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Abstract

Background—Immune responses to lung associated self-antigens (SAgs) have been implicated
in chronic lung allograft rejection. The goals of this study were to determine the prevalence of pre-
existing antibodies (Abs) to the SAgs in pulmonary diseases and to determine the association
between pre-existing Abs to SAgs and the development of primary graft dysfunction (PGD),
donor specific antibodies (DSA) and chronic rejection.

Methods—~Pre- and post-transplant sera were analyzed from 317 lung transplant (LTX) recipients
between 2000-2011 with diagnosis of COPD (161), IPF (50), cystic fibrosis (CF) (55), and others
(51). Samples were analyzed for Abs to SAgs by ELISA, DSA and cytokines by LUMINEX. The

clinical diagnosis of PGD and BOS was based on ISHLT guidelines.

Results—Among LTx recipients the overall prevalence of Abs to SAgs was 22.71%, including
18% in COPD (p=0.033), 34% in IPF (p=0.0006), 29% in CF (p=0.0023) and 19.6% in other
diagnoses (p=0.044). The incidence of PGD (88% vs 54%, p<0.05), DSA (70% vs 45%, p<0.01)
and BOS (90% vs 38% (p<0.001) following LTx was significantly higher in patients with pre-Tx
Abs to SAgs than without. Pro-inflammatory cytokines, IL-1p, IL-17 and IFN--y, were elevated in
patients who had pre-Tx Abs to SAgs along with a reduction in anti-inflammatory IL-10.

Conclusion—Patients with IPF and CF have the highest prevalence of Abs to SAgs. Patients
with pre-existing Abs to SAgs are at increased risk for development of PGD, DSA and BOS.
Strategies to remove pre-existing Abs to SAgs should be considered to improve lung allograft
outcome.
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Introduction

Methods

Immune responses to mismatched donor human leukocyte antigen (HLA) leading to the
development of antibodies (Abs) to donor HLA (DSA) have been implicated in the
development of chronic lung allograft rejection.1~3 Recently, it has also been proposed that
the development of immune responses to tissue restricted self-antigens (SAgs) may play an
important role in the development of chronic rejection and that there is cross talk between
these immune responses to HLAs and SAgs.* > Chronic rejection, clinically diagnosed as
bronchiolitis obliterans syndrome (BOS) still remains a major hindrance to the long term
survival of lung transplant (LTx) recipients.® Collagen-V (Col-V) and Ka.1 tubulin (Ka.1T),
are lung restricted SAgs, and immune responses towards these SAgs are considered to be
important in the pathogenesis of BOS. 7~11 Studies in our laboratory have demonstrated that
the development of Abs to SAgs precede the development of BOS.# 12 We have also
documented that the development of DSA correlates with and precedes, the development of
BOS, suggesting a pathogenic role for the DSA.13 Therefore, it has been hypothesized that
allo- and auto-immune responses are important insults leading to chronic rejection following
LTx.14

Successful clearance of DSAs by Ab directed treatment with IVIG and/or rituximab was
significantly associated with freedom from BOS and better survival than those who had
persistent DSAs.1> However, a number of patients who cleared DSA and subsequently
developed BOS were noted to have persistent Abs to SAgs. Earlier, in a preliminary analysis
of 142 LTx patients we had reported that the presence of pre-transplant (Tx) Abs to SAgs
increased the incidence of primary graft dysfunction (PGD), DSA and BOS.16 In this
communication, using a larger cohort of 317 LTx patients from two different LTx centers
we determined that there was a correlation between the incidence of these pre-Tx Abs and
specific pulmonary disease states. Furthermore, our results confirmed our previous findings
that patients with pre-Tx Abs to SAgs have an increased incidence of development of PGD,
higher circulating proinflammatory cytokines and increased development of allo- and
autoimmunity leading to chronic rejection.

