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Rationale: Bronchoalveolar lavage fluid (BAL) from human lung
allografts demonstrates the presence of a multipotent mesenchymal
stromal cell population. However, the clinical relevance of this novel
cellular component of BAL and its association with bronchiolitis
obliterans syndrome (BOS), a disease marked by progressive airflow
limitation secondary to fibrotic obliteration of the small airways,
remains to be determined.
Objectives: In this study we investigate the association of number of
mesenchymal stromal cells in BAL with development of BOS in
human lung transplant recipients.
Methods:Mesenchymalcolony-formingunits (CFUs)werequantitated
in a cohort of 405 BAL samples obtained from 162 lung transplant
recipients. Poisson generalized estimating equations were used to
determine the predictors of BAL mesenchymal CFU count.
Measurements and Main Results: Higher CFU counts were noted early
post-transplantation; time from transplant to BAL of greater than
3 months predicted 0.4-fold lower CFU counts (P 5 0.0001). BOS
diagnosis less than or equal to 365 days before BAL was associated
with a 2.11-fold higher CFU count (P 5 0.02). There were 2.62- and
2.70-fold higher CFU counts noted in the presence of histologic
diagnosis of bronchiolitis obliterans (P 5 0.05) and organizing
pneumonia (0.0003), respectively. In BAL samples obtained from
BOS-free patients greater than 6 months post-transplantation (n 5

173), higher mesenchymal CFU counts (>10) significantly predicted
BOS onset in both univariate (hazard ratio, 5.61; 95% CI, 3.03–10.38;
P , 0.0001) and multivariate (hazard ratio, 5.02; 95% CI, 2.40–10.51;
P , 0.0001) Cox regression analysis.
Conclusions: Measurement of mesenchymal CFUs in the BAL provides
predictive information regarding future BOS onset.

Keywords: bronchiolitis obliterans syndrome; acute rejection; bron-

choalveolar lavage

Lung transplantation is the only viable option for many patients
with end-stage lung disease (1). However, long-term survival
after lung transplantation is limited by bronchiolitis obliterans
(BO), a fibroproliferative disease of the terminal airways marked
by infiltration with mesenchymal cells (2, 3). Progressive fibrotic
narrowing and obliterans of the airways leads to an irreversible,
relentless decline in lung function termed ‘‘bronchiolitis obliter-
ans syndrome’’ (BOS) (4). BOS is seen in 51% of transplant
recipients by 5.6 years and is the major cause of mortality after 1
year of transplantation (5). Early identification of this fibropro-
liferative process, allowing timely therapeutic interventions,
continues to be a major challenge in this field.

Bronchoalveolar lavage (BAL) offers a unique tool to sample the
internal milieu of the lung and its cellular and molecular components

have been evaluated to investigate markers and predictors of BOS
(6, 7). Proinflammatory cytokines (IL-8; regulated upon activation
normal T-cell expressed and secreted; monocyte chemoattractant
protein-1) (8–11), profibrotic growth factors (transforming growth
factor-b, platelet-derived growth factor) (10, 12), and markers of
extracellular matrix remodeling, such as matrix metalloproteases
(13), have been reported to be increased in the BAL fluid in pre-
sence of BOS. Among cellular components, an increase in pro-
portion of neutrophils is reported in BOS (9, 14, 15), but its
predictive ability is limited by its lack of specificity (16).

We have recently demonstrated that cells obtained from BAL
samples of human lung allografts, studied in culture in a plastic
adherent condition, demonstrate growth of distinct fibroblastoid
colony-forming units (CFUs) of mesenchymal progenitor cells with
multilineage differentiation potential (17). Mesenchymal cells are
the primary effector cells in fibroproliferation; however, the
association of this novel mesenchymal cell population in BAL
with the development of BOS has not been studied. In this study,
we quantitate mesenchymal CFUs in a large prospective cohort of
BAL samples obtained from lung transplant recipients and dem-
onstrate that an increase in number of mesenchymal CFUs in BAL
predicts development of BOS. Some of the results of these studies
have been previously reported in the form of an abstract (18).

METHODS

Patient Population

Lung transplant recipients undergoing bronchoscopy at University of
Michigan were enrolled in a prospective trial. The study was approved
by the University of Michigan Institutional Review Board, and in-
formed consent was obtained before participation in the study.

Between January 2005 and February 2010, 561 BAL samples were
collected from 193 lung transplant recipients. A total of 405 BAL samples
from 162 patients, which could be maintained in culture for 14 days
allowing mesenchymal CFU measurement, were included in the analysis
(Figure 1). Compared with the 156 samples that were not included in the
analysis, these 405 samples included in the analysis were obtained at
a similar time post-transplant (P 5 0.10) and had a similar incidence of
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presence of BOS at the time of sampling (P 5 0.67). Similarly, no
differences were seen in the incidence of acute rejection (AR) (P 5 0.82),
lymphocytic bronchitis (LB) (P 5 0.71), and BO or organizing pneumo-
nia (P 5 0.86) between the two groups. However, as expected, the BAL
samples with failure to maintain 2-week cultures had higher incidence of
positive bacterial (P 5 0.002) and fungal cultures (P 5 0.05).

BAL Mesenchymal CFU Assay

BAL samples were processed as previously described (17, 19). The
numbers of mesenchymal CFUs in BAL were measured using methods
similar to those described by Castro-Malaspina for bone marrow–
derived cells (20). Briefly, recovered BAL fluid was filtered through
a sterile strainer to remove noncellular particulate material, and the
cell pellet recovered by centrifugation at 1,000 rpm for 5 minutes. Two
million nucleated cells isolated from BAL were seeded in a 100-mm
cell culture dish and incubated at 378C in 5% CO2 / 95% air in medium
consisting of high-glucose Dulbecco’s modified Eagle medium supple-
mented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA); 100
U/ml penicillin/streptomycin (Invitrogen); and 0.5% fungizone (Invi-
trogen). Medium was changed every 3 days. Single separated fibro-
blastoid colonies are identified as early as 7 days after initial plating.
Colonies were counted between Days 14 and 21 after initial plating.

