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Acute Cellular Rejection Elicits Distinct MicroRNA
Signatures in Airway Epithelium of Lung

Transplant Patients

Sina A. Gharib, MD," Jeffery D. Edelman, MD," Lingyin Ge, PhD,® Peter Chen, MD'*®

Abstract: Acute cellular rejection (ACR) is a common complication in lung transplantation and associated with increased risk of
chronic allograft dysfunction. MicroRNAs are critical controllers of cellular transcription whose expression can be altered in disease
states. The purpose of this pilot study was to evaluate whether microRNA profiling of epithelial cells obtained from airway
brushings can distinguish lung transplant patients with ACR from those without rejection. We studied 21 subjects (10 with
ACR, 11 without ACR) and assessed the expression of over 700 microRNAs in their airway epithelium. We identified 117 differen-
tially expressed microRNAs that robustly segregated the 2 groups and were uniformly downregulated in patients with ACR.
Leveraging experimentally verified microRNA targets, we systematically mapped pathways and processes regulated by ACR-
induced microRNAs and noted enrichment of programs involved in development, proliferation, migration, and repair. Collectively,
our study suggests that ACR is associated with a distinct epithelial microRNA signature that can provide insight into the pathogen-
esis of acute rejection and potentially serve as a sensitive, minimally invasive biomarker tool for diagnostic and prognostic stratifi-

cation of lung transplant patients.

(Transplantation Direct 2015;1: e44; doi: 10.1097/TXD.0000000000000551. Published online 20 November 2015.)

he development of immunosuppressive medications,
such as cyclosporine, has created the possibility for lung
transplantation for individuals with end-stage lung disease.’
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However, the level of immunosuppression must be tempered
to avoid severe infectious complications associated with the
immunocompromised state. Consequently, about a third of
recipients proceed to develop acute cellular rejection (ACR)
in the first year after lung transplantation.” Identifying and
effectively treating ACR is vital because of its adverse long-
term impact on graft function. Indeed, the severity and fre-
quency of ACR is directly proportional to the risk of develop-
ing bronchiolitis obliterans syndrome, the most common
manifestation of chronic lung allograft dysfunction.' Despite
intensive research, the pathogenetic mechanisms leading to
acute rejection remain poorly understood and have limited
our ability diagnose this important condition at an early
stage. This is of particular concern because up to 39% lung
transplant patients may have clinically silent ACR. More-
over, transbronchial biopsy has a 72% to 84% sensitivity
for detecting ACR and can result in serious complications.>*
Therefore, understanding the molecular mechanisms of acute
rejection and finding new, less invasive methods to improve
the sensitivity of its diagnosis can yield significant long-term
beneficial outcomes.

MicroRNAs are small RNAs approximately 23 nucleo-
tides in length that are major posttranscriptional controllers
regulating the expression of nearly a third of the genome.’
Each microRNA can affect multiple targets and broadly in-
fluence diverse cellular processes. In the lungs, microRNAs
play critical roles during development and homeostasis.® As
the functional importance of microRNAs in maintaining
health becomes recognized, there is increasing interest to de-
fine their role during disease states. For example, multiple

www.transplantationdirect.com 1


mailto:sagharib@u.washington.edu
http://www.transplantationdirect.com

2 Transplantation DIRECT m 2015

studies now show direct evidence for microRNA dysregula-
tion in various respiratory disorders.””®

There is mounting evidence supporting a critical role for
microRNAs as putative drivers and biomarkers of respiratory
disorders.® Studies of the airway epithelium, in particular,
have found that microRNA expression may be a sensitive
marker for various disease states.””"! These intriguing findings
illustrate the possibility of using molecular changes in the
airway epithelium as surrogates for detecting lung diseases
and gaining insight into their pathogenesis. Therefore, using
freshly purified airway epithelial cells from airway brushings
during bronchoscopy, we investigated whether ACR is asso-
ciated with altered microRNA signatures in the airway epi-
thelium of lung transplant patients. We hypothesized that
an unbiased approach would identify previously unknown
relationships between microRNA expression profiles and
ACR and provide insights into putative molecular mecha-
nisms of acute rejection.

MATERIALS AND METHODS

Study Population

Lung transplant patients undergoing bronchoscopic evalu-
ation were enrolled into this study after providing informed
consent. Samples were retrospectively collected from patients
that had bronchoalveolar lavage (BAL) fluid collections show-
ing no evidence of acute infection during the bronchoscopy.
All patients had transbronchial biopsies that were evaluated
by a dedicated lung pathologist. Patients in the “control” group
had no evidence of ACR on pathological examination. Patients
with ACR had various grades of vascular (A grade) and airway
(B grade) inflammation. This study was approved by the Insti-
tutional Review Board at the University of Washington.