Study Design and Patients

Pre- and post-Tx sera from LTxs performed between 2000-2011 (317; Washington
University 296 and Cleveland Clinic 21) were analyzed for development of DSAs and Abs
to SAgs. Of the total LTx recipients, 161 had chronic obstructive pulmonary disease
(COPD), 50 had idiopathic pulmonary fibrosis (IPF), 55 had cystic fibrosis (CF), and 51 had
other etiologies. Among these other etiologies: 7 had primary pulmonary hypertension, 9
sarcoidosis, 9 bronchiectasis not secondary to COPD, 8 lymphangioleiomyomatosis, and the
remaining (<5 per disease) had eosinophilic granulomatosis, mixed connective tissue
disease, or a combination of these 2 etiologies. All patients were included in the study
following informed consent and with the approval of Washington University Human Studies
Committee.
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Detection of Abs to mismatched DSA

Before transplantation, all patients were screened once per 3 months for pre-formed Abs to
HLA using the LABScreen single antigen assay (One Lambda Inc, CA). Because of
fluctuations in mean fluorescence intensity (MFI) between positive controls, a “positive”
DFA was defined to be a ratio of sample to positive-control MFI of 0.2 or higher.1” Donor
lungs were accepted only if they passed a virtual crossmatch with all previously identified
Abs. All recipients had a direct negative crossmatch using serum obtained on the day of
surgery. After Tx, recipients were rescreened for the presence of DSAS using the
LABScreen Single Antigen assay at the time of surveillance bronchoscopies (performed
within 48 hours, 1 month, 3 months, 6 months and 1 year after Tx) or if there was clinical
evidence of graft dysfunction

Detection of Abs to SAgs

Sera were tested for development of Abs to Col-I, Col-V and Ka 1T by enzyme linked
immunosorbent assay (ELISA) as detailed earlier.% 18 In brief, 1pg/mL of Col-I, Col-V and
Ka 1T suspended in phosphate-buffered saline were coated onto an ELISA plate (Col-I and
Col-V were obtained from, Chemicon/ Millipore, Billerica, MA, and recombinant KalT
was expressed in our laboratory) and incubated overnight at 4°C. Diluted patient and normal
sera were then added to these plates. Detection was done using anti-human 1gG-HRP
(1:10,000), developed using TMB substrate and read at 450 nm. A sample was considered
positive if values were greater than the mean + 2 standard deviations (218+31 ng/mL for
KalT, 125+23 ng/mL for Col-1 and 160+28 ng/mL for Col-V) from normal age-matched
sera (n=33, age 47.8+12.4, male=19 and female=14). Ab concentration was calculated using
a standard curve from known concentrations of Ka 1T, Col-1 or Col-V Abs (Santa Cruz
Biotechnology, CA).

Cytokine measurement

Serum levels of cytokines IL-1f, IL-10, IFN-y and IL-17 were detected by LUMINEX
(Invitrogen, Carlsbad, CA) following the manufacturer’s protocols. Briefly, multiplex beads
were vortexed and sonicated for 30 seconds and 25 L was added to each well and washed
twice with wash buffer. The samples were diluted 1:2 with assay diluent and loaded onto a
Millipore multiscreen 96-well plate. Serial dilutions of cytokine standards were added to the
plate in parallel. The bead bound cytokines were detected by biotinylated anti-human multi-
cytokine reporter and streptavidin-phycoerythrin detection. The plates were analyzed by
Bio-Plex Luminex 100™ (Invitrogen, Carlsbad, CA) and cytokine concentrations were
calculated using the Bio-Plex Manager 3.0 software with a five parameter curve-fitting
algorithm applied for standard curve calculations.

Statistical Analysis

Continuous data were checked for normality using the Shapiro-Wilk test. Non-normal data
were transformed with a log transformation. Type 1 error was controlled when performing
multiple t tests using the Dunn-Sidak correction. Tabular data were compared using the
Fisher’s exact test for 2x2 tables and X2 for 2xn tables. Relative risks and confidence
intervals were calculated using the contingency tables. For more than two group
comparisons and analyzing multiple dependent variables, multivariate analysis of variance
was used. Univariate and multivariate Cox proportional hazard models were constructed to
identify risk factors for BOS. Software used for the above analyses were GraphPad Prism 4
(GraphPad, La Jolla, CA), and SPSS 16.
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Results

Increased prevalence of Abs to SAgs (KalT and Col-l and Col-V) in IPF, CF and COPD
patients listed for LTx

