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Abstract

Pathologic obliterative bronchiolitis (OB)/Bronchiolitis obliterans syndrome (pathologic OB/BOS)
is the major obstacle to long-term survival post-lung transplantation (LT). Our group has
demonstrated that pulmonary hypertension (PH) complicates the course of chronic inflammatory
lung diseases that have similarities to pathologic OB/BOS and that vascular remodeling of the
bronchial circulation occurs during BOS. Consequently, we hypothesized that PH is associated
with pathologic OB/BOS and may result from a vasculopathy of the allograft pulmonary
circulation.

We conducted a single-center, retrospective study and examined the presence of PH and
vasculopathy in patients with pathologic OB/BOS. Fifty-two pathologic specimens post-LT were
recovered from January 10, 1997 to January 5, 2007 and divided into two groups, those with and
without pathologic OB/BOS. PH was defined as a mean pulmonary artery pressure (mPAP) >25
mmHg by right heart catheterization (RHC) or right ventricular systolic pressure (RVSP) =45
mmHg by transthoracic echocardiogram (TTE).

PH was more prevalent in those LT recipients with pathologic OB/BOS (72% vs. 0%, p = 0.003).
Furthermore, pulmonary arteriopathy and venopathy were more prevalent in patients with
pathologic OB/BOS (84% vs. 4%, p < 0.0001, and 77% vs. 35%, p = 0.004, respectively).

PH is common in LT recipients with pathologic OB/BOS and is associated with a vasculopathy of
the allograft pulmonary circulation.

"Corresponding author: R. Saggar, rsaggar@mednet.ucla.edu.
TThese authors contributed equally.
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Introduction

Pulmonary hypertension (PH) is a known complication of inflammatory lung diseases and is
an independent predictor of worse survival (1-3). Our group has recently demonstrated
noninvasive determinants of PH (4,5) and promising therapeutic options targeted at the PH
complicating interstitial lung diseases (ILD) (6). Another chronic inflammatory disease of
the lung that is accompanied by vascular remodeling is bronchiolitis obliterans syndrome
(BOS). BOS is a form of chronic lung allograft rejection that pathologically is characterized
by periairway inflammation that eventually gives way to luminal fibrosis in the form of
obliterative bronchiolitis (OB) (7).

BOS is the foremost cause of death post-lung transplantation (LT) (8). The number and
magnitude of acute rejection episodes are the most important risk factors for the
development of BOS (7). We have recently demonstrated that the perivascular mononuclear
cell infiltration that occurs during rejection typically results in allograft parenchymal and
airway damage as well as vessel injury that progresses to cause vascular remodeling of the
allograft airway circulation (9-12). Based on the above studies, we hypothesized that PH
occurs in LT recipients that develop pathologic OB in the context of clinical BOS
(pathologic OB/BOS) is, in part, a result of a vasculopathy affecting the lung allograft
circulation.

The purpose of this study is to retrospectively determine if PH is associated with pathologic
OB/BOS after LT and if this exists, in part, as a consequence of an underlying vascular
remodeling of the allograft pulmonary circulation.

Materials and Methods

Selection of pathologic specimens

This is a single-center retrospective study evaluating all retrievable autopsy, surgical lung
biopsy and explant lung material collected from January 10, 1997 until January, 5 2007.
This start date was chosen as it marked the arrival of a different lung transplant team and
operative approach. The local Institutional Review Board approved the study.

There were a total of 287 LT performed at our institution from January 10, 1997 to January,
52007. During this time period 52 pathologic specimens were collected post-LT that
included 21 autopsies, 10 explants obtained as a result of retransplantation for BOS, 19
surgical wedge biopsies and 2 pneumonectomies.

Review of pathologic specimens

All cases were reviewed by a panel of three experienced lung transplant pathologists (MCF,
WDW, CKL). The pathologic findings represent a consensus of this core group that was
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blinded to any clinical patient information. The specimens were evaluated for lung allograft
rejection as well as other pathologic diagnoses as described by the ISHLT working
formulation for the grading of pulmonary allograft rejection (13). The pathologic specimens
were sectioned and stained with hematoxylin and eosin (H&E) as well as the combined
Masson’s trichrome/elastic Verhoeff van Gieson stain (MT/EVG); the latter identifies
vascular hyperplasia and fibrosis, with or without accompanying elastosis. In addition, if
there was a suspicion of capillary proliferation by H&E staining, a reticulin stain was also
performed to highlight capillary duplication. ISHLT criteria for arteriopathy and venopathy
were used and defined as intimal fibrosis with a variable infiltration of mononuclear cells,
with or without medial fibrosis (14). Capillary proliferation was defined as alveolar wall
capillary duplication, as seen in the setting of pulmonary capillary hemangiomatosis (PCH)
(15) and pulmonary veno-occlusive disease (PVOD) (16).

