cells can be induced from CD4+CD25− T cells by exposure to antigen-
presenting cells and the cognate antigen (60). Many immunosuppressive agents commonly
used in transplantation affect both effector and regulatory arms of the immune system but an
approach targeting effector T cells specifically would seem to be more rational.

In summary, in the canine model of combined hematopoietic cell and lung transplantation,
there was prolonged survival of lung grafts from the DLA-identical HC donor. In the lung
grafts at the end of the study, there was evidence of histological changes consistent with
minimal-mild chronic rejection. Further characterization of the immune response in the
chimeric recipients showed that there was a T helper type 1 and 2 response and an increase
in Tc1 in the blood consistent with activation of effector immune mechanisms. There was
also evidence of activation of the regulatory arm of the immune system with an increase in
foxP3, IL10 and TGFβ in CD3+ T cells. These observations contribute further insights into
the immune profile of donor-specific tolerance in an outbred large animal model of
combined hematopoietic cell and solid organ transplantation and support future
investigations of interventions which would augment regulatory immune mechanisms to
induce tolerance.
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Figure 1.
Pulmonary function tests on recipients after autologous lung transplantation (group1) and
chimeric recipients after lung transplantation from the donor of the hematopoietic cell graft
(group 2). Recipients in group1 had their last pulmonary function test at 12 months after
lung transplantation. No difference was observed in tidal volume, compliance, airway
resistance or nitrogen wash-out curves at 12 months between group 1 and 2. Three recipients
in group 2 had pulmonary function tests at 24 months. There was no change in pulmonary
function between 12 and 24 months for the 3 recipients from group 2. No pulmonary
function tests were done in group 3 beyond the baseline tests since acute rejection was
complete within 1 month of lung transplantation.
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Figure 2. Necropsy histology and rejection classification of the lung grafts at the end of study
(see Table 2 for a description of the grading system)
A) Autologous control (dog G135, group 1): Normal lung histology with no evidence of
graft rejection (Grade A0, B0).
B) Rejection control (dog G533, group 3): The vessel in the lower right corner displays a
perivascular lymphoid infiltrate which extends into the alveolar septal interstitium. There is
marked alveolar hemorrhage. The alveolar septal devitalization in the upper left corner
borders an area of parenchymal necrosis. (Grade A4).
C) Rejection control (dog G533, group3): In the same lung illustrated in (B), there is
peribronchial lymphocytic infiltration and focal necrosis of bronchiolar epithelium (arrows).
The lymphoid infiltrate extends into the alveolar interstitium. Alveolar hemorrhage is
present. (Grade B4).
D) Chimeric recipient (dog G190, group 2): Normal lung histology with no evidence of graft
rejection at end of study (Grade A0, B0; 27 months).
E) Chimeric recipient (dog G005, group 2): This perivascular infiltration by small numbers
of lymphocytes is consistent with mild graft rejection. The airways (not shown) were
uninvolved. (Grade A1, B0; 29 months).
F) Chimeric recipient (dog E875, group 2): Histological changes are observed consistent
with active acute and chronic graft rejection (Grade A2, B1, Ca; 27 months). The bronchiole
which extends horizontally across the photomicrograph is narrowed by lymphocytic
infiltration of the mucosa (arrowheads) and proliferation of granulation tissue (arrow).
Bands of smooth muscle (asterisks) in the bronchiolar wall serve as anatomic landmarks.
The alterations are characteristic of early obliterative bronchiolitis, grade Ca (active) in the
International Society for Heart and Lung Transplantation grading system, This is the
histological expression of active chronic lung rejection as well as chronic pulmonary graft-
versus-host disease. Bars represent 100 microns in all panels. Images were processed using
Photoshop 7.0 software (Adobe Systems, San Jose, CA).
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Figure 3.
Immune response in chimeric recipients (E875, G005 and G190) after lung transplantation
to a neoantigen. Antibody responses to the T cell-dependent neoantigen, bacteriophage
ΦX174 (phage) were measured in three chimeric lung recipients. Phage was injected
intravenously twice, 6 weeks apart (primary and secondary immunizations) at a dose of 3 ×
109 PFU/kg body weight, and the production of phage-specific antibody determined.
Antibody titers were measured by a neutralizing assay and expressed as rate of phage
inactivation (Kv). The geometric mean antibody titers and the 95% confidence interval of
normal dogs is indicated by the interrupted line and the shaded area. Percent IgG was
determined for serum samples obtained 2 weeks after secondary immunization.
◆- ◆ (E875, 68% IgG), •- • (G005, 68% IgG), □- □ (G190, 100% IgG).
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Figure 4.
Copy number of foxP3, IL10 and TGFβ in CD3+ T cells from blood, lymph nodes, spleen,
lung graft (left) and native lung (right) from normal dogs, chimeric recipients and chimeric
recipients after lung transplantation at end of study. Copy number of foxP3, IL10 and TGFβ
was measured by quantitative RT-PCR. Absolute copy numbers were calculated based on
foxP3, IL10 or TGFβ standard curves, and samples were normalized to a second standard
curve for the housekeeping gene G3PDH (37). A) Copy number of foxP3 was significantly
increased in CD3+ T cells from the peripheral blood in recipients with mixed hematopoietic
chimerism compared to normal dogs. Copy number of foxP3 from tissue-derived CD3+ T
cells were not significantly different between normal dogs and chimeric recipients except for
the right (native) lung in which it was noted to be increased in chimeric recipients. B) Copy
number of IL10 was significantly increased in CD3+ T cells from the peripheral blood and
left (graft) lung of recipients and increased but not significantly in the right (native) lung.
There were significant decreases in IL10 copy number in CD3+ T cells from lymph node
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and spleen in the chimeric recipients. C) Copy number of TGFβ was significantly increased
in CD3+ T cells from the peripheral blood of chimeric recipients (except after lung
transplantation) and in the lungs (native and graft) after lung transplantation. There were
significant decreases in TGFβ copy number in CD3+ T cells from lymph node and spleen in
the chimeric recipients.
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Figure 5.
Copy number of foxP3, IL10 and TGFβ expression in CD3+ T cells from blood, lymph
nodes, spleen, lung graft (left) and native lung (right) from normal dogs and recipients
experiencing acute lung graft rejection. A) Copy number of foxP3 was increased in CD3+ T
cells from peripheral blood, lymph nodes and left (graft) lung during graft rejection. The
increased foxP3 copy number in the CD3+ T cells of the lymph nodes from a recipient was
notable because it was substantially higher than any other blood or tissue sample studied. B)
IL10 copy number in CD3+ T cells from the peripheral blood did not significantly change
during graft rejection but significantly decreased in the lymph nodes and spleen and
increased in the left (graft) lung. C) TGFβ copy number in CD3+ T cells from the peripheral
blood, like IL10, did not significantly change during graft rejection but significantly
decreased in the lymph nodes and spleen and increased in the left (graft) lung.
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Table 2