Characterization of Mesenchymal CFUs

Mesenchymal CFUs from BAL of lung transplant recipients were
expanded in culture and further characterized using methodology as
previously described (17). BAL samples from five patients from each
group (normal, evidence of AR on histology, and evidence of BOS on
physiology) were studied. The cell surface phenotype of culture-
expanded cells was analyzed by multiparameter flow cytometric analyses
(fluorescence-activated cell sorter). Briefly, cells were trypsinized at
passage 2; aliquotted at a concentration of 0.5 3 106 cells per milliliter;
and stained for 30 minutes with either conjugated specific antibodies (BD
biosciences, San Jose, CA) or isotype-matched control mouse IgGs at
recommended concentration. Labeled cells were washed twice; resus-
pended in fluorescence-activated cell sorter buffer; and analyzed on
fluorescence-activated cell sorter Calibur flow cytometer using the
CellQuest software program (Becton Dickinson, Franklin Lakes, NJ).

To investigate multilineage differentiation potential, adipogenic and
osteogenic differentiation was performed on culture-expanded cells as
previously described (17). For adipogenic differentiation, confluent cells
cultures in a 24-well plate were treated with adipogenic differentiation
medium containing 1026 M dexamethasone, 0.5 mM isobutylmethylxan-

thine, 10 mg/ml insulin, and 200 mM indomethacin in Dulbecco’s
modified Eagle medium high glucose media (0.5 ml per well). At 3 weeks
cells were fixed with 10% formaldehyde (Fisher Scientific, Fair Lane, NJ)
and incubated with fresh oil red O for 1 hour at room temperature; lipid
droplets were visualized and photographed. Osteogenic differentiation
was induced by incubating the cells with 1028 M dexamethasone, 0.2 mM
ascorbic acid, and 10 mM b-glycerophosphate in basal medium. After 21
days, cells were fixed and incubated with freshly made 2% alizarin red
stain, pH 4.2 for 3 minutes. All reagents, unless specified, were from
Sigma (St. Louis, MO). mRNA was isolated and real-time polymerase
chain reaction performed as previously described (17).

Clinical Variables

The indication for bronchoscopy was defined as surveillance if it was
performed routinely to rule out AR. Nonsurveillance bronchoscopies
were performed when clinically indicated for such factors as dyspnea,
decrement in lung function, or follow-up of previous episodes of AR.
Transbronchial biopsies obtained at the time of BAL were examined
according to established criteria (21). AR was defined as biopsy score of
greater than or equal to A1. LB was defined as biopsy score of greater
than or equal to B1. BOS was defined by physiologic testing according to
the International Society of Heart and Lung Transplantation guidelines
(4). Information on bacterial, fungal, and viral cultures was available on
all BAL samples. Positive cytomegalovirus (CMV) was defined as CMV
detection in BAL by shell vial (early antigen detection) or culture.
Information on relative proportion of neutrophils, lymphocytes, macro-
phages, and eosinophils in the BAL was obtained from the results of fluid
cell differential performed in the clinical pathology laboratory at the
University of Michigan.

Statistical Analyses

The Wilcoxon signed-rank test was used to compare pair-wise differ-
ences in continuous CFU-F counts between aliquots from the same BAL
sample. A one sample t test was used to test that CFU-F between serial
dilutions decreased by 50% on average. Wilcoxon rank-sum tests were
used to compare CFU-F counts between cases and controls at various
time-points post–lung transplantation. Poisson generalized estimating
equations (GEE) were used to determine which clinical variables predict
CFU-F counts in BAL samples. GEE, a well-established strategy for
analysis of correlated data (22), was used because multiple samples were
obtained at different time points from the same subjects. GEEs were also
used to determine association of various BAL cell populations (percent
neutrophils, percent macrophages, and percent lymphocytes) with CFU-
F counts. Time to BOS was modeled using Cox proportional hazards
models with robust variance estimation (23, 24) used to account for
patients contributing more than one event history from various BAL
measurements. CFU group-specific adjusted times to BOS plots for the
average patient profile were taken from corresponding Cox models.

RESULTS

Patient Population

A total of 405 BAL samples obtained from 162 lung transplant
recipients comprised the study cohort. The patient population
included 71 females and 91 males with a mean age of 51 years
(range, 21–69 yr) at the time of transplantation. Major indications
for transplantation included emphysema (n 5 69); idiopathic
pulmonary fibrosis (IPF) (n 5 50); cystic fibrosis (n 5 20); and
other diagnoses (n 5 23). Clinical variables at the time of BAL
and the number of patients contributing these data in the study
cohort are displayed in Table 1. Histologic information from
concurrently performed trans-bronchial biopsies was available on
372 BAL samples.

Quantitation and Characterization of Mesenchymal CFUs in

the BAL Obtained from Lung Transplant Recipients

The number of mesenchymal CFUs in the BAL was quantitated
as described in the METHODS section. CFU counts per 2 3 106 cells
plated in a 100-mm dish were reported. To determine that the

Figure 1. CONSORT diagram illustrating the selection of patients in-
cluded in the data analysis. BAL 5 bronchoalveolar lavage; GEE 5

generalized estimating equation; BOS 5 bronchiolitis obliterans syndrome.
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quantitation technique is valid, cells obtained from 15 BAL
samples were plated in duplicate (2 3 106 million cells per dish,
two separate 100-mm dishes). Mesenchymal CFU counts were
obtained for each dish in a given patient. There were no
statistically significant differences between aliquots (Wilcoxon
signed-rank test; P 5 0.94). Further serial twofold dilutions were
performed on five BAL samples. An average of 51% decrease in
CFU counts (range, 40–60%) was noted between serial dilutions.
The decrease is not significantly different from 50% according to
one sample t test (P 5 0.44). These analyses show reproducibility
between measures of CFU count from a BAL sample and support
the quantitative nature of the CFU assay.