Previous studies have demonstrated a significant correlation between the development of
Abs to SAgs and development of DSAs and BOS following human LTx.16 To determine the
incidence of pre-existing Abs to SAgs in patients listed for LTx, we analyzed sera from 317
patients listed for LTx at 2 centers (Washington University and Cleveland Clinic) between
2000-2011. As shown in table 1, 29 out of 161 COPD (18.01%; p = 0.033), 17 out of 50 IPF
(34%; p = 0.0006), 16 out of 55 CF (29.1%; p = 0.0023) and 10 out of 51 patients with other
etiologies (19.6%; p = 0.044) were positive for Abs to lung associated SAgs, Col-I, Col-V
and Ka 1T. The statistical analysis were performed with comparison to the normal cohort of
33 subjects (table 1) with no lung diseases (17 male, 16 female; mean age: 49.3+13.6). The
serum concentrations of Abs to SAgs were significantly elevated in all primary disease
processes leading to LTx (Col-1 (346+73 ng/mL in COPD; 561+129 ng/mL in IPF, 538+142
ng/mL in CF; 379169 ng/mL in other etiologies; 32+6 ng/mL in normal), Col-V (513+101
ng/mL in COPD; 873+151 ng/mL in IPF, 809+167 ng/mL in CF; 479£94 ng/mL in other
etiologies; 125+19 ng/mL in normal), and Ka 1T (698+143 ng/mL in COPD; 1045+189 ng/
mL in IPF, 12324197 ng/mL in CF; 723+159 ng/mL in other etiologies; 190+23 ng/mL in
normal), (figure 1).These results demonstrate that patients waiting for LTx often have pre-
existing Abs to lung associated SAgs and that those with IPF and CF have the highest
prevalence.

Pre-existing Abs to KalT, Col-V and Col-l increase the risk for development of PGD

We analyzed the incidence of PGD in patients with pre-Tx Abs to SAgs (grade Il and 111
within 72 hrs following LTx). As shown in table 2, the presence of Abs to SAgs
significantly increased the risk of PGD in those with COPD (82.76 vs 54.55%, p = 0.005),
IPF (88.24 vs 42.42%, p = 0.0002), and CF (87.5 vs 48.72%, p = 0.008) with an odds ratio
of 7 for the development of PGD. These results suggest a pathogenic role for Abs to lung
associated SAgs in the development of PGD following LTx.

Pre-existing Abs to KalT and Col-l and Col-V significantly increase de novo development
of DSA

Alloimmunity, as defined by de novo development of DSAS, has been positively correlated
with the development of BOS.1-3 Therefore, we analyzed the correlation between the
presence of pre-Tx Abs to SAgs, the development of DSA and the incidence of PGD. As
shown in table 3, the presence of pre-existing Abs to SAgs increased the incidence of DSA
formation in COPD (62.07 vs 42.42%, p = 0.055), IPF (70.59 vs 48.48%, p = 0.112), and CF
(62.5 vs 33.33%, p = 0.046) with an odds ratio of 2 for the development of PGD. These
results suggest an association, albeit statistically insignificant, between Abs to lung
associated SAgs and the development of DSAs following human LTx.

Increased circulating proinflammatory cytokines in patients with pre-existing Abs to lung
associated SAgs

Pro-inflammatory (IL-1B, IFN-y and I1L-17) and anti-inflammatory (IL-10) cytokines in the
sera of patients with pre-Tx Abs to SAgs were determined using a sensitive Luminex
method. As shown in figure 2A, patients with COPD, IPF and CF who had pre-Tx Abs to
SAgs had higher circulating IFN-vy levels (figure 2A-C). It is of interest that following Tx
these patients also demonstrated increased IL-17 levels with a concomitant decrease in
IL-10 levels (figure 2A-D). These results demonstrated that the presence of pre-Tx Abs to
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SAgs may induce a SAg specific IL-17 response which can contribute to the development of
autoimmune responses leading to poorer graft outcome following Tx.

