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Abstract
Autoimmunity to type V collagen (col(V)) is a major risk factor for lung allograft rejection.
Although col(V)-induced oral tolerance abrogates rejection of minor histoincompatible lung
transplants, its ability to prevent rejection of fully MHC incompatible lung allografts is unknown.
Rat lung allografts fully incompatible at MHC class I and II loci (Brown Norway (RT1n)) were
transplanted into untreated Wistar Kyoto rat recipients (WKY, RT1l), or WKY rats were fed
col(V) pretransplantation. To determine whether col(V) enhanced cyclosporine (CsA)-mediated
immune suppression, WKY rats were treated with low-dose CsA (5 mg/kg), post-transplant, or
oral col(V) plus CsA. The data showed that in contrast to col(V) or CsA, col(V) plus low-dose
CsA significantly prevented rejection pathology, down-regulated alloantigen-induced production
of IFN-γ and IL-17A, and suppressed chemotaxis for lung macrophages in allograft
bronchoalveolar lavage fluid that was associated with lower local levels of MCP-1 (CCL2).
Col(V) plus CsA was associated with alloantigen-induced expression of IL-10 in mediastinal
lymph node or splenic T cells, intragraft expression of IL-10 and Foxp3 in perivascular and
peribronchiolar mononuclear cells, and constitutive production of IL-10 from allograft alveolar
macrophages. These data demonstrate that col(V) enhances low-dose CsA-mediated immune
suppression, and suggest a role for oral col(V) in immune modulation in lung transplantation.

Lung transplantation is an established treatment for many end-stage pulmonary diseases.
However, chronic rejection, the pathologic entity known as obliterative bronchiolitis or the
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clinical correlate, bronchiolitis obliterans syndrome (BOS),3 is the major impediment to the
long-term survival of lung transplant patients (1). The main risk factors for the development
of BOS have been debated, and include alloimmune mechanisms associated with frequency
of acute rejection and lymphocytic bronchiolitis. Recently, we reported that cellular immune
responses to a minor collagen, type V collagen (col(V)), by CD4+ T cells producing IL-17A
are also a risk factor associated with onset of BOS (2). These data and reports from our
laboratory and other investigators demonstrated the immunopathogenesis of lung transplant
rejection involves both alloimmunity (anti-donor) and auto-immunity to col(V) (2–7).

Data showing immune responses to col(V) had key roles in lung allograft rejection in
humans and preclinical models of lung transplantation in rats suggested that immunity to
col(V) could be used to induce immune tolerance to lung allografts. Indeed, we reported that
col(V)-induced oral tolerance was highly effective in preventing both acute and chronic
rejection in rat models of orthotopic lung transplantation (3,4,8). In addition, oral col(V)-
induced regulatory T cells (Tregs) that were able to suppress rejection of lung allografts
transplanted into naive recipients in a TGF-β-dependent manner (8).

The rat models of col(V)-induced oral tolerance involved transplantation of lung grafts with
minor histoincompatibilities to the recipient (3,4,8). However, in clinical lung
transplantation, the donor lung is highly incompatible at both MHC class I and II loci
relative to the recipient. This setting presents formidable immunologic barriers to immune
suppression and tolerance induction. The ability of col(V)-induced oral tolerance to prevent
rejection of fully MHC incompatible rat lung allografts is unknown.

Calcineurin inhibition mediated by cyclosporine (CsA) at doses >25 mg/kg has been
reported to be effective in preventing rejection of fully MHC incompatible rat lung allografts
Brown Norway (BN, RT1n) when transplanted into Wistar Kyoto (WKY, RT1l) rat
recipients (9,10). Although CsA is able to suppress alloimmunity in clinical transplantation,
administration of this drug at doses sufficient to prevent rejection is also associated with
multiple complications such as fibrosis and hypertension, among others. Indeed, it is known
that conventional immunosuppressive drugs such as CsA exert their immunosuppressive
effects at doses also associated with toxicities. Accordingly, modalities that allow for lower
doses of CsA or similar drugs that retain suppression of alloimmunity would be a major
advance in lung transplantation. Because oral col(V) induces suppression of alloimmunity
(3,4,8), then the current study tests the hypothesis that col(V)-induced oral tolerance will
augment CsA-induced suppression of alloimmunity, allowing for the use of much lower
CsA dosing.

In the current study, WKY rats underwent col(V)-induced oral tolerance before
transplanting fully MHC incompatible lungs from BN, followed by parenteral administration
of low-dose CsA (5 mg/kg). The data showed that in contrast to col(V) or CsA, alone,
col(V) plus low dose CsA significantly prevented rejection pathology, down-regulated
alloantigen-induced production of IFN-γ and IL-17A, and suppressed chemotaxis for lung
macrophages in allograft bronchoalveolar lavage (BAL) fluid that was associated with lower
local levels of MCP-1 (CCL2). Col(V) plus CsA was associated with alloantigen-induced
expression of IL-10 in mediastinal lymph node and splenic T cells, intragraft expression of
IL-10 and Foxp3 in perivascular and peribronchiolar mononuclear cells, and constitutive
production of IL-10 from allograft alveolar macrophages (AM).

