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Low Levels of Exhaled Surfactant Protein A
Associated With BOS After Lung Transplantation
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Ann-Charlotte R. Aimstrand, PhD,? Per J-W. Larsson, MSc,? Gerdt C. Rise, MD, PhD,’

and Anna-Carin Olin, MD, PhD?

Background. There is no clinically available marker for early detection or monitoring of chronic rejection in the form of bronchi-
olitis obliterans syndrome (BOS), the main long-term complication after lung transplantation. Sampling and analysis of particles in
exhaled air is a valid, noninvasive method for monitoring surfactant protein A (SP-A) and albumin in the distal airways. Methods.
We asked whether differences in composition of exhaled particles can be detected when comparing stable lung transplant recip-
ients (LTRs) (n = 26) with LTRs who develop BOS (n = 7). A comparison between LTRs and a matching group of healthy controls
(n = 38) was also conducted. Using a system developed in-house, particles were collected from exhaled air by the principal of in-
ertial impaction before chemical analysis by immunoassays. Results. Surfactant protein A in exhaled particles and the SP-A/
albumin ratio were lower (P = 0.002 and P = 0.0001 respectively) in the BOS group compared to the BOS-free group. LTRs ex-
haled higher amount of particles (P < 0.0001) and had lower albumin content (P < 0.0001) than healthy controls. Conclusions.
We conclude that low levels of SP-A in exhaled particles are associated with increased risk of BOS in LTRs. The possibility that this
noninvasive method can be used to predict BOS onset deserves further study with prospective and longitudinal approaches.

(Transplantation Direct 2016;2: €103; doi: 10.1097/TXD.0000000000000615. Published online 26 August 2016.)

ung transplantation is the only treatment option for

many end-stage lung diseases. Results have improved
over the years; however, the long-term prognosis is still poor
with only approximately 55% of the patients surviving more
than 5 years.'

Chronic rejection is the main survival limiting complica-
tion. Examination of rejected lung tissue show histopathologic
changes of obliterative bronchiolitis (OB), characterized by a
chronic fibroproliferative process in the small airways leading
to airflow limitation and subsequently a progressive loss of
lung function.” Histological confirmation of OB with bron-
choscopy and transbronchial biopsies is difficult to obtain
due to the patchy appearance of OB and limited biopsy sizes.
Hence, the term bronchiolitis obliterans syndrome (BOS) that
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refers to the clinical diagnosis of chronic rejection based on
spirometry findings was established.® Bronchiolitis obliterans
syndrome is characterized by an obstructive ventilatory defect.
Over the last years, it has been recognized that additional en-
tities, such as restrictive allograft syndrome, can lead to
chronic decline in forced expiratory volume in 1 second
(FEV,) after lung transplantation. The term chronic lung allo-
graft dysfunction has been introduced to cover all forms of
graft dysfunction.* Bronchiolitis obliterans syndrome is asso-
ciated with impaired innate defenses within the lung.>*® Sur-
factant protein A (SP-A), locally produced by alveolar type II
cells is a component of the lung allograft's innate defenses.”'°
A significant reduction of bronchoalveolar lavage (BAL) SP-A
content has been found in BOS patients compared with stable
lung transplant recipients (LTRs)."!
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The particles in exhaled air (PExA) method is a novel, non-
invasive method for monitoring the airways developed at the
Department of Occupational and Environmental Medicine,
University of Gothenburg, Sweden. The sample, endogenous
particles (PEx), are collected using an inertial impactor with
subsequent chemical analysis.'* The particles originate from
the epithelial lining fluid in the small airways and their pro-
tein and lipid profile is similar to that of BAL."? It has previ-
ously been demonstrated that collection of particles is a valid
method for quantifying exhaled SP-A originating from epithe-
lial lining fluid in humans.'**® There are presently no clini-
cally useful markers for early detection and/or monitoring of
BOS. This is unfortunate since early diagnosis can lead to aug-
mented immunosuppressive treatment and increased survival
rates.'” The development of alternative noninvasive diagnostic
methods that enable repeated measurements would greatly fa-
cilitate our understanding of the biological processes occurring
in the distal airways during allograft rejection.