Methods used to evaluate PH

Right heart catheterization (RHC) was performed at rest in the supine position by means of a
Swan-Ganz catheter (Edwards Lifesciences LLC, Irvine, CA). Oxygen was given when
necessary to maintain peripheral pulse oximetry greater than 92% at all times. All
hemodynamic measurements were made at end expiration and all cardiac output
measurements were determined as an average of triplicate readings by thermodilution.

Transthoracic echocardiogram (TTE) was performed using conventional echocardiographic
equipment (Hewlett-Packard 5500 model; Hewlett-Packard, Palo Alto, CA) with either 2.5
or 3.5 MHz transducers. Echocardiographic variables pertinent to PH were evaluated,
including left ventricular diastolic dysfunction (LVVDD) and systolic dysfunction (LVSD),
estimated right ventricular systolic pressure (RVSP) based on the modified Bernoulli
equation (assumed no obstruction to right ventricular outflow in estimating the systolic
pulmonary artery pressure), qualitative right ventricular dysfunction (RVD) (right
ventricular enlargement or hypertrophy and/or decreased right ventricular ejection fraction
<40%) as previously described (17), and the acceleration time (i.e. time to peak velocity in
the right ventricular outflow tract) as previously described (18). The mean right atrial
pressure was conservatively estimated at 5 mmHg for all cases. LVSD was considered
clinically meaningful if the ejection fraction was less than 50%.

Diagnosis of PH and secondary pulmonary arterial hypertension

For purposes of this study, PH was defined as a mean pulmonary artery pressure (mPAP)
>25 mmHg by RHC or RVSP 245 mmHg by TTE. We have chosen this value based on the
criteria established by the World Health Organization Symposium on Pulmonary Arterial
Hypertension, which defines PH as a systolic PAP of 40-50 mmHg. Importantly, the value
of 45 mmHg is clinically relevant as patients with emphysema and systolic PAP =45 mmHg
were excluded from lung volume reduction surgery in the National Emphysema Treatment
Trial (19). At our institution, a RHC was only performed in the context of considering a
repeat LT in the setting of clinical BOS. Secondary pulmonary arterial hypertension (SPAH)
was defined as PH in association with a left ventricular end diastolic pressure (LVEDP) < 15
mmHg (if LVEDP not available, a pulmonary artery wedge pressure (PAWP) < 15 mmHg),
and a pulmonary vascular resistance (PVR) > 3 Wood Units (WU). For purposes of this
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study, a RHC or TTE was only included in the analysis if performed within 3 months of
recovering pathologic lung allograft material.

Evaluation for clinical BOS

The diagnosis and severity of clinical BOS were determined based on existing standard
criteria as previously described (7). Pulmonary function tests were performed according to
American Thoracic Society standards with appropriate spirometric reference values. A
diagnosis of clinical BOS was made only after exclusion of clinically significant acute
rejection, infection, native disease progression or recurrence, increased body mass index,
and/or anastomotic complications.

Statistical analysis

Results

Characteristics of the study population are expressed as means + SD or proportions where
appropriate, unless otherwise noted. The prevalence of PH, right ventricular dysfunction,
arteriopathy and venopathy seen on pathological specimens from LT recipients with and
without pathologic OB/BOS were compared using the two-tailed Fisher’s exact test. RVSP
measurements from LT recipients with and without pathologic OB/BOS were compared
using the Student’s ztest and data are presented as means = SD. Univariate logistic
regression models were constructed to further assess the effect of pathologic OB/BOS, as
well as time post-LT, on the development of allograft arteriopathy and venopathy. We also
performed multivariate logistic regression to assess the impact of pathologic OB/BOS on the
development of allograft arteriopathy and venopathy, independent of the effects of time
posttransplant. Data are displayed using bar graphs where appropriate. All analyses were
carried out using JMP IN version 5.1 (SAS Institute, Cary, NC).

Clinical-pathological diagnoses from LT recipients with and without OB

All 52 available pathologic specimens were divided into two groups based on the presence
or absence of pathologic OB. LT recipient demographics with the type of lung specimen
obtained are included in Table 1. We found that 29 of the 52 pathologic specimens had
pathologic OB and 23 of the 52 did not have any pathologic OB (Table 1).