3Abbreviations used in this paper: BOS, bronchiolitis obliterans syndrome; AM, alveolar macrophage; BAL, bronchoalveolar lavage;
BN, Brown Norway; col(V), type V collagen; CsA, cyclosporine; Treg, regulatory T cell; WKY, Wistar Kyoto.
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Materials and Methods
Animals

Inbred, pathogen-free, MHC (RT1) incompatible male rats are used for the study, as
follows: BN (RT1n) and WKY (RT1l) rats (250–300 g at the time of transplantation). Rats
were purchased from Charles River Laboratories and Harlan Sprague-Dawley and housed in
the Laboratory Animal Resource Center at Indiana University School of Medicine in
accordance with institutional guidelines. All studies were approved by the Laboratory
Animal Resource Center at Indiana University School of Medicine.

Preparation of collagen
Col(V) was extracted and purified similar to our prior reports (3).

Administration of collagen and CsA
WKY rats were fed 10 μg of col(V) dissolved in 0.5 ml of saline by a gastric gavage using a
16-gauge ball-point stainless steel animal feeding needle (Braintree Scientific), as previously
reported (3,4,8). Animals were fed every other day for eight feedings, and 7 days after the
last feeding, these rats were used as recipients of BN rat lung allografts. In some studies,
lung allograft recipients were treated with CsA, alone, or CsA following oral col(V). CsA (5
mg/kg/day) was administrated s.c. daily for 3 days beginning on the first postoperative day.

Transplantation model and experimental groups
The orthotopic transplantation of left lung allografts (BN to WKY) was performed, as
previously reported (2–5,11). All surgeries were performed by Y.Y. Survival exceeded 90%
in all transplantation groups. All transplants were harvested on day 7 posttransplantation.

Four groups of animals were studied as follows: Allo group, untreated allografts in which no
rats received any type of immunosppression; col(V) group, WKY rats were fed col(V)
before transplantation, as described above; CsA group, CsA was administered to transplant
recipients, as described above; and col(V) plus CsA group, rats in this group received oral
col(V) before transplantation plus s.c. CsA posttransplantation, as described above.

Pathological grading
Transplanted lungs from each group were harvested on day 7 posttransplantation, fixed,
sectioned, stained, and graded for rejection pathology using standard criteria (12), and as
reported previously (2–5,11): grade 0, no infiltrates; grade 1, minimal perivascular and
peribronchiolar mononuclear cell infiltrates; grade 2, mild perivascular and peribronchiolar
mononuclear cell infiltrates; grade 3, moderate perivascular and peribronchiolar
mononuclear cell infiltrates; and grade 4, severe perivascular and peribronchiolar
mononuclear cell infiltrates.

Collection of BAL fluid
BAL was obtained from native and transplanted lungs, as previously reported. Cells in BAL
and cell-free BAL were obtained from centrifuged specimens.

ELISPOT
Using enzymatic and mechanical digestion, T cells (CD3+, >98% pure) were isolated by
magnetic beads (Miltenyi Biotec) from the spleens and mediastinal lymph nodes from the
transplant recipients in each experimental group (13). After washing in RPMI 1640, cells
were resuspended in complete medium (RPMI 1640, 2 mM L-glutamine, 5 × 10−5 M 2-ME,
100 U/ml penicillin, 100 μl/ml streptomycin, and 10% heat-inactivated FBS). Splenocytes,
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as a source for APCs, were isolated from normal BN rats, and depleted of T cells via
negative selection with magnetic beads (anti-CD3 beads; Miltenyi Biotec). After washing,
cells were resuspended in complete medium until use.

Ninety-six-well ELISPOT plates (Millipore) were coated with 100 μl/well capture Abs in
sterile PBS overnight at 4°C. Capture Ab and detection Ab for IFN-γ were from the
ELISPOT development module for rat IFN-γ and used per manufacturer’s protocol (R&D
Systems). IL-10 capture Ab (4 μg/ml, A5-7; BD Biosciences), and IL-17A capture Ab (4 μg/
ml, eBio17CK15A5; eBioscience) were also used for ELISPOT. After blocking plates for 2
h with 1% BSA and 5% sucrose in PBS, the plates were washed four times using 0.05%
Tween 20 (Sigma-Aldrich) in PBS. Purified mediastinal lymph node T cells or purified
splenic T cells (2 × 105/well) from the experimental groups were cocultured with APCs (T
cell-depleted splenocytes from normal BN rats (5 × 104/well)). After incubating at 37°C, 5%
CO2 for 72 h, the supernatants were collected from each well. To detect cytokines bound to
the plates, biotinylated Abs specific to each cytokine were added to each well (2 μg/ml anti-
IL-10 (A5-6; BD Biosciences), 2 μg/ml anti-IL-17A (eBio17B7; eBioscience), and anti-IFN-
γ per manufacturer’s protocol (R&D Systems)). After an overnight incubation at 4°C, the
plates were developed by adding streptavidin-alkaline phosphatase conjugate (Millipore),
washing, and adding NBT/5-bromo-4-chloro-3-indolyl phosphate (Thermo Scientific) for
15-min incubation. After washing, the plates were read on an automated ELISPOT reader
and image analysis system (KS ELISPOT automated image analysis system; Zeiss).