Mesenchymal CFUs from representative BAL samples de-
rived from lung transplant recipients were culture expanded and
recharacterized. Similar to what has been previously described
for multipotent mesenchymal stromal cells (17, 25, 26), culture-
expanded CFUs from BAL of patients in all groups (normal,
AR, and BOS) demonstrated expression of CD44, CD105,
CD73, and CD90 (Figure 2), and lacked expression of CD45
and CD34 (data not shown). Multilineage differentiation to
adipocytic and osteocytic lineages was demonstrable in all cell
lines tested (Figure 3).

Predictors of Mesenchymal CFUs in the BAL

Mesenchymal CFU counts in the BAL fluid obtained from lung
transplant recipients demonstrated significant variability (range,
0–90; mean, 10.34; SD, 15.41). The distribution of mesenchymal
CFU counts in the BAL samples is shown in Figure 4.

Poisson GEEs were used to determine the clinical variables
that predict mesenchymal CFU counts in BAL samples. Time
from transplantation, presence of BOS, and a histologic diagnosis
of BO or organizing pneumonia were significant predictors of
number of mesenchymal CFUs in the BAL (Table 2). Time post-
transplant of greater than 90 days was associated with a 0.40-fold
lower CFU count (95% confidence interval [CI], 0.30–0.53; P ,

0.0001) in the BAL. CFU counts of 2.62- and 2.70-fold higher

were noted in the presence of histologic diagnosis of bronchiolitis
obliterans (95% CI, 1.00–6.92; P 5 0.05) and histologic diagnosis
of organizing pneumonia (95% CI, 1.57–4.65; P 5 0.0003),
respectively, on concurrent biopsies. Higher CFU counts were
also noted in BAL samples obtained less than or equal to 365 days
after BOS onset (early post-BOS) (2.11-fold increase; 95% CI,
1.10–4.03; P 5 0.02). Other histologic diagnoses, presence of late
post-BOS (time from BOS to BAL .365 d), presence of positive
bacterial cultures, CMV positivity, indication for bronchoscopy,
and pretransplant diagnosis did not significantly predict number
of mesenchymal CFUs in the BAL.

Analysis of mean CFU counts over time post-transplantation
demonstrated a bimodal distribution with higher mean mesen-
chymal CFUs in BALs obtained at time post-transplant of less
than or equal to 3 months and greater than or equal to 24 months
(Figure 5). The late increase was not seen when BAL samples
obtained in presence of BOS (n 5 46) or within 6 months of BOS
onset (n 5 36) were excluded.

Cell count and differential were available on 374 BAL
samples. No association was noted between mesenchymal CFU
counts and relative proportion of other cellular populations
(percent neutrophil, percent lymphocytes, and percent macro-
phage; P 5 0.30, 0.61, and 0.42, respectively).

Increased Numbers of Mesenchymal CFUs in BAL

as a Predictor of BOS Onset

Next, we investigated if increased mesenchymal CFU counts in
BAL samples can predict future development of BOS. Patients
were followed for development of BOS until February 12, 2010.
For this analysis BAL samples that were obtained from patients
who were greater than 6 months post–lung transplantation and
had no evidence of BOS at the time of BAL were used (n 5 246).
A total of 73 BAL had missing CFU values. No difference was
seen in time to BOS onset from BAL between the cohort used in
the analysis (173 BAL from 107 patients) versus the cohort with
missing CFU values (P 5 0.35).

Mesenchymal CFU count in BAL significantly predicted
subsequent BOS development (hazard ratio [HR], 1.04 for every
one mesenchymal CFU increase in BAL; 95% CI, 1.03–1.06; P ,

0.0001). For the purpose of clinical use, mesenchymal CFU was
also studied as a categorical variable. High CFU count was
defined as CFU greater than or equal to 10 per 2 3 106 nucleated
cells. This threshold was based on results shown in Figure 5 and
estimated means from parameter estimates obtained from the
GEE model shown in Table 2. High CFU count (CFU >10 in
BAL 6 mo after transplantation) was found to be a significant
predictor of subsequent BOS development (HR, 5.61; 95% CI,
3.03–10.38; P , 0.0001). Kaplan-Meier curves shown in Figure 6A
demonstrate time to BOS in lung transplant recipients grouped
by number of CFU-Fs in BAL. Median time to development of
BOS from a BAL sample demonstrating CFU-F count greater
than or equal to 10 was 370 days.

In multivariate analysis (Table 3), after adjusting for pres-
ence of AR, LB, sex, type of transplantation (single vs. bi-
lateral), pretransplant diagnosis (IPF, emphysema, or others)
and time post-transplantation, high CFU-F count remained
a significant predictor of BOS onset (HR, 5.02; 95% CI, 2.40–
10.51; P , 0.0001). Cox model-based survival estimates are
shown for an average patient profile in Figure 6B.

Of the 24 patients who developed BOS during the course of
follow-up, 17 patients were initially diagnosed as BOS stage 1,
two as BOS stage 2, and five as BOS stage 3. At 6 months after
BOS onset, 12 patients progressed to higher grades of BOS, and
3 died of BOS-related complications. Eight patients were in the
same stage of BOS at 6 months and improvement of BOS grade
was noted in four patients.