Since community acquired respiratory viral infections and primary graft dysfunction (PGD)
among other immune and nonimmune injuries can propagate allograft changes consistent
with pathologic OB, we determined the clinical-pathologic diagnosis for each LT recipient
at the time of obtaining pathologic lung tissue. The clinical-pathologic diagnoses from the
29 specimens with pathologic OB were: BOS (n = 25) [Stage Op (n = 1), Stage | (h = 4),
Stage Il (n = 3), Stage Il (n =17)], PGD 3 (n = 3) and adenovirus pneumonia (n = 1) (Table
2). The clinical-pathologic diagnoses for the 23 specimens without pathologic OB are
described in Table 2. Based on these clinical-pathologic diagnoses, we divided our LT
recipients into two pure populations, those with pathologic OB and clinical BOS (pathologic
OB/BOS) (n = 25), and those without pathologic OB/BOS (nonpathologic OB/non-BOS) (n
= 23) (Figure 1).
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PH occurs in the context of pathologic OB/BOS

We assessed whether there was an association of PH with pathologic OB/BOS by evaluating
all available RVSP measurements obtained by TTE from our LT recipients with and without
pathologic OB/BOS. LT recipients with pathologic OB/BOS (n = 25) had a TTE performed
(n = 21), of which six could not be included in our analysis due to either LVSD (n = 2) or no
tricuspid regurgitant (TR) jet available to evaluate RVSP (n = 4) (Figure 1). LT recipients
without pathologic OB/BOS (n = 23) had a TTE performed (n = 7), of which one could not
be included in our analysis due to LVSD (n = 1) (Figure 1). The clinical-pathologic
diagnoses for these patients without pathologic OB/BOS with an available TTE (n = 6) were
nosocomial necrotizing pneumonia with PE and infarction (n = 1), bilateral pulmonary
hemorrhage/PE (n = 1), spontaneous bacterial endocarditis with septic PE (n = 1),
hyperammonemia with normal lung allograft (n = 1), PGD with CMV pneumonitis (n = 1)
and trapped lung/chylothorax with normal lung allograft (n = 1). PH by RVSP was more
prevalent in LT recipients with, as compared to those without, pathologic OB/BOS (53% vs.
0%; respectively, p = 0.046) (Figure 1; gray brick zone). Additionally, the absolute mean
RVSP from our LT recipients with, as compared to those without, pathologic OB/BOS was
significantly higher (53.0 + 25.7 mmHg vs.33.1 £ 13.1 mmHg; respectively, p = 0.007).
Previous studies evaluating PH associated with advanced lung disease have demonstrated
that RV dysfunction is a better predictor of PH than RVSP (17). Importantly, since the
evaluation for RV dysfunction does not require a TR jet, this increased the number of TTEs
available for our analysis. Thus, we evaluated RV dysfunction in LT recipients with and
without pathologic OB/BOS. LT recipients with pathologic OB/BOS had a TTE performed
(n = 21) of which three could not be included in our analysis due to either LVSD (n = 2) or
no interpretation of RVD (n = 1) (Figure 1; gray angled hashed zone). The LT recipients
without pathologic OB/BOS had a TTE performed (n = 7) of which one could not be
included due to LVSD (Figure 1; gray angled hashed zone). RV dysfunction was
significantly more prevalent in LT recipients with, as compared to those without, pathologic
OB/BOS (56% vs. 0%; respectively, p = 0.023) (Figure 1; gray vertical hashed zone).

The most accurate method of diagnosing PH is by RHC (20). LT recipients with pathologic
OB/BOS had a TTE available (n = 21); 10 of these 21 LT recipients also underwent RHC
(Figure 1). LT recipients without pathologic OB/BOS had a TTE available (n = 7) of which
none had a RHC (Figure 1). Using RHC data when available in place of RVSP, we found an
increased prevalence of PH in LT recipients with pathologic OB/BOS (RHC (n = 10) +
RVSP (n = 8)) as compared to those without pathologic OB/BOS (RHC (n=0) + RVSP (n =
6) (72% vs. 0% respectively, p = 0.003) (Figure 1; gray dotted zone). Importantly, of the LT
recipients with pathologic OB/BOS and a RHC (n = 10), all had PH except for two LT
recipients with mPAPs of 18 mmHg and 23 mmHg (Table 3).