Adoptive transfer
Splenocytes or pure CD4+ splenic T cells were isolated from the spleens of WKY rats that
received BN lung transplants and treated with col(V) plus CsA. All cells were isolated 7
days posttransplantation and were adoptively transferred by tail vein injection (1 × 107 cells)
to untreated WKY rats 24 h prior transplantation BN lungs (8). All rats were sacrificed, and
tissue was harvested on the seventh day posttransplantation in these studies.

Flow cytometry for Foxp3 expression
Three-color flow cytometry analysis was conducted to identify CD4+CD25+Foxp3+ T cells.
Magnetic beads were used to purify CD3+ cells from mediastinal lymph node cells or
splenocytes isolated from the lung transplant recipients. Cells were stained with anti-rat
allophycocyanin-conjugated anti-CD4 mAb and FITC-conjugated anti-CD25 mAb (BD
Biosciences). Subsequently, cells were fixed and permeabilized with the buffers of the
Foxp3 staining set per protocol (eBioscience), and stained with anti-rat PE-conjugated
Foxp3 mAb. Cells were analyzed on a Cytomics TM FC 500 (Beckman Coulter) using
three-color analysis.

Immunohistochemistry
Transplanted lungs were fixed with glutaraldehyde, paraffin embedded, and processed for
immunohistochemistry, as reported (8). Sections were stained with the following Abs, and
isotype- and species-matched Abs served as controls: anti-rat Foxp3 mAb (FJK-16s;
eBioscience), rat MHC class I RT1Aa mAb (R2/15s; Serotec), IL-10 polyclonal Ab (R&D
Systems), and IFN-γ mAb (BD1; eBioscience). In brief, immunohistochemistry on paraffin
sections was performed using the pressure cooker method of Ag retrieval (2 min, citrate
buffer (pH 6.0)). Before staining, endogenous peroxidase was blocked, and the slides were
incubated for 40 min with the primary Ab (50 μg/ml) and washed with PBS.
Immunodetection was performed with biotinylated anti-mouse secondary Abs, followed by
peroxidase-labeled streptavidin and diaminobenzidine chromogen as a substrate per
manufacturer’s protocol (Universal immunoperoxidase polymer, anti-mouse; Nichirei
Bioscience).
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To quantify stained cells, microscopy was performed on stained lung tissue sections using a
Nikon Eclipse (TE200S) inverted fluorescence system. Images were captured in a blinded
fashion such that primarily small airways and vessels were sampled separately from the
acinar parenchyma. Quantitative intensity (expression) data were obtained by using a macro
in the Metamorph Imaging software (Universal), as previously described (14). Metamorph
was used to quantitate all cells except macrophages, which were counted manually and
identified by their typical morphology and expression of MHC class I by RT1Aa mAb
staining.

MLRs for cytokine production
In some studies, AM (CD68+) were purified from normal BAL fluid of normal BN rats or
BN allografts from the experimental groups and used as source of APCs. In brief,
unseparated fresh BAL fluid was incubated with mouse anti-rat CD68 Ab (ED1; Serotec),
followed by an incubation with rat anti-mouse IgG1 magnetic beads (Miltenyi Biotec). The
purity of the cell isolated was confirmed by examining cytospin specimens for cells with
macrophage morphology. Analyses revealed that >90% of the isolated cells were AM. Pure
T cells (CD3+) were isolated from mediastinal lymph nodes of normal WKY rats or those
that received lung allografts. AM (5 × 104) or T cells (2 × 105) were cultured, alone, or
cocultured in 96-well microtiter plates in complete medium. Supernatants were collected
after 72-h incubation and stored at −80°C until cytokine assays.

Quantitation of cytokines
IFN-γ, IL-10, and IL-17A were assayed in MLR supernatants by ELISA using the paired
Abs for capture and detection per manufacturer’s protocol (BD Biosciences for IL-10;
eBioscience for IFN-γ and IL-17A). MCP-1 (CCL-2) was assayed in BAL fluid using
ELISA kit per manufacturer’s directions (PeproTech).

Chemotaxis assays
Chemotaxis assays were performed, as previously reported (15). In brief, chemotactic
activity in BAL from transplanted donor lungs was determined using a 48-well chemotaxis
microchamber (NeuroProbe). BAL fluid was placed in the lower chamber. A polycarbonate
polyvinylpyrolidone-free membrane (NeuroProbe) perforated with 3-μm-diameter pores was
placed on top of the lower chamber. The upper chamber was attached, and AM from normal
WKY rats were placed into each upper chamber (2 × 104 AM in 50 μl of complete medium).
After 3-h incubation at 37°C (5% CO2), the membrane was removed, stained with Diff-
Quick (Biochemical Sciences), and examined by light microscopy at ×400 magnification.
Migrating cells embedded in the membrane were counted in each group. The chemotactic
index for BAL was determined using the following formula: (average number of migrating
cells to BAL)/(average number of cells to the background control). In some experiments, a
neutralizing Ab to MCP-1 (5 μg/ml; PeproTech) or an isotype/species-matched control Ab
(rabbit IgG; Pepro-Tech) was added at the start of the study.