TABLE 1. CHARACTERISTICS OF BRONCHOALVEOLAR LAVAGE
SAMPLES*

Clinical Variable

N (number of patients

contributing samples)

Indication for bronchoscopy

Surveillance 257 (120)

Nonsurveillance 148 (94)

Time from transplant to BAL

0–3 mo 110 (78)

3–6 mo 76 (63)

6 mo–1 yr 77 (64)

1–2 yr 67 (51)

.2 yr 75 (59)

Biopsy at the time of BAL

Acute rejection (>A1) 52 (43)

Lymphocytic bronchitis (>B1) 26 (25)

Bronchiolitis obliterans 4 (4)

Organizing pneumonia 8 (8)

Biopsy not performed 33 (29)

BOS at the time of BAL

BOS-free at the time of BAL 359 (145)

Early post-BOS (time from BOS to BAL ,365 d) 29 (19)

Late post-BOS (time from BOS to BAL >365 d) 17 (14)

Microbiology cultures from BAL

Positive bacterial cultures 51 (36)

Positive cytomegalovirus viral cultures 17 (14)

Positive respiratory viral cultures 9 (9)

Definition of abbreviations: BAL 5 bronchoalveolar lavage; BOS 5 bronchiolitis

obliterans syndrome.

* 405 samples from 162 patients.
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DISCUSSION

In this study we examined the relationship between a novel
cellular component of BAL (number of mesenchymal stem cells
[MSCs]) and development of BOS in human lung transplant
recipients. We demonstrate that presence of BOS is associated
with an increase in mesenchymal CFU counts in BAL fluid.
Histologic diagnosis of BO or organizing pneumonia on con-
current trans-bronchial biopsies also predicted higher mesen-
chymal CFU counts in the BAL. Importantly, increased number
of mesenchymal CFUs in BAL fluid was found to be a significant
predictor of future BOS onset. Together, these data identify
a novel cellular marker of chronic allograft rejection in human
lung transplant recipients.

Quantitation of BAL mesenchymal CFU counts and its
correlation with clinical variables in a large cohort of lung
transplant recipients provides the first documentation of clinical
predictors of MSC population in the BAL. Predictors of higher
mesenchymal CFU counts in the BAL included diagnosis of BO

or organizing pneumonia on histology, presence of BOS on
pulmonary function testing, and time post-transplant less than
or equal to 90 days. A very strong association was noted between
number of mesenchymal CFUs in the BAL and histologic
evidence of organizing pneumonia. Organizing pneumonia,
a condition marked by presence of mesenchymal cells in the
alveoli, can be commonly diagnosed by transbronchial biopsies.
However, transbronchial biopsies have a low sensitivity for
diagnosing BO, the histologic manifestation of BOS (27). A
surrogate for a mesenchymal proliferative process in the BAL can
have a potential role in differentiating a fall in FEV1 from BO
versus other confounding factors, such as hyperinflation or
bronchial stenosis, hence identifying a more homogeneous BOS
population. Higher BAL CFU counts were noted in the presence
of histologic diagnosis of BO in our cohort. However, because of
small numbers of cases with evidence of BO on biopsies, further
studies validating this finding and establishing the clinical use of
this marker in diagnosing BO in conjunction with clinical and
physiologic parameters are warranted.

Figure 2. Flow cytometric
analysis of cell surface markers

on culture-expanded mesen-

chymal CFUs. Bronchoalveolar

lavage (BAL) CFUs from lung
transplant recipients (control,

acute rejection [AR], and

bronchiolitis obliterans syn-

drome [BOS]) were expanded
in culture and immunostained

for CD44, CD90, CD73, and

CD105 surface markers with
specific mAbs. Cells from the

three groups were found to be

predominantly positive for the

surface markers studied. All
histograms demonstrate spe-

cific mAbs in black and control

isotype-specific IgGs in gray.

The percentage of positive
cells relative to the total num-

ber of cells analyzed (mean 6

SD) is shown above the re-

spective histograms. n 5 5
individual patients in each

group.
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Diagnosis of BOS was found to be a significant predictor of
MSC population in the allograft with twofold higher mesenchy-
mal CFUs noted in BAL samples obtained with a year of BOS
onset. This association was not seen in BAL samples obtained
after a year of BOS onset. Study of course of FEV1 after BOS
onset has demonstrated that maximal decline in FEV1 occurs
within the first year after BOS onset (28). It can be speculated that
the early time period after BOS onset marks a period of maximal
fibroproliferation and hence this association with high mesen-
chymal CFUs. The present study was not powered to investigate if
changes in CFU count after BOS onset correlate with the course
of FEV1 in these patients. A future prospective multicentric study
is needed to investigate the prognostic ability of longitudinal
changes in BAL CFU counts in patients with BOS.

Analysis of time post-transplant and CFU count demon-
strated a very interesting bimodal distribution with higher mean
mesenchymal CFU counts noted in BAL samples first within 3
months and then later after 24 months of lung transplantation.

The presence of elevated MSC population early post-transplant,
a period marked by intense cellular response to graft injury, is
similar to what has been described for other cellular populations
in the BAL (7). Elevated total cell count and neutrophils are
seen in BAL during the first 3 months after lung transplantation
(7). Whether this cellular response, in the form of increased
mesenchymal cells accumulation in the first 3 months after lung
transplantation, varies with the degree of ischemia reperfusion
injury remains to be determined. The increase in MSC pop-
ulation in BAL at later time after lung transplantation was
associated predominantly with development of BOS.