A vasculopathy of the lung allograft pulmonary arteries and veins is associated with
pathologic OB/BOS

We evaluated all of our lung biopsy specimens for pulmonary arteriopathy and venopathy by
both H&E and MT/EVG staining. Most LT recipients with pathologic OB/BOS (n = 25) had
extensive arteriopathy involving up to one-third of the pulmonary arteries throughout the
lung allograft specimens (Figure 2A—C). This arteriopathy predominately involved the
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intimal and to a lesser extent, the medial layer. More specifically, we found intimal
nonlaminar eccentric and concentric proliferation and fibrosis that occurred in nearly all
pathologic OB/BOS cases. In most cases, the media demonstrated mild extracellular matrix
deposition with smooth muscle atrophy. Plexiform and dilatation lesions were not present in
any of the examined specimens. The spectrum of arteriopathy ranged from moderate
involvement (85% of the affected vessels) to severe arterio-obliteration (15% of the affected
vessels) (Figures 2A-C). Conversely, in LT recipients without pathologic OB/BOS (n = 23),
only a single specimen had arteriopathy with the clinical-pathologic diagnosis of
spontaneous bacterial endocarditis with septic pulmonary emboli. Overall, an arteriopathy
was significantly more prevalent in LT recipients with, as compared to those without,
pathologic OB/BOS (84% vs. 4%; respectively, p < 0.0001) (Figure 2D).

Most LT recipients with pathologic OB/BOS (n = 25) had extensive venopathy involving up
to one third of the pulmonary veins/venules (Figure 3A). The venopathy consisted of diffuse
intimal fibrosis with partial or subtotal occlusion of pulmonary veins/venules, chronic
perivenous mononuclear cell infiltrates and secondary capillary congestion. The spectrum of
venopathy ranged from moderate involvement (50% of the affected vessels) to subtotal
obliteration (50% of the affected vessels) (Figure 3). From LT recipients without pathologic
OB/BOS (n = 23), eight had specimens with venopathy with the following clinical-
pathologic diagnoses: acute pulmonary embolism (n = 1), ARDS with multiorgan failure and
PE (n = 1), spontaneous bacterial endocarditis with septic PE (n = 1), PGD with CMV
pneumonitis (n = 1), antibody-mediated rejection (n = 1), hemothorax with atypical ACR (n
=1), PGD (n = 1), hemothorax with normal lung allograft (n = 1). In all of these cases, the
venopathy was mild and paucicellular. Overall, a venopathy was significantly more
prevalent in LT recipients with, as compared to those without, pathologic OB/BOS (77% vs.
35%; respectively, p = 0.004) (Figure 3B).

Based on the possibility that lung allografts with time may develop some degree of a
vasculopathy without the development of pathologic OB/BOS, we assessed the impact of
time posttransplant (in years) on the development of allograft arteriopathy and venopathy. In
a univariate logistic regression model, we found a significant association between time
posttransplant and allograft arteriopathy (OR 1.32; 95%CI 1.05-1.97) (Table 4). As
expected, there was also a significant association between pathologic OB/BOS and allograft
arteriopathy, however, the impact of pathologic OB/BOS was much greater (OR 5.70;
95%CI 2.77-13.5 (Table 4). We then constructed a multivariate model to directly compare
the impact of time posttransplant and pathologic OB/BOS on the development of allograft
arteriopathy. In this model, time posttransplant had no significant impact (OR 0.98; 95%ClI
0.79-1.13), however, pathologic OB/BOS had a marked impact (OR 5.93; 95%CI 2.61-
16.4) (Table 4).

Using similar logistic regression models for venopathy, we found no association between
time posttransplant and allograft venopathy in a univariate analysis (OR 1.13; 95%CI 0.96—
1.49) (Table 4). However, we found a strong association between pathologic OB/BOS and
allograft venopathy (OR 2.24; 95%CI 1.23-4.35) (Table 4). We then constructed a
multivariate model to directly compare the impact of time posttransplant and pathologic
OB/BOS on the development of allograft venopathy. In this model, time posttransplant had
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no significant impact (OR 1.01; 95%CI 0.83-1.30), however, the association between
pathologic OB/BOS and allograft venopathy remained significant (OR 2.20; 95%CI 1.12-
4.81) (Table 4).
Discussion

Our prior work has demonstrated an association between PH and ILD and that a vascular
remodeling of the allograft airway circulation is associated with BOS (4,9). Thus, we
hypothesized that PH is associated with post-LT pathologic OB/BOS and a vasculopathy of
the allograft pulmonary circulation. To our knowledge, no studies have evaluated the
association of PH and pathologic OB/BOS.