The aim of this exploratory study was to investigate if SP-A
in PEx could be used as an early biomarker for BOS. We also
evaluated whether differences in particle composition can be
observed when comparing healthy subjects to LTRs.

MATERIALS AND METHODS

Study Subjects and Design

Lung transplant recipients were included consecutively from
November 2012 to May 2014 at the time for their scheduled
clinical assessment at 6 months or more after transplantation.
Inclusion criteria were stable condition after lung transplanta-
tion, freedom from BOS at the prior visit and absence of signif-
icant infection at the study visit.

Surgical procedures, immunosuppression therapy, clinical
follow-up and routine transbronchial biopsy, and BAL spec-
imen analysis for infectious agents were performed according
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to the lung transplant protocol of Sahlgrenska University
Hospital.'® The morphologic evaluation of OB followed the
standard recommendations and BOS was defined as an irrevers-
ible decline in FEV of at least 20% of the baseline value (defined
as the average maximum FEV| value of 2 consecutive measure-
ments >30 days apart during the first postoperative year).>

Lung function assessment and particle collection were per-
formed before bronchoscopy. Each individual was followed
up for 12 months after the study visit and then categorized
as BOS or non-BOS.

Healthy subjects participating in the Gothenburg part of the
European Community Respiratory Health Survey, matched for
age and sex were used as controls. Subjects were selected if they
had neither chronic obstructive pulmonary disease (defined as a
postbronchodilator FEV/forced vital capacity (FVC) ratio < 0.7)
nor asthma (excluding those with physician-diagnosed asthma
and those reporting asthma symptoms or taking asthma medi-
cation) and were nonsmokers. The matching procedure chose
healthy controls of the same sex and with the least possible
age difference.

The study design was approved by the Regional Ethics
Review Committee of the University of Gothenburg (diary
no. 390-06, 472-07). All subjects gave their informed writ-
ten consent.

Sampling of PEx

Exhaled endogenous particles were collected with the
PExA method, as previously described, with small modifica-
tions (Figure 1).'! The exhaled particles were sampled on a
Teflon membrane (FHLC02500, Merck Millipore, Billerica,
MA) and the total number of exhaled particles and total vol-
ume of the exhaled breath were recorded. The total mass of
the collected samples was calculated based on the number
and size of the collected particles, assuming them to be spher-

ical and have a density of 1000 kg/m°.
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FIGURE 1. The subject exhales via a mouthpiece and a directional valve into a thermostated box (36°C) containing an exhaled air reservoir, a
Grimm 1.108 optical particle counter (Grimm Aerosol Technik GmbH & Co, Ainring, Germany), and an impactor (3-stage PM 10 Impactor,
Dekati Ltd., Tampere, Finland). Using a vacuum pump the exhaled air containing particles is drawn through the impactor and the particles
are collected by impaction according to their size on the hydrophilic Teflon membrane. Figure courtesy of Anna Bredberg.



© 2016 Wolters Kluwer

All subjects wore a nose clip throughout the sampling pro-
cedure. Before PEx sampling, subjects inhaled HEPA-filtered
(Whatman Inc., NJ) air for 2 minutes to remove particles
originating from ambient air. During sampling, the subjects
performed a standardized breathing maneuver allowing for
airway closure and reopening'®: (1) exhalation to residual
volume, (2) rapid inhalation to total lung capacity, (3) deep
relaxed exhalation. Only the last exhalation was sampled in
the instrument. Between breathing maneuvers, the study subject
breathed particle-free air tidally. The procedure was repeated
until a target volume of 60 L of exhaled air or a maximum
sampling time of 30 minutes was reached. After collection,
the Teflon membrane was transferred to a polypropylene vial
and stored at ~80°C until analysis.

SP-A and Albumin Enzyme-Linked Immunosorbent
Assay (ELISA)

Solvent Preparation

The following solvents were prepared and used for sample
preparation and analysis. Extraction buffer prepared as
phosphate-buffered saline (PBS) 10 mM Na Phosphate,
0.15 M NaCl, containing 1% bovine serum albumin, w/v,
and 0.05% Tween-20, v/v. (ELISA) sample diluents prepared
according to ELISA manufacturer's recommendation.

Assay buffers were prepared by mixing extraction buffer
and the corresponding ELISA sample diluent in the ratio
1:2, vv.