Statistics
All data are expressed as the mean ± SEM. Statistical analysis was conducted using one-way
ANOVA test and posthoc comparisons using Tukey’s test for multiple comparisons. A p
value of <0.05 was considered significant. All analyses were performed using a statistics
software package (GraphPad).
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Results
To determine whether low-dose CsA plus col(V)-induced oral tolerance would prevent
rejection of fully incompatible grafts, we examined the following experimental groups: Allo,
untreated allograft recipients; col(V), WKY rats fed col(V) before lung transplantation of
BN lung grafts; CsA, WKY rat lung allograft recipients treated with CsA (5 mg/kg); and
col(V) plus CsA, WKY rats fed col(V) before BN rat lung transplantation, followed by CsA
treatment. All rats were sacrificed, and tissues were analyzed 7 days posttransplantation. As
expected, transplanted lungs in the Allo group developed acute severe rejection (grade 4), as
shown by extensive perivascular and peribronchiolar infiltrates (Fig. 1A). Treatment with
col(V) or CsA, alone, did not prevent the rejection response (Fig. 1, B and C, respectively).
In contrast, col(V) plus CsA reduced significantly the severity of rejection pathology (Fig.
1D). Using a scoring system for clinical acute rejection, col(V) plus CsA significantly
reduced acute rejection scores compared with all other groups (Fig. 1; p < 0.05).

We next determined whether the col(V) plus CsA effect in the current study could be
transferred to untreated WKY rats before transplantation of BN lungs. To conduct these
studies, unseparated splenocytes or pure CD4+ splenic T cells were isolated from WKY lung
transplant recipients rats in the col(V) plus CsA group 7 days postlung transplantation.
Splenocytes or pure CD4+ T cells (1 × 107 cells) were transferred to untreated WKY rats 24
h before transplantation of BN lungs. Review of lung pathology revealed severe (grade 4)
rejection in all groups (data not shown, n = 4 in each group). These data indicated that, in
contrast to our minor mismatch model, tolerance was not transferrable to fully MHC
incompatible lungs.

The ability to transfer col(V)-induced oral tolerance in the minor MHC incompatibility
model was dependent on induction of systemic Tregs (8). The failure to transfer tolerance in
the current model could have been due to lack of systemic induction of cells able to function
as regulators, or that these cells were present within the transplanted lung, and not
systemically. To address these possibilities, we determined the frequency of Tregs
(CD4+CD25+Foxp3+) in the mediastinal lymph node lymphocytes or splenocytes from the
four groups. Interestingly, although the number of Tregs was increased compared with
normal rats, these percentages were the same in all treatment groups and did not vary
significantly relative to the tissue examined, i.e., lymph node or spleen (Fig. 2).

We next determined whether cells with a regulatory phenotype were present with the
transplanted lungs. Immunohistochemical studies revealed that Foxp3+ cells were readily
detected in the perivascular and peribronchiolar tissues of the col(V) plus CsA group (Fig.
3D; p < 0.05), and that the quantity of these cells was significantly greater in the col(V) or
col(V) plus CsA groups compared with the Allo group (Fig. 3).

Consistent with the protective effects of col(V) plus CsA reported above, additional
immunohistochemical analysis of lung allograft sections showed that col(V) plus CsA
resulted in significantly greater quantities of perivascular and peribronchiolar mononuclear
cells expressing IL-10, which is known to have potent immunosuppressive effects (p < 0.05;
Fig. 4D). In addition, IFN-γ, known to have key roles in rejection immunity and readily
detected in the Allo and CsA groups, was not detected in the col(V) or col(V) plus CsA
groups (p < 0.05; Fig. 5, C and D). Collectively, these data suggest the col(V) plus CsA may
prevent rejection in part by abrogating local IFN-γ production, while up-regulating
mononuclear cells that express Foxp3 and IL-10.

Alloimmune responses early postlung transplantation are believed to be initiated by APCs of
the donor lung interacting with recipient T cells, i.e., direct allorecognition (16). Data
showing that col(V) plus CsA induced intragraft expression of IL-10, but suppressed IFN-γ,
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suggested that the col(V) plus CsA was regulating the cytokine response that occurred
during direct allorecognition. To address this question, pure T cells (CD3+) from mediastinal
nodes or splenocytes of normal WKY rats or those of the transplant groups were cocultured
with T cell-depleted splenocytes from normal BN rats as a source of donor-derived APCs.
The frequency of alloantigen-responsive cells that produced IFN-γ and IL-10 was
determined by ELISPOT. IL-17A, recently reported to have key roles in col(V)-related
immunity, including lung transplant rejection (2,5,11,17), was also studied. As expected,
donor-derived APCs (BN) induced high frequencies of IFN-γ+ mediastinal lymph node or
splenic T cells isolated from the Allo group (untreated allograft recipients). Although there
was a trend toward fewer IFN-γ-producing cells in the col(V) or CsA group, col(V) plus
CsA treatments resulted in host T cells with a reduced ability to synthesize IFN-γ in
response to donor-derived APCs (p < 0.05; Fig. 6, A and B).