We found that PH by RVSP was more prevalent in LT recipients with, as compared to those
without, pathologic OB/BOS. We substantiated these findings by evaluating RV
dysfunction, since it has been shown to correlate with PH in patients with advanced lung
disease (17). We found a higher prevalence of RV dysfunction in LT recipients with, as
compared to those without, pathologic OB/BOS and suspect that this RV strain results from
continuous exacerbation of underlying PH with exertional activity. Additionally, we
corroborated these findings by using RHC data, where available, in place of RVSP and
found a significantly higher prevalence of PH in LT recipients with pathologic OB/BOS.
Furthermore, all LT recipients with both pathologic OB/BOS and an available RHC (h = 10)
had PH with the exception of only two patients with mPAP measurements of 18 mmHg and
23 mmHg. Notably, a RHC was only conducted in a minority of LT recipients with
pathologic OB/BOS, specifically only those awaiting a repeat LT for BOS, which inherently
excluded patients that died with more severe or rapidly accelerating BOS. Moreover, while
there was a higher prevalence of PH in those recipients with, as compared to those without,
pathologic OB/BOS, this was despite only five patients in the nonpathologic OB/hon-BOS
group having a normal lung allograft, underscoring the high prevalence of PH in patients
with pathologic OB/BOS. Overall these data suggest a high prevalence of PH in LT
recipients with pathologic OB/BOS.

We also determined the incidence of PH resulting from secondary PAH (SPAH) as
compared to left heart disease, based on the LT recipients that underwent RHC. In general,
post-LT recipients have an increased risk of systemic hypertension, diabetes mellitus and
renal failure (21), all of which can contribute to left heart dysfunction and PH. None of our
10 LT recipients undergoing a repeat LT evaluation had significant hypertension, diabetes
mellitus or renal failure. Five of eight LT recipients with PH had full hemodynamics
available to assess for SPAH. Importantly, 3/5 LT recipients (60%) met criteria for SPAH
without evidence for contributing left heart disease and only 2/5 LT recipients had
hemodynamic evidence for left heart dysfunction with PH. Importantly, none of the LT
recipients with pathologic OB/BOS had clinical or pathologic evidence of acute or chronic
thromboembolic disease. Collectively, these data demonstrate that lung transplant recipients
with pathologic OB/BOS can develop SPAH as well as PH secondary to left heart
dysfunction.
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Patients with inflammatory airway/parenchymal disease can have PH out of proportion to
the degree of the underlying lung disease and treatment targeting the PH may improve
symptoms and survival (22-25,6). Clinically, the question remains whether the deterioration
in LT patients with pathologic OB/BOS is explained exclusively by the airway disease or if
there is an independent pulmonary vascular process that might be amenable to PH directed
therapies. In an effort to begin answering this question, we evaluated all available pathologic
lung specimens with a focus on the pulmonary vasculature. We found that all but one of the
LT recipients with pathologic OB/BOS had an arteriopathy that involved the intimal and
medial layers without plexiform lesions. The intimal component consisted of nonlaminar
eccentric and concentric proliferation and fibrosis. The degree of these intimal changes is
consistent with the vascular changes described in PH complicating ILD (26). Surprisingly,
the medial layer involvement in our cohort demonstrated mild matrix deposition with
smooth muscle atrophy and not the hallmark findings of smooth muscle hypertrophy and
hyperplasia that are felt to drive most other forms of PH (27). In the context of pathologic
OB/BOS after LT, this novel finding might direct some of our attention away from smooth
muscle biology to consider the role of fibrocyte and (myo)fibroblast biology as a
contributing cause of the PH. Future studies of PH found in the setting of pathologic OB/
BOS, as compared to other causes of PH, will be necessary to fully evaluate the
contributions and interplay of both matrix deposition and smooth muscle biology during the
pathogenesis of PH after LT.

Pulmonary venopathy in the form of PVOD is a rare cause of PH (16). Interestingly, our LT
recipients with pathologic OB/BOS have venous changes consistent with P\VOD including
diffuse venular fibrotic stenoses and perivenular mononuclear cell infiltrates. Remarkably,
four of our LT recipients with PH and pathologic OB/BOS also had a marked capillary
duplication seen on H&E that was confirmed with a reticulin stain and is similar to that
found in patients with PVOD and PCH (15) (Figure 4). Additionally, these vascular changes
are consistent with those previously described in the setting of PH associated with mitral
stenosis, ILD and connective tissue disease (28-30) and suggest that persistent elevated
pressure and chronic inflammatory lung diseases can directly affect the venous circulation
and contribute to PH.

