Mechanisms of Late Gadolinium Enhancement in PH
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Figure 2. Quantitative assessment of paradoxical motion of the interventricular septum. Panels A, B and C show short axis images of the
left ventricle at three cardiac phases of a patient with PH. From the end-diastolic phase (A) to the early systolic phase (B), the interventricular septum
moves outward (toward right ventricle) in a paradoxical manner (B, arrows). Subsequently, from early systole (B) to end-systole (C), the
interventricular septum moves inward in a manner similar to that of the other segments of the LV wall (panel C, arrows). However, the maximum
inward motion was less than that of the other LV wall segments (D). To quantify the paradoxical interventricular septal motion indicated by arrows in
panel B, we used speckle-tracking echocardiography by which the left ventricular free walls and interventricular septum were automatically divided
into six segments, and each motion pattern was visualized by six lines (D). Yellow and red lines indicate the motion of the anterior and inferior
interventricular septum, respectively, during a single cardiac cycle. The dips in the early systolic phase (a1 and b1) indicate their paradoxical motion.
For quantitative assessment, the maximum depths of the yellow and red lines (al+ b1) were added. Next, the entire distance of the two
interventricular septal segments [early systole (a1 and b1) and end-systole (a2 and b2)] were added. Then, (a1+ b1) was divided by (al+ a2+ b1+ b2),
and the result was used as the paradoxical motion index of the interventricular septum.
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index, smoking history and the prevalence of cardiovascular/
respiratory diseases. Table 1 shows the characteristics of the PH
patients.

CMR Measurements in Controls and PH Patients

CMR images were acquired from all participants, and the
image quality was sufficient for the subsequent analysis. When
compared with control subjects, PH patients exhibited a greater
RV EDV index (PH 98 [82-134] mL/m®, control 66 [52-77]
mL/m% p<0.001) and RV mass index (PH 36 [28-48] g/m’,
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control 19 [17-22] g/mg; p<0.001), and a smaller RV EF (PH 40
[32-47]%, control 52 [47-54]%; p<<0.001) and LV EF (PH 59
[54-67]%, control 63 [61-69]%; p=0.036). LGE at VIPs was
found in 41 of 46 PH patients. Median LGE volume of PH
patients was 2.02 [0.47-2.99] mL. LGE volume in VIPs of PH
patients who were receiving vasodilators was 2.19 [0.49-3.02] mL,
which was not significantly different from that of PH patients who
were not on such treatment (1.83 [0.6-3.28] mL, p=0.804). Also,
no significant difference in LGE volume at VIPs were observed
when comparing among the three different treatment regimens

used in PH patients (p=0.976) (beraprost alone, 0.65 [0.18-4.23]
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Table 1. Characteristics of patients with pulmonary hypertension.

Number of patients

Putmonary arterial hypertension/puimonary veno-occlusive disease

Pulmonary hypertension due to lung diseases and/or hypoxia

hemodynamics
Diastolic pulmonary artery pressure (mmHg)

Pulmonary capillary wedge pressure (mmHg)

Mean right atrial pressure {mmHg)

Pulmonary vascular resistance (dyne-s-cm™%)

23/1 (50/2%)

6 (13%)

2 (4%)

22 (48%)

24 (18-28)

8x2

513 (386-785)

doi:10.1371/journal.pone.0066724.t001

mL (n=5); phosphodiesterase 5 inhibitor with or without
beraprost, 2.27 [0.34-2.75] mL (n=035); cndothelin receptor
antagonists with or without beraprost, 2.33 [1.19-2.44] mL(n=09).

Echocardiography Measurements in Controls and PH
Patients

Echocardiography was completed in all subjects, and the image
quality obtained was sufficient for all image analysis. The end-
diastolic and end-systolic eccentricity indices were significantly
greater in PH patients (end-diastole: 1.27 [1.10-1.39], end-systole:
1.45 [1.30 - 1.73]) than in controls (end-diastole: 1.00 [1.00-1.00],
end-systole: 1.00 [1.00-1.01]) (p<<0.001 for both indices). Para-
doxical IVS motion index was also significantly greater in PH
patients (0.23+0.14) than in controls {0.04£0.03) (p<<0.001).

Associations of LGE Volume at VIPs with Clinical
Parameters of PH

LGE volume at VIPs significantly correlated with mean PAP
(r=0.50, p<<0.001), RV EDV index (r = 0.53, p<<0.001), RV ESV
index (r=0.59, p<0.0001), RV mass index (r=0.53, p<0.001),
RV EF (r=—0.56, p<<0.001), end-diastolic eccentricity index
(r=0.60, p<0.001), end-systolic eccentricity index (r=0.55,
p<<0.001), and paradoxical IVS motion index (r=0.77,
p<0.001), but not with cardiac index (CI) (r=—0.06, p=0.657),
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Mean *+ standard deviation for thase normally distributed or medians and interquartile ranges.

pulmonary vascular resistance (PVR) {r=0.28, p=0.06), LV EDV
index (r=—0.07, p=0.63), LV ESV index (r=0.09, p=0.56), LV
mass index (r = 0.10, p=0.543), LV EF (r = —0.26, p = 0.078), and
the disease duration of PH (r=0.17, p=10.25).

Figure 3 shows associations between LGE volume at VIPs and
six prespecified explanatory variables chosen for multivariate
analysis. Among these six variables, paradoxical IVS motion index
indicated the highest regression cocflicient (6.27). Also, in the
multiple regression analysis, paradoxical IVS motion index
significantly predicted LGE volume at VIPs (p<<0.001) but other
five variables did not (mean PAP, p=0.463; RV EDV index,
p=0.64; RV mass index, p=0.933; RV EF, p=0.264; and
diastolic eccentricity index, p = 0.626).

Reproducibility and Reliability of the Measurements of
LGE Volume and Paradoxical IVS Motion Index

Bland-Altman analysis of the intraobserver variability of LGE
volume at VIPs showed low mean differences and limits of
agreement (0.02£0.30 ml). The ICC was 0.99. Regarding
interobserver variability, Bland-Altman analysis showed similarly
small mean differences and limits (0.26.1 ml). The ICC was
0.97.

Bland-Altman analysis of the intraobserver variability of the
paradoxical IVS motion index showed low mean differences and
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Figure 3. Relationships between late gadolinium enhancement volume at ventricular insertion points and other clinical
parameters. Among the six clinical indices of pulmonary hypertension, the paradoxical motion index of the interventricular septum exhibited the
highest correlation coefficient (r=0.77, p<<0.001) with late gadolinium enhancement volume.

doi:10.137 1/journal.pone.0066724.9003

limits of agreement (0.8% £3.5%). The ICC was 0.98. Regarding
interobserver variability, Bland-Altinan analysis revealed similarly
small mean differences and limits (—1.0% *4.4%). The ICC was
0.96.

Discussion

In the present prospective observational case-control study,
46 PH patients and 21 matched controls were examined. Results
suggested the following: (1) LGE at VIPs is a common CMR
finding (positive in 42 (91%) of 46 PH patients); (2) early systolic
paradoxical motion of VIPs is also common; (3) the volume of
LGE correlates with the pulmonary hemodynamics, and with
CMR and echocardiographic parameters of the right ventricle;
and (4) the paradoxical IVS motion index is the only independent
explanatory variable of LGE volume at VIPs in PH.

Recent studies have indicated significant associations between
LGE at VIPs and various parameters of PH. For example, mean
PAP, RV volume and RV mass index have been reported to
positively correlate with LGE volume. [4,6,10] Also, functional
parameters such as RV EF and CI have also been shown to
inversely correlate with LGE volume at VIPs. [4-6,10] Indeed, the
results of univariate analysis in the present study were consistent
with observations from these previous publications. Importantly,
however, no prior studies have examined the possible link between
LGE at VIPs and the pattern of IVS motion during a cardiac
cycle. In the present study, we indexed the degree of paradoxical
IVS motion using speckle tracking echocardiography and found
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that the degree of such IVS motion is an independent explanatory
variable of LGE at VIPs in PH. Conversely, MPAP and other RV
indices did not predict LGE volume at VIPs in multivariate
regression analysis.