Airway Epithelial Brushing and RNA Collection

During the bronchoscopy, airway epithelial cells were col-
lected from subsegmental airways by 4 to 6 passes with a cy-
tologic brush (ConMed, Utica, NY). Cells were collected in
cold saline and immediately transferred to the laboratory
on ice for processing. To ensure a pure population of airway
epithelial cells, inflammatory cells (approximately 3% of the
total population) were first depleted using a biotinylated an-
tihuman CD435 antibody (AbD Serotec, Raleigh, NC) as pre-
viously published.'* The purified airway epithelial cells were
placed into TRIzol (Life Technologies, Grand Island, NY).
RNA was processed using phase-lock tubes as per manufac-
turer's instructions (SPRIME, Inc, Gaithersburg, MD).

MicroRNA Profiling and Data Analysis

Following the manufacturer's protocols, cDNA was cre-
ated using miRCURY LNA ¢cDNA synthesis kit (Exiqon,
Woburn, MA) and was subsequently used for microRNA
profiling with the miRCURY LNA Universal RT human
microRNA PCR panel (V2.0; Exiqon). This PCR-based
panel evaluated 742 unique human microRNAs. A global
normalization strategy was used in which each microRNA
quantification cycle (C,) was subtracted from the mean C,
of all microRNA probes.'*'? The variability of microRNA
expression between control (n = 11) and ACR (n = 10)
groups was evaluated by principal component analysis
(PCA)." Differential microRNA expression between control
and ACR subjects was determined based on a nonparametric
approach known as significance analysis of microarrays.'?
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Adjustment for multiple hypothesis testing was performed
using false discovery rate analysis with a cutoff less than
0.05, signifying statistical significance.

To limit false-positive associations, we did not use in silico
algorithms to predict microRNA targets. Instead, putative
gene targets of differentially expressed microRNAs were
identified using miRTarBase (version 4.5, mirtarbase.mbc.
nctu.edu.tw), a manually curated database of over 38 000 ex-
perimentally validated human microRNA-target interactions.
Interactions were classified as those with strong experimental
evidence (validation with reporter assays, Western analysis)
or weaker evidence (eg, microarray, proteomics).'® Gene
targets were selected only if they had strong empirical evi-
dence for interacting with at least 1 differentially expressed
microRNA. An interaction network summarizing the rela-
tionships between differentially expressed microRNAs and
their targets was developed using Cytoscape.'” Functional en-
richment analysis of target genes whose expression may be
modulated by the differentially expressed microRNAs was per-
formed using Database for Annotation, Visualization and Inte-
grated Discovery (version 6.7, david.abce.ncifcrf.gov) and was
based on multiple annotation and pathway resources including
gene ontology, Kyoto Encyclopedia of Genes and Genomes,
and Biocarta.'® Enrichment P values were adjusted for multiple
comparisons using the Benjamini-Hochberg method.

RESULTS

Patient Demographics

We enrolled a total of 21 lung transplant patients in this
study. The control group was composed of 11 subjects with
no evidence of infection or rejection based on BAL cultures
and transbronchial biopsy results. Ten patients had histo-
pathologic evidence of ACR on biopsy, but no active infec-
tion by culture of BAL fluid (Table 1).

Acute Rejection Profoundly Alters Airway Epithelial
MicroRNA Expression Profiles

Initially, we applied PCA to assess whether variability
across the entire microRNA dataset (n = 742 microRNAs)
segregated patients with ACR from those without rejection
(Figure 1A). We observed a reasonable distinction between
the 2 groups, implying that acute rejection induces wide-
spread alterations in microRNA expression and these patterns
may be exploited to distinguish ACR patients from those
without it. Next, we identified 117 differentially expressed
microRNAs between ACR versus control lung transplant
patients after adjustment for multiple comparisons using a
false discovery rate less than 0.05 (Figure 1B; Table S1,
SDC, http://links.lww.com/TXD/A16). Unexpectedly, all

Patient demographics

Control Group ACR Group P
n 1 10
Age 47.7 +16.0 32.4 +16.6 0.045
Sex 4M;7F 2M; 8F
Transplantation days 454 + 552 593 + 681 0.62
ACR grade n/a A1BO (2), A2B0 (2), A3BO,

AOBr1 (3), A1Br1, A3Br1

M indicates male; F, female


http://http://links.lww.com/TXD/A16

© 2015 Wolters Kluwer

|| 117 differentially
expressed miRNAs

1
L T |

4 -

v
Increased expression [N Decreased expression

Undetected [0

FIGURE 1. Transcriptional patterns of airway epithelial microRNAs
during ACR. A, Principal component analysis of the entire microRNA
expression profiles (742 microRNAs) across 21 lung transplant recip-
ients (n = 10 with ACR, n = 11 without rejection) yielded reasonable
separation between the two patient groups. This implied the pres-
ence of significant global expression differences between the 2
groups. Each axis explains a proportion of the variability in microRNA
expression, thereby determining the spatial location of the subjects.
Note that for PCA, we used information across all 742 microRNAs,
including many that were not differentially expressed between the 2
groups, thereby reducing power for segregating patients with and
without ACR. B, Heatmap depiction of 117 differentially expressed
microRNAs in ACR after adjustment for multiple testing using an FDR
less than 0.05. Note that almost all microRNAs were downregulated
in the airway epithelium of subjects with ACR, implying activation of
their corresponding gene targets. FDR indicates false discovery rate.