Analysis of a prospective cohort of BOS-free patients dem-
onstrated that higher number of MSCs in BAL 6 months of lung
transplantation significantly predicted future BOS onset. Mesen-
chymal CFU counts greater than or equal to 10 in BAL samples
were associated with an approximately fivefold higher hazard of
developing BOS. Predicting BOS early, before clinical compro-
mise, is critical for instituting therapeutic modalities to prevent or

Figure 3. Multilineage differentiation potential

of culture-expanded bronchoalveolar lavage
(BAL) mesenchymal CFUs. (A) Cell lines gener-

ated from BAL CFUs of control, acute rejection

(AR), or bronchiolitis obliterans syndrome

(BOS) patients (n 5 5 in each group) were
investigated for the in vitro multilineage differ-

entiation capacity. Accumulation of lipid drop-

lets (indicating adipocytic differentiation) was
demonstrated by staining with oil red O in

treated cells. Osteocytic differentiation was in-

dicated by calcium deposition as demonstrated

by alizarin red staining (red color) in treated
cells. No staining was observed in control un-

treated cells. (B) Real-time polymerase chain

reaction was performed to analyze the expres-

sion of specific adipogenic and osteogenic re-
lated mRNAs under inductive culture

conditions. Relative expression of PPAR-a

mRNA (indicative of adipogenic activity) and
osteopontin mRNA (indicative of osteogenic

activity) are shown in control and treated

conditions.
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delay BOS onset. Information obtained from bronchoscopy,
either BAL or transbronchial biopsies, has been evaluated to
identify a simple predictor or biomarker of BOS. In retrospective
analysis, diagnosis of a single or multiple episodes of AR and LB
on transbronchial biopsies has been associated with BOS (29–33).
Our analyses are restricted to patients who are already 6 months
out from transplant and evaluated time to BOS onset from
individual BAL. Similarly, another major difference in our

approach was that we focused on the predictive ability of the
current BAL and not cumulative information from all previous
BALs. Thus, a patient with no AR at the time of the bronchos-
copy performed as a part of this study might have had AR in the
past. These differences could explain the lack of association of
AR or LB with BOS in our model.

No significant association was seen in our cohort between
mesenchymal CFUs in the BAL and positive CMV cultures.
CMV infection and disease are considered a possible risk factor
for development of BOS (4). It is important to note that in our
cohort of patients with positive CMV cultures only one case had
evidence of true CMV disease as shown by cytopathic changes
on transbronchial biopsies. Thus, this study cannot comment on
the association of mesenchymal CFUs and CMV pneumonitis.
Similarly, although no correlation was seen between number of
mesenchymal CFUs in BAL and positive bacterial cultures in
the cohort from which CFU count could be obtained, there was
increased incidence of positive bacterial culture in BAL with
missing CFU data. This suggests that measuring the MSC
population in the BAL by CFU count has limited predictability
in the patient population with positive bacterial culture because
this population is at increased risk of missing CFU data.

In multivariate analysis, after adjusting for presence of AR,
LB, CMV, sex, type of transplantation (single vs. bilateral),
pretransplant diagnosis (IPF, emphysema, or others), and time
post-transplantation, high CFU count remained a significant
predictor of BOS onset (HR, 4.73; 95% CI, 2.22–10.10; P ,

0.0001). Although this ability of MSC numbers in the BAL to
predict BOS onset suggests a potential for using this informa-
tion in the clinical arena, a major limitation in our methodology
of MSC quantitation is that it requires culturing BAL cells in
plastic adherent conditions for 2 weeks. This technique, other
than being time consuming, also leads to significant number of
missing counts. Future investigation of a marker of MSCs that
can be analyzed in a high-throughput manner is required to
translate these finding to the clinical arena.

Figure 4. Distribution of mesenchymal CFU counts in bronchoalveolar

lavage (BAL) samples obtained from lung transplant recipients. Num-

bers of mesenchymal CFUs in the BAL was quantitated by culturing BAL

cells in plastic adherent condition. CFU counts per 2 3 106 cells plated
in a 100-mm dish were reported (n 5 405).

TABLE 2. MULTIVARIATE ANALYSIS OF THE PREDICTORS OF
MESENCHYMAL CFU COUNTS IN BRONCHOALVEOLAR LAVAGE
FLUID OF HUMAN LUNG TRANSPLANT RECIPIENTS (N 5 372)

Variable

Estimate (95%

confidence interval)* P Value†

Time post-transplant .90 d 0.40 (0.30–0.53) ,0.0001‡

Early post-BOS (BOS to BAL <365 d) 2.11 (1.10–4.03) 0.02‡

Late post-BOS (BOS to BAL .365 d) 1.47 (0.70–3.07) 0.31

Acute rejection (>A1) 0.95 (0.69–1.30) 0.75

Lymphocytic bronchitis (>B1) 0.80 (0.49–1.31) 0.38

Bronchiolitis obliterans 2.62 (1.00–6.92) 0.05‡

Organizing pneumonia 2.70 (1.57–4.65) 0.0003‡

Positive bacterial cultures 1.31 (0.74–2.32) 0.35

Positive cytomegalovirus cultures 0.62 (0.30–1.28) 0.20

Other virus 1.26 (0.47–3.37) 0.65

Nonsurveillance bronchoscopy (vs. surveillance) 1.08 (0.80–1.46) 0.62

Pretransplant diagnosis

Idiopathic pulmonary fibrosis 0.70 (0.42–1.16) 0.16

Emphysema 0.81 (0.46–1.43) 0.47

Cystic fibrosis 0.70 (0.38–1.29) 0.26

Others 1.00x NAx

Definition of abbreviations: BAL 5 bronchoalveolar lavage; BOS 5 bronchiolitis

obliterans syndrome.

* Estimates indicate the multiplicative increase or decrease in expected CFU-F

count according to the factor being true versus false, other factors held constant.
† P values generated from multivariate generalized estimating equation models

accounting for correlation within patients.
‡ P , 0.05.
x Reference population.