Abnormal IVS motion has been documented by M-mode
[14,15] and by speckle tracking echocardiography in PH. [19]
Previous reports have focused on the underlying mechanism or the
impact of this IVS motion on the overall cardiac performance. In
line with these reports, the present study demonstrated significant
associations of the paradoxical IVS motion index with the
pulmonary hemodynamic measurements and RV EF. However,
the main focus of the present study was the possible regional
impact of paradoxical IVS motion on VIPs. Regarding this issue,
two prior animal studies (dog PH model) demonstrated that
myocardial tissue at VIPs is prone to encounter pull and increased
tension. [20,21] Also, Spottiswoode et al. reported that paradox-
ical IVS motion can generate high stresses and strains at VIPs in a
non-PH patient. {22] These prior publications, along with the
results of the present study, suggest that LGE at VIPs might
develop due to the mechanical impact of paradoxical IVS motion
on VIPs irrespective of PH.

Contrast pooling at VIPs was suggested as the primary
mechanism of LGE in PH in a recent autopsy report. [8] Notably,
this report demonstrated disarrayed myocardium but no abnormal
fibrosis or damaged myocardium at VIPs. Accordingly, the
authors speculated that contrast pooling in the widened inter-
myocardial fibers caused LGE at VIPs in their case. The present
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studly partly supports this notion, because paradoxical IVS motion
is likely to affect the architecture of the myocardial tissue at VIPs,
as was reported in prior studies. [20,22]

Freed et al. recently reported that the presence of myocardial
LGE at VIPs is a marker of poor prognosis in PH [9]. In this
regard, the present study showed that LGE at VIPs was
independently associated with paradoxical IVS motion but not
with established predictors such as RV mass and EI' |23]. Indecd,
LGE at VIPs may be a sole reflection of paradoxical IVS motion
and resultant contrast pooling [8] and thus whether LGE at VIPs
can be a better prognostic marker over previously reported indices
needs to be investigated in future prospective studies.

One limitation of the present study is the inclusion of PH
patients with diverse ctiologies. Some underlying diseases of PH
are known to affect the myocardium,; thus, the experimental results
might have been affected by the different underlying illnesses
among the patient population. Also, in the subgroup analysis, the
number of PH patients on different treatment regimens was small.
Thus, any confounding influence of the specific treatment on the
experimental results cannot be excluded. Also, the present study
analyzed patients with relatively less advanced PH, which makes it
difficult to extrapolate the findings of this study to those with
advanced PH. Further, IVS motion was cvaluated using a
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methodology that is not commonly used. However, speckle-
tracking echocardiography is an established method of regional
analysis of IVS motion. Indeed, the calculated intra- and inter-
observer reproducibility of the paradoxical IVS motion index were
{avorably high. Lastly, we did not conduct pathological observa-
tions in the present study. Thus, further clinicopathological studies
are warranted to clarify the true mechanisims of LGE at VIPs in
PH.

In conclusion, the present CMR study of PH demonstrated an
independent association of LGE at VIPs with ecarly systolic
paradoxical IVS imotion, but not with indices of pulmonary
hemodynamics and RV morphology. This suggests that LGE at
VIPs is a hallmark of altered IVS motion but not of PH per se.
The clinical relevance of this distinct CMR finding must be
clarified in future long-term studlies.
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Autoimmune pulmonary alveolar proteinosis ton of a neutralizing
granulocyte-macrophage colony-stimulating factor

(aPAP) is a rare lung disease characterized by the

accumulation of surfactant protein, which causes
progressive respiratory insufficiency.® The patho-
genesis has been attributed to the excessive produc-
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(GM-CSF) that impairs GM-CSF-dependent surfac-
tant clearance mediated by alveolar macrophages.*8
On pulmonary function testing, the most common
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pattern seen is that of a restrictive defect, with a dis-
proportionate reduction in diffusing capacity of the
lung for carbon monoxide (DLCO) relative to amodest
impairment of vital capacity (VC).2 The disease is
usually treated by whole-lung lavage (WLL), which
remains the standard therapy to date.

The first patient successfully treated with subcuta-
neously administered GM-CSF was reported in
1996.° In an international multicenter phase 2 trial
study, 14 patients were treated with GM-CSF by
subcutaneous injection in escalating doses over a
3-month period, with an overall response rate of

43%.1011 A subsequent single-center study of 21

patients with aPAP treated with GM-CSF by subcu-
taneous administration in escalating doses for 6 to 12
months reported an overall response rate of 48%.1*

Several single cases of subcutaneous GM-CSF =
How- =

therapy have reported similar outcomes
ever, local reaction at sites of injecti

subcutaneous GM-CSF .2
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aluate the prognosis by monitoring
t the same time points after the treat-
s disease severity score as well as the need
tment. The aim of this study was to
tion of benefit among patients who
CSF inhalation therapy.

MATERIALS AND METHODS

Patients and Protocols

The present study prospectively observed patients who partic-
ipated in a multicenter phase 2 trial (35 patients, registered as
ISRCTN18931678, ]MAIIAOOOlS) of GM-CSF inhalation
therapy described previously. In brief, patients who had lung bi-
opsy or cytologic findings diagnostic for PAP, including elevated
serum anti-GM-CSF antibody (Ab) levels and no improvement
during a 12-week observation period, entered the treatment
phase. Recombinant human GM-CSF dissolved in 2 mL of sterile
saline was inhaled using an LC-PLUS nebulizer (PARI Interna-
tional). The treatment consisted of high-dose GM-CSF adminis- [AQlO]
tration (125 pg bid on days 1-8, none on days 9-14; Leukine;
Bayer HealthCare Pharmaceuticals) for six repetitions of 2-week
cycles, then low-dose administration (125 pg once daily on days
1-4, none on days 5-14) for six repetitions of two-week cycles (for
a total dose of 15 mg). The clinical information including physio-
logic, serologic, and radiologic features obtainedi was compared
with the results of the following 30-month observation.

Patients were regularly evaluated by their physicians at the net-
work hospitals after the GM-CSF inhalation therapy. The wors-
ening dyspnea was evaluated with pulse oximetry and/or arterial
blood gas analysis in outpatient settings. Disease severity in
patients was evaluated using PAP disease severity score (DSS)
described previously.’ Patients underwent additional treatments
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based on either of the following criteria: (1) DSS is 3 or 4 and
symptoms are worsening; or (2) DSS 5, as shown in - The
consortium office of Niigata University contacted the network
hospitals every 6 months with a questionnaire regarding addi-
tional treatment and disease severity score of the patient. The fol-
low-up clinical information obtained at each network hospital was
entered into a database to be compared with the results of the
baseline clinical evaluation of each patient. The data were col-
lected from nine clinical research centers in Japan (Hokkaido
University, Tohoku University, Chiba University, Kitasato Uni-
versity, Niigata University, Aichi Medical University, National
Hospital Organization Kinki-Chuo Chest Medical Center, Na-
tional Hospital Organization Yamaguchi-Ube Medical Center,
and Nagasaki University Institute of Tropical Medicine).

The study was approved by Institutional Review Board of Nii-
gata University (approval No. NH17-006) and the institutional
review boards at all participating centers. Informed consent was
obtained from all control subjects. The clinical information
obtained by the clinical studies was entered into a database to be
compared with the results of the 30-month observation. The study
was designed and monitored for data quality and safety by a steer-
ing committee composed of the principal investigator at each par-
ticipating site. The steering committee held a conference twice a
year, where the findings of the observation were monitored.