There are recent studies supporting a role for chronic inflammation contributing to PH (31).
For instance, autoimmune destruction of pulmonary vasculature cells has been described in
the setting of PH associated with connective tissue disease (32) and might be amenable to
anti-inflammatory therapy (33). Additionally, studies have demonstrated an interplay
between the alloimmune system and allograft vessels that produce the vasculopathy found in
chronic renal and cardiac rejection, which parallels that found in our LT recipients with
pathologic OB/BOS (34). Moreover, vessel wall cells during alloinjury have the ability to
augment their expression of HLA, cytokines, chemokines and growth factors that can
produce a vasculopathy similar to what we are describing in LT recipients with pathologic
OB/BOS (34). Collectively, these studies suggest that allospecific injury plays an important
role in inducing the PH found during the pathogenesis of pathologic OB/BOS.

Based on the possibility that lung allografts with time may develop some degree of
vasculopathy without the development of pathologic OB/BOS, we assessed the impact of
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time posttransplant as compared to pathologic OB/BOS on the development of allograft
vasculopathy. Duration posttransplant appeared to be associated with allograft vasculopathy
in univariate models. However, multivariate models showed that the duration posttransplant
had no significant effect on either allograft arteriopathy or venopathy and that pathologic
OB/BOS strongly correlated with arteriopathy and venopathy independent of duration
posttransplant.

LT recipients with pathologic OB/BOS and a full hemodynamic evaluation demonstrate that
there is true secondary PAH that occurs in patients with pathologic OB/BOS. This is
corroborated by a spectrum of allograft vasculopathy found in up to a third of the vessels by
histopathology. The spectrum of vasculopathy ranged from moderate involvement to severe
arterio/veno-obliteration. Importantly, the one-third vascular involvement (both arteries and
veins) in our study is similar to if not greater than that previously reported in patients with
severe PH associated with P\VOD or mitral stenosis (30). These findings are also supported
by a recent study involving patients with severe PH associated with connective tissue
disease, which found that approximately 50% of lobular arteries and septal/preseptal veins
were affected and included a spectrum of vasculopathy ranging from mild intimal thickening
to subtotal occlusion (28). Furthermore, a study involving 58 patients with severe PAH
demonstrated that the pulmonary arteries/arterioles had a spectrum of disease including
isolated medial hypertrophy (32%), concentric laminar intimal fibrosis (18%), eccentric
intimal fibrosis (25%), and plexiform lesions (7%) (35). Collectively, these studies suggest
that the degree of PH found in the LT recipients with pathologic OB/BOS is compatible with
the degree of allograft vasculopathy found on histopathology.

Although alveolar hypoxia may play some role in the PH of LT recipients with pathologic
OB/BOS, our data suggest that the PH is not simply the result of chronic alveolar hypoxia.
While none of our LT recipients with RHC were challenged with acute vasodilators, the
persistence of PH despite oxygen supplementation indicates that acute hypoxic
vasoconstriction is not the only determinant. Furthermore, neomuscularization of the
pulmonary arterioles is a prominent pathologic finding under chronic hypoxic conditions, a
feature not seen in any of our LT recipients. The absence of medial smooth muscle
hypertrophy and the presence of medial smooth muscle atrophy suggest that the allospecific
immune response may be a primary driving force of PH found during BOS. Future studies
will be required to determine the role of chronic hypoxia and alloimmune injury during the
pathogenesis of PH during pathologic OB/BOS.

