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Bronchiolitis obliterans is the leading cause of chronic graft failure and long-termmortality in lung transplant
recipients. Here, we used a novel murine model to characterize allograft fibrogenesis within a whole-lung
microenvironment. Unilateral left lung transplantation was performed in mice across varying degrees of major
histocompatibility complex mismatch combinations. B6D2F1/J (a cross between C57BL/6J and DBA/2J)
(Haplotype H2b/d) lungs transplanted into DBA/2J (H2d) recipients were identified to show histopathology
for bronchiolitis obliterans in all allogeneic grafts. Time course analysis showed an evolution from immune cell
infiltration of the bronchioles and vessels at day 14, consistent with acute rejection and lymphocytic bron-
chitis, to subepithelial and intraluminal fibrotic lesions of bronchiolitis obliterans by day 28. Allografts at day
28 showed a significantly higher hydroxyproline content than the isografts (33.21 � 1.89 versus
22.36 � 2.33 mg/mL). At day 40 the hydroxyproline content had increased further (48.91 � 7.09 mg/mL).
Flow cytometric analysis was used to investigate the origin of mesenchymal cells in fibrotic allografts.
Collagen Iepositive cells (89.43% � 6.53%) in day 28 allografts were H2Db positive, showing their donor
origin. This novel murine model shows consistent and reproducible allograft fibrogenesis in the context of
single-lung transplantation and represents a major step forward in investigating mechanisms of chronic graft
failure. (Am J Pathol 2015, 185: 1564e1574; http://dx.doi.org/10.1016/j.ajpath.2015.03.002)
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Bronchiolitis obliterans (BO), a fibroproliferative process tar-
geting the small airways of the lung, is the predominant cause of
chronic graft failure and poor long-term outcomes after lung
transplantation.1e3 BO is also a common complication after
allogeneic hematopoietic stem-cell transplantation. At present,
no therapeutic options are available to prevent the development
of or slow the progression of BO.1e3

Airway remodeling of BO, marked by mesenchymal cell
infiltration and collagen deposition, evolves in a complexmilieu
marked by interactions of infiltrating recipient-derived cells
and graft-resident somatic cells. Peribronchiolar mononuclear
inflammation (also known as lymphocytic bronchiolitis)4e6 and
episodes of acute rejection (AR) marked by perivascular
inflammation7e11 precede the development of BO. Both T and
B lymphocytes are important, suggesting a role for cell-
mediated and humoral immunity.12e15 Allo-immune injury
also is implicated,with evidence of collagenVespecific cellular
stigative Pathology.

.

immunity noted before BO development.16 The epithelium
is an important target of these immune responses17e20 and
epithelial cell injury precedes the ensuing mesenchymal
cell recruitment and activation.21 However, in vivo in-
vestigations into the mechanisms of allograft fibrogenesis
in a whole-lung milieu are hampered by the lack of a robust
and reproducible murine model of BO and allograft
fibrosis.22e24 The commonly used heterotopic tracheal
transplantation model relies on the investigation of fibrosis
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BO in Lung Allografts
in an isolated trachea placed in an extrapulmonary envi-
ronment.23 A significant concern here is the applicability of
findings from this tracheal transplant model to a whole-lung
microenvironment and the need to target the mesenchymal
cell population specifically responsible for matrix deposi-
tion and fibrotic remodeling in the transplanted lung.
Human investigations, although limited by technical as-
pects, suggest that locally resident cells are the primary
mesenchymal cell populations in a transplanted lung and
contribute to fibrogenesis,25,26 mesenchymal cells in the
tracheal transplant model show a recipient origin and focus
attention on cells such as fibrocytes.27e29 Thus, a whole-
lung transplant model, which allows investigation into the
origin of mesenchymal cells at the single-cell level in a
fibrotic lung allograft andmimics human disease, is needed.

In this study we investigated fibrogenesis in whole-lung al-
lografts transplanted across varying degrees of major histo-
compatibility complex (MHC) mismatch. We show a model
using a transplant from F1 hybrid into a parent mouse that
reproducibly shows BOwith, evolution frommoderate AR and
lymphocytic bronchitis to airway and vascular fibrosis.
Furthermore, we investigated the origin of the mesenchymal
cell population inwhole-lung allografts at a single-cell level and
show that the collagen Iepositive population in a fibrotic lung
allograft is predominantly of donor origin.