BAL Procedures and GM-CSF Autoantibodies

The steering committee edited a standard operational proce-

dure for BAL, which was followed by all participating institutes

I Multicenter Phase Il Study I

I Baseline evaluation I

Leukine (Total dose 15 mg )
6 cycles (12 weeks)
250 pg/day (d1-8) + no drug (d9-14)
+
6 cycles (12 weeks)
125 pg/day (d1-4) + no drug (d5-14)

¥

Adeaayy yuow-g

I 35 patients completed '

UOREBAIBSAO JUBWIRRII-IS0d YIUOW-0g |

S n=17) § § (n= ¥ (n=4)
. L Observation Additional treatment
- (FR group) " (AT group)

FIGURE 1. Profile of the study cohort. AT = additional treatment;
DSS = disease severity score; FR=free from additional treat-
ments.
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and described previously.?8% The concentration of GM-CSF au-
toantibodies in BAL fluid (BALF) or in serum were measured
using a sandwich enzyme-linked immunosorbent assay as

_described previously.2!

Statistical Analysis

Numerical results are presented as the mean = SE or the me-
dian and interquartile range (IQR). The x? test was used to eval-
uate proportions for variables between high and low responders.
The paired ¢ test was used for comparisons between normally dis-
tributed data and the treatment periods. Comparisons of non-
parametric data were made using the Wilcoxon signed-rank test.
For group comparisons, unpaired ¢ tests and Wilcoxon rank-sum
tests were used. All P values were reported as two-sided. Analysis
was performed using JMP software version 8.0.2.

REsuULTS

Patient Characteristics and Requirements for
Additional Treatments as an Indicator of Recurrence

Demographic data of patients are shown in Table 1.
During the 30 months of observation after the end of
GM-CSF inhalation, the need for treatments was
monitored as an indicator of disease recurrence in

each patient. Twenty-three patients were free from
_ additional treatments during 30 months of observa-
~ tion and were designated as FR. Twelve patients who

required additional treatments, including six patients
w1th Tecurrence descnbed in our previous study 18
tauned most severe dlsease (DSS 5) even after the
GM-CSF treatment and underwent subsequent
WLL. One patient who had dyspnea, cough, and spu-
tum production did not respond to the GM-CSF
treatment and underwent subsequent WLL. One
patient with cough and dyspnea showed worsening in
Pao, and cough and had WLL 12 months after the
GM-CSF inhalation. The other eight patients with
dyspnea showed worsening in Pao,/oxygen saturation
by pulse oximetry (two patients worsened to DSS 5)
and underwent additional therapy (e-Figure 1); five
underwent additional GM-CSF inhalation treat-
ments, two had WLL, and one patient, a nonre-
sponder, declined WLL and underwent acetyleysteine
inhalation, showing much improvement in hypoxia.
Median time to additional treatment of the 12 patients
was 50.5 weeks, with a range of 8.5 to 117.5 weeks.
There was no significant difference in age, sex, symp-

* toms, smoking status, history of dust exposure, arte-

rial blood gas analysis, numbers of responders to
GM-CSF inhalation, history of previous lung lavage,
and anti-GM-CSF-AD titer between the FR and AT
groups (Table 1). There was no significant difference
in disease markers, including baseline levels of Pao,,

A-aDO,, %VC, %DLco, CT scan scores, LDH, and [AQ12]

KL-6 between the patients who underwent WLL
(n=6, AT-WLL) and those treated with GM-CSF
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Table 1—Baseline Clinical Characteristics of Patients Free From Additional Treatment and Those Who Required
Additional Treatment After GM-CSF Inhalation

FR (n=23) AT (n=12)
T 1 r —1
[AQ23] Characteristic No. % Median (IQR) or Mean = SE No. % Median (IQR) or Mean * SE P Value
Age,y 23 52.5 (48-61) 12 52.5 (41.75-58) 33
Sex .54b
Female 9 39 6 50
Male 14 61 6 50
Responders 17 74 7 58 350
Duration of symptoms, mo 23 20 (11-61) 12 18 (7.75-72) 78
Symptoms
Dyspnea 22 96 12 100 360
Cough 10 43 7 58 65>
Sputum 8 35 4 33 71k
Smoking status 390
Current smoker 8 35 2 17
Ex-smoker 5 22 2 17
Never smoked 10 43 8 67
Dust exposure 22 11 27
Yes 8 36 3 18
No 14 64 8 82
Arterial blood gas analysis
Paco,, torre 23 38.0£0.7 12 39.0+0.9 404
Pao,, torre 23 60.6+2.1 12 56.3+3.0 254
A-aDO,, torre 23 43.5x24 12 46.2 +3.3 514
Disease severity score 23 3 (3-4) 12 3.5 (3-5) .58
GM-CSF autoantibody, wg/ml 23 22 8 (8 5-33.2) 12 23.1 (16.9-34.2) 94
Previous lung lavage (>6 mo 220
prior to study)
Yes 5 22 5 42
No 18 78 7 58

Thirty-five patients completed both the high-dose and low-dose period of GM-CSF inhalation therapy. A-aDO, = alveolar-arterial oxygen difference;
AT = patients requiring additional treatment; FR = patients free from additional treatment; GM-CSF = granulocyte-macrophage colony-stimulating
factor; IQR = interquartile range (range from the 25th to the 75th percentiles of the distribution).

*Calculated using the Wilcoxon rank sum test.

bCalculated using the X2 test.

Measured with patient in a supine position and breathing room air.
dCalculated using Student ¢ test.

Calculated using the following equation: A-aDO, = (PB — PH,0) X F10,

~Paco,/R + {Paco, X F10, X

(1 = R)/R} — Pao,, where PB = barometric

pressure measured by local observatories; PH20 = partial pressure of water vapor in inspired air (assumed to be 47 mm Hg); F10, = fractional
concentration of oxygen in dry gas (assumed to be 0.21); R = respiratory quotient (assumed to be 0.8).

inhalation (n=25, AT-GM) (e-Table 1). However,
changes in A-aDO, during the GM-CSF treatment
were significantly higher in the AT-GM group,

Association of Clinical Parameters With Requirement
for Additional Treatment

There was no significant difference in baseline
findings in terms of Pao,, Paco,, FEV,, and DLco
between AT and FR groups. Both percent VC (%
predicted value; %VC) and percent FVC (%FVC)
were higher in the FR group (P<.01) (Fig ),
e-Figure 2). There was no correlation between base-
line %VC and age (P=.97), sex (P = 41), baseline
Pao, (P=.18), or baseline %DLco (P=.34). There
was no significant difference in high-resolution com-
puted tomography scan scores and serum markers,

4

including LDH, KL-6, CEA, surfactant protein A

(SP-A), and surfactant protein D (SP-D) (Table 2). [AQ13]

As for differential blood cell counts, no significant
difference was observed between FR and AT groups,
except for numbers of basophils and platelets. The
cell density of macrophages in BALF was lower in
the FR group than those in the AT group (P <.05),
whereas lymphocytes were lower in the AT group as
compared with the FR group.

Next, clinical parameters at the end of treatment
were evaluated. The %DLco was lower in the AT
group than that in the FR group, and serum markers
(eg, LDH, KL-6, CEA, SP-D, SP-A) and CT scan
scores were higher in the AT group than those in the
FR group at the end of treatment (P <.05). However,
there was no significant difference in A-aDO,, blood
cell counts, and cell differentials in BALF (Table 3).
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FIGURE 2. The association between VC (% predicted, %VC)
and additional treatments during the 30-month observation
period (**P<.01). A, Baseline levels of %VC in FR and AT
patient groups. B, Receiver operating curve of %VC. C,
Kaplan-Meier plot showing patients of the high %VC group
(%VC = 80.5) and those of the low %VC group (%VC <80.5).
AUC =area under the receiver operating curve; VC = vital

capacity
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The patients free from additional treatment main-
tained the improved disease severity score initially
achieved (e-Figure 3).

Predictive Value of VC for Prognosis
After GM-CSF Inhalation

Because only %VC and %FVC differed between
FR and AT groups among treatment-related pre-
treatment factors, the predictive value of parameters
for recurrence after GM-CSF inhalation was evalu-
ated using receiver operating characteristics curve
(ROC) analysis and Kaplan-Meier analysis of time to
additional treatment.