Figure 5. Relationship of mesenchymal CFU count bronchoalveolar

lavage (BAL) samples and time post-lung transplantation. Mean CFU
count over various time periods post-lung transplantation are demon-

strated in all BAL samples (blue diamonds; n 5 405). A bimodal

distribution with higher mean mesenchymal CFUs in BALs obtained

at time post-transplant of less than or equal to 3 months and greater
than or equal to 24 months was seen. The late increase was not seen

when BAL samples obtained in presence of BOS (n 5 46) or within 6

months of BOS onset (n 5 36) were excluded (red squares).
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The study population in this investigation was limited to BAL
samples from lung transplant recipients in whom CFU assay
could be performed. Hence, this study is applicable only to this
population and cannot comment on the patients with missing
CFU data in the BAL. The present analyses suggest that time to
onset of BOS is similar for the group with missing BOS count
versus the cohort with known CFU count. However, further
follow-up is needed to evaluate definitely whether ‘‘missing
CFU’’ is a distinct biologic cohort. An evaluation of this pop-
ulation requires the performance of a prospective study with
BAL samples obtained at regular intervals. In such a study, the
effect of longitudinal changes in mesenchymal CFUs can be
investigated as a predictor of BOS onset and progression.

Although this study provides the first evidence for a dynamic
change in MSC numbers in a transplanted lung, the role of
endogenous MSCs in adaptive and maladaptive repair responses

in the lung remains unclear. MSCs have strong immunomodulating
properties (34, 35) and exogenous administration of bone marrow–
derived MSCs has been shown to ameliorate injury in animal lung
injury models (36–38). We have recently demonstrated that MSCs
derived from human lung allografts inhibit T cells in vitro via
secretion of soluble mediators (19). However, MSCs can also play
an important role in tissue fibrosis. Bone marrow–derived MSCs
can differentiate into myofibroblasts in vitro (39, 40) and mesen-
chymal progenitor cells have been shown to participate in fibrotic
responses (41, 42). These observations suggest that MSCs can have
divergent effects in acute and chronic injury scenarios and their
role in human diseases should be investigated. Our study is the first
study to investigate endogenous MSCs in human injury. Increased
numbers of lung-resident MSCs were noted early post-transplant in
patients with both favorable and unfavorable long-term outcomes
demonstrating that these cells are not associated with fibrosis
during acute injury. However, increased numbers at later time
points post–lung transplantation were associated with develop-
ment of BOS. On the basis of these observations it can be
speculated that lung-resident MSCs, which are recruited in re-
sponse to injury, can be modulated by the presence of a profibrotic
milieu and potentially contribute to fibrogenesis. Further work is
needed to elucidate the role of these mesenchymal precursor cells
in the pathogenesis of BOS.

In summary, this study demonstrates that an increase in
mesenchymal CFU counts in BAL is seen in association with
BO/BOS and is a strong predictor of future BOS onset. Because
BAL is routinely performed in lung transplant recipients, evalu-
ation of this potential marker of fibroproliferative responses in
the lung can provide important prognostic information regarding
BOS onset and course. Further research is required to determine
the role of serial measurements of mesenchymal CFUs in the
follow-up of patients with BOS and whether CFU numbers can be
used as biomarkers of disease activity and response.
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Figure 6. Mesenchymal CFUs in the bronchoalveolar lavage (BAL) as
predictors of bronchiolitis obliterans syndrome (BOS) onset in lung

transplant recipients. (A) Kaplan-Meier curve demonstrating time to

BOS in lung transplant recipients grouped by number of mesenchymal

CFUs in BAL (CFU >10, dashed line; CFU ,10, solid line). (B) CFU-group
specific adjusted time to BOS plots based on survival estimates obtained

using hazards estimated with Cox models adjusted for average patient

profile. Average covariate profile is as follows: time from transplant to
BAL 5 1.74 year; probability of being male 5 52%; probability of

histologic diagnosis of acute rejection 5 11.9%, lymphocytic bronchitis

5 10%; probability of pretransplant diagnosis of idiopathic pulmonary

fibrosis 5 32.4%, chronic obstructive pulmonary disease 5 39.9%, cystic
fibrosis 5 13.9%; probability of single lung transplantation 5 57.8%.

TABLE 3. MULTIVARIABLE PROPORTIONAL-HAZARDS ANALYSIS
OF THE RISK OF BOS ONSET BY VARIABLES PRESENT AT THE
TIME OF BAL

Variable

Hazard

Ratio

95% CI

(lower)

95% CI

(upper)

P

Value

Mesenchymal CFU count >10 5.02 2.40 10.51 ,0.0001

Time post-transplant, yr 1.04 0.84 1.30 0.71

Acute rejection (>A1) 1.22 0.38 3.87 0.74

Lymphocytic bronchitis (>B1) 0.72 0.35 1.48 0.37

Cytomegalovirus 0.94 0.31 2.86 0.91

Pretransplant diagnosis

Idiopathic pulmonary fibrosis 0.45 0.07 2.90 0.40

Emphysema 0.77 0.16 3.81 0.75

Cystic fibrosis 0.80 0.14 4.58 0.80

Others ref Ref ref NA

Type of transplant, bilateral 1.33 0.54 3.26 0.53

Sex, male 1.54 0.68 3.44 0.30

Definition of abbreviations: BAL 5 bronchoalveolar lavage; BOS 5 bronchiolitis

obliterans syndrome; CI 5 confidence interval.

1068 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 183 2011



institution have received grants from NIH, ATS, and the Scleroderma Research
Foundation.

Acknowledgment: The authors thank Dr. Marc Peters-Golden for useful com-
ments on the manuscript.

References

1. Arcasoy SM, Kotloff RM. Lung transplantation. N Engl J Med 1999;340:
1081–1091.

2. Estenne M, Hertz MI. Bronchiolitis obliterans after human lung trans-
plantation. Am J Respir Crit Care Med 2002;166:440–444.