of these microRNAs were downregulated in the airway epi-
thelium of patients suffering from acute rejection. Because
microRNAs generally suppress transcription of their target
genes, our results suggest that ACR activates a set of regu-
lated airway epithelial genes through repression of specific
microRNAs.
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A number of computational methods have been developed
to identify putative microRNA targets. However, these pre-
dictions are theoretical, and in many instances, may not
translate into biologically verifiable effects. To enhance the
biological relevance of our findings, we intersected the list
of differentially expressed microRNAs in acute rejection with
predicted gene targets that have been experimentally vali-
dated. Not surprisingly, of 117 downregulated microRNAs,
only 40 had strong empirical evidence for regulating gene
expression (Figure 2). This subset of 40 ACR-associated
microRNAs influenced the expression of 253 genes based
on previously published experimental results (Figure 2; Table
S2, SDC, http://links.lww.com/TXD/A16). The interaction
between differentially expressed microRNAs and their tar-
gets was explored using network analysis, revealing signifi-
cant heterogeneity in the connectivity of microRNAs, with
some interacting with very few genes, whereas others, such
as miR-34a-5p and miR-124-3p, influencing a much wider
repertoire of targets (Figure 3A). To gain an understanding
of the biologic consequences of ACR-induced microRNA al-
terations in airway epithelial cells, we performed functional
enrichment analysis of the 253 putative target genes. We
identified a large number of overrepresented processes and
pathways, many of which mapped to cellular proliferation,
differentiation, migration as well as apoptosis, cancer, and
developmental programs (Figure 3B; comprehensive list in
Table S3, SDC, http:/links.lww.com/TXD/A16).

Acute cellular rejection is a major complication of lung
transplantation and contributes to reduced survival.” This pi-
lot study is the first report showing that acute rejection in
lung transplant patients is associated with dysregulated
microRNA expression in the airway epithelium. Our unbi-
ased approach identified a panel of candidate microRNAs
that distinguished patients with ACR from lung transplant
recipients without rejection. Moreover, our findings suggest
that repair and regeneration pathways regulated by these dif-
ferentially expressed microRNAs are enhanced during acute
rejection.

Finding more objective measurements of ACR may im-
prove the diagnostic accuracy and interobserver differences
between pathologists.'” Our study implies that microRNA
profiling of the airway epithelium may be a useful tool to seg-
regate lung transplant patients with and without ACR. In-
deed, several studies have proven the utility of evaluating
large airway epithelial expression of microRNAs to identify
disease states of the smaller airways.” ! This pilot study was
not designed to differentiate the grade or severity of ACR,
and larger studies are needed to further delineate specific mo-
lecular signatures within the airway epithelium that can more
precisely separate various grades of rejection. However, our
findings suggest that large airway epithelial cells may serve
as informative sentinels for assessing disease states in lung
transplant patients.

Dysregulation of microRNAs could reflect important
changes within the lung epithelium in response to acute rejec-
tion. We noted that several differentially expressed microRNAs
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FIGURE 2. Linkage of differentially expressed microRNAs during ACR with their experimentally validated target genes. Of 117 ACR-
associated microRNAs (Figure 1B), 40 microRNAs had strong empirical evidence for regulating a total of 253 gene products. The strength
of experimental evidence was divided into strong (eg, reporter assay) or weak (eg, microarray-based); however, each candidate target gene
was required to have at least 1 strong experimental association with a differentially expressed microRNA.

during ACR modulated many gene products, indicating that
they yield widespread functional influence and may be poten-
tial therapeutic targets. For example, miR-124, one of the most
densely connected network nodes (Figure 3A), regulates lung
epithelial cell maturation®® and controls the proliferation and
migration of pulmonary vascular fibroblasts.*! By focusing
on validated targets of all differentially expressed microRNAs,
we found that pathways associated with injury and repair,
such as cellular proliferation, development, differentiation,
and migration, were enriched during ACR (Figure 3B). Our re-
sults demonstrate that many microRNAs are specifically
downregulated during ACR as part of lung epithelium's injury
response and their suppression can lead to the activation of re-
parative and remodeling programs.