Pre-existing Abs to lung associated SAgs is a significant risk factor for the development of
BOS following LTx

Development of allo and autoimmunity has been implicated as a major risk factor for the
development of BOS.# Therefore we analyzed the incidence of BOS in patients with pre-
existing Abs to SAgs. As shown in table 4, the presence of pre-existing Abs to SAgs
significantly increased the incidence of BOS in COPD (93.1 vs 41.67%, p < 0.001), IPF
(88.24 vs 30.3%, p < 0.001), and CF (87.5 vs 35.9%, p < 0.001) LTx recipients with an odds
ratio of 20. These results clearly demonstrate an important role for pre-existing Abs to lung
associated SAgs in the development of BOS following human LTx.

Discussion

Studies from our laboratory, and others, have demonstrated that both humoral and cellular
immunity to lung associated SAgs, Ka 1T and Col-V can predispose patients to develop
B0S.9 11.19,20 | 3 previous communication from our center (n=142) we demonstrated that
patients with pre-existing Abs to lung associated SAgs have an increased risk of developing
PGD, DSAs and BOS.16 However, due to our limited sample size, we were unable to
comment on the incidence of PGD, DSA formation and BOS development in specific
disease states. Therefore, in our current study we analyzed a larger cohort of 317 patients
specific from two LTx centers to determine the correlation between pre-Tx Abs, lung
disease leading to Tx, and the development of PGD, DSAs and BOS, following LTx. Our
results demonstrate that 18% of patients with COPD (29/161; p=0.033), 34% with IPF
(17/50; p=0.0006), 29% with CF (16/55; p=0.0023) and 19.6% (10/51; p=0.044) with other
diseases have pre-existing Abs to lung associated SAgs. These results are in agreement with
reports demonstrating that various auto-Abs can be detected in higher rates in patients with
certain lung diseases such as IPF and CF. For example, it has been shown that 40% of
patients with IPF have Abs to the SAg, periplakin?l: 22 and that the loss of peripheral
regulatory T cells in patients with the same disease correlates with the development of Col-
V specific Th17 and humoral responses.23 Similarly, studies in patients with CF have
demonstrates increased levels of auto-Abs to ASCA and ANCA (43.7% and 40%
respectively).24

As reported earlier, results from this study also demonstrated that patients who had pre- Tx
Abs to SAgs had a significantly increased incidence of development of PGD (80 vs 45%,
p<0.01), development of an alloimmune response (65 vs 40%, p<0.01) and increased risk
for development of BOS (90 vs 40%, P<0.01). These findings strongly support our
contention that either pre-existing Abs or de novo development of immune responses to lung
associated SAgs increases the risk of developing BOS. Patients who developed Abs to SAgs
also demonstrated significantly higher levels of circulating proinflammatory cytokines
(figure 2) including increased IL-17 and loss of peripheral tolerance mediated by IL-10
(figure 2). We propose that this may be a contributing factor leading to autoimmunity and
the development of BOS. Serial studies from our laboratory have shown that alloimmunity
can predispose to development of immune responses to SAgs following human LTx.4
Therefore, we hypothesize that increased circulating proinflammatory cytokines leading to
increased risk for development of alloimmunity can lead to the development of
autoimmunity to lung associated SAgs. It is well accepted that Ab deposition can activate
the complement cascade, which can then damage the epithelial cell surface by complement-
mediated cytotoxicity. It has been demonstrated from lung biopsy specimens from patients
with PGD following LTx, that those with C3d and C4d complement deposition have
increased risk for the early development of BOS.2> However, the specificity of these Abs
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has not been identified. We propose that either Abs to mismatched HLA or lung associated
SAgs can lead to complement activation and the resulting damage to the lung parenchyma.
Preliminary studies from explanted lungs from patients who had pre-existing Abs to Ka.1T
or Col-V have demonstrated the presence of immunoglobulins and complement activation
(C3d deposition) which support the notion that Abs to SAgs may have the ability to activate
the complement cascade (unpublished data).