3. Lama VN, Harada H, Badri LN, Flint A, Hogaboam CM, McKenzie A,
Martinez FJ, Toews GB, Moore BB, Pinsky DJ. Obligatory role for
interleukin-13 in obstructive lesion development in airway allografts.
Am J Pathol 2006;169:47–60.

4. Estenne M, Maurer JR, Boehler A, Egan JJ, Frost A, Hertz M, Mallory
GB, Snell GI, Yousem S. Bronchiolitis obliterans syndrome 2001: an
update of the diagnostic criteria. J Heart Lung Transplant 2002;21:
297–310.

5. Christie JD, Edwards LB, Aurora P, Dobbels F, Kirk R, Rahmel AO,
Stehlik J, Taylor DO, Kucheryavaya AY, Hertz MI. The registry of
the international society for heart and lung transplantation: twenty-
sixth official adult lung and heart-lung transplantation report-2009.
J Heart Lung Transplant 2009;28:1031–1049.

6. Bowdish ME, Arcasoy SM, Wilt JS, Conte JV, Davis RD, Garrity ER,
Hertz ML, Orens JB, Rosengard BR, Barr ML. Surrogate markers
and risk factors for chronic lung allograft dysfunction. Am J Trans-
plant 2004;4:1171–1178.

7. Tiroke AH, Bewig B, Haverich A. Bronchoalveolar lavage in lung
transplantation. State of the art. Clin Transplant 1999;13:131–157.

8. Belperio JA, Keane MP, Burdick MD, Lynch JP III, Xue YY, Berlin A,
Ross DJ, Kunkel SL, Charo IF, Strieter RM. Critical role for the
chemokine MCP-1/CCR2 in the pathogenesis of bronchiolitis oblit-
erans syndrome. J Clin Invest 2001;108:547–556.

9. DiGiovine B, Lynch JP III, Martinez FJ, Flint A, Whyte RI, Iannettoni
MD, Arenberg DA, Burdick MD, Glass MC, Wilke CA, et al.
Bronchoalveolar lavage neutrophilia is associated with obliterative
bronchiolitis after lung transplantation: role of IL-8. J Immunol 1996;
157:4194–4202.

10. Elssner A, Jaumann F, Dobmann S, Behr J, Schwaiblmair M, Reich-
enspurner H, Furst H, Briegel J, Vogelmeier C. Elevated levels of
interleukin-8 and transforming growth factor-beta in bronchoalveolar
lavage fluid from patients with bronchiolitis obliterans syndrome:
proinflammatory role of bronchial epithelial cells. Munich Lung
Transplant Group. Transplantation 2000;70:362–367.

11. Reynaud-Gaubert M, Marin V, Thirion X, Farnarier C, Thomas P,
Badier M, Bongrand P, Giudicelli R, Fuentes P. Upregulation of
chemokines in bronchoalveolar lavage fluid as a predictive marker of
post-transplant airway obliteration. J Heart Lung Transplant 2002;21:
721–730.

12. Hertz MI, Henke CA, Nakhleh RE, Harmon KR, Marinelli WA, Fox
JM, Kubo SH, Shumway SJ, Bolman RM III, Bitterman PB.
Obliterative bronchiolitis after lung transplantation: a fibroprolifera-
tive disorder associated with platelet-derived growth factor. Proc Natl
Acad Sci USA 1992;89:10385–10389.

13. Taghavi S, Krenn K, Jaksch P, Klepetko W, Aharinejad S. Broncho-
alveolar lavage matrix metalloproteases as a sensitive measure of
bronchiolitis obliterans. Am J Transplant 2005;5:1548–1552.

14. Devouassoux G, Drouet C, Pin I, Brambilla C, Brambilla E, Colle PE,
Pison C. Alveolar neutrophilia is a predictor for the bronchiolitis
obliterans syndrome, and increases with degree of severity. Transpl
Immunol 2002;10:303–310.

15. Riise GC, Williams A, Kjellstrom C, Schersten H, Andersson BA, Kelly
FJ. Bronchiolitis obliterans syndrome in lung transplant recipients is
associated with increased neutrophil activity and decreased antioxi-
dant status in the lung. Eur Respir J 1998;12:82–88.

16. Zheng L, Whitford HM, Orsida B, Levvey BJ, Bailey M, Walters EH,
Williams TJ, Kotsimbos T, Snell GI. The dynamics and associations of
airway neutrophilia post lung transplantation. Am J Transplant 2006;
6:599–608.

17. Lama VN, Smith L, Badri L, Flint A, Andrei AC, Murray S, Wang Z,
Liao H, Toews GB, Krebsbach PH, et al. Evidence for tissue-resident
mesenchymal stem cells in human adult lung from studies of trans-
planted allografts. J Clin Invest 2007;117:989–996.

18. Lama VN, Badri L, Liu L, Chan DJ, Pinsky DJ, Martinez FJ, Murray S.
Lung resident mesenchymal stem cells in bronchoalveolar lavage:

a novel marker of immune-mediated injury in human lung transplant
recipients. J Heart Lung Transplant 2009;28:S115.

19. Jarvinen L, Badri L, Wettlaufer S, Ohtsuka T, Standiford TJ, Toews

GB, Pinsky DJ, Peters-Golden M, Lama VN. Lung resident
mesenchymal stem cells isolated from human lung allografts inhibit
T cell proliferation via a soluble mediator. J Immunol 2008;181:
4389–4396.

20. Castro-Malaspina H, Gay RE, Resnick G, Kapoor N, Meyers P,

Chiarieri D, McKenzie S, Broxmeyer HE, Moore MA. Characteriza-
tion of human bone marrow fibroblast colony-forming cells (CFU-F)
and their progeny. Blood 1980;56:289–301.