We acknowledge the limitations of our study that are inherent to a retrospective analysis.
Nonetheless, this study demonstrates that PH is associated with pathologic OB/BOS.
Furthermore, our data demonstrate that these patients can develop a SPAH and PH
secondary to left heart dysfunction. The allograft histopathology reveals the possible cause
of the SPAH, an underlying arteriopathy and venopathy. With regard to this vasculopathy,
the LT recipient immune system first interacts with the donor lung via the vascular
endothelium making the vasculature a prime target for the alloreactive response. Thus, it is
no surprise that human and animal studies of acute lung allograft rejection have
demonstrated that the rejection process begins with injury to the pulmonary venous and
arterial circulations and only then extends out to involve the lung parenchyma and airways
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(6,13). We suspect that intermittent and/or persistent perivascular inflammation involves
allograft pulmonary arteries, veins, capillaries and the airway microcirculation, all resulting
in pulmonary vascular remodeling with eventual PH, parenchymal fibrosis and allograft
airway injury, respectively. Ultimately, these processes lead to the physiologic changes
described in pathologic OB/BOS. The patchy distribution of the vasculopathy perhaps
explains why the PH during pathologic OB/BOS appears mild to moderate in severity;
however, targeted therapy that protects the vascular endothelium from alloinjury may be a
novel way to prevent PH as well as the continuum of acute to chronic lung allograft
rejection.
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Figure 1. Algorithm for subject selection in this retrospective study
There were 287 lung transplants performed from January 10, 1997 to January, 5 2007 at our

medical center. During this time period, 52 pathologic specimens were collected post-LT.
These 52 specimens were blindly evaluated and categorized into those with pathologic OB
(n = 29) and those without pathologic OB (n = 23). We then divided our LT recipients into
two populations: those with pathologic OB in the context of clinical BOS (n = 25) and those
without pathologic OB or clinical BOS (n = 23). All available TTEs performed within 3
months of obtaining the pathologic lung specimen were used to evaluate RVSP and RVD.
The gray brick zone represents the prevalence of PH by RVSP between groups; the gray
vertical hashed zone represents the prevalence of RVD between groups; the gray dotted zone
represents the prevalence of PH by RHC when available in place of RVSP.
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Figure 2. Pulmonary allograft arteriopathy occurs during pathologic OB/BOS
(A) Representative example of a pulmonary artery demonstrating arteriopathy with

moderate intimal fibrosis and mononuclear cell infiltration (red and green arrows). Also note
the media with mild matrix deposition and no smooth muscle hypertrophy (blue arrow)
(Masson’s trichrome/elastic VVerhoeff van Gieson stain, original magnification 100x). (B)
Representative example of the heterogeneous distribution of the arteriopathy as highlighted
by concentric arteriopathy (red arrow) in the same field as a relatively normal artery (red
arrowhead); (Masson’s trichrome/elastic Verhoeff van Gieson stain, original magnification
100x). (C) Representative example of a pulmonary artery with severe stenosis due to
massive intimal fibrosis and mononuclear cell infiltration. Note the striking medial smooth
muscle atrophy; (Masson’s trichrome/elastic Verhoeff van Gieson, original magnification
200x%). (D) Lung transplant recipients with pathologic OB/BOS have significantly more
arteriopathy as compared to lung transplant recipients without pathologic OB/BOS.
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Figure 3. Pulmonary allograft venopathy occurs during pathologic OB/BOS
(A) Representative example of two veins in a LT recipient with pathologic OB/BOS

demonstrating venopathy with intimal fibrosis and mononuclear cell infiltration; (Masson’s
trichrome/elastic Verhoeff van Gieson stain, original magnification 100x). (B)
Representative example of a normal pulmonary vein (Masson’s trichrome/elastic Verhoeff
van Gieson stain, original magnification 100x). (C) Lung transplant recipients with
pathologic OB/BOS have significantly more venopathy when compared to lung transplant
recipients without pathologic OB/BOS.
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Figure 4. Alveolar wall capillary duplication
Representative example of significant capillary duplication (arrow) as compared to a normal

capillary in an alveolar wall (arrowhead); (reticulin stain, original magnification 200x).
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Table 1
Lung transplant recipient demographics
OB(+) OB(-)
Patient characteristic n=29 n=23
Age, y (SD)
Age at transplant 49+15 57+11
Sex, n (%)
Female 12 (41) 9 (39)
Male 17 (59) 14 (61)
Transplant indication, n (%)
COPD-smoking 4 (14) 3(13)
COPD-alpha 1 anti-trypsin 1(3) 1(4)
Idiopathic pulmonary arterial hypertension 2(7) 0(0)
Re-lung transplant BOS 12 (41) 0 (0)
Sarcoidosis 1(3) 1(4)
Idiopathic pulmonary fibrosis 5(18) 12 (53)
Congenital heart disease 0 (0) 3(13)
Hypersensitivity pneumonitis-interstitial lung disease 2(7) 0(0)
Other 2(7) 3(13)
Type of transplant, n(%)
Single lung 12 (41) 6 (26)
Bilateral lung 16 (55) 14 (61)
Heart-lung 1(4) 3(13)
Pathology source, n(%)
Autopsy 14 (48) 7 (30)
Re-lung transplant BOS explants 10 (34) 0 (0)
Surgical specimens 5 (18) 16 (70)
Days posttransplant for pathologic sampling
Median 518 20
Range 38-5851 2-2225
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Table 2