One such pathway enriched during ACR was the profibrotic
TGF-p signaling cascade (adjusted P value 9.6 x 107°). Be-
cause ACR is the largest risk factor for future development
of obliterative bronchiolitis—a pathologic process charac-
terized by peribronchiolar fibrosis>*—our findings imply
that although differential expression of some microRNAs
may promote repair, they also shift the epithelial phenotype
toward a fibroproliferative microenvironment with subse-
quent extracellular matrix deposition and remodeling. In-
deed, microRNA-mediated dysregulation of the TGF-p
pathway was recently reported in lun§ transplant patients
with chronic obliterative bronchiolitis.*®

To date, no studies have investigated microRNA profiles in
the lung epithelium of transplanted patients. The bronchial
epithelial cell transcriptome has been evaluated, and distinct
signatures were identified that separate healthy controls
from lung transplant patients providing further evidence that
molecular changes in the epithelial compartment can be a
used as informative biomarkers of disease state.”* Global
transcriptional profiling of inflammatory cells within the air-
spaces have also been used to identify changes that segregated
lung transplant patients with and without ACR.***® How-
ever, a limitation of this approach is that ACR is a T-cell-me-
diated process, and the observed molecular signatures may
therefore largely reflect changes in cellular infiltration.?®
Therefore, sampling the lung epithelium may be preferable
in identifying unique signatures for differentiating various
grades of ACR as well as distinguishing patients with infec-
tion from those with acute rejection.

Compared with transbronchial or surgical biopsies, airway
brushing is minimally invasive and can circumvent complica-
tions, such as excessive bleeding, pneumothorax, and respira-
tory failure.”® In our pilot study, we evaluated microRNA
signatures in a purified population of epithelial cells by in-
cluding a rapid depletion step using an anti-CD4S5 antibody.
However, cytologic brushing of the airways without purifica-
tion yields an enriched epithelial cell population,?* and future
studies should evaluate whether a leukocyte depletion step is
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Functional enrichment of miRNA targets
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FIGURE 3. Functional enrichment analysis of ACR-associated microRNA gene targets. A, Differentially expressed microRNAs in airway epi-
thelium of patients with ACR were linked to 253 experimentally verified gene products, creating a complex interaction network (see also
Figure 2). Note that some microRNAs, such as miR-34a-5p and miR-124-3p, modulated many targets, whereas others influenced very few
genes. B, A representative summary of functional categories and pathways enriched among these 253 microRNA-regulated genes reveals that
ACR is highlighted by activation of processes involved in proliferation, transformation, development, differentiation, repair, and migration.

necessary to provide an informative signatures for differenti-
ating diseased states. Simplifying the process with less sample
processing would be ideal in developing a diagnostic test
that can be widely applicable across various institutions.
Transbronchial biopsy is approximately 80% sensitive for di-
agnosing ACR,>* and the comparative sensitivity of airway
epithelial brushings in identifying ACR needs to be deter-
mined using larger studies in the future.

Our study has several limitations. This was a pilot study
with small sample size, and therefore our results must be vali-
dated independently using larger cohorts. However, the pri-
mary goal of this project was focused on determining
whether ACR induces distinct changes in airway epithelium
of lung transplant patients—a finding that is supported by
our data. Another important limitation of our study was the
heterogeneity of the patient population that likely contributes
to significant biological variability. Furthermore, because we
sampled large airway epithelial cells for microRNA profiling,
where ACR was diagnosed based on small airway tissue, sub-
stantial biological discordance may be present between sam-
ples. Because the platform for measuring microRNAs was
based on validated and highly sensitive quantitative PCR reac-
tions, we did not independently confirm expression levels.
Other platforms, such as those that are based on microarray
technology, may have a larger coverage of microRNAs, but
often require a preamplification step and may not be as sensi-
tive and specific as gPCR. Because in silico prediction of
microRNA targets may yield many false-positive associations,
we limited the microRNA targets in our study to those genes
with strong experimental validation, thereby increasing confi-
dence in their putative biological roles.

In conclusion, this study demonstrates the feasibility of
leveraging airway epithelial microRNA profiles to distinguish

lung transplant patients with and without ACR while also
identifying potential genes and pathways activated during re-
jection. Functionally, many of these microRNAs and their tar-
gets were enriched for wound repair and regeneration
programs, which are consistent with the broader concept of
airway epithelial injury during ACR. More comprehensive
studies are needed to establish the sensitivity of this method
in detecting ACR and delineating its various grades, differenti-
ating ACR from infection, defining its utility to guide therapy,
and identifying patients at risk for long-term complications,
such as obliterative bronchiolitis. If independently validated,
our findings offer proof-of-concept that microRNAs represent
novel biomarkers for identifying ACR after lung transplanta-
tion and provide insight into potential molecular mechanisms
leading to acute rejection.

The authors would like to thank the subjects for agreeing to
participate in this project, and Ellen McCown and Sharon
Kelso for their help in enrolling patients.
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