21. Yousem SA, Berry GJ, Cagle PT, Chamberlain D, Husain AN, Hruban

RH, Marchevsky A, Ohori NP, Ritter J, Stewart S, et al. Revision of
the 1990 working formulation for the classification of pulmonary
allograft rejection: Lung Rejection Study Group. J Heart Lung
Transplant 1996;15:1–15.

22. Liang K, Zeger SL. Longitudinal data analysis using generalized linear

models. Biometrika 1986;73:13–22.
23. Hougaard P. Analysis of multivariate survival data. New York: Springer;

2000.
24. Therneau TM, Grambsch P. Modeling survival data, extending the Cox

model. New York: Springer; 2000.
25. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F,

Krause D, Deans R, Keating A, Prockop D, Horwitz E. Minimal
criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy Position Statement. Cyto-
therapy 2006;8:315–317.

26. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca

JD, Moorman MA, Simonetti DW, Craig S, Marshak DR. Multi-
lineage potential of adult human mesenchymal stem cells. Science
1999;284:143–147.

27. Chamberlain D, Maurer J, Chaparro C, Idolor L. Evaluation of trans-

bronchial lung biopsy specimens in the diagnosis of bronchiolitis
obliterans after lung transplantation. J Heart Lung Transplant 1994;
13:963–971.

28. Lama VN, Murray S, Lonigro RJ, Toews GB, Chang A, Lau C, Flint A,

Chan KM, Martinez FJ. Course of FEV(1) after onset of bronchiolitis
obliterans syndrome in lung transplant recipients. Am J Respir Crit
Care Med 2007;175:1192–1198.

29. Girgis RE, Tu I, Berry GJ, Reichenspurner H, Valentine VG, Conte JV,

Ting A, Johnstone I, Miller J, Robbins RC, et al. Risk factors for the
development of obliterative bronchiolitis after lung transplantation. J
Heart Lung Transplant 1996;15:1200–1208.

30. Glanville AR, Aboyoun CL, Havryk A, Plit M, Rainer S, Malouf MA.

Severity of lymphocytic bronchiolitis predicts long-term outcome
after lung transplantation. Am J Respir Crit Care Med 2008;177:
1033–1040.

31. Hachem RR, Khalifah AP, Chakinala MM, Yusen RD, Aloush AA,

Mohanakumar T, Patterson GA, Trulock EP, Walter MJ. The
significance of a single episode of minimal acute rejection after lung
transplantation. Transplantation 2005;80:1406–1413.

32. Hopkins PM, Aboyoun CL, Chhajed PN, Malouf MA, Plit ML, Rainer

SP, Glanville AR. Association of minimal rejection in lung transplant
recipients with obliterative bronchiolitis. Am J Respir Crit Care Med
2004;170:1022–1026.

33. Khalifah AP, Hachem RR, Chakinala MM, Yusen RD, Aloush A,

Patterson GA, Mohanakumar T, Trulock EP, Walter MJ. Minimal
acute rejection after lung transplantation: a risk for bronchiolitis
obliterans syndrome. Am J Transplant 2005;5:2022–2030.

34. Rasmusson I. Immune modulation by mesenchymal stem cells. Exp Cell

Res 2006;312:2169–2179.
35. Uccelli A, Pistoia V, Moretta L. Mesenchymal stem cells: a new strategy

for immunosuppression? Trends Immunol 2007;28:219–226.
36. Gupta N, Su X, Popov B, Lee JW, Serikov V, Matthay MA. Intra-

pulmonary delivery of bone marrow-derived mesenchymal stem cells
improves survival and attenuates endotoxin-induced acute lung injury
in mice. J Immunol 2007;179:1855–1863.

37. Ortiz LA, Gambelli F, McBride C, Gaupp D, Baddoo M, Kaminski N,

Phinney DG. Mesenchymal stem cell engraftment in lung is enhanced
in response to bleomycin exposure and ameliorates its fibrotic effects.
Proc Natl Acad Sci USA 2003;100:8407–8411.

38. Rojas M, Xu J, Woods CR, Mora AL, Spears W, Roman J, Brigham KL.

Bone marrow-derived mesenchymal stem cells in repair of the injured
lung. Am J Respir Cell Mol Biol 2005;33:145–152.

39. Jeon ES, Moon HJ, Lee MJ, Song HY, Kim YM, Cho M, Suh DS, Yoon

MS, Chang CL, Jung JS, et al. Cancer-derived lysophosphatidic acid

Badri, Murray, Liu, et al.: Mesenchymal Stromal Cells in Transplant 1069



stimulates differentiation of human mesenchymal stem cells to
myofibroblast-like cells. Stem Cells 2008;26:789–797.

40. Mishra PJ, Humeniuk R, Medina DJ, Alexe G, Mesirov JP, Ganesan S,
Glod JW, Banerjee D. Carcinoma-associated fibroblast-like differenti-
ation of human mesenchymal stem cells. Cancer Res 2008;68:4331–4339.

41. di Bonzo LV, Ferrero I, Cravanzola C, Mareschi K, Rustichell D, Novo
E, Sanavio F, Cannito S, Zamara E, Bertero M, et al. Human

mesenchymal stem cells as a two-edged sword in hepatic regenerative
medicine: engraftment and hepatocyte differentiation versus profi-
brogenic potential. Gut 2008;57:223–231.

42. Wu GD, Bowdish ME, Jin YS, Zhu H, Mitsuhashi N, Barsky LW, Barr
ML. Contribution of mesenchymal progenitor cells to tissue repair in
rat cardiac allografts undergoing chronic rejection. J Heart Lung
Transplant 2005;24:2160–2169.

1070 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 183 2011