For ROC analysis, the area under the ROC curve
was calculated nonparametrically, as proposed by
Hanley and McNeil.22 An additional therapy was
defined as a positive indicator for disease recurrence.
When the cutoff level of 80.5% was set for %VC, the
baseline %VC predicted the additional therapy with a
sensitivity of 92% and a specificity of 74% (Fig 2b).

For Kaplan-Meier analysis of time to additional
treatment, we divided the patients into two groups,
namely the high %VC group (%VC =80.5) and the

, ,lby'vVﬂ’%V,C group (%VC<80.5). A significant differ-

ence in the time to additional treatment between the

two groups was seen when the whole period of fol-

low-up was compared (P=.0001) (Fig 2c). In the
univariate Cox proportional analysis of baseline
markers,; %VC < 80.5% (hazard ratio, 18.42; 95% CI,
3.55-337.68; P < .0001) was associated with additional
treatment, whereas no correlations were found
between additional treatment and age, sex, baseline
Pao,, changes in A-aDO,, and baseline levels of
LDH, KL-6, SP-A, CEA, and anti-GM-CSF-Ab.

Subgroup Analysis: To test whether VC is an inde-
pendent predictive factor for the time to additional
therapy, we did subgroup analyses because of the
small number of the AT patients. The patients were
divided into two groups of an upper half and a lower
half regarding age; sex; baseline Pao,; change in
A-aDO,; baseline levels of LDH, KL-6, SP-A, CEA;
and anti-GM-CSF-Ab. In these subgroups, a signifi-
cant difference in the time to additional treatment
between the high %VC group (%VC = 80.5) and the
low %VC group (%VC < 80.5) was still evident, sug-
gesting that VC might be an independent factor pre-
dicting the time to additional therapy (e-Figure 4).

Time Course of Autoantibody Levels: In our pre-
vious reports, serum levels of anti-GM-CSF-Ab levels
did not change during treatment.’® To study longitu-
dinal changes of serum levels of anti-GM-CSF-Ab
after the inhaled GM-CSF therapy, serum samples
were collected for anti-GM-CSF-Ab testing as an op-
tional evaluation after the 30-month observation pe-
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Table 2—Baseline Pulmonary Function, Radiologic Appearance, Serum Biomarkers, Hematologic Indices, and BALF
Cell Findings in Patients With PAP in FR and AT Groups Before GM-CSF Inhalation Treatment

FR AT
[AQQA] Measure No. Mean + SE or Median (IQR) No. Mean * SE or Median (IQR) P Value
Pulmonary function
VC, % predicted 23 85.9+27 12 71.6+3.8 0045
FVGC, % predicted 23 85.3+2.8 12 71.4%3.9 00642
FEV/FVC 23 87.1x2.0 12 84.9+27 51s
Drco, % predicted 23 57.0£34 10 46.0x5.1 082
HRCT scores?
Upper lung region 23 3 (2-5) 12 4.5 (2-5) 12¢
Middle lung region 23 4(3-5) 11 4(3-5) 38e
Lower lung region 23 4(3-5) 12 5 (4-5) 36¢
Serum biomarkers of PAP
LDH, IU/L 23 287 +19 12 32526 268
CEA, ng/mL 23 6.2*1.0 12 8.0+x14 .30
KL-6, U/L 23 10,038 1,531 12 - 9,434%2,120 81s
SP-A, ng/mL 23 127*15 12 153+20 29
SP-D, ng/mL 23 297+95 12 290+ 34 14s
Hematologic indices R R
WBC count, cells/wL 23 © 5,608 = 267 12 6,358 £ 370 1le
Neutrophils, cells/wL 22 3,428 %200 R 3,596 £ 271 628
Monocytes, cells/wL 22 34421 12 396 £28 15
Lymphocytes, cells/uL 22 1,730 + 147 12 2,122+ 198 12
Eosinophils, cells/uL 22 10728 12 19938 058
Basophils, cells/p.L 22 : E4 453+59 .0008:
Hemoglobin, g/dL 23 14.4+04 058
Platelets, X 10° cells/uL. 23 27113 .0046¢
BALF cell classification, %
Alveolar macrophages 17 38£6.7 .0036:
Neutrophils 17 108+27 .082:
Eosinophils 17 "0.84+0.32 B T 0.40 +=0.60 528
Lymphocytes 17 "312%38 5T 504+ 7.1 027

[AQ14]

BALF = BAL fluid; Drco = diffusing capacity of the lung for carbon monoxide; HRCT = high-resolution CT; PAP = pulmonary alveolar proteinosis;
SP-A = swifactant protein A; SP-D = surfactant protein D; VC = vital capacity. See Table 1 legend for expansion of other abbreviations.

sCalculated using Student ¢ test.
Calculated using the Wilcoxon rank sum test.

bDescribed previously.’s

riod. The serum levels were unchanged during the
observation period except for three cases (e-Figure
5). In two cases, the serum levels increased by > 100
pg/mL, and one case required an additional treat-
ment, whereas the others did not. In the third case,
the serum levels decreased to 0.47 wg/mL, and addi-
tional treatments were not required.

DiscussioN

In the present study we have prospectively ana-
lyzed, for the time to our knowledge, the require-
ments of additional therapy and disease severity
scores in 35 patients who completed GM-CSF inha-
lation therapy. The results demonstrate that 23
patients were free from administration of additional
treatment during the 30-month observation period,
indicating the enduring nature of the therapy. VC
could be a useful predictive parameter for the recur-

6

rence of disease after GM-CSF therapy. This study
contributes to the promotion of GM-CSF inhalation
for initial therapy of aPAP.

WLL remains the standard of care today. A retro-
spective analysis of 231 cases found clinically signifi-
cant improvement in Pao,, FEV,, VC, and DLco and
reported that the median duration of clinical benefit
from lavage was 15 months.2 In a report of 21 patients
with PAP who underwent WLL in an experienced
center, >70% of patients remained free from recur-
rent PAP during 7-year observation.?? In our study,
the median time to application of additional therapy
was 30 months after GM-CSF therapy, suggesting
the effects of GM-CSF inhalation may be compa-
rable to those of WLL. Notably, the difference in
changes in A-aDO, during the GM-CSF treatment
between the AT-WLL patients and the AT-GM
patients suggests that nonresponders to the first GM-
CSF treatment might be likely to undergo WLL
when disease recurred.

Original Research
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Table 3—Pulmonary Function, Radiologic Appearance, Serum Biomarkers, Hematologic Indices, and BALF Cell
Findings in Patients With PAP in FR and AT Groups at the End of GM-CSF Inhalation Treatment and Before the
30-mo Observation

FR AT
Measure No. Mean *+ SE or Median (IQR) No. Mean * SE or Median (IQR) P Value
Pulmonary function
VC, % predicted 23 93.4+3.0 12 T42+42 .0007»
FVC, % predicted 23 80.5+3.3 12 72.2+45 .0025°
FEV/FVC 23 85.6+1.6 12 84.7+22 73
Drco, % predicted 23 68.4+34 11 46.8 4.7 .0006:
HRCT scores!
Upper lung region 23 2 (2-3) 12 3.5 (2-4) 0360
Middle lung region 23 3(2-3) 12 4(2.25-4.75) .023b
Lower lung region 23 2(2-3) 12 4(2.25-5) .0039»
Serum biomarkers of PAP %
LDH, IU/L 23: 242+ 13 12 - 308=18 .0064»
CEA, ng/mL 23 2.7+0.6 12 © 5708 0075
KL-6, U/L 23 +735 12 6,565 1,017 028
SP-A, ng/mL 23 ~ S 131+16 015
SP-D, ng/mL 23 o 304 =47 027+
Hematologic indices :
WBC count, cells/pL 23: 5,797 + 494 27
Neutrophils, cells/pL 22 3,026 + 277 85
Monocytes, cells/pL 22, | 338x41 T4
Lymphocytes, cells/nL 22 2,153+177 .080:
Eosinophils, cells/uL 22 ; 233%55 208
Basophils, cells/pL 22; 43.7+84 120
Hemoglobin, g/dL 23 P 14414 52
Platelets, X 108 cells/uL. 23 S 935+12 17
BALF cell classification, % .
Alveolar macrophages 13 58 *6.7 28
Neutrophils 13¢ i 74%35 .86°
Eosinophils 13" 0 +0.46 - 0.82x0.75 93¢
Lymphocytes 13 5 b L 332%77 A4l

See Table 1 and 2 legends for expansion of abbreviations.
sCalculated using Student ¢ test.

bDescribed previously.’6

Calculated using the Wilcoxon’s rank sum test.