Materials and Methods

Animals and Orthotopic Lung Transplant Model

Specific pathogen-free male inbred mice B6D2F1/J
(H2b/d), DBA/2J (H2d), C57BL/6 (H2b), C57BL10 (H2b),
and CB6F1/J (H2b/d) were purchased from Jackson Lab-
oratories (Bar Harbor, ME). All mice (age, 8 to 12 weeks;
weight, 24 to 30 g) were used as both donors and recipients.
Syngeneic transplants were performed in the C57BL/10
lungs/C57BL/10, C57BL/6 lungs/C57BL/6, and
B6D2F1/J lungs/B6D2F1/J strain combinations, and
allogeneic transplants were performed in the C57BL/10
lungs/C57BL/6, C57BL/6 lungs/CB6F1/J, and B6D2F1/J
lungs/DBA/2J strain combinations. All experiments were
performed according to the protocols approved by the Uni-
versity Committee on the Use and Care of Animals at the
University of Michigan. Orthotopic left lung transplantations
were performed using a previously described technique.30e32

A surgical microscope (SZX16-SZX2; Olympus Center Val-
ley, PA) with �2.1 to �34.5 magnifications was used for all
procedures. Buprenorphine was given to recipient mice at the
conclusion of the procedure and again every 12 hours until 3
days after transplant. No immunosuppressive drugs were used.

Histopathologic Evaluation of Orthotopic Lung
Transplantation

The mice were euthanized humanely under anesthesia at 7,
14, 28, and 40 days after transplantation. The heart-lung block
The American Journal of Pathology - ajp.amjpathol.org
was fixed in 10% formalin and embedded in paraffin. Cut
sections were stained with hematoxylin and eosin or Mas-
son’s trichrome stain to determine the presence of fibrosis in
BO lesions. Grading for rejection pathology was performed
by blinded reviewers using standard criteria developed by the
Lung Rejection Study Group.33 To detect infiltration of
lymphocytes or macrophages and to evaluate epithelial injury
and fibrosis, immunohistochemical staining was performed
according to standard clinical laboratory procedures using the
following primary antibodies: rabbit anti-CD3 polyclonal
antibody (1:500; Abcam, Cambridge, MA), rat anti-F4/80
(1:750; Thermo Scientific, Rockford, IL), and rabbit anti-
club cell secretory protein (CCSP) (1:2000; Abcam). Mas-
son’s trichrome stain was performed to visualize collagen and
fibrosis using the NovaUltra Masson’s Trichrome Stain Kit
(IHC World, Woodstock, MD).

Flow Cytometric Analysis

Multiparameter flow cytometric analysis was used to
quantify inflammatory cell infiltration and to investigate the
origin of collagen-expressing cells in the transplanted lungs.
For inflammatory cell quantitation, single-cell suspensions
enriched for lung leukocytes were obtained from enzymat-
ically digested lungs (perfused, not lavaged), stained with
antibody, and assessed by flow cytometric analysis using
established gating strategies to identify specific leukocyte
subsets.34,35 Initial gates eliminated debris and selected for
CD45þ leukocytes.

To identify lymphocyte subsets, gates were set on small
cells [forward-scattered light (FSC)low side-scattered light
(SSC)low] and subsequent gating identified CD4þ T cells
(CD4þ), CD8þ T cells (CD8þ), and B cells (CD19þ). To
identify myeloid cells, initial gates eliminated CD3þ and
CD19þ lymphocytes and Ly-6Gþ granulocytes. Subsequent
gates identified CD11bþ dendritic cells (FSCmoderate/high non-
autofluorescent CD11cþ CD11bþ), monocyte-derived
exudate macrophages (FSChigh autofluorescent CD11cþ

CD11bþ), and resident alveolar macrophages (FSChigh auto-
fluorescent CD11cþ CD11b�). Total cell numbers were ob-
tained bymultiplying the cell frequency by the total number of
CD45þ leukocytes for each lung. To investigate collagen/
H2Db-expressing cells, transplanted lungs were digested
enzymatically and strained to obtain a single-cell suspension.
Cells (1� 106) were blocked by Mouse BD Fc Block (1:100;
24G2, BD Pharmingen, San Jose, CA) for 30 minutes on ice,
followed by staining for H2Db with an AlexaFluor
647econjugated antibody (1:50 dilution, Biolegend, Inc., San
Diego, CA) or for 30 minutes on ice.

After surface staining, cells were fixed and permeabilized
with Cytofix/Cytoperm solution from the Cytofix/Cytoperm
kit (BD Biosciences, San Jose, CA) according to the manu-
facturer’s protocol. After fixation and permeabilization, cells
were stained with rabbit anti-collagen I antibody (1:100;
Rockland, Inc., Gilbertsville, PA) or nonspecific rabbit IgG
for 30 minutes on ice (Jackson Immunoresearch, West
1565
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Grove, PA). Cells then were washed with Cytofix/Cytoperm
buffer and incubated with donkey anti-rabbit phycoery-
thrineconjugated secondary antibody (1:200; Jackson
Immunoresearch) for 30 minutes on ice. Cells then were
washed and resuspended in fluorescence-activated cell sort-
ing buffer before flow cytometric analysis. In separate ex-
periments, staining with phycoerythrin rat anti-mouse
CD184 (CXCR4) or anti-mouse CD326 (epithelial cell
adhesion molecule) was performed along with collagen.

Morphometric Analysis

Small-airway remodeling was quantified using the previously
established subepithelial connective tissue volume density
(VVsub) method. VVsub measurements were defined as the
difference in the area, delimited by the basement membrane and
the outer edge of the airway adventitia, divided by the length of
the subepithelial basement membrane.36,37 Measurements were
performed on trichrome-stained tissue sections, which clearly
demarcated the epithelium and basement membrane from
subepithelial connective tissue.

On hematoxylin and eosinestained tissue sections, the
conventional point counting method38 was used to quantitate
the open airway lumens within a lung field. All slides were
reviewed and scored in a blinded manner by a clinical
pathologist with expertise in evaluating lung histology
(J.L.M.). A 24-mm straight line interrupted counting reticle
composed of 21 lines and 42 points (Merz KR-821) was
inserted into a 10� eyepiece (WS10X/22; Olympus) and used
to examine four sections at specific depths from lung blocks
using a 4� objective (UPlanFL 4�/0.13; Olympus), for a total
magnification of �40 (23.75 mm2/field) in a multihead
Olympus BX51 microscope. Airways were identified by the
combination of an appropriately shaped lumen, a wall that
included smooth muscle fibers, and a columnar epithelial
lining. Fields for analysis were selected from the middle of
whole-lung sections, aligning the top of the reticle with the
parietal pleura in each case. The number of points intersecting
airway lumens in the graft and native lung in the same section
were counted and expressed as a fraction.

Hydroxyproline Quantification

Lung explants were homogenized in 0.5 mL of phosphate-
buffered saline; 0.5 mL of 12 N HCl was added to the homog-
enate and the samples were hydrolyzed at 120�C for 24 hours.
Fivemicroliters of each samplewas combinedwith 5mL citrate/
acetate buffer (238 mmol/L citric acid, 1.2% glacial acetic acid,
532mmol/L sodiumacetate, and 85mmol/L sodiumhydroxide)
in a 96-well plate. Samples were incubated with 100 mL of
chloramineT solution (0.282 g chloramineT to 16mLof citrate/
acetate buffer, 2.0mLofn-propanol, and2.0mLdouble distilled
H2O) for 30minutes at room temperature. After this incubation,
100 mL of Ehrlich’s reagent (2.5 g para-dimethylamino-
benzaldehyde added to9.3mLofn-propanol and3.9mLof70%
perchloric acid) was added, and the samples were incubated at
1566
65�C for 30 minutes. The absorbance of each sample then was
measured at 550 nm. Standard curves for the experiment were
generated using known concentrations of the hydroxyproline
reagent (Sigma-Aldrich, St. Louis, MO).

Statistical Analysis

The Student’s t-test was used to determine P values when
comparing two groups. When comparing three or more
groups, analysis of variance was performed with a post hoc
Bonferroni test to determine which groups showed signifi-
cant differences. P < 0.05 was considered significant.

Results

Histology of Lung Grafts Transplanted across Varied
Histocompatibility Combinations of Donor and
Recipient

Mice transplanted across the same inbred species (isografts)
showed long-term graft acceptance. Strains that were disparate
at MHC antigen loci (H2b to H2d, BALB/c to C57BL/6)
developed severe AR within 7 days after transplantation,
causing complete destruction of the lung and preventing the
evaluation of BO as described previously by others.39 Trans-
plantation across minor histocompatibility mismatched pairs,
C57BL/10 to C57BL/6 (H-2b to H-2b), was studied based on
the previous literature.40,41 C57BL/10 allografts placed into
C57BL/6 lungs showed scattered areas of lymphocytic infil-
tration in bronchovascular bundles at day 14, but only minimal
subepithelial fibrosis was noted (Figure 1A). This led us to
investigate pairs withmoderateMHCmismatch similar to what
has been used to model chronic graft-versus-host disease in the
field of bone marrow transplantation. One murine model that
has been used to study graft-versus-host disease is the injection
of parental cells into F1 recipients.42e44 In an attempt to keep
C57BL/6 as the donor species, we transplantedC57BL/6 (H2b)
lungs into CB6F1/J (a cross between C57BL/6 and BALB/c)
(H-b/d) recipients. These grafts showed no significant rejec-
tion, and the lung was accepted without any evidence of BO
(Figure 1A). However, transplantation of B6D2F1/J [a cross
between C57BL/6J and DBA/2J (H2b/d)] lungs into DBA/2J
(H2d) recipients, a pair commonly used tomodel chronic graft-
versus-host disease,45 showed the development of BO and
graft fibrosis in all recipients by day 28 (Figure 1A). All further
investigations were performed using this combination model.

Time Course of Histologic Changes in the B6D2F1/J to
DBA/2J Lung Transplant Model

Histology was evaluated at days 7, 14, 28, and 40 after trans-
plantation in isografts (DBA/2J to DBA/2J) and allografts
(B6D2F1/J to DBA/2J) (Figure 1B). Isografts showed normal
histology at all of the time points. Allografts showed mild
mononuclear cell infiltration in the perivascular and peribron-
chial areas at day 7. At day 14 after transplantation, marked
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Development of bronchiolitis obliter-
ans in murine lung allografts. A: Comparison of
murine lung allografts transplanted across varying
degrees of major histocompatibility complex
mismatch. Representative gross anatomy and hema-
toxylin and eosin images at day 28 after transplant.B:
Time course of histologic changes. Histopathology of
isografts (DBA/2J to DBA/2J) and allografts
(B6D2F1/J to DBA/2J) studied at various time points
(days 7, 14, 28, and 40) after transplantation.
Changes consistent with mild acute rejection and
lymphocytic bronchitis (mononuclear cell infiltration
in the perivascular and peribronchial areas) were
noted at day 7. Day 14 images show marked peri-
vascular, intraluminal, and peribronchial infiltrate of
lymphocytes, neutrophils, and some eosinophils;
intraepithelial lymphocytic infiltration also is noted.
Epithelial denudation with subepithelial fibrosis is
seen at day 28. This section also shows intraluminal
fibrosis in the airway. Bronchiolitis obliterans with
peribronchial fibrosis, smooth muscle hypertrophy,
and luminal narrowing is seen in allografts at day 40.
Isografts showed normal histology at all time points.
Original magnification: �40 (A); �200 (B).

BO in Lung Allografts
perivascular and intraluminal infiltrate of lymphocytes, neu-
trophils, and someeosinophilswasnoted alongwithevidenceof
endothelial damage. Marked lymphocytic bronchitis also was
noted with peribronchial and intraepithelial inflammatory
infiltration and epithelial cell hypertrophy and death. By day 28
after transplantation,perivascular andperibronchialfibrosiswas
noted along with evidence of fibrinous exudate or fibrotic plugs
in the lumen. A further increase in collagen, smooth muscle
hypertrophy, and luminal narrowing was noted in allografts at
day 40.

Characterization of the Infiltrating Immune Cell
Populations in Lung Allografts

Immunohistochemical staining for CD3 and F4/80 was
performed to identify T lymphocytes and macrophages,
The American Journal of Pathology - ajp.amjpathol.org
respectively, at various time points after lung trans-
plantation in allografts (Figure 2A). Infiltrating mono-
nuclear phagocytes and CD3þ lymphocytes were seen in
peribronchial and perivascular distribution in allografts at
all time points with increases in infiltration from days 7 to
14. Further quantitative investigation of the infiltrating
immune cell populations was performed using flow
cytometric analysis at days 14 and 28 (Figure 2B). A
threefold increase in total CD45-positive leukocytes was
noted in allografts at day 14 compared with isografts.
Both CD4þ and CD8þ T cells were markedly higher in
allografts at day 14 and showed persistence at day 28. An
increase in B (CD19þ) cells was noted in allografts at day
28. Antigen-presenting cells, including dendritic cells,
exudate macrophages, and alveolar macrophages, also
were studied. Both CD11b-positive dendritic cells and
1567
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Figure 2 Characterization of kinetic changes in
immune cell infiltration in the transplanted lung
grafts. A: Immunohistochemical staining for T cells
(CD3) and macrophages (F4/80) in the allograft
(B6D2F1/J to DBA/2J) model at various time points
(days 7, 14, 28, and 40) after transplantation. T-cell
and macrophage infiltration of the peribronchiolar
area is noted alongwith perivascular and intraluminal
infiltration. B: Immunophenotyping of infiltrating
immune cell populations in allografts (B6D2F1/J to
DBA/2J). Single-cell suspension of day 14 isografts
(nZ 3; black bars), day 14 allografts (nZ 3; white
bars), and day 28 allografts (nZ 4; grey bars) were
stained and analyzed by flow cytometric analysis to
quantitate infiltrating CD45þ leukocytes, CD4þ T cells
(CD4þ), CD8þ T cells (CD8þ), and B cells (CD19þ). To
identify myeloid cells, initial gates eliminated CD3þ

and CD19þ lymphocytes and Ly-6Gþ granulocytes.
Subsequent gates identified CD11bþ dendritic cells
(FSCmoderate/high nonautofluorescent CD11cþ CD11bþ),
monocyte-derived exudate macrophages (FSChigh

autofluorescent CD11cþ CD11bþ), and alveolar
macrophages (FSChigh autofluorescent CD11cþ

CD11b�). Total cell numbers were obtained by
multiplying the cell frequency by the total number
of CD45þ leukocytes for each lung. *P < 0.05,
**P < 0.01. All comparisons were made with iso-
grafts other than when specified by the bar below
the asterisk. Original magnification: �200 (A).
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exudative macrophages showed a significant increase at
day 14. At day 28, the number of exudative macrophages
still was greater than that observed in isografts, but
decreased relative to their numbers noted at day 14. Alve-
olar macrophages, on the other hand, showed a persistent
decrease in their numbers in the allografts compared with
isografts.
1568
Airway Epithelial Cell Injury in Rejecting Lung
Allografts

In the mouse, club cells are the major cell type of bronchiolar
epithelia. Staining with club cell secretory protein (CCSP) was
used to study epithelial changes over time in the airways of the
lung allografts (Supplemental Figure S1). Isografts showed
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 3 Time course of fibrogenesis in the lung allografts. A: Masson’s
trichrome staining was used to evaluate collagen expression in lung sec-
tions. Representative images of the allografts (B6D2F1/J to DBA/2J) at
indicated time points after transplantation. Collagen staining (blue) is
noted, centered around the airways and vessels, by day 28. Subepithelial
collagen expression is noted in both the larger and the smaller terminal
bronchioles. Some airways show intraluminal collagen expressing fibrous
plugs. Collagen appears denser at day 40. B: Collagen content quantitation
by hydroxyproline assay. Lung grafts were harvested on specified days and
analyzed for hydroxyproline content. Results are reported as the mean
concentration (mg/mL) � SEM (n Z 3 to 5 mice in each group with
experiments repeated in duplicates). *P < 0.05, **P < 0.01.

BO in Lung Allografts
normal CCSP expression in airway epithelium. CCSP expres-
sion was maintained in the bronchial epithelium in allografts at
day 7. At day 14, significant epithelial hypertrophy with patchy
loss of CCSP staining was noted. By day 40, epithelium was
denuded and CCSP expression was decreased significantly,
suggesting a loss of secretory club cells.

Evaluation of Fibrosis in the B6D2F1/J to DBA/2J
Orthotopic Lung Transplant Model

Masson’s trichrome stain and the hydroxyproline assay were
used to evaluate the collagen content in the transplanted
lungs. A time course of collagen expression in allografts is
shown in Figure 3A. At day 28, peribronchial and perivascular
trichrome staining was noted in the majority of the broncho-
vascular bundles. Furthermore, trichrome staining in intra-
luminal fibrous plugs also was identified. At day 40, dense
peribronchial collagen staining with luminal narrowing was
noted in the allografts. Quantification of collagen in the grafts
was performed by the hydroxyproline assay (Figure 3B). Al-
lografts at day 28 showed a significantly higher hydroxypro-
line content than the isografts (means� SEM; of 33.21� 1.89
mg/mL versus 22.36 � 2.33 mg/mL). At day 40, the hy-
droxyproline content had increased further (48.91 � 7.09 mg/
mL) and was statistically higher compared with both the iso-
grafts and day 28 allografts.

A morphometric analysis of allografts was performed to
investigate penetrance (the percentage of airways developing
remodeling) and consistency (the percentage of allograft
showing airway fibrosis and obliteration). Airway wall
remodeling was evaluated by VVsub, a well-used parameter of
airway wall thickness.36,37 Distribution of VVsub in individual
grafts is shown in Figure 4A. Increased VVsub (>20 mm) was
noted in >80% of the airways in B6D2F1/J to DBA/2J allo-
grafts, and all transplanted lungs showed airway remodeling. In
comparison, only 14% of the airways in C57BL/10 to C57BL/6
allografts showed increased VVsub. The conventional point
counting method38 was used for morphometric analysis of
airway obliteration in the transplanted lungs. The ratio of points
that were within the airway lumen in graft versus native lung
was quantified blindly in four separate sections for each trans-
plant (Figure 4B). The ratio in isografts ranged between 1 and
1.5. A significantly decreased ratio (<0.5) was seen in all
B6D2F1/J to DBA/2J allografts, showing a decreased luminal
area. High variability again was noted among C57BL/10
to C57BL/6 allografts. These data show that all transplanted
allografts in the B6D2F1/J to DBA/2J model develop airway
remodeling, which is significantly more robust than the previ-
ously used C57BL/10 to C57BL/6 model.

Origin of Mesenchymal Cells in Fibrotic Lung Allografts

The expression of H2Db was used to investigate donor versus
recipient origin of the mesenchymal cell population in these
murine lung allografts. Flow cytometry of single-cell sus-
pension from theDBA/2J, B6D2F1/J, and C57BL/6J lungs are
The American Journal of Pathology - ajp.amjpathol.org
shown in Figure 4C. DBA/2J (H2-d) animals, which are the
recipient species, lacked expression of the H2Db antigen. In
contrast, B6D2F1/J [a cross between C57BL/6J and DBA/2J
(H2-b/d)] donor lungs showed expression of H2Db by flow
cytometric analysis similar to that seen in pure C57BL/6J
animals. Expression of H2Db on collagen-expressing cells
then was analyzed in the native and transplanted lungs from
the B6D2F1/J to DBA/2J transplants at day 28 (Figure 4C).
Collagen Iepositive cells in the native lungs were, as ex-
pected, H2Db-negative. In the grafts, 89.43% � 6.53% of
collagen Iepositive cells were H2Dd positive, showing their
1569
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Figure 4 Morphometric assessment and determination of donor versus recipient origin of collagen-expressing cells in the lung grafts. A: Morphometric analysis of
airway wall thickness in transplanted lungs. The difference in the area, delimited by the basement membrane and the outer edge of the airway adventitia, divided by the
length of subepithelial basement membrane, was measured for all airways in lung sections from individual grafts. Data from each individual graft are shown as floating
bars from minimum to maximum, with a line at the mean. Data from five isografts (B6D2F1/J to B6D2F1/J), five minor major histocompatibility complex mismatch
transplants (C57BL10 to C57BL6), and 10 F1 to parent transplants (B6D2F1/J to DBA/2J). B: Morphometric analysis of airway obliteration in transplanted lungs. A
conventional point countingmethod was used to quantitate open airway lumens in a lung field. The number of points intersecting airway lumens in the graft and native
lung in the same section were counted and expressed as a fraction. Data from each individual transplanted mouse are shown as the mean of the data from four separate
fields. NZ 5 isografts, 5 C57BL/10 to C57BL/6 allografts, and 10 B6D2F1/J to DBA/2J allografts. C: Donor origin of collagen-expressing cells in fibrotic lung allografts.
Unilateral left lung transplantation was performed with B6D2F1/J [a cross between C57BL/6J (H2-Db) and DBA/2J (H2-Dd)] as donors and DBA/2J (H2-Dd) as re-
cipients. Flow cytometric analysis for expression of H2-Db, a major histocompatibility complex class I molecule expressed only in donor mouse in this combination, was
used to investigate donor versus recipient origin of collagen-expressing cells in the allografts. Flow cytometric analysis of single-cell suspension of the lungs from the
three species confirms a lack of H2-Db expression in the recipients and its positive expression in the donor B6D2F1/J lungs. Expression of H2-Db on collagen-expressing
cells was quantified in native lungs and allografts at day 28. Collagenþ cells are predominantly H2-Db positive in the allografts. n Z 3 transplanted animals.
****P < 0.0001. APC, allophycocyanin; FSC, forward side scatter; PE, phycoerythrin.

Mimura et al
donor origin. Collagen Iepositive cells from transplanted
lungs also were found to be uniformly epithelial cell adhesion
molecule negative (98.88% � 0.15%), as well as CXCR4
negative (99.05% � 0.05%) (data not shown).
1570
Discussion

Lung transplantation has the worst outcome among all solid
organ transplantations, with 5- and 10-year survival rates of
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approximately 53% and 31%, respectively.46 The most com-
mon pathology noted in chronically failing lung allografts is
subepithelial or intraluminal fibrosis of the small airways or
BO.1 Human translational studies have allowed for the identi-
fication of immune and nonimmune pathways that contribute to
the final common pathway of fibrosis.47 However, investigation
into the mechanisms of mesenchymal cell infiltration and
activation in whole-lung allograft has been limited by the lack
of reproducible and robust animal models.22e24

Here, we report a novel murinemodel of BO in the context of
orthotopic single-lung transplantation using transplantation of
F1 (B6D2F1/J) into the parent (DBA/2J) strain. These grafts,
which are discordant with the recipient at the H2Db locus, show
an evolution from mild to moderate vascular and airway
rejection to well-established peribronchial and perivascular
fibrosis by 4 weeks, allowing for investigation of allograft
fibrosis within the physiological stretch and air-permissive
dynamics of a whole lung. We show that fibrosis is persistent
and progressive, is noted in all transplanted lungs, and that,
similar to human lungs, mesenchymal cells in the fibrotic
allografts show a predominantly donor origin. These features
make this novel orthotopic lung transplant model of BO well-
suited to investigate themechanisms offibroproliferationwithin
the lung grafts and for preclinical studies of potential antifibrotic
therapeutic compounds in BO after lung transplantation.

Heterotopic tracheal transplantation, in which donor trachea
is placed in extrapulmonary sites such as the skin, is the most
common murine model used to investigate BO.48 This model
reproducibly shows evolution from immune cell infiltration to
fibrotic luminal obliteration and hence is the preferred model
for studying fibrogenesis mechanisms. However, studying an
isolated cartilaginous airway does not allow for investigation
into cellular interactions in a complex lung milieu.22e24

Orthotopic single-lung transplantation offers a more anatom-
ically relevant model and has been shown recently to be
technically feasible in mice.32 Syngeneic grafts are accepted
with normal histology. Severe AR develops in allogeneic
lungs transplanted across major MHC mismatch, allowing
investigation only within shorter time frames.32 Recent studies
using combinations of minor histocompatibility antigen mis-
matched pairs40 or immunosuppression in fully MHC antigen-
mismatched combinations,49 have shown the ability to limit
the degree of AR and generate fibrotic lesions. However, the
development of fibrotic airway lesions was not consistent, and
was noted in a small number of airways in less than half of the
allografted lungs.23,24,31,32

Several unique features in this specific murine model of
lung transplantation lend it to investigations of immune-
injuryemediated lung fibrosis and chronic graft failure after
lung transplantation. First, fibrosis was found to target lung
airways and vessels, similar to what is noted predominately
in chronically failing lung allografts. A robust histologic
pattern of BO was noted with peribronchial and intraluminal
fibrosis of the airways. Vascular fibrosis and sclerosis also
was a predominant feature of this model. Such changes have
been described well in chronically failing human lung
The American Journal of Pathology - ajp.amjpathol.org
allografts.33,50 Second, fibrosis developing in the context of
immune injury in this model was noted to be progressive, as
shown by increased collagen expression from days 28 to 40 by
quantitative hydroxyproline assay. This is significant because in
other fibrotic lung models, such as a single time point bleo-
mycin injection, regression of fibrosis was noted over time.51

Third, fibrotic changes were noted consistently in all allog-
rafted lungs in this B6D2F1/J lungs/ DBA/2J strain combi-
nation, as reflected by morphometric analysis, making this a
reproducible model to investigate potential therapeutic targets.

MHC disparate donor-recipient pairs have been used in
murine bone marrow transplantation to model graft-versus-
host disease, and recently in murine lung transplantation. In
pioneering work in this arena, Fan et al40 were the first
to show BO lesions in lungs transplanted across minor his-
tocompatibility antigens in a specific C57BL/10 to C57BL/6
combination. BO was noted to be confined to few airways
and was noted in less than half of allografted lungs. Sur-
prisingly, the number of grafts showing lesions of BO was
lower at 28 days (44%) than at 21 days (60%). This combi-
nation was tested in the present study and scattered lym-
phocytic infiltration with minimal subepithelial fibrosis was
noted. However, robust fibrotic lesions were not obtained
and significant variability was noted, limiting the ability to
exploit this combination to study fibroproliferative pathways.
In comparison, the B6D2F1/J lungs/ DBA/2J strain com-
bination showed consistent fibrotic remodeling involving a
majority of the airways, and the difference in fibrosis between
isografts and allografts was shown by quantitative hy-
droxyproline assay and morphometric analysis. Immuno-
suppression was not used in this model because the degree of
rejection was moderate and allowed the lungs to be viable,
unlike that noted in major MHC mismatch pairs. Immuno-
suppression in MHC class I mismatched murine lung trans-
plants has been investigated previously by De Vleeschauwer
et al.49 BO lesions were noted at much later time points in
only a third of the allografted lungs. It is possible that
immunosuppression might be needed as an adjunct therapy in
an investigation of novel targets in our moderate MHC
mismatch model.