Donor-derived APCs induced IL-17A production from normal WKY rat T cells (Fig. 6, C
and D). In addition, mediastinal and splenic T cells from all of the treatment groups
produced IL-17A in response to donor-derived APCs (Fig. 6, C and D). In contrast, IL-10-
producing cells, detected at lower levels in normal, Allo, and CsA groups, were significantly
increased in the col(V) and col(V) plus CsA groups (p < 0.05; Fig. 6, E and F). Our prior
studies demonstrated that col(V)-induced oral tolerance was associated with alloantigen-
induced production of TGF-β (8). Although reagents were not available to detect TGF-β-
producing rat cells by ELISPOT, we did not consistently detect significant quantities of
active TGF-β in the culture supernatants by ELISA from all treatment groups (data not
shown). In addition, immunohistochemical staining of lung grafts did not show differential
expression of TGF-β among all groups (data not shown).

We next determined whether the protective effect of col(V) plus CsA regulated either T cells
from the recipient or AM from the allograft in producing IFN-γ, IL-17A, or IL-10. To
conduct these studies, CD3+ T cells from mediastinal lymph nodes of the Allo, col(V), CsA,
or col(V) plus CsA groups (derived from WKY rats) were cocultured with AM from normal
BN rats. Parallel studies used allograft AM from the Allo, col(V), CsA, or col(V) plus CsA
groups in coculture with pure T cells (CD3+) from mediastinal lymph nodes of normal
WKY rats. Cytokines produced in the supernatants were determined by ELISA.

T cells from the Allo group produced copious amounts of IFN-γ in response to allogeneic
(BN) normal AM (Fig. 7B); this response was significantly reduced in T cells from the
col(V) or CsA group. Notably, T cells from the col(V) plus CsA group did not produce IFN-
γ in response to the macrophages, suggesting a synergistic effect of col(V) and CsA on T
cells (Fig. 7B). These data are consistent with the immunohistochemical staining (Fig. 5),
which detected copious IFN-γ+ cells in the Allo, but not col(V) plus CsA groups. Whereas T
cells in the Allo group produced low levels of IL-17A constitutively, normal AM induced
significantly higher levels of IL-17A from Allo T cells (Fig. 7D; p < 0.001), a finding
consistent with alloantigen inducing a trend toward a higher frequency of IL-17A-producing
T cells as shown by ELISPOT (Fig. 6, C and D). AM from the Allo group, but not those
from other groups, were able to induce IL-17A production from normal WKY-derived T
cells (Fig. 7C). These data show that T cells derived from untreated allograft recipients (Allo
group) are primed to produce IL-17A in response to alloantigen, and that AM from this
same group are able to induce IL-17A synthesis from normal T cells. In contrast, AM
conditioned by exposure to col(V), CsA, or col(V) plus CsA are not able to induce IL-17A
production.

Only AM from the col(V) plus CsA group produced very high levels of IL-10 constitutively
(Fig. 7E; p < 0.001). Notably, T cells from the col(V), CsA, col(V) plus CsA, or Allo groups
did not produce IL-10 under any conditions, and AM from the col(V) plus CsA group did
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not induce further IL-10 from T cells (Fig. 7E). Normal AM were not able to induce IL-10
from T cells derived from allograft recipients under any conditions tested, and these T cells,
alone, did not produce IL-10 constitutively (Fig. 7F). Collectively, these coculture data in
Fig. 7 show that col(V) plus CsA-mediated prevention of allograft rejection is associated
with suppression of IFN-γ and IL-17A production and markedly enhanced constitutive
production of AM-derived IL-10.

In addition to T cells, macrophages may be recruited to the transplanted lung and participate
in allograft pathology. We next determined whether host-derived macrophages were
increased in the transplanted lung, and whether the protective effect of col(V) plus CsA was
associated with down-regulated macrophage recruitment. We used anti-MHC class I Abs
specific for WKY rats (anti-RT1Aa) and cellular morphology to identify macrophages in
transplanted lungs. Data in Fig. 8 show a large number of recipient-derived (WKY)
macrophages in the alveolar space of transplanted lungs from the Allo group. In contrast,
treatment with col(V) plus CsA was associated with significantly fewer recipient-derived
macrophages (Fig. 8; p < 0.01).