The pro-inflammatory milieu should also provide a conducive environment for the
development of immune responses to SAgs and mismatched HLA Ags which can then
directly activate epithelial and endothelial cells to increase stress proteins and growth
factors.2 This can result in smooth muscle cell proliferation and fibrosis which are the
hallmark lesions seen in BOS.26 There is evidence that ligation of SAgs by specific Abs can
also result in inflammation that can augment the pro-fibrotic cascade leading to allograft
failure.2’ In a previous report, we demonstrated that exposure of the epithelial cell surface to
Abs specific to KalT, an epithelial cell surface gap junction protein, can result in hypoxia
inducible factor-1a mediated up-regulation of pro-fibrotic growth factors VEGF, HGF and
TGF-B. % 27-29 These findings strongly suggest a direct pro-fibrotic role for some of these
Abs to sAgs which can thus play a critical role in the development of chronic rejection.

Results presented in this manuscript also demonstrate that the presence of pre-Tx Abs to
lung associated SAgs have an unfavorable correlation towards PGD and chronic lung
allograft outcomes. We previously reported that LTx recipients who developed DSAs and
received Ab directed therapy (ADRX) with I\VIG and/or rituximab, but cleared only DSAs
and not Abs to SAgs, had a significantly increased risk for the development of BOS.?
Furthermore, in patients who received ADRX, the incidence of BOS was significantly
reduced by successful depletion of Abs to both DSAs and SAgs.? Due to a strong correlation
noted in our study between pre-existing Abs to SAgs and the development of DSAs
following LTx, and in the light of the evidence suggesting that de novo development of
DSAs is strongly associated with the development of BOS, we propose that ADRx with the
goal of depleting pre-existing Abs to SAgs will be of benefit in reducing the incidence and
severity of PGD, development of alloimmunity, and BOS.

Our study has several limitations which include lack of randomization and serial analysis.
Furthermore, in spite of the inclusion of a larger number of patients (n=317) our sample size
for individual etiologies still remains relatively small, leaving us unable to determine the
risk of individual auto-Abss in specific diseases to leading to the formation of DSAs and
BOS. The study size also did not permit us to analyze the relationship between these Abs
and the risk of developing different grades of BOS. However, the analysis presented here
does provide strong evidence for immune responses to lung associated SAgs contributing to
the pathogenesis of BOS.

In conclusion, patients with all of the major etiologies leading to LTx have a significantly
increased incidence of pre-existing Abs to SAgs. These patients are at increased risk for the
development of PGD, DSAs and BOS. Therefore, strategies to remove pre-existing Abs to
lung associated SAgs should be considered to improve lung allograft outcome. Following
Tx, screening to detect Abs to SAgs coupled with intervention as soon as they are detected,
has the potential to prevent the later development of immune responses to HLAs which we
propose may prevent or significantly delay the development of chronic rejection.
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Figurel.

Serum concentration of Abs to lung restricted SAgs in various disease cohorts. Abs(+),
represent the patients positive for pre-Tx Abs to SAgs; Abs(-), represent the patients
negative for pre-Tx Abs to SAgs; and NI, represent cohort of normal subjects. The statistical
analysis was performed compared to the normal cohort. (*) represents statistically
significant elevation of the concentration of serum Abs in Abs(+) cohort compared to the
normal. There was no statistically elevated concentration of serum Abs in Abs(-) cohort
compared to the normal, for any of the disease cohorts.
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represent the patients positive for pre-Tx Abs to SAgs; and the pre-Tx Abs(-), represent the
patients negative for pre-Tx Abs to SAgs. The statistical analysis was performed between
pre- Tx Abs(+) and pre-Tx Abs(=) cohort. (*) represents statistically significant elevation of
the concentration of serum Abs in pre-Tx Abs(+) cohort compared to the pre-Tx Abs(-)

cohort.

J Heart Lung Transplant. Author manuscript; available in PMC 2014 August 01.



Page 11

Tiriveedhi et al.

NIH-PA Author Manuscript

“10Y09 [ewou ay 0} pasedwod

()

/U (%62 T €€ lewloN
¥70°0 T99-0T S08 (%9'6T) 0T 1§ siByo
€2000  9L0T-LT G€T (%1°62) 9T 5g 40
90000 ZSET-TC LT (%ve) LT 05 4dl
€€0°0 025-60 89 (%10'8T) 62 19T  AadoD

SneA-d 12 ofed  (+)sqv x1eid [e0l
sppPO

"S11I0409 8seasIp snoLeA Ul sByS pa1otisal Bunj 0 sqy 40 8ouapIau|

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Heart Lung Transplant. Author manuscript; available in PMC 2014 August 01.