In a single-center, phase 2 study for subcutaneous
administration of GM-CSF for PAP, Venkateshiah et
al! reported that nine of 21 patients (43%) required
WLL. In a retrospective study of 12 patients who
underwent aerosolized GM-CSF therapy, Wylamn et
al reported that five of 11 responders had recurrence

of disease. In four of five patients, the mean time to

relapse was 6.3 months and ranged from 5.5 to 12
months.15 It is notable that the dose of GM-CSF used
in their study was twice that used in our study,
although the prognosis of our cases was comparable
to that of their study.

PAP is often described as a lung disorder with re-
strictive physiology. In the present study, 18 of 35
patients were in the normal range (=80) in %FVC,
whereas the other 17 patients were mildly to moder-
ately restricted, which was comparable to previous
studies.2d Seymour et al® investigated 14 patients who
underwent subcutaneous GM-CSF administration
and suggested that higher VC before treatment was

journal.publications.chestnet.org

25.6 4.8

one marker to define responsiveness to GM-CSF
therapy. In the present study, VC did not correlate
with responsiveness to GM-CSF therapy, but it
showed significant association with the requirement
for additional treatment. Although limited by the
small number of cases, the subgroup analyses sug-
gested that VC is an independent factor from age,
sex, baseline Pao,, change in A-aDO,, and baseline
levels of serum markers, including anti-GM-CSF-Ab.
However, there is a possibility that some clinical var-
iables might be intrinsically related to VC. The physi-
cians’ decision for retreatment might be influenced
by such clinical markers. Notably, a recent study of a
series of patients with PAP followed in a reference
center reported that the need for lavage was signifi-
cantly associated with FVC.2%

Reduction of VC might be due to two different fac-
tors: accumulation of surfactant-derived materials in
the alveolar space and fibrotic changes of lung tissue.
In a study of a quantitative CT scan analysis of patients
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with PAP who underwent WLL and showed improve-
ments in %DLco and %FVC, Perez et al*” demon-
strated that there was a reduction in lung weight
following lavage, which correlated with the dry weight
of the lavage effluent. The study demonstrated a shift
in the regional lung inflation toward more inflated
lung with a corresponding increase in the mean hing
inflation. Surfactant accumulation might be associ-
ated with an elevated ventilation-perfusion mismatch
and disproportionately impaired DLCO in patients
with aPAP.2 Seymour et al* demonstrated serum
levels of SP-A correlated with VC in 14 patients at
baseline. The present study also showed that serum
levels of SP-A correlated with VC at baseline as well
as after treatment. However, requirement of addi-
tional therapy was not significantly associated with
SP-A at baseline. Surfactant materials might be easily
redistributed in alveolar spaces and may not be re-
lated to the impairment of lung tissue that
to additional treatment. , o
The other factor, fibrotic changes of I
might be maintained even after G
or WLL. Pulmonary fibrosis has be
be associated with PAP, and exposure't
repeated WLL have been sugge
contributors to fibrosis. Although irreversibl
ring of the lung is rarely associated v
small fraction of patients with PAP dem
substantially impaired %VC and rather poor prog
nosis. To investigate this possibility, two radiolo-
gists re-evaluated baseline CT scans of 32 of the 35
participants for findings other than PAP without
knowing the study results regarding responsiveness
and prognosis of the GM-CSF inhalation. They
only pointed out traction bronchiectasis in one
patient (responder, FR), bronchiectasis in one
patient (responder, FR), and multiple bullae in
one patient (responder, AT). Thus, we failed to
find any significant association between fibrotic
change in CT scan and requirement of additional
treatments. In the present study, the mean %VC
levels of patients in the FR group improved from
85.9% to 93.4%, whereas those of patients in the
AT group changed from 71.6% to 74.2%. The dif-
ference in improvement between the groups might
be associated with the balance of surfactant accu-
mulation and lung fibrosis in the lungs of patients.
For future studies, it would be useful to explore
novel treatment regimens for patients with moder-
ately impaired VC. As shown in this study, inhaled
GM-CSF therapy did not change serum levels of
anti-GM-CSF-Ab. However, the BALF titers of anti-
GM-CSF-Ab were reduced in responders, which was
likely due to the improved clearance in alveolar
spaces. The future treatments might include a com-
bination of GM-CSF inhalation with WLL to improve

8

ghtlead

the environment of airway/alveolar spaces or with ad-
ministration of rituximab to reduce the systemic pro-
duction of anti-GM-CSF-Ab.

In conclusion, this study demonstrated that VC
might be clinically useful in predicting the need for
additional therapy in patients with aPAP who were
treated with inhaled GM-CSF therapy. We believe
this study contributes to improving the quality of life
and treatments for patients with aPAP.
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Summary. It is generally accepted that chronic
thromboembolic pulmonary hypertension (CTEPH)
results from pulmonary emboli originating from deep
vein thrombosis. However, this consensus opinion has
been challenged, and the concept that some aspects of
CTEPH exacerbation might result from a small-vessel
disease leading to secondary thrombosis has been
suggested.

In addition to the effect of recurrent thrombo-
embolism, a number of lines of clinical evidence
indicate that progressive worsening is contributed to by
remodeling in the small pulmonary arteries.
Histopathological studies of the microvascular changes
in CTEPH have identified vascular lesions similar to
those seen in idiopathic pulmonary arterial hypertension
(IPAH). Especially in in vitro and ex vivo experiments,
pulmonary artery endothelial cells (ECs) in pulmonary
hypertensive diseases are suggested to exhibit an
unusual hyperproliferative potential with decreased
susceptibility to apoptosis, indicating that dysfunctional
ECs may contribute to the progression of the diseases.
Although the degree and mechanisms of EC dysfunction
as a contributor to CTEPH are unclear, EC dysfunction
may occur in small arteries. Indeed, the cells stimulated
by the microenvironment created by the unresolved clot
may release substances that induce EC dysfunction. The
EC dysfunctions in CTEPH may lead to disorders of the
anti-coagulation properties in ECs and may result in
additional clots in situ. Moreover, these may lead to the
progression, not only of distal thrombus, but also of
proximal clotting.

This article reviews the pathobiological concepts of
CTEPH and explains a crosstalk between EC

dysfunction and in situ thrombi which may contribute to
the vascular lesions of CTEPH.
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Introduction

Chronic thromboembolic pulmonary hypertension
(CTEPH) has emerged as one of the leading causes of
severe pulmonary hypertension. CTEPH is characterized
by intraluminal thrombus formation and fibrous stenosis
or complete obliteration of the pulmonary arteries
(Klepetko et al., 2004). The consequence is increased
pulmonary vascular resistance, resulting in pulmonary
hypertension and progressive right heart failure.
Pulmonary endarterectomy (PEA) is the current
mainstay of therapy for CTEPH (Jamieson et al., 2003).
Recently, there has been evidence suggesting that the
existing consensus that the pathophysiology of CTEPH
results from unresolved pulmonary emboli may have
been too simplistic (Hoeper et al., 2006). Although acute
pulmonary embolism is generally accepted as the main
initiating event in CTEPH, small-vessel disease is
believed to appear and worsen later during the course of
disease, and to contribute to the progression of
hemodynamic and symptomatic decline (Hoeper et al.,
2006). Moreover, in situ thrombosis and pulmonary
arteriopathy have been proposed as potential causes of
CTEPH (Shure, 1996; Peacock et al., 2006).