We have reported previously that lung allograft rejection in the rat is associated with
increased local chemotaxis for graft-infiltrating mononuclear cells (15). We next determined
whether this effect involved macrophage recruitment and whether col(V) plus CsA
prevented this response. Compared with normal rats, BAL fluid from the Allo group had
significantly greater chemotactic activity for macrophages (Fig. 9A; *, p < 0.001), and this
response was due to MCP-1 because blocking this chemokine abrogated macrophage
chemotaxis (Fig. 9A; †, p < 0.001, compared with Allo). Notably, compared with Allo, the
chemotactic index was significantly reduced in the col(V) and col(V) plus CsA group (Fig.
9A; ‡, p < 0.05). Because MCP-1 is strongly chemotactic for macrophages (18,19), and our
prior report showed up-regulated MCP-1 in allograft BAL fluid (15), we next determined
whether col(V), CsA, or col(V) plus CsA suppressed local MCP-1 levels. Consistent with
fewer macrophages in the allograft lung and diminished macrophage chemotaxis, col(V)
plus CsA treatment resulted in a significant reduction in bronchoalveolar fluid levels of
MCP-1 (Fig. 9; †, p < 0.001 compared with Allo).

Discussion
We have reported that lung allograft rejection in humans and rats involves an immune
response to col(V), and that col(V)-induced oral tolerance prevented acute and chronic
rejection of minor histoincompatible lung allografts (3,4,8). CsA at doses >25 mg/kg, but
not lower doses, prevents rejection of fully MHC incompatible lung allografts. The current
study demonstrates that col(V) plus low-dose CsA (5 mg/kg) down-regulated the rejection
of fully MHC incompatible lung grafts. Col(V) plus CsA was associated with perivascular
and peribronchiolar cells that expressed Foxp3+ and IL-10, but not IFN-γ. In addition,
col(V) plus CsA induced constitutive production of IL-10 from allograft AM, and abrogated
local chemotactic stimuli for macrophages.

In contrast to our prior studies in minor histoincompatible rat lung grafts, immune tolerance
in clinical lung transplantation is challenged by major MHC incompatibilities between donor
and recipient. In this setting, oral col(V) would be less likely to fully prevent the rejection
response. Indeed, oral col(V), alone, although inducing Foxp3 and abrogating IFN-γ in the
graft, was insufficient to prevent severe rejection pathology. In contrast, col(V) plus CsA
strongly induced intragraft IL-10-expressing cells. The association of IL-10 expression with
preservation of graft histology is in contrast to our prior col(V) tolerance studies, which
demonstrated a role for TGF-β-expressing Tregs that suppressed alloimmunity and anti-
col(V) immunity in response to oral col(V) (8). The explanation for the lack of association
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with TGF-β production and col(V) in the current studies is unclear, but could be related to
the vigorous nature of the immune response induced due to the degree of MHC disparity
between donor and recipient. Indeed, studies from Mohanakumar and colleagues (6,7)
reported that IL-10, but not TGF-β, had a key role in suppressing IFN-γ-mediated anti-
col(V) immunity in human lung allograft recipients. In fact, loss of IL-10-mediated immune
regulation to col(V) preceded graft rejection (6,7).

IL-17A has been reported to have key roles in autoimmune mediated diseases, and we and
others have demonstrated a major role for IL-17A during chronic rejection in human lung
transplant recipients (2,17). Data in the current study showed that T cells from all groups of
rats, including those derived from normal WKY rats, produced IL-17A in response
allogeneic APCs. These data are consistent with a very recent report showing that direct
allorecognition of allogeneic MHC class II molecules is sufficient to induce IL-17A
production from CD4+ T cells, a finding potentially related to IL-17A-associated
autoimmunity (20). Interestingly, normal AM from BN rats were potent inducers of IL-17A
from T cells derived from the Allo group, which is consistent with the role of allogeneic
macrophages reported to induce IL-17A from T cells reported in other studies (21).
Differentiation of Th17 cells and regulatory T cells requires TGF-β, but each cell type is
dependent on different transcription factors: RORγt for Th17 cells and Foxp3 for Tregs.
Data showing high local expression of Foxp3 in lung allografts and high levels of IL-17A in
mediastinal lymph node T cells could suggest differential expression levels of TGF-β in
each compartment. Indeed, the induction of Th17 cell as compared with Tregs has been
shown recently to depend on the degree of exposure to TGF-β (22). This question will be
addressed in future studies. Col(V) plus CsA abrogated the ability of AM to induce IL-17A
from T cells, suggesting col(V) plus CsA may be an effective strategy to prevent deleterious
IL-17A production in vivo.