Particle Extraction

Particles were extracted from Teflon membranes using ex-
traction buffer. To each sample, 140 uL of the extraction
buffer was added, followed up by 60-minute shaking at
400 rpm and 37°C in a thermomixer (Thermomixer comfort,
Eppendorf; Eppendorf AG, Hamburg, Germany). Three
polypropylene vials, each containing 40 pL of extract, were
prepared and stored at ~20°C before analysis. One vial was
used for SP-A assay, another for the albumin assay, and the
third vial was maintained as reserve sample.

Sample Preparation

Before immunoassays, samples were thawed to room tem-
perature and diluted 3 times with provided ELISA sample dil-
uents. Samples with mass over 450 ng but below 1000 ng
were further diluted 3 times with assay buffer. All samples with
mass over 1000 ng were diluted 9 times with assay buffer.

SP-A ELISA

Surfactant protein A in extracted particle samples was
quantified using a human SP-A ELISA kit (RD191139200R,
BioVendor, Czech Republic). The assays were performed ac-
cording to the manufacturer's instructions, with minor modifi-
cations to the buffer composition and incubation time. All
calibrants and controls were prepared and assayed in the same
assay buffer as particle samples. The plate incubation time was
extended from 2 to 3 hours. The absorbance was read at
450 nm by a plate-reader from BioTek ELx-808UI (Highland
Park, MI). The limit of quantification was 0.5 ng mL™" as de-
termined by precision profile at 15% coefficient of variation
(CV). The CV for the intra assay variability determined from
duplicate sample analysis was 4.6 %.
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Albumin ELISA

Albumin was quantified using human albumin ELISA kit
(E-80AL, Immunology Consultants Laboratory, Inc., USA)
according to the manufacturer's instructions, with minor mod-
ifications to the buffer composition and incubation time. All
calibrants and controls were prepared and assayed in the same
assay buffer as particle samples. The plate incubation time was
extended from 1 to 1.5 hours. The absorbance was read at
450 nm. Limit of quantification was 0.9 ng mL™" as determined
by precision profile at 15% CV. The CV for the intra-assay var-
iability determined from duplicate sample analysis was 2.7%.

Calculation of Protein Concentrations

Concentration of proteins in exhaled particles (mg mL™" of
particles) was calculated by dividing determined protein mass
with the sampled volume of particles. Particle volume was
calculated based on the recorded particle size. The protein
concentration in mg mL™" is corresponding to weight percent
protein (wt%) x 10.

Statistical Analysis

Mean and median values are reported as appropriate.
Mann-Whitney U tests were used to test differences between
groups. Statistical analyses were carried out with SAS, version
9.4 (SAS Statistical package, Cary, NC). Each patient was
matched to 1 healthy control using the vmatch SAS macro.?”

The analyzed data set has missing values due to technical
problems while recording particle data. Particle mass concen-
trations have missing data for 2 patients in the BOS group
and 3 patients in the non-BOS group. This occurred due to
a faulty particle counter output, faulty exhaled volume out-
put, or both. Protein concentrations in exhaled particles have
1 missing value for a patient in the non-BOS group due to
faulty particle counter output.

RESULTS

Study Subjects and Design

Thirty-six patients accepted to participate. Three patients
had significant infection (Staphylococcus aureus, Pseudomo-
nas aeruginosa, Aspergillus species) and were therefore not
included in the final analysis. Two patients had a serological
reactivation of cytomegalovirus (polymerase chain reaction-
cytomegalovirus) without clinical symptoms. Five patients
were transplanted with a single lung (pretransplant diagno-
sis; chronic obstructive pulmonary disease, n = 3; idiopathic
pulmonary fibrosis, n = 1; lymphangioleiomyomatosis, n = 1).
Seven patients had received lungs treated with ex vivo lung per-
fusion (EVLP), a fairly novel method reconditioning lungs that
initially are not accepted as donor organs.*' Of the 33 patients
included in the study, 32 patients were followed up for
12 months after PEx collection. One patient died 7 months af-
ter the study visit, not related to BOS development. Two pa-
tients were diagnosed with BOS at the study visit and another
5 developed BOS during the follow up period (3, 6, 6, 6, and
12 months after study inclusion respectively). No patient was
diagnosed with restrictive allograft syndrome. The study visit
was performed between 6 and 36 months (median, 9 months)
after the transplantation. The median age difference of matched
pairs (LTR—healthy control) was 0.19 years and the maxi-
mum age difference was 5 years. The study subject characteris-
tics are presented in Table 1.