This article reviews the pathobiological concepts of
CTEPH, including pulmonary microvascular disease, the
endothelial-mesenchymal transition (EnMT), EC
dysfunction, and in situ thrombosis, which are important
pathological features of pulmonary arterial hypertension
(PAH) (Eisenberg et al., 1990; Welsh et al., 1996; Wolf
et al., 2000; Bauer et al., 2002; Cool et al., 2004,
Humbert et al., 2004; Reesink et al., 2004). Furthermore,
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it explains a crosstalk between EC dysfunction and in
situ thrombi which may contribute to the vascular
lesions of CTEPH.

Microvascular lesions

In addition to the effect of recurrent thrombo-
embolism, a number of lines of clinical evidence
indicate that progressive worsening is contributed to by
remodeling in the small distal pulmonary arteries in the
open vascular bed (Moser and Bloor, 1993; Azarian et
al., 1997; Yi et al., 2000). Indeed, the PH and right
ventricular dysfunction are progressive, even in the
absence of recurrent thromboemboli (Azarian et al.,
1997). Moreover, there is a low degree of correlation
between the extent of vascular obstruction visible on
pulmonary angiography and the severity of PH (Azarian
et al., 1997). There is likely a vascular stealing
phenomenon, which means that there is redistribution of
the pulmonary blood flow from the nonoccluded to
newly endarterectomized vasculature after PEA (Moser
and Bloor, 1993). There is often no hemodynamic
improvement and persistent PH despite successful PEA
in approximately 35% of patients (Condliffe et al.,
2008).

Pulmonary microvascular disease, which is an
important pathological feature of PAH, leads to
increased pulmonary vascular resistance and reduced
compliance, with marked proliferation of pulmonary
artery smooth muscle cells (SMCs) and endothelial cells
(ECs), resulting in the obstruction of blood flow in
pulmonary arteries (Humbert et al., 2004). Recently, we
reviewed pathogenetic concepts of pulmonary arterial
hypertension (PAH) and explained the vascular lesions
with EC dysfunction, i.e., apoptosis and proliferation
(Sakao et al., 2009, 2010). Taraseviciene-Stewart et al.
showed that a vascular endothelial growth factor
(VEGF) receptor blocker induced some of the
"angioproliferative” features typical of advanced PAH in
a rat model, i.e., worsening of the pathological vascular
remodeling, and those features were reversed by
inhibitors of apoptosis, suggesting that increased
apoptosis of ECs in response to loss of survival signaling
provided a selection pressure that induced the emergence
of actively proliferating ECs without evidence of
apoptosis (Taraseviciene-Stewart et al., 2001).
Moreover, our in vitro experiments have demonstrated
that the emergence of apoptosis-resistant proliferating
ECs depended on initial EC apoptosis induced by
blockade of VEGF receptors and these phenotypically
altered ECs expressed the tumor marker survivin and the
antiapoptotic protein Bcl-y, (Sakao et al., 2005).
Consistent with our results, Nﬁ\sri et al. have shown that
pulmonary artery ECs isolated from patients with
idiopathic PAH (IPAH) were hyperproliferative and
apoptosis-resistant (Masri et al., 2007). However, these
results were from an animal model and tissue culture
experiments, not from human. It remains unknown
whether they actually contribute to pathobiology of

human PAH.

The studies of the microvascular changes in CTEPH
have identified histopathological characteristics similar
to those seen in IPAH and Eisenmenger's syndrome
(Moser and Bloor, 1993; Azarian et al., 1997; Yi et al.,
2000; Piazza and Goldhaber, 2011). Therefore,
dysfunctional ECs may contribute to the progression of
the microvascular changes in CTEPH as shown in PAH.
Although PEA is the current mainstay of therapy for
CTEPH, a recent study showed that specific vasodilative
compounds, e.g., prostanoids, endothelin receptor
antagonists, phosphodiesterase type 5 inhibitors or a
combination, as used for PAH therapy, improved
cumulative survival in the patients with inoperable
CTEPH, suggesting that there may be vasodilative
reactivity in the vasculature of some populations of
CTEPH patients as shown in the vasculature of PAH
(Seyfarth et al., 2010). Indeed, there exists evidence that
patients with CTEPH show similar acute vasoreactivity
to inhaled nitric oxide and iloprost (Ulrich et al., 2006;
Skoro-Sajer et al., 2009).

The similarities between the microvascular changes
in CTEPH and those seen in IPAH suggest that specific
vasodilative compounds as used for PAH therapy may be
appropriate for some populations of CTEPH, as the
patients with no hemodynamic improvement and
persistent PH despite successful PEA.

Endothelial-mesenchymal transition (EnMT)

EnMT is a term which has been used to describe the
process through which ECs lose their endothelial
characteristics and gain the expression of other
mesenchymal cell characteristics (Arciniegas et al.,
2007). There is the intriguing possibility that intimal
SMCs may arise from ECs (Majesky and Schwartz,
1997). In the systemic circulation, Arciniegas et al,
demonstrated that mesenchymal cells that existed in the
intimal thickening may arise from ECs (Arciniegas et al.,
2000). Indeed, the existence of “transitional cells”
demonstrating features of both ECs and vascular SMCs
in the plexiform lesions in the lungs from patients with
IPAH has been identified (Cool et al., 2004). Our in vitro
studies of human pulmonary microvascular endothelial
cells (HPMVECs) showed that blockade of VEGF
receptors generated a selection pressure that killed some
ECs and expanded resident progenitor-like cells to
transdifferentiate into other mesenchymal phenotypes
(Sakao et al., 2007). Although there is the limitation of
this study based on in vitro experiment, this result may
support the concept that transdifferentiation of
pulmonary ECs to other mesenchymal cells may
contribute to the muscularization of the pulmonary
arteries. Because of histopathological similarity of the
microvascular changes between CTEPH and IPAH
(Moser and Bloor, 1993; Azarian et al., 1997; Yi et al.,
2000, Piazza and Goldhaber, 2011), EnMT may
contribute to the progression of the microvascular
changes in CTEPH.
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Recently, we have shown the existence of not only
myofibroblast-like cells, but also endothelial-like cells.in
endarterectomized tissues from patients with CTEPH
(Maruoka et al., 2012). Our experiments demonstrated
that the endothelial-like cells included a few transitional
cells (coexpressing both endothelial- and smooth
muscle- cell markers). Moreover, experiments using
commercially available HPMVECs and myofibroblast-
like cells, which were isolated from the PEA tissues of
CTEPH patients, demonstrated that substances
associated with myofibroblast-like cells might induce the
EnMT (Sakao et al., 2011). Indeed, transitional cells
which co-expressed both endothelial- and smooth
muscle- cell markers were identified in the PEA tissues
of patients with CTEPH (Sakao et al., 2011). In support
of our findings, Yao et al. showed the presence of CD34
(an endothelial marker) positive cells co-expressing o-
smooth muscle actin (a smooth muscle- cell marker) in
endarterectomized tissues from patients with CTEPH
(Yao et al., 2009).

As shown in our experiment, Firth et al.
demonstrated that a myofibroblast cell phenotype was
predominant within endarterectomized tissues from
patients with CTEPH, contributing extensively to the
vascular lesion/clot (Firth et al., 2010). Moreover, the
existence of putative endothelial progenitor cells in
endarterectomized tissues of patients with CTEPH has
been demonstrated (Yao et al., 2009). Firth et al. have
reported the presence of multipotent mesenchymal
progenitor cells within the tissues of patients with
CTEPH (Firth et al., 2010). These studies suggested that
the unique microenviroment created by the stabilized
clot may promote these progenitor cells to differentiate
into myofibloblast-like cells, and the misguided
differentiation of these progenitor cells may enhance
intimal remodeling (Yao et al., 2009; Firth et al., 2010).
Therefore, myofibloblast-like cells may participate
directly in vascular remodeling and they may induce
EnMT to lead to EC dysfunction.