Inducing IL-10 production locally has been shown to prevent lung allograft rejection in rats.
For example, Stammberger et al. (23) reported that local IL-10 overexpression was effective
in down-regulating rejection of fully MHC incompatible rat lung allografts. Data in the
current study showed a higher frequency of alloantigen-induced IL-10+ T cells from the
col(V) and col(V) plus CsA groups, the latter of which was associated with preventing graft
rejection. Notably, col(V) plus CsA induced very high constitutive production of IL-10 from
allograft AM (Fig. 7). This effect could have been mediated by col(V); however, it is
unlikely because very few IL-10-expressing cells were detected by immunostaining in the
col(V), alone, group, whereas copious IL-10-expressing mononuclear cells were present in
the col(V) plus CsA group. It is likely that col(V) enhanced CsA-induced IL-10 expression
because IL-10+ cells were detected by immunohistochemistry in the CsA group, but at a
lower level than observed in the col(V) plus CsA group (Fig. 4). These data are also
consistent with a report from Jiang et al. (24), who reported that CsA is able to induce IL-10
expression in macrophages. The mechanism of IL-10 induction in macrophages may involve
macrophage interactions with other cells in vivo, such as Tregs, that have been shown to
induce macrophage-derived IL-10 (25). Indeed, cells expressing Foxp3, a marker of Tregs,
were increased in lung of rats treated with col(V) plus CsA. Data showing that col(V) plus
CsA, but not col(V), alone, induced IL-10 expression in allograft mononuclear cells (Fig. 4)
could potentially contradict data in Fig. 6, which showed that col(V) and col(V) plus CsA
were both associated with induction of IL-10 via ELISPOT. The differences could be related
to the source of cells expressing IL-10 and the stimulus inducing IL-10. Mediastinal node
and splenic T cells were the source of IL-10 in Fig. 6, and the APCs were T cell-depleted
splenocytes. Macrophages may constitute a significant portion of the IL-10+ cells shown in
Fig. 4. This is consistent with data shown in Fig. 7 that demonstrated macrophages from the
col(V) plus CsA group constitutively produced IL-10.
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Acute lung allograft rejection is characterized by varying degrees of perivascular and
peribronchiolar mononuclear cell infiltrates. Belperio et al. (19) and our prior studies (15)
reported that mononuclear cell influx during lung allograft rejection is in part the result of
increased chemotactic stimuli, such as MCP-1 (CCL2). Data in the current study showing
increased chemotaxis for macrophages are consistent with up-regulated MCP-1 levels in
BAL fluid in untreated allografts (Allo group). We believe a novel finding is that col(V)
plus CsA was associated with significantly reduced macrophage chemotaxis and levels of
MCP-1. Indeed, CsA may reduce MCP-1 production from different cell types, including AM
(26,27). However, data in Fig. 9B show that col(V), alone, was associated with reduced
MCP-1 levels in BAL fluid, and that the effect of col(V) plus CsA was additive in reducing
MCP-1. Suppressing MCP-1 is likely to be a desirable effect in lung transplant rejection.
Indeed, elegant studies from Belperio et al. (19) showed that locally up-regulated MCP-1
was strongly associated with preclinical models of obliterative bronchiolitis and clinical
BOS.

Although lung transplantation is considered a definitive treatment for many patients, the
outcomes remain poor, and immunosuppression-induced complications remain a major
cause of morbidity. Accordingly, immunosuppressive regimens that are effective to prevent
rejection and are associated with minimal morbidity would be a major advance in the
treatment of transplant patients. Preclinical data in the current study suggest that col(V)-
induced oral tolerance plus low doses of calcineurin inhibitors could be an effective strategy
to prevent lung allograft rejection. In addition, that ability of col(V) to allow for the use of
very low doses of CsA suggests that this regimen may also prevent common calcineurin
inhibitor-associated complications such as fibrosis and hypertension, among others. Future
clinical trials are planned to address these questions.
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FIGURE 1.
Col(V) plus CsA prevents acute rejection. Photomicrographs show histology of transplanted
lungs from each group reported in Materials and Methods. A, Allo; B, CsA; C, col(V); D,
col(V) plus CsA. Acute rejection was graded A0 to A4 according to the presence and extent
of perivascular mononuclear infiltrates. Col(V) plus CsA group grafts had significantly less
severe rejection pathology compared with Allo, CsA, and col(V) groups (*, p < 0.05).
Photomicrographs are representative of the histology of five allografts in each group
(original magnification: ×100). Scores represent the mean ± SEM of the pathologic score of
five rats in each group.