4 Transplantation 2016

Study subject characteristics

non-B0S BOS Controls
(n=26) (n=7) (n=33)
Male/female (n) 15/11 2/5 17116
Mean age, y 55,4 57,6 56
Type of operation (SL/BL) 3/23 2/5
EVLP (n) 6 1
Preoperative diagnosis (n)
COPD 10 4
IPF 5 1
ATAT 4 2
CF 4
Other 3

SL, single lung; BL, bilateral lung; COPD, chronic obstructive pulmonary disease; IPF, idiopathic pul-
monary fibrosis; A1AT, a-1-antitrypsin deficiency; CF, cystic fibrosis.

The amount of PEx collected per liter exhaled air (ie, mass
concentration) was markedly higher in the LTRs (BOS + non-
BOS) (median, 8.0; range, 2.8-65.3 ng x L™') compared with
the healthy controls (median, 1.8; range, 0.4-19.4 ng x L™")
(P <0.0001). There was also a significant difference between
the BOS (median, 19.3; range, 3.2-65.3 ng x L"), and the

p < 0.0001
80 1 | 1
p <0.05
- 1
-
° [ )
(@)]
C 601
C
O
©
=
o
(&) 40'
C
O
(&)
(79} °
(7))
©
E 20 A ° °® —_———
L
o L °
0
°
0.0.0 .:::’ °
0 | N . .
N
& & K%
(\O

FIGURE 2. Amount of PEx (ng) collected per liter exhaled air from
healthy controls (n = 33), stable lung transplant recipients (non-BOS)
(n = 23) and patients that developed BOS (n = 5). Bars represent
the median.
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non-BOS group (median, 7.9; range, 2.8-19.3 ng x LY
(P < 0.05) (Figure 2).

Surfactant protein A in PEx was significantly lower in the
BOS group (median, 18; range, 7-32 mg x mL™") compared
with the non-BOS group (median, 30; range, 20-57 mg x mL™)
(P = 0.002) but there was no difference between LTRs
(BOS + non-BOS) (median, 28; range, 7-57 mg x mL™)
and healthy controls (median, 29; range, 15-57 mg x mL™)
(P = ns) (Figure 3).

Albumin in PEx was significantly higher in the healthy
controls (median, 64; range, 46-123 mg x mL™") than in
the LTRs (BOS + non-BOS) (median, 47; range,
20-144 mg x mL™") (P < 0.0001), but there was no difference
between the BOS (median, 46; range, 20-144 mg x mL™") and
the non-BOS group (median, 47; range, 22-97 mg x mL™")
groups (P = ns) (Figure 4).

The SP-A/Albumin ratio was lower in the BOS group (me-
dian, 0.35; range, 0.18-0.45) than in the non BOS group (me-
dian, 0.74; range, 0.26-1.6) (P = 0.0001) but there was no
significant difference between LTRs (BOS + non-BOS) (me-
dian, 0.61; range, 0.18-1.6) and healthy controls (median,
0.45, range, 0.18-1.1) (P = ns) (Figure ).
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FIGURE 3. SP-A (mg mL~") measured by ELISA in PEx from healthy
controls (n = 33), stable lung transplant recipients (non-BOS) (n = 25)
and patients that developed BOS (n = 7). Bars represent the median.
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FIGURE 4. Albumin (mg mL™") measured by ELISA in PEx from
healthy controls (n = 33), stable lung transplant recipients (non-BOS)
(n = 25) and patients that developed BOS (n = 7). Bars represent
the median.

We found no significant associations for PEx outcomes
(PEx mass concentration, SP-A, concentration in PEx, albu-
min concentration in PEx and SP-A/abumin ratio) with age,
sex, or EVLP (data not shown). To avoid the influence of
BOS only the BOS-free group (n = 26) was included in
the analysis.