Orthotopic Transplantation of the Left Lung from DLA-Identical Donor

Group UPN Rejection (Y/N) Histopathology of the Lung* Outcome (mo)

1. Autologous G071 N A0,B0 ET2** (18 mo)

G042 N A0,B0 ET2 (17mo)

G135 N A0,B0 ET2 (14 mo)

G137 N A0,B0 ET2 (12 mo)

2. Allogeneic Mixed Chimerism‡ G190 N A0,B0 ET2 (27 mo)

G005 N A1,B0† ET2 (29 mo)

E875 N A2,B1,Ca†† ET2 (27 mo)

G246 N A0,B0 ET1† (3 mo)

G183 N A2,B0†† ET2 (12 mo)

3. Allogeneic Nonchimeric, No CSP/MMF§ G020 N A1B0 ET2 (7 days)

G 260 Y A4B0 ET2 (8 days)

G 379 N A1B0 ET2 (6 days)

G 434 Y A3B0 ET2 (22 days)

G 392 Y A3B0 ET2 (23 days)

G390 Y A4B0 ET2 (19 days)

G533 Y A4,B4 ET2 (33 days)

4. Allogeneic Nonchimeric, CSP/MMF§§ G326 Y A3,B1 ET2 (6 mo)

G209 Y A4,B4 ET2 (3 mo)

G262 Y A4,B0 ET2 (5 mo)

*
Lung tissue was obtained at necropsy of recipients. Acute cellular rejection can involve the vasculature and the airways of the lung graft. Using

the revised criteria of the International Society for Heart and Lung Transplantation [34], acute rejection of the vasculature was graded A0-A4 based
on the extent of mononuclear cell infiltration of perivascular and interstitial areas as well as whether hemorrhage and necrosis were present. An A1
grade of minimal acute rejection was characterized by rare scattered perivascular infiltrates that were not obvious at low magnification. In the A4
grade there were prominent perivascular and interstitial infiltrates associated with hemorrhage and necrosis. Acute cellular rejection involving the
airways was graded B0-B4 based largely on the degree of lymphocytic, monocytic and eosinophilic infiltration in bronchi and bronchioles as well
as epithelial apoptosis. A B1 grade of minimal airway rejection displayed rare mononuclear cells infiltrating the bronchial and bronchiolar
submucosa.. In the B4 grade of severe airway rejection there was marked inflammatory infiltration along with epithelial necrosis. Fibrous
obstruction of bronchioles was graded Ca if accompanied by infiltrating inflammatory cells or Cb if inflammation was absent.

**
ET1 Complication from open lung biopsy; ET2 Euthanized at end of study. Clinically stable with or without rejection of lung graft.

†
G005: Foci of rare perivascular infiltrates. Right native lung was normal.

††
G183 and E875: Had occasional foci of A2 histology. E875 had rare bronchiolar changes including bronchiolar fibrosis with mononuclear

infiltrates. The right native lungs were normal.

‡
Lung transplantation from DLA-identical HC donor into recipient with stable mixed hematopoietic chimerism (MC).

No pretransplant or posttransplant immunosuppression was administered.

§
Lung transplantation from DLA-identical donor into recipient without MC and no immunosuppression.

§§
Lung transplantation from DLA-identical donor into recipient without MC and immunosuppression with oral cyclosporine (CSP) (15 mg/kg

b.i.d.) for 35 days and mycophenolate mofetil (MMF) (10 mg b.i.d., s.c.) for 28 days after HCT.
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