Page 12

Tiriveedhi et al.

'SM0Y09 (-)say x1-a1d pue (+)sqy X1 -a4d ussmisq pasedwo) =
*

£7®209d =
$
(%Lv9)ee 1S [e101
(%Tr'e9) 9z v (-)sav xL-8.d
su 09-€0 ¢T (%02) L 0T (+)sqv x1-8id  S1By10
(%09) €€ g§ [e101
(%wzL8r) 6T 68 (-)sav xL-8id
8000 89€-ST VL (%s28) T 9T  (+)sav X1-3id 40
(%8S) 62 0§ [e101
(wzrzy) vT €8 (-)sav xL-8id
2000 615-0C 20T (%yze8)ST LT (+)sav xl-8dd  ddi
(6€9'65) 96 T9T [e101
(6S5¥8) 2. 2eT  (-)sav XL-8.d
G000 TTITI-¥T 12 (69228) ¥z 62  (+)sQv XL-8ld QAdOD
2npea 12 oley ¢09d
d SppPO

'sByS pa1olinsal bunj 01 sq X1 -a4d yum sjuaidioal X1 7 JO SH0oYo9 aseasip snolieA Buowe qod JO auspIdu|

NIH-PA Author Manuscript

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Heart Lung Transplant. Author manuscript; available in PMC 2014 August 01.



Page 13

Tiriveedhi et al.

'sLoy09 (-)sqy X1-aid pue (+)sqy X1 -a1d usamiag pasedwo) =
¥

(%sz'28) 6T 1S [e101
(%STVE) ¥T  Tv  (-)sav xL-8id
s/ug'0< 8.-G0 67 (%09) § 0T (+)sqv x1-8id  slBYIO
(%e8Tr) €2 SS [e101
(weeee) €T 68 (-)sav xL-8ud
90’0 ZIT-0T €€ (%529 0T 9T  (+)sav x1-8id 40
(%99) 82 0 [e101
(vsvsy) LT €€ (-)sav XL-8.d
(su)2TT0  €6-80 17 (wes0l)zT LT (H)sav xl-aid  Adl
(%96°'sy) ¥ 19T [e101
(%erey) 98 2eT  (-)sav x1-8.d
(su) 500 TS-0T 27 (%.079)8T 62 (+)sav xl-8id AdOD

an rea-d 12

olel vsa
SppPO

'sByS pa1oiinsal Bunj 01 sq X1 -a4d yum sjuaidioal X1 7 JO SH0Yo aseasip snolieA Buowe S JO a2uspIou|

€9lgel

NIH-PA Author Manuscript NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Heart Lung Transplant. Author manuscript; available in PMC 2014 August 01.



Page 14

Tiriveedhi et al.

'SU0Y09 (-)sqy x1-a4d pue (+)sqy X1 -a4d ussmiaq pasedwo) =
*

(s1souBeip [eatun)d) sod =

$
(%698'99) 62 1S [e101
(w199) €z T (-)sqv XL-8.d
sju 8V —¢€0 1 (%09) 9 0T (+)sqv x1-8id  slBYIO
(%S5%S) 05 SS [e101
(%6'5e) ¥T 6 (-)sqV XL-8id
T000> T€9-G¢ S2T (%S/8)vT 9T  (+)sqv X1-8id 40
(%28) 92 0§ [e10)
(%e0e)0T €& (-)sav x1-aid
T000> L9Te-€¥ 89¢ (%ve88)9T /LT (+)sav xl-8id  ddl
(%€6°05) 28 19T [e101
(9629TY) SG  2€T  (-)sav X1-8.d
T000> 828-¢€¥ 68T (%wl€e)lc 62 (+)savxl-8id AdOD
2nen-d 10 oney  ¢sod
SpPO

'sBy'S palonsal Bunj 01 sqy X1 -a4d Yuim sjuaidioal X1 7 JO S1I0yod aseasip snoltea Buowe SOg JO a0usplau|

NIH-PA Author Manuscript

v alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Heart Lung Transplant. Author manuscript; available in PMC 2014 August 01.