In this exploratory study, SP-A concentration in PEx was
significantly lower in patients developing BOS (2 patients di-
agnosed at the study visit, 5 during the follow-up period)
compared with stable UTRs. The SP-A/albumin ratio was
also lower in the BOS group. This indicates that SP-A in
PEx could be a more sensitive diagnostic tool for BOS detec-
tion than spirometry. The results are in line with earlier find-
ings in BAL samples by Meloni et al'' who found a lower
SP-A content in BOS patients compared with stable LTRs.
The amount of SP-A in BAL obtained from LTRs who devel-
oped BOS was also low in the pre-BOS period, which may
suggest that SP-A is involved in BOS pathogenesis.

A major mechanism in PEx formation is airway reopening
after closure in the distal bronchioles.'” To ensure that the
particles exhaled by each individual patient were formed by
the same mechanism, we used a specific breathing maneuver
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developed to maximize airway closure and reopening and
thereby the number of exhaled particles from the distal air-
ways. Why LTRs, and in particular LTRs developing BOS,
exhaled higher number of particles than age matched con-
trols is not known but might be explained by a higher degree
of airway closure and reopening. This is in line with our pre-
vious results of small airway collapse in LTRs using the nitro-
gen wash-out test.”? As to the underlying mechanism, one
can only speculate that it may be related to the composition
of the surfactant where minimally increased airway surface
tension will increase airway closure. Another explanation is
that the geometry of the small airways is different in the
transplanted lung and/or that loss of alveolar attachments re-
sults in increased airway closure or reduced loss of particles
during the exhalation. Taken together, these findings signify
the presence of ongoing low-grade inflammation in the graft,
a factor known to increase the risk of BOS development and
possible to ameliorate therapeutically in some patients.*?

An unexpected result was that LTRs had lower concentra-
tion of albumin in PEx than controls. Whether this is a true
reduction of albumin or rather an increase of another constit-
uent in surfactant of the graft, other proteins or phospho-
lipids, is not known. We have previously shown that the
most common phospholipid, dipalmiotyl-phosphatidyl cho-
line, is altered in asthma with an increase in those treated
with inhaled glucocorticoids.**
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FIGURE 5. The SP-A (mg mL™")/Albumin (mg mL™") ratio measured
by ELISA in PEx from healthy controls (n = 33) stable lung transplant
recipients (non-BOS) (n = 26) and patients that developed BOS
(n = 7). Bars represent the median.
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Seven LTRs received grafts treated with the EVLP method.
Ex vivo lung perfusion contributes to expansion of the lung
donor pool, thereby decreasing mortality on the transplan-
tation waiting lists. Earlier results demonstrate that the
method is safe and enables marginal lung allografts to be
recovered and subsequently used for transplantation.”! In
our study, we found no evidence that grafts treated with
EVLP before transplantation differed from “standard” grafts
with respect to particle mass concentrations or SP-A and al-
bumin concentrations.

The percentage of single lung transplants was higher in the
BOS group. The question whether the remaining nontrans-
planted lung contributes to the results remains to be an-
swered since the sample size is too small for reliable
statistical evaluation.

The PExA instrumentation developed in-house is a novel
method that enables sampling from the distal airways with-
out the risk and artifacts associated with bronchoscopy and
BAL. It is easy for the patient to perform and has the addi-
tional advantage of enabling repeated measurements over
time. It would therefore be a considerable improvement in
the clinical follow-up of LTRs if the results of this method
proved to be clinically robust. However, the power of our
study is limited because of its small sample size.

In conclusion, PEx composition differed between stable
LTRs and patients that developed BOS with significantly
lower SP-A concentrations in the BOS patients. We believe
that PExA, a noninvasive diagnostic method that is easy to
perform and enables repeated measurements, can facilitate
our understanding of the biological processes occurring in
the distal airways during allograft rejection and possibly pre-
dict BOS onset. However, this is an exploratory study and
our results need to be substantiated with longitudinal, pro-
spective data exploring the potential of the PExA method as
a useful tool in the follow-up after lung transplantation and
SP-A in PEx as a predictive biomarker for BOS.

The authors wish to thank Helene Friberg and Hatice Koca
at the Department of Occupational and Environmental Med-
icine, University of Gothenburg, for their assistance with col-
lection of exhaled particles and immunodetection assays.
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