Yamada et al. Page 13

J Immunol. Author manuscript; available in PMC 2010 December 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
Flow cytometric analysis of T cells with a regulatory phenotype. CD3+ T cells were isolated
from the mediastinal lymph nodes (A) and spleens (B) from rats of each group and normal
WKY rats. Cells were analyzed by three-color flow cytometry to detect the percentages of
CD4+ CD25+Foxp3+ T cells (Tregs) in each group. There were no significant differences in
Treg population among all groups (p > 0.05). Data represent the mean ± SEM of the
percentages of Tregs within the CD3+ population of three or four rats in each group.
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FIGURE 3.
Immunohistochemistry for Foxp3 expression in lung allografts. Lung transplantation and
treatments were performed, as described in Materials and Methods. Seven days
posttransplantation, allograft lungs were harvested, fixed, sectioned, and stained for Foxp3,
and Foxp3-expressing cells were quantified. A, Allo; B, CsA; C, col(V); D, col(V) plus CsA.
Foxp3+ cells (see arrows) were significantly greater in the col(V) group (C) and col(V) plus
CsA group (D) compared with others (p < 0.05). Photomicrographs are representative of
immunohistochemistry of three or four allografts in each group (original magnification:
×400). Quantity represents the mean ± SEM of the quantity of Foxp3+ cells of three or four
rats in each group.
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FIGURE 4.
Immunohistochemistry for IL-10 expression in lung allografts. Lung transplantation and
treatments were performed, as described in Materials and Methods. Seven days
posttransplantation, allograft lungs were harvested, fixed, sectioned, and stained for IL-10,
and IL-10-expressing cells were quantified. A, Allo; B, CsA; C, col(V); D, col(V) plus CsA.
IL-10+ (see arrows) cells were significantly greater in the col(V) plus CsA group (D)
compared with Allo group (p < 0.05). Photomicrographs are representative of
immunohistochemistry of three or four allografts in each group (original magnification:
×400). Quantity represents the mean ± SEM of the quantity of IL-10+ cells of three or four
rats in each group.
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FIGURE 5.
Immunohistochemistry for IFN-γ expression in lung allografts. Lung transplantation and
treatments were performed, as described in Materials and Methods. Seven days
posttransplantation, allograft lungs were harvested, fixed, sectioned, and stained for IFN-γ,
and IFN-γ-expressing cells (see arrows) were quantified. A, Allo; B, CsA; C, col(V); D,
col(V) plus CsA. IFN-γ+ cells were not detected in the col(V) or col(V) plus CsA groups (*,
p < 0.05 compared with Allo). Photomicrographs are representative of
immunohistochemistry of three or four allografts in each group (original magnification:
×400). Quantity represents the mean ± SEM of the quantity of IFN-γ+ cells.
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FIGURE 6.
ELISPOT for cells producing IFN-γ, IL-17A, and IL-10. Purified T cells (CD3+) derived
from mediastinal lymph nodes (MLN) or splenocytes from each group were cultured alone
(2 × 105), or cocultured with T cell-depleted splenocytes from normal BN rats (5 × 104) as a
source of APCs. A, IFN-γ assay with MLN T cells; B, IFN-γ assay with splenic T cells; C,
IL-17A assay with MLN T cells; D, IL-17A assay with splenic T cells; E, IL-10 assay with
MLN T cells; F, IL-10 assay with splenic T cells. The frequency of spot-forming cells was
determined for each group after 72-h incubation. Data represent the mean ± SEM of four
separate experiments in each group. Greater IFN-γ+ cells were present in the Allo group of
MLN T cells compared with the col(V) plus CsA group (A; *, p < 0.05). A similar trend for
IFN-γ+ cells was present in the splenic T cell group (B). There were significantly greater
IL-10+ cells in col(V) or col(V) plus CsA splenocyte groups compared with Allo or CsA
groups (F; *, p < 0.05).
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FIGURE 7.
Cytokine profiles in supernatants of MLRs. A, C, and E, Pure T cells (CD3+, 2 × 105) from
mediastinal lymph nodes of normal WKY rats were cultured, alone, or cocultured with
normal AM from BN rats (CD68+, 5 × 104), or AM isolated from Allo, CsA, col(V), or
col(V) plus CsA groups. B, D, and F, Normal AM from BN rats (5 × 104) were cultured,
alone, or with T cells (CD3+, 2 × 105) from the mediastinal lymph nodes of Allo, CsA,
col(V), or col(V) plus CsA groups. IFN-γ, IL-17A, and IL-10 were assayed by ELISA after
72-h incubation. In contrast to cocultures of normal T cells or T cells from the col(V) plus
CsA group, Allo group T cells produced high levels of IFN-γ in response to normal AM (*,
p < 0.001; B). Normal T cells or Allo group T cells produced IL-17A in response to Allo
AM or normal AM (C and D, respectively; D, *, p < 0.001). AM from the col(V) plus CsA
group produced higher levels of IL-10, constitutively, compared with AM from normal or
Allo groups (E; *, p < 0.001). Normal macrophages did not induce IL-10 in T cells derived
from allograft recipients under all conditions (F).
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FIGURE 8.
Immunohistochemistry for rat MHC class I, RT1Aa (WKY) in transplanted lungs of Allo
group (A) and col(V) plus CsA group (B). Seven days after transplantation, BN lungs were
stained with anti-RT1Aa Ab, and the quantity of cells with a macrophage morphology in
acini was determined (*, p < 0.01 compared with Allo group). Data represent the mean ±
SEM of cells detected with macrophage morphology (n = 3; ×400 magnification).
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FIGURE 9.
Chemotaxis index and chemokines. A, Chemotaxis index in BAL fluid from the normal, or
transplanted lungs from untreated Allo, CsA, col(V), or col(V) plus CsA groups.
Neutralizing MCP-1 Abs or iso-type control Abs were added to Allo BAL fluid. The
chemotaxis index was determined with the following formula: (average number of migrating
cells to BAL)/(average number of cells to the background control) (*, p < 0.001 compared
with normal; †, p < 0.001 compared with Allo; and ‡, p < 0.05 compared with Allo). B,
MCP-1 levels in BAL fluid from normals, Allo, CsA, col(V), and col(V) plus CsA group
were determined by ELISA (*, p < 0.001 compared with normal, and †, p < 0.001 compared
with Allo). All data in A and B represent the mean ± SEM of three or four experiments in
each group.
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