Indeed, it may be possible that the cells coexpressing
both endothelial- and SM- cell markers in
endarterectomized tissues are more likely progenitor
cells rather than the cells which are differentiated by
EnMT. However, in our in vitro experiments, there was
no bone marrow-derived cell (defined as born marrow
cell markers) in the cultured endothelial-like cells
because ex vivo conditions may allow these cells to
differentiate (Sakao et al., 2011).

EnMT may contribute to the development of
vascular remodeling in the patients with CTEPH and
interrupting this transition may provide a therapeutic
target for CTEPH.

EC dysfunction

The degree and mechanisms of EC dysfunction as a
contributor to CTEPH in small muscular arteries distal to
nonobstructed pulmonary elastic vessels are unclear (Yi
et al., 2000; Dartevelle et al., 2004; Hoeper et al., 2006).

However, EC dysfunction may play a crucial role in
these areas. Indeed, EC related humoral markers that
have been linked to CTEPH include anticardiolipin
antibodies, a known risk factor for venous
thromboembolism (Torbicki et al., 2008), elevated
endothelial factor VIII (Wolf et al., 2000; Bonderman et
al., 2003), and monocyte chemoattractant protein 1
(Kimura et al., 2001). Moreover, markers of endothelial
trauma or dysfunction, such as endothelins, regularly
observed in IPAH, are also found in cases of pulmonary
embolism (Sofia et al., 1997). In particular, the
endothelin-1 levels in CTEPH closely correlated with
the hemodynamic and clinical severity of the disease
(Reesink et al., 2006). Endothelin-mediated vascular
remodeling and impairment of nitric oxide function may
play a crucial role in the development of vascular lesions
distal to occluded vessels in CTEPH, as well as in severe
PH (Bauer et al., 2002; Reesink et al., 2004). It has been
observed that PH is more likely to occur following
partial vascular occlusions of pulmonary artery segments
than following complete occlusions (Robin et al., 1966),
thus suggesting that vasoactive substances produced by
the turbulent flow in CTEPH may be involved in EC
dysfunction. However, it seems to be difficult to define
EC dysfunction in patients with CTEPH.

Several lines of evidence indicate that autophagy has
an important role in many different pathological
conditions. Moreover, fewer mitochondria, the decreased
expression of superoxide dismutase and normoxic
decreases in reactive oxygen species have been shown to
be the characteristics of mitochondrial abnormalities in
PAH (Archer et al., 2008). Our recent findings
demonstrated that endothelial-like cells lost their ability
to form autophagosomes and had defective
mitochondrial structure/function (Sakao et al., 2011),
indicating that EC dysfunctions occur in the proximal
lesions of patients with CTEPH. Moreover, experiments
using commercially available HPMVECs and
myofibroblast-like cells demonstrated that factors
associated with myofibroblast-like cells might induce
HPMVEC dysfunction through the inactivation of
autophagy, the disruption of the mitochondrial reticulum,
and the improper localization of superoxide dismutase-2
(Sakao et al., 2011). The PCR array data analysis
showed that substances associated with myofibroblast-
like cells induced the alterations in the endothelial cell
biology of HPMVECs (Sakao et al., 2011). Although it
is uncertain whether EC dysfunctions actually contribute
to microvascular remodeling in patients with CTEPH,
the myofibroblast-like cells in the proximal lesions may
contribute to EC dysfunction in the vasculature of
CTEPH. Indeed, it has been demonstrated that ECs in
noninvolved pulmonary vascular beds are different from
ECs in regions of organized thromboembolic material in
patients with CTEPH (Lang et al., 1994ab). In patients
with CTEPH, primary ECs cultured from pulmonary
arteries without thrombus had no abnormalities in the
expression of fibrinolytic proteins or responses to
thrombin stimulation (Lang et al., 1994a,b). However,
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ECs within yellowish-white thrombi, i.e., the highly
organized tissues, showed elevated type 1 plasminogen
activator inhibitor (PAI-1) mRNA levels (Lang et al.,
1994a). Therefore, we have to separate them to consider
EC dysfunction. -

The correlation between endothelins and vascular
remodeling in CTEPH seems to support the possibility
that pharmacological therapy using endothelin receptor
antagonists are effective treatment for the patients with
CTEPH.

In situ thrombosis
ECs not only facilitate the thrombotic process, but

also actively inhibit thrombosis and promote
fibrinolysis. The production and release of nitric oxide

Table 1. Clinical and pathobiological features of CTEPH.

and prostacyclin, two potent inhibitors of platelet
aggregation, by ECs are important for the prevention of
intravascular thrombosis (Moncada et al., 1991). In
addition, the expression of thrombomodulin (TM), a
high affinity receptor for thrombin, on the surface of
ECs prevents the cleavage of fibrinogen to fibrin. ECs
are also a source of tissue plasminogen activator (t-PA),
a key activator of plasminogen in the fibrinolytic
cascade. On the other hand, ECs also synthesize and
release plasminogen activator inhibitor (PAI)-1, an
inhibitor of t-PA, highlighting the role of the
endothelium in regulating the fine balance between
prothrombotic and antithrombotic processes.

Indeed, the plasma concentration of soluble TM in
patients with CTEPH was found to be significantly
lower than that in the control group, suggesting that a

Hallmarks Features Reference Tissue Culture/ Clinical
P , na b deling i Azarian et al. (1997) Clinical
rogressive worsening by remodeling in R
the small distal pulmonary arteries Moser gnd Bioor (1993) Clirical
o Yi et al. (2000) Clinical
No hemodynamic improvement and . -
) . persistent PH despite successful PEA Condiiffe et al. (2008) Clinical
Microvascular lesions Azarian et al. (1997) Clinical
microvascular changes in CTEPH Moser and Bloor (1993) Clinical
similar to those seen in IPAH Yi et al. (2000) Clinical
Piazza and Goldhaber (2011) Clinical
Vasodilative reactivity in the vasculature of CTEPH Seyfarth et al. (2010) Clinical
" . . | Sakao et al. (2011) Tissue Culture
Transitional cells in endarterectomized tissues R -
ranst na Yao et al. (2009) i Tissue Culture
EnMT induced by substances associated ' T
EnMT with the cells in endarterectomized tissues Sakao et al. (2011) Tissue Culture
The existence of endothelial and mesenchymal Yao et al. (2009) Tissue Culture
progenitor cells in endarterectomized tissues Firth et al. (2010) Tissue Culture
Humoral markers related with EG in GTEPH: Torbickd et al. {2008) Clinical
Anticardiolipin antibodies Bonderman et al. (2003) Clinical
Endothelial factor Vill Kimura et al. (2001) Clinical
Mono-:lyt:_; chemoattractant protein 1 Sofia et al. (1997) Clinical
£ aystunction Endothelins Reesink et al. (2006) Cinical —
4 Endothelin-mediated vascular remodeling Reesink et al. (2006) Clinical
The loss of the ability to form autophagosomss Sakao et al. {(2011) Tissue Culture
Structure-function defects of mitochondria Sakao et al. (2011) Tissue Culture
ECs with abnormalities in the expression of fibrinolytic Lang et al. (1994a,b) Tissue Culture
proteins or responses to thrombin stimulation Lang et al. (1994a,b) Tissue Culture
A decreased plasma TM concentration Sakamaki et al. (2003) Clinical
. ) Elevated PAI-1 mRNA levels o Lang et al, (1994) Tissue Culture
In situ thrombosis The decreased expression of Annexin A and T
plasminogen activator genes in HPMVECs Sakao et al. (2011) Tissue Culture

co-cultured with the cells from the PEA tissues

CTEPH: Chronic thromboembolic pulmonary hypenension; PH: Pulmonary arterial hypertension; PEA: Pulmonary endarterectomy; IPAH: idiopathic
pulmonary arterial hypertension; EnMT: Endothelial-mesenchymal transition; EC: endothelial cell; TM: Thrombomodulin; PA!-1: type 1 plasminogen
activator inhibitor; HPMVECs: Human pulmonary microvascular endothelial cells.
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decreased plasma TM concentration might reflect
pulmonary vascular EC dysfunction, Eeadmc to altered
anticoagulant and fibrinolytic function in CTEPH
('akama&’ t al,, 2003). ECs within the highly organized
Etssae‘; in

thromboemboli may play a role in the stabilization of

vascular thrombi (Lang et aL, 1994a). Moreover, there
were decreases inthe expression of the Annexin AS and’

pias inogen activator, urokinase. genes in HPMVECs

ured With myofxbrob} t—hk@ cells from the PEA
s of CTEPH patients (Sakao et al., 2011). Annexin
A5 plays an. zmportdm role:in. ammoawuiant fanctmn and

ced hos’phohpxd (Funakoshi et al., 19
; ¥9 v) over whu,h it forms ta un@rs (Vooe% el al .

'dem‘. cmdulatmn amy f ;

Plemmmoszen .:zcuvato urokma%,.f

EPH exl bited elevated PAI I mRNA.
& i to patient pulmonary artery
specxmeas that were free of thrombus, suggesting that
the prevalence of PAI-1 expression wzthm pulmonary

There are several lines of evidence indicating that
EC dysfuriction might interfere with the normal balance
between the pro-thrombotic and anti-thrombotic
mechanisms, resulting in local thrombosis, and may
contribute to/ ti'n,e p&thophysmfovyro‘t PAH (Eisenberg et
al., 1990; Welsh et al.; 1996; Wolf et al., 2000). The EC
dyafunctlon in CTEPH may lead to ehsmder of the anti-
coagulation properties in ECs, ie., ‘may inactivate a
vasc&i.;u fibrinolytic system, and resnii in the formation
of additional clots in situ, like PAH, becanse the
histopathological features in the CTEPH vasculature are
similar to-those seen in IPAH.

Crosstalk between the unresolved clot, EC
dysfunction. and in situ thrombi

Although the: fi st pulmonary cmbo i
accepted as the main initia ng ev
hypothes:ze that the. ameraence of the microen ronment
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beds, i.e., alveolar arteries, are exposed to the highest
oxygen tensions in the body, which may induce the
different response against substances related by an
unresolved clot in comparison to systemic artery ECs.
However, this explanation is not sufficient and further
explanations are needed.

We fully recognize the limitation of our data
interpretation which is based on in vitro studies of
cultured cells and that this study does not confer any
pathological evidence in CTEPH. Indeed, extensive
small vessel disease may be a complication of a minority
of CTEPH cases. Therefore, besides substances related
to the microenviroment created by the stabilized clot, a
second factor may be required to induce EC dysfunction
which results in extensive disease. However, it remains
unknown what is the second factor that is responsible for
whether extensive small vessel disease occurs in a given
patient.

In the pathogenesis of CTEPH, pulmonary
microvascular lesions develop in the distal areas of
unoccluded as well as occluded pulmonary arteries
(Moser and Bloor, 1993; Azarian et al., 1997; Yi et al.,
2000). The development of microvascular lesions distal
to totally obstructed pulmonary arteries may be

promoted by substances related to the microenvironment

created by the unresolved clot. The development of the
lesions distal to nonobstructed pulmonary arteries may
be promoted not only by substances, but also by
increased shear stress caused by hypoxic pulmonary
vasoconstriction, because shear stress has been shown to
inhibit apoptosis of ECs (Pi et al., 2004) and to stimulate

EC growth (Ameshima et al., 2003; Sakao et al., 2005),
~ contributing to vascular remodeling. However, unless
the occlusion is enormous, it seems unlikely that vessel
occlusion alone increases shear stress in unoccluded
arteries because of the large reservoir capacity of the
normal pulmonary vasculature. A more likely
explanation for the lesions distal to nonobstructed
pulmonary arteries may be that the pulmonary
arteriopathy could be the initial pathology of the lesions
in the patients with IPAH (Peacock et al., 2006). In any
case, a persistent clot in the peripheral pulmonary
arteries despite successful PEA may continue to create
the microenvironment that induces microvascular
changes. This may be the reason why there are patients
who do not respond to PEA.

In the proximal lesions in patients with CTEPH, the
pulmonary vasculature is subjected to a prolonged
exposure to thromboemboli, i.e., components in the final
common pathway of the coagulation cascade. Indeed,
thrombin, a serine protease that catalyzes the conversion
of fibrinogen to fibrin, is known to have potent effects
on ECs, leading to endothelial barrier dysfunction due to
the mobilization of Ca?* and rearrangement of the
cytoskeleton (Ellis et al., 1999). Moreover, chronic
exposure to fibrinogen, fibrin, and thrombin caused
changes in the cytosolic Ca?* in pulmonary artery ECs,
suggesting that such changes might contribute to EC
dysfunction, thus leading to vascular changes in patients

with CTEPH (Firth et al., 2009).

Based on these observations, it has been suggested
that many kinds of insults to ECs of the pulmonary
arteries may initiate a sequence of events which leads to
the EC dysfunctions in CTEPH. Numerous factors such
as hypoxia, endogenous vasoconstrictors, and
inflammatory cytokines could help to sustain this
process (Egermayer et al., 1999). An impairment of the
EC function in patients with CTEPH may lead to
additional thrombi in situ similar to that observed in
patients with PAH, and these may also lead to the
progression of the proximal clot.

It has been suggested that the core of the
pathological process in CTEPH is not only related to
thrombus formation, but it is also linked to disturbed
thrombus resolution (Morris et al., 2006, 2007;
Suntharalingam et al., 2008). An altered coagulation
process may account for the pathological features of
CTEPH (Wolf et al., 2000). Recently, the fibrinogen A
Thr312Ala polymorphism was shown to correspond to
significant differences in the genotype and allele
frequencies between CTEPH and control subjects. The
presence of these polymorphisms may confer resistance
to fibrinolysis that subsequently contributes to the
development of thrombus organization (Suntharalingam
et al., 2008). The other mechanism may be the
development of more fibrinolysis-resistant fibrin clots
from patients with CTEPH, when compared with the
fibrin clots from healthy control subjects (Morris et al.,
2006). An abnormally elevated amount of disialylated
fibrinogen y-chain can render a clot resistant to plasmin,
which could lead to the subsequent development of
CTEPH (Morris et al., 2007). However, these
explanations are not sufficient because there are many
patients without known coagulation problems who have
these factors, and because numerous genetic variants of
human fibrinogen have been implicated in thrombotic
diseases (Matsuda and Sugo, 2002). Therefore, the
resistance could be ascribed to not only fibrinogen
genetic polymorphisms, but also variations in the post-
translational modifications.

Conclusion

Besides the altered coagulation process, a crosstalk
between EC dysfunction and in situ thrombi may
contribute to the vascular lesions of CTEPH (Fig. 1)
(Table 1). Moreover, this may explain why pulmonary
thromboemboli in CTEPH patients are stable. Indeed,

pulmonary thromboendarterectomy may be the best way

to break this crosstalk. Recently, we demonstrated that
poor subpleural perfusion on pulmonary angiography
might be related to distal vascular remodeling and an
inadequate surgical outcome of CTEPH (Tanabe et al.,
2012). No satisfactory hemodynamic improvement and
persistent PH despite successful PEA in the patients with
CTEPH (Condliffe et al., 2008) suggests the existence of
distal vascular remodeling. Although it remains
uncertain whether vascular remodeling is actually related

_63_



191

Crosstalk between EC and thrombus in CTEPH

to the crosstalk between EC dysfunction and in situ
thrombi, the care for these patients should be directed
toward pharmacologically reducing pulmonary vascular
resistance with specific vasodilative compounds as used
for PAH therapy. The next step in the future is to find out
new ways to define EC dysfunction and vascular
remodeling in CTEPH objectively.
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