Clinical and clinical-pathologic diagnoses of the LT recipient cohorts
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Clinical diagnosis

Pathologic diagnosis

Clinical-pathologic diagnosis

Obliterative bronchiolitis (OB+) Group
(n=29)

Bronchiolitis obliterans syndrome
(BOS) (n = 25)
Stage Op
Stage |
Stage Il
Stage 11
PGD

Adenovirus pneumonia

OB
OB
oB
OB
OB

Avreas of OB with diffuse alveolar damage

(DAD)

Areas of OB with hemorrhagic adenovirus

pneumonia

Obliterative bronchiolitis negative (OB-) Group (n = 23)

Hemothorax
Hemothorax

Hemothorax/hyperammonemia

Hemothorax
Hemothorax
Hemothorax

Progressive respiratory failure/acute
respiratory distress syndrome

Acute respiratory distress syndrome/
multiorgan failure

Progressive respiratory failure/acute
respiratory distress syndrome

PGD

Primary graft dysfunction/ECMO
PGD/ECMO

Sternal wound dehiscence (SWD)
Massive unilateral PE

PGD

Trapped lung/chylothorax

Hyperammonemia

Enterococcal sepsis

Sudden death

PGD/massive coagulopathy

Normal lung allograft
DAD

Acute rejection (AR)/lymphocytic
bronchiolitis (LB)

AR/pulmonary embolism (PE)
Respiratory bronchiolitis/PE
Diffuse organizing pneumonia/LB
DAD

DAD/PTLD/PE

DAD with capillaritis/LB

CMV pneumonitissDAD

DAD

DAD/PE

DAD

Angioinvasive aspergillosis/PE

Necrotizing pneumonia/PE/infarction

Inflamed visceral pleura/normal lung
allograft

Normal lung allograft

Valvular vegetations with septic pulmonary

embolism

Acute PE

Diffuse bilateral pulmonary hemorrhage/PE

Pathologic OB/BOS (n = 25)
Pathologic OB/BOS (n = 1)
Pathologic OB/BOS (n = 4)
(
(

Pathologic OB/BOS (n = 3)
Pathologic OB/BOS (n = 17)
PGD (n=3)

Hemorrhagic adenovirus pneumonia (n = 1)

Hemothorax/normal lung allograft (n = 3)
Hemothorax/PGD (n = 1)
Hemothorax/hyperammonemia/AR/LB (n = 1)

Hemothorax/AR/PE (n = 1)
Hemothorax/respiratory Bronchiolitis/PE (n = 1)
Hemothorax/atypical AR (n = 1)

Acute respiratory distress syndrome (n = 1)

Acute respiratory distress syndrome//multiorgan
failure/PTLD/PE (n = 1)

Antibody-mediated rejection (n = 1)

PGD with CMV pneumonitis (n = 2)
PGD (n=1)

PGD/PE (n=1)

SWD with PGD (n=1)
Angioinvasive aspergillosis/PE (n = 1)

Nosocomial necrotizing pneumonia/PE with
infarction (n =1)

Trapped lung/chylothorax with normal lung
allograft (n=1)

Hyperammonemia/normal lung allograft (n = 1)

Spontaneous bacterial endocarditis with septic
pulmonary embolism (n = 1)

Acute PE (n=1)

Bilateral pulmonary hemorrhage/PE (n = 1)

PTLD = posttransplant lymphoproliferative disease; CMV = cytomegalovirus; ECMO = extracorporeal membrane oxygenation.
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Table 4

Univariate and multivariate logistic regression

Univariate Multivariate

OR 95%cClI OR 95%CI

Arteriopathy
Time posttransplant (yrs) 132 1095.197* 098 0.79-1.31
Pathologic OB/BOS 5.70 2_77_13_5* 5.93 2.61—16.4*

Venopathy
Time posttransplant (yrs) 1.13  0.96-1.49 1.01  0.83-1.30
Pathologic OB/BOS 2.24 1‘23_4.35* 2.20 1.12—4.81*

*
Statistically significant.

Am J Transplant. Author manuscript; available in PMC 2014 October 23.

Page 20



