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ABSTRACT

Rationale: Diagnosis and monitoring of patients with pulmonary artery hypertension (PAH)
is currently difficult.

Objectives: We aimed to develop a noninvasive imaging modality for PAH that tracks the
infiltration of macrophages into the pulmonary vasculature, using a positron emission
tomography (PET) agent, °®Ga-2-(p-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-
triacetic acid (NOTA) mannosylated human serum albumin (MSA), that targets the mannose
receptor (MR).

Methods: We induced PAH in rats by monocrotaline injection. Tissue analysis,
echocardiography, and ®®Ga-NOTA-MSA PET were performed weekly in rats after
monocrotaline injection and in those treated with either sildenafil or macitentan. The
translational potential of ¥ Ga-NOTA-MSA PET was explored in PAH patients.
Measurements and Main Results: Gene sets related to macrophages were significantly
enriched on whole transcriptome sequencing of the lung tissue in PAH rats. Serial PET
images of PAH rats demonstrated increasing uptake of ®¥Ga-NOTA-MSA in the lung by time,
that corresponded with the MR-positive macrophage recruitment observed in
immunohistochemistry. In sildenafil- or macitentan-treated PAH rats, the infiltration of MR-
positive macrophages by histology and the uptake of ®*Ga-NOTA-MSA on PET was
significantly lower than that of the PAH-only group. The pulmonary uptake of ®*Ga-NOTA-
MSA was significantly higher in PAH patients than normal subjects (»p=0.009) or than those
with pulmonary hypertension by left heart disease (p=0.019) (n=5 per group).

Conclusions: 8Ga-NOTA-MSA PET can help diagnose PAH and monitor the inflammatory
status by imaging the degree of macrophage infiltration into the lung. These observations

suggest that 8Ga-NOTA-MSA PET has the potential to be used as a novel noninvasive
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diagnostic and monitoring tool of PAH.

Number of words in the abstract: 250
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INTRODUCTION

Pulmonary artