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Abstract

Background

Obiliterative bronchiolitis (OB) is a known issue during minor histocompatibility antigen
(mHA) disparity during lung transplantation. This study evaluated gene expression in a
murine orthotropic lung transplantation model using microarray analysis.

Methods

Left lungs from C57BL/10(H-2P) donor mice were transplanted into mHA-mismatched
C57BL/6(H-2°) recipient mice. Three groups (OB, non-OB, and sham controls) were con-
firmed pathologically and analyzed. Gene expression changes in the lung grafts were deter-
mined by microarray and immunohistochemical staining, and genes were verified by
quantitative PCR in the lungs and mediastinal lymph nodes (LNs).

Results

A total of 1343 genes were upregulated in the OB lungs compared to the sham group. Signif-
icant upregulation was observed for genes related to innate, e.g. TIr2 and CCL3 and adap-
tive immunity, e.g. H2-ab1 and /I-21. Positive labeling for MHC class Il antigen was
observed in the bronchial epithelium of OB accompanied with B cells. We found increased
Tir2, Ccl3, H2-ab1, II-21, Ighg3, Ifng, and Pdcd1 mRNA expression in the OB lung, and
increased II-21, Ighg3, and Pdcd1 expression in the OB LNs.
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Conclusions

Adaptive and innate immune reactions were involved in OB after lung transplantation, and
genetic examination of related genes could be used for detection of OB.

Introduction

Bronchiolitis obliterans syndrome (BOS), a major form of chronic lung allograft dysfunction,
has the greatest impact on the long-term survival of lung transplant patients [1, 2]. Various
pathologies have been associated with BOS, including innate immune system activation, acute
cellular rejection, autoimmunity, and antibody-mediated rejection (AMR) via donor specific
antibodies [3-7]. Current therapeutic options, such as macrolide antibiotic treatment and
immunosuppressants, have been shown to stabilize pulmonary function [2, 8, 9]. Unfortu-
nately, despite numerous studies concerning the development, progression, and treatment of
BOS, the detailed mechanisms underlying pathogenesis have not been fully elucidated.

BOS is characterized by obliterative bronchiolitis (OB), or the fibrous remodeling of the
small peripheral airways [10]. However, OB distribution is patchy and discontinuous making
the histological detection difficult using traditional transbronchial biopsies (TBBs) [5, 11, 12].
Comprehensive gene expression analysis using microarray technology has also recently been
conducted to detect OB [13-16]. Of these studies, two analyzed human bronchoalveolar lavage
samples [14, 15], while the another focused on murine heterotopic trachea transplants [13, 17].
Only one report described OB detection in a rat orthotopic lung transplantation model [16].

Recently, we developed a murine OB orthotopic lung transplantation model [18]. Briefly,
when lungs from C57BL/ 10(H2®) mice were transplanted orthotopically into minor histocom-
patibility antigen (mHA)-mismatched C57BL/6(H2") mice, OB occurred by day 21 post-trans-
plantation in approximately 50% of the recipients [19]. This and other orthotopic lung
transplantation models are ideal for evaluating clinical situations. Their use is essential to
understand the mechanisms underlying OB pathogenesis.

In this study, we investigated OB in our recently established murine orthotopic lung trans-
plantation model using microarray analysis to evaluate mRNA expression changes and to
search for novel disease biomarkers. As this model is new, the present study provides impor-
tant insight into OB progression after lung transplantation.

Materials and methods

Detailed information regarding the methods used in this study is provided in the Supplemental
Material and Methods. The study design is shown in Fig 1.

Animals

Specific pathogen-free male inbred C57BL/6 (H2%) and C57BL/10(H2%) mice were purchased
from CLEA Japan, Inc. (Tokyo, Japan) and the Central Institute for Experimental Animals
(Kanagawa, Japan), respectively. They were housed at the Biomedical Research Center at
Chiba University School of Medicine in accordance with institutional guidelines. C57BL/10
(H2") were used as donors and C57BL/6(H2") as recipients at 8-12 weeks of age (body weight,
24-32 g). Inbred C57BL/ 6(H2P) and C57BL/10(H2°) mice were housed at the Biomedical
Research Center at Chiba University School of Medicine in accordance with institutional
guidelines. Both strains were used as donors and/or recipients.
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Fig 1. Study design. Left lung from C57BL/10 inbred mice were orthotopically transplanted into minor
histocompatibility antigen mismatched C57BL/6 mice. Both inbred mice were used for sham. The transplanted lung
grafts were harvested and classified into OB or non-OB by pathological examination at 21th day post transplantation.
The left lungs of shams were also harvested at the same time. Three samples in each group (total 9 lungs) were
subjected individually to microarray analysis. After representative OB marker genes were extracted from microarray
analysis, real-time quantitative PCR were performed for lungs, left mediastinal lymph nodes, and spleens using at least
5 animals for each group.

https://doi.org/10.1371/journal.pone.0232884.9001

Surgical technique

Orthotopic transplantation was performed as previously described [18] and also described in
Suppremental Materials and Methods. C57BL/10 (H2") were used as donors and C57BL/6
(H2") as recipients and only thoracotomy was performed for the sham group. C57BL/10 and
C57BL/6 are used for sham group. The transplanted lung grafts and the left lungs in the sham
group were harvested on day 21 post-surgery along with mediastinal lymph nodes (LNs) and
spleens. This study was approved by the Institute for Animal Care at Chiba University
(approval code: A29-103) and was performed in compliance with the Guide for the Care and
Use of Laboratory Animals (National Institutes of Health publication 86-23, revised 1996). All
researchers engaged in the animal procedure take institutional annual training for animal care
and handling. All surgical procedures were performed utilizing sterile technique. No antibiot-
ics are given to both donor and recipient mice. Induction of anesthesia of the donor mouse is
initiated with 5% Isoflurane. The mouse is orotracheally intubated with a 20-gauge intrave-
nous catheter and then placed on a rodent ventilator, using 100% oxygen at rate of 125
breaths/minute and approximately 0.5 ml tidal volume (2% of its body weight). The animals
are maintained under general anesthesia with a mixture of isoflurane and oxygen. The donor
and recipient mice are placed prepped with 70% alcohol before incision. Buprenorphine
(0.05-0.15 mg/kg) was administered immediately after surgery and every 8 hours for 2-3 days
post-surgery to reduce pain and all efforts were made to minimize suffering. Animals will be
monitored every day for signs of respiratory difficulty, weight loss, any development of a mori-
bund state. Greater than 15% weight loss from pre-operative weights, lack of food and/or
water consumption for more than 48 hours or extreme lethargy will be considered as humane
endpoints. If it is decided to euthanize the animal, it will be euthanized under anesthesia and
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the transplanted graft will be harvested at that time point. Euthanasia was performed by cervi-
cal dislocation under deep anesthesia induced by isoflurane or CO2. We performed 12 trans-
plantations using 24 mice and used 6 mice for sham group. Only one mouse after
transplantation was euthanized because of respiratory difficulty at 2POD (It was excluded in
this study). No mice died before meeting criteria for euthanasia.

Pathological evaluation

Lung grafts were harvested on day 21 post-surgery, fixed in glutaraldehyde, and paraffin
embedded. Each lung was sectioned and stained with hematoxylin/eosin and Masson Tri-
chrome stain to evaluate the presence of airway fibrosis and to diagnose OB. The analysis was
performed by two independent investigators (AH and SH) in conjunction with an experienced
pathologist (MK), as described previously [19].

RNA extraction

Only animals diagnosed histologically were subjected to the gene expression analysis for each
group. All samples were immediately frozen at -80°C with Allprotect Tissue Reagent (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol. Total RNA from each sample
was isolated by homogenization of the frozen tissue and purified.

Comprehensive microarray analysis

Independently purified mRNA from individual representative mice of OB(n = 3), non-OB

(n = 3), and sham mice(n = 3) was subjected to microarray analysis using an Agilent SurePrint
G3 Mouse Gene Expression 8X 60K array (Agilent Technologies). The scanned images were
analyzed with Feature Extraction Software 12.0.3.1(Agilent) using the default parameters to
obtain background subtracted and spatially detrended processed signal intensities. The pro-
cessed signal intensities were then normalized using the global scaling method. The microar-
ray data have been lodged in the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/
geo/) as accession number: GSE137169.

Hierarchical clustering analysis

Hierarchical clustering was carried out based on the city-block distance and complete linkage
clustering algorithms in both sample and probe directions using Cluster 3.0 software [20]. The
heat map was drawn using Java Tree View software [21].

Identification of upregulated and downregulated transcripts in OB

To identify regulated transcripts in the OB samples, gene expression was compared to the
sham group and the fold change for each gene was calculated. Student’s ¢ tests were performed
on normalized data processed with log2 transformation of the normalized signal intensities.
The thresholds used to determine differential transcript expression were a mean fold

change > 2-fold or <0.5-fold and a P value <0.05 (S1 Fig). This analysis identified 2,169 upre-
gulated transcripts in the OB samples compared to the sham. To compare the OB samples to
the non-OB samples, these 2,164 upregulated transcripts were again analyzed in terms of their
fold change and Student’s t-tests (P < 0.05). Gene ontology (GO) term in biological processes
(GOTERM_BP_FAT) enrichment was then analyzed for the extracted gene lists using the
Functional Annotation tool at DAVID Bioinformatics Resources (http://david.abcc.ncifcrf.
gov/). A significant change in the GO analysis was set at P < 1.0 x 10~
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Quantitative real-time PCR

For validation with additional samples (n = 5-6 each), we verified the expression of toll like
receptor 2 (Tlr2), C-C motif chemokine ligand 3 (Ccl3), histocompatibility 2, class IT antigen
A, beta 1 (H2-abl), interleukin-21 (II-21), immunoglobulin heavy constant gamma 3 (Ighg3),
interferon gamma (Ifng), programmed cell death 1 (Pdcdl), and programmed cell death 1
ligand 1 (Pdcdligl) in the LN, spleen, and lung samples. These genes were related to signifi-
cantly enriched GO term in OB or representative genes of cellular or humoral rejection. The
cDNA was then amplified using primers purchased from Qiagen (listed in S1 Table) in con-
junction with a QuantiTect SYBR Green PCR kit (Qiagen). Quantification of gene expression
was performed with a sequence-detection system (CFX96 Touch™ Real-Time PCR Detection
System; Bio-Rad Laboratories, Hercules, CA) according to the manufacturer’s protocol. Target
gene mRNA expression was calculated with calibration curves for each individual gene using
standard samples and was normalized to that of the housekeeping gene beta-actin (Actb). The
experiment was duplicated, and the mean and standard error were calculated.

Immunohistochemical staining

Tissue staining was then performed with the following primary antibodies per the manufactur-
er’s protocols: rat monoclonal anti-H2-Abl antibody (#77-190; Prosci Inc, Poway, USA), rab-
bit monoclonal anti-CD3 antibody (#ab16669; Abcam plc, Cambridge, UK), rat monoclonal
anti-CD45R/B220 antibody (#MCA1258G; Bio-Rad Laboratories).

Statistical analysis

Differences in gene expression by qPCR were tested individually using the Steel test. The
expression in the sham group was used as a control. Statistical analysis was performed using
JMP (version 15.0). P < 0.05 was considered statistically significant. Hierarchical clustering
was performed using Cluster 3.0 software [20]. The heat maps were drawn with Java Tree
View software [21].

Results
Evaluation of the murine orthotopic lung transplantation model

The histology of the left lungs in the sham, non-OB, and OB groups are shown in Fig 2. None
of the morphological changes in the OB and non-OB groups were observed in the sham-
treated mice (Fig 2A, 2D and 2G). Fibrotic polyps were observed in the bronchi of the mice
with OB following orthotopic lung transplantation (Fig 2F and 2I). Polyp formation was also
accompanied by an increased number of infiltrating lymphocytes and macrophages. Alterna-
tively, in the non-OB mice, normal lung morphology was maintained, although an increased
number of mononuclear cells was observed around the bronchi (Fig 2B, 2E and 2H).

Bronchial epithelial cells and mononuclear cells, such as macrophages, had intense positive
staining for H2-Ab1 in the transplant mice with OB (Fig 3). Indeed, many infiltrating lympho-
cytes were observed around the bronchi that had fibrotic polyps, and they were positive for
CD3 or CD45R/B220, which suggests the presence of B cells and T cells. In the non-OB trans-
plant mice, H2-Ab1 staining in the bronchial epithelium was also observed as well as CD3,
CD45R/B220 in the inflammatory cells. However, this staining was qualitatively less intense
compared to that in the OB lungs. No positive staining was observed for these antibodies in
the sham group.
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Fig 2. Histological feature of the lung grafts for each experimental group. Representative macroscopy (A-C),
hematoxylin/eosin stained tissue (D-F), and Masson trichrome stained (G-I) images for the sham (A, D, G), non-OB
(B, E, H), and OB (C, F, I) groups. Black arrow indicates transplanted left lungs in OB and non-OB. Compared to the
sham group, the non-OB lung grafts had relatively normal morphology with a slight increase in the number of
inflammatory cells, while the OB lung grafts had severe fibrosis, infiltrating inflammatory cells, and fibrotic polyps in
the bronchi.

https://doi.org/10.1371/journal.pone.0232884.9002

= M,
/B220

sham (C57BLI10) non-OB

Fig 3. Representative immunohistochemical photomicrographs from allografts and lungs for the three
experimental groups. (A-C) H2-abl, an MHC class IT molecule, is intensely expressed in the bronchial epithelium in
the bronchi of OB mice. Infiltrating lymphocytes were stained with CD3 (D-F), the common receptor for T cells, or
CD45R/B220 (G-I), the common receptor for B cells (J-L).

https://doi.org/10.1371/journal.pone.0232884.9003
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Fig 4. Volcano plot of differential gene expression in the OB lung grafts. The differences in the mean signal
intensities are shown using several colors: blue, downregulated compared to the expression in sham surgery grafts;
green, upregulated compared to the expression in sham surgery grafts; red, upregulated compared to the expression in
non-OB lung grafts.

https://doi.org/10.1371/journal.pone.0232884.g004

Differential gene expression in lungs with OB after transplantation

To get a broad understanding of gene expression, an unsupervised two-way hierarchical clus-
tering analysis was performed on the whole lung grafts (S2 Fig). As the lungs from both inbred
mouse strains showed similar profiles after the sham surgery, both types were used as controls.

A volcano plot is shown in Fig 4, giving an overview of the regulated genes in the OB group.
Compared to the sham group, there were 2,169 transcripts (1,343 genes) upregulated in the
OB mice (S2 Table). These genes appear to be highly related to the innate (e.g. Tlr2 and CCL3)
and adaptive immune responses (e.g. H2Ab-1 and II-21), as highlighted by our GO term
enrichment analysis (Fig 5A). Notably, the innate immune response includes natural killer
(NK) cell-mediated immunity and the toll-like receptor (TLR) signaling pathway, both of
which involve genes that were upregulated in the OB tissues. In contrast, the adaptive immune
response appears to be mainly related to genes involved in the presentation of MHC class II
molecules during B cells and T cell activation as well as those involved in the immunoglobu-
lin-mediated immune response.

Furthermore, compared to the sham group, 2,225 transcripts (1,587 genes) were downregu-
lated in the OB mice (S3 Table). These genes appear to be largely related to cilium movement,
epithelium development, and endothelial cell differentiation (Fig 5B). It is also important to
note that 127 transcripts (95 genes) were upregulated in the OB group compared to the non-
OB group (54 Table), with the majority of the genes being related to innate immunity as well
as the processes of antigen processing and presentation of MHC class II molecules (Fig 5C).
These data indicate that while the non-OB group may have some altered gene expression fol-
lowing lung transplantation, the immune response is not as activated as that in the OB group.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232884 May 8, 2020 7/16


https://doi.org/10.1371/journal.pone.0232884.g004
https://doi.org/10.1371/journal.pone.0232884

PLOS ONE Comprehensive gene expression analysis of OB in a murine orthotopic lung transplantion

0 5 10 15 20 25 30 50 70 (-logyP)

innate immune response
T cell activation 1121,Ccl3,H2ab-1,

to interferon-g;

tumor necrosis factor production
antigen procnll ng and presentation of
peptide antigen via MHC class Il
natural killer cell mediated immunity

toll-like receptor signaling pathway

B cell activation

antigen proccuing and presentation of
ide antigen via MHC class |

dendritic cell differentiation
CD4-positive,

alpha-bm T cell differentiation
immunoglobulin mediated

mmune response

interleukin-17 production

H2ab-1, Ifng
Tir2,1121,Ifng

0 5 10 15 20 (-logsoP)

of blood cir

cilium movement

epithelium development
cytoskeleton organization
actin filament-based movement
neuron development

endothelial cell differentiation

positive regulation of
vasculature :gvelopment

0 2 4 6 8 10 (-logsoP)

innate immune response Tir2, Ccl3, H2ab-1

antigen processing and presentation of
peptide antigen via MHC class Il

response to interferon-gamma

sitive regulation of
ERK1 and ERK2 cascade

chemokine-mediated
signaling pathway

positive regulation of
tumor necrosis factor production

Fig 5. Functional analysis of the regulated genes in the OB lung grafts. Lung grafts were harvested at day 21 after
lung transplantation, and their regulated genes were identified by microarray analysis. A mean fold change greater
than 2.0 or less than 0.5 compared to the sham was required. Significance was set at P < 0.05. Upregulated (A) and
downregulated (B) genes are shown compared to the sham group, as well as the upregulated genes compared to the
non-OB group (P < 0.05) (C). Representative upregulated genes are indicated next to each gene ontology (GO) term
bar.

https://doi.org/10.1371/journal.pone.0232884.9005

Upregulation was verified for select genes in the lung grafts, LNs, and
spleens using qPCR

In the lung grafts, Tlr2, Ccl3, H2Ab1, 1121, Ifng, and Pdcd] expression was significantly upregu-
lated in the OB group compared to the sham group (P < 0.05) (Fig 6). Further, TIr2, 1121, Ifng,
and Pdcdl expression in the non-OB lung grafts was also significantly upregulated compared
to that in the sham group, although the levels were still relatively low compared to the OB
group. In the LNs and spleens, expression of all of these target genes was reduced in the OB
group; however, that of Pdcdl, Ighg3, and 1121 were still 2.0-fold overexpressed in the LNs, and
1121 was still 2.0-fold overexpressed in the spleens (Fig 7). Compared to the non-OB group, the
expression of Ighg3, 1121, Ccl3, and H2-abl was upregulated in both the lung grafts and LNs of
the OB group, while the expression of all of the genes was similar in the spleen (Fig 8).

Discussion

OB is a major characteristic of BOS [10], which is the most significant barrier to long-term
lung transplant patient survival [1, 2]. Microarray analysis was recently applied to evaluate

PLOS ONE | https://doi.org/10.1371/journal.pone.0232884 May 8, 2020 8/16


https://doi.org/10.1371/journal.pone.0232884.g005
https://doi.org/10.1371/journal.pone.0232884

PLOS ONE Comprehensive gene expression analysis of OB in a murine orthotopic lung transplantion

12
**P<0.01 6

*P<0.05
ok

10

(normalized to sham)
o ]

Relative mRNA expression level
»

0 ]
Tir2 Ccl3 H2ab1 1121  Ighg3 Pdcdligl Hng  Pdcd1

Fig 6. The mRNA expression of representative genes was verified in lung grafts from OB mice. The microarray
data is shown (A). The expression of Tlr2, Ccl3, H2-abl, 1121, Ighg3, Ifng, Pdcdl, and Pd1igl were examined by qPCR
in the sham, non-OB, and OB groups (B). The mean mRNA expression of each gene in the sham group was defined as
1 and all the other expression values were calculated relative to this level. Bars represent the means + SE from at least 5
individual mice in each group. Black bar, OB; grey bar, non-OB; white bar, sham. **P < 0.01, *P < 0.05, compared to
the sham group.

https://doi.org/10.1371/journal.pone.0232884.g006

OB-mediated gene expression changes [13-16]. As animal models are a useful tool for study-
ing OB, we utilized microarray analysis to study gene expression in our recently developed
murine OB orthotopic lung transplantation model. We observed significant histological differ-
ences in the OB lung grafts compared to the sham group, while less severe differences were
observed for the non-OB grafts. This was also reflected in gene expression. This is the first

401 35.4
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Fig 7. The mRNA expression of representative genes in lung grafts, lymph nodes, and spleens of OB mice
compared to that of sham mice. The mean mRNA expression of each gene in the sham group was defined as 1 and all
the other expression values were calculated relative to this level. The differences in gene expression between the OB
and sham groups were reduced in the left mediastinal lymph nodes and spleens compared to the differences in lung
graft expression. However, some genes, such as Pdcdl, Ighg3, and II21, were still upregulated above 2-fold in the left
mediastinal lymph nodes.

https://doi.org/10.1371/journal.pone.0232884.g007
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compared to that of non-OB mice. The mean expression of each gene in the sham group was defined as 1 and all the
other expression values were calculated relative to this level. The expression of Ighg3, II-21, Ccl3, H2-abl, and Pdcd1
was more upregulated in the mediastinal lymph nodes as well as the lungs of OB mice compared to that observed in
non-OB mice.

https://doi.org/10.1371/journal.pone.0232884.9008

study evaluating comprehensive gene expression during OB caused by mHA disparity in a
murine orthotopic lung transplantation model.

mHA is defined as a non-MHC antigenic gene product that induces CD4" and CD8" T cell
infiltration, triggering an immune response [22]. mHA is also presented by MHC class II anti-
gen-presenting cells (APCs) of the donor or recipient [23]. Furthermore, mHA disparity has
been shown to induce cellular and humoral immune rejection of kidney transplantation [23—
25]. For example, non-human leukocyte antigen (non-HLA) antibodies are an important fac-
tor in renal transplants [24, 26] and the number of mismatched HLAs is associated with sur-
vival, with no mismatches having the best chance for survival [27]. Surprisingly, recent studies
have shown that non-MHC mismatched cases also have a high risk of developing BOS [28,
29], indicating this pathology as a factor in the poor outcome of many lung transplants. These
data also suggest that an immune response other than MHC disparity, such as non-HLA anti-
body-related immune changes, is crucial for BOS. Therefore, the present study using microar-
ray analysis to evaluate broad gene expression changes in our recently developed OB model
was performed to elucidate the immunological mechanisms of BOS pathogenesis.

Intensive staining of H2-ab1 was observed in our OB mice, similar to previous studies [30,
31]. Various mediators of inflammation, such as ischemia reperfusion injury (IRI) and viral
infection, can upregulate MHC molecules [32, 33]. For example, interferon-y induces de novo
MHC class IT antigen expression in non-APCs [34, 35], and a significant upregulation of Ifng
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expression was observed after treatment. Notably, H2-ab1 over-expression in the bronchial
epithelium may not be crucial for OB development in our model because it is an MHC-
matched model. However, some studies have shown that the amount of MHC antigen was
related to the severity of the bronchial injury [32, 36], and that MHC class II mismatch and
anti-MHC class IT antibodies in the donor play a more important role than MHC class I in
human lung [37, 38] and kidney transplants [39, 40]. Furthermore, MHC class II over expres-
sion in bronchial epithelium might impaired the inhibitory effect to T cell proliferation in the
bronchial epithelium cells [41]. Therefore, immune mediators, such as interferon v, could
induce the expression of MHC class II antigens regardless of MHC disparity and inhibiting
these factors could be an efficient treatment for chronic transplant rejection, especially AMR.

B cell infiltration as well as II21 and Ighg3 upregulation was also observed in the OB mice.
IL21 is a pro-inflammatory cytokine that is strongly related to transplant immunology [42]. It
is also an important mediator of follicular T cell function and promotes B cell differentiation
and immunoglobulin production [43]. Ighg3 encodes IgG3, which is a member of one of the
most effective subclasses of humoral immunity and is involved in both complement activation
and antibody-dependent cellular cytotoxicity (ADCC) during transplantation [44, 45].
Changes in these genes highlight distinct changes in immune function that greatly affect trans-
plant effectiveness.

Notably, the innate immune response was the predominant pathway highlighted by the
upregulated genes in the OB mice. Ccl3 and TIr2 were verified as representative genes of this
pathways. CCL3 has been shown to be upregulated in ADCC during renal transplantation
[46], but the present study is the first to demonstrate a change it its expression during BOS.
ADCC is initiated by the Fc portion of antibodies interacting with leukocytes, such as NK
cells, via Fc-receptors [47], and it plays an important role in AMR [48]. The role of an NK cell-
mediated pathway in OB is supported by a recent report [49]. Moreover, TLRs also play a cen-
tral role in the innate immune response, especially for IRI [50]. Interestingly, TLR2 is upregu-
lated in IRI and is related to BOS development [51, 52]. An antagonist of TLR2 was also
clinically applied to enhance outcome for renal transplant patients [53]. These data indicate a
significant role for the innate immune response during OB/BOS development.

Further, in addition to the innate immune response, this study also revealed a role for adap-
tive immunity during OB. Indeed, a number of representative genes were upregulated during
OB, although they were also significantly upregulated in non-OB mice, compared with their
expression in the sham controls. Youssef et al. [54] similarly observed that the degree of anti-
genic disparity between donor and recipient, fully allogenic compared with mHA-mis-
matched, did not influence the expression of all cellular immune responses during graft
rejection following skin and heart transplant. Although they evaluated gene expression by
semi-quantitative PCR, our quantitative microarray and qPCR analyses provide more detail
concerning the moderate immune response in non-OB transplants. Our results suggest that
bronchial epithelium lysis leading to OB development depends on the degree of both innate
and adaptive immunity, and the response level may be regulated by non-immune reactions to
the graft, such as reperfusion or infection.

The representative gene verified to evaluate adaptive immunity was Pdcd1. The pathway
involving PD-1, PD-L1, and PD-L2 has been identified as a potential biomarker of immunoto-
lerance during transplantation [55, 56]. In fact, PD-1 is overexpressed during T cell exhaus-
tion, which is a state of T cell dysfunction characterized by progressive loss of function
following chronic antigenic stimulation. Elevated urinary PD-1 mRNA levels have also been
associated with acute rejection [55]. Moreover, PD-1 expression on CD8+ T cells is critical for
tolerance induction in vivo [56]. These data as well as ours demonstrate that PD-1 expression
in lung grafts could be used as a potential biomarker of OB.
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It is important to note that II-21, Ighg3, and Pdcdl were upregulated in the LNs as well as
the lung grafts of OB mice. The LNs are considered to be an important site of antigen presenta-
tion and lymphocyte maturation. This is particularly important during OB diagnosis as its het-
erogeneous distribution makes detection with traditional TBB difficult. Thus, LN biopsy using
endobronchial ultrasound-guided transbronchial needle aspiration could circumvent these
issues. Additional work is required to evaluate LN biopsy as a potential diagnostic tool for OB.

The current study does have some limitations. First, the number of animals in this study
was relatively low, which caused statistical limitation. Three animals were only used for micro-
array analysis, so we couldn’t evaluate with standard threshold such as false discovery late.
However, to overcome this limitation, five or six animals were used for validation in qPCR
and we validated the expression level in local and systemic lymphoid tissue as well as lung.
Some genes were upregulated in LNs of OB, which is not previously described. To reduce the
number of animals in terms of animal protection, the further investigation is needed using
clinical lung samples. Second, this study analyzed whole lungs, which contain various cell
types, such as fibroblasts, endothelial cells, and immune cell. Further investigation of the infil-
trating cells should be needed by flow cytometry. Third, we did not evaluate the cellular reac-
tion between the donor and recipient in vitro. Some reports indicate that the origin of the
infiltrating fibroblasts and lymphocytes into the OB lesion is important [57, 58]. We speculate
that the lung grafts contain both donor and recipient cells. Therefore, we used the lungs from
both C57BL/6 and C57BL/10 as a control after confirming their similar gene expression after
sham surgery. Finally, the entire analysis was performed only at day 21 after transplantation.
That may explain why known rejection signals, such as TGF- signaling, which occur earlier
were not observed in this study. Fibrosis gene expression also possibly occurs prior to histolog-
ical changes [59] and may have also been missed. Thus, other time points should be investi-
gated to evaluate earlier gene expression changes as well as the duration of gene upregulation
of the immune-related genes found in this study. Further study is needed with physiological
evaluation (e.g. spirometry) as well as molecular analysis to develop the early detection tool for
clinical use.

Conclusions

In this study, we performed the first comprehensive gene expression analysis in OB after murine
orthotopic lung transplantation. Our results suggest that mHA disparity induced adaptive and
innate immune responses caused by humoral rejection as well as cellular rejection. Moreover,
some novel genes related to these pathways were upregulated in the LNs as well as the lung
grafts of OB mice. Taken together, our findings provide insight into the mechanism underlying
OB development and can be used to help develop diagnostic tools and treatments for BOS.
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