This model allows us to follow the kinetics of progression
to BO within a whole lung. Histology showed evolution
from immune cell infiltration to epithelial cell injury and
the development of fibrosis over time. Although maximal
inflammatory cell infiltration along the bronchovascular
bundles was noted on histology at 14 days, flow cytometric
analysis showed a continuing presence of T cells and,
interestingly, an increase in the B-cell population at day 28.
Along with T cells, B lymphocytes have been implicated
previously in the development of airway fibrosis in other
murine models.12e15 Evidence of epithelial injury was noted
in murine allografts starting at day 7, and showed progres-
sive worsening with evidence of apoptotic and dysplastic
epithelial and endothelial cells along with loss of CCSP-
positive cells. Bronchial epithelium has been noted to be
damaged and dysmorphic in human biopsy samples with
1571
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BOS,3 and decreases in CCSP expression have been seen in
transplanted lungs in BOS.52

A significant finding of this study was the demonstration
that the collagen-expressing cells in the lung allograft un-
dergoing fibrogenesis were derived predominantly from the
donor lung. A total of 89.43% � 6.53% of the collagen Ie
expressing cells at day 28 in the allografts showed expression
of the H2Db antigen, which was shown to be absent on cells
from the recipient DBA/J2 mice. The origin of effector
mesenchymal cells in tissue fibrosis has been an arena of
active investigation secondary to the potential contribution
from the bone marrow via fibrocytes or mesenchymal stem
cell populations.53e55 There has been similar ambivalence
about the relative contribution of the tissue-resident versus
bonemarrowederived mesenchymal compartment to fibrotic
remodeling of the allograft in the field of lung transplantation.
In heterotopic tracheal transplant models, mesenchymal cells
have been shown to be derived from the recipient rather than
the donor,29 and the fibrocyte population is being investi-
gated.27,28 Similar findings of recipient derivation of mesen-
chymal cells was suggested in an intrapulmonary tracheal
transplant model of BO using immunofluorescent staining.56

The contrary finding of the predominant donor origin of
collagen Ieexpressing cells in murine lung allografts in the
present study could reflect the investigation of fibrosis in a
whole-lung allograft rather than in an isolated trachea.
Furthermore, our investigation used studies at a single-cell
level, which eliminated the potential misinterpretation that
can arise from studying cells in a complex tissue en bloc by
immunostaining.57

The role of donor cells in lung allograft fibrosis has been
investigated in humans. Mesenchymal cells derived from
bronchoalveolar lavage of human lung allografts show donor
origin even years after transplant.25 Furthermore, histologic
fibrotic lesions in human transplanted lungs were shown to
express transcription factors unique to lung-resident pop-
ulations ofmesenchymal cells.26Of note, these human studies
were limited to mesenchymal cells in specific compartments.
The murine lung transplant model of BO allows for investi-
gation of the mesenchymal cell population in the entire allo-
graft at a single-cell level, thus strengthening and advancing
previous findings in humans. Along with their donor origin,
collagen Ieexpressing cells in the allograft were epithelial
cell adhesionmolecule negative and hence likely represent the
resident mesenchymal cell population. However, our inves-
tigation did not rule out potential transdifferentiation of these
collagen Iepositive epithelial cell adhesion molecule nega-
tive from other resident lung somatic cells. In summary, the
findings from this murine orthotopic lung transplant model of
BO further underscores the need to target mechanisms by
which resident lung somatic cells contribute to lung fibro-
genesis and also confirms the applicability of this model by
showing its similarity to human disease.

In summary, we present a robust reproducible model of BO
in murine single-lung transplantation and show the contribution
of graft resident cells to fibrogenesis. The ability to follow
1572
fibrosis evolution with a whole-lung microenvironment and to
use genetically altered mice makes this a powerful tool to
investigate mechanistic interactions of immune cell populations
with resident graft somatic cells within a lung allograft.
Furthermore, the high penetrance and consistency of airway
fibrosis in this model lends itself to preclinical investigations
using potential novel therapeutic targets.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2015.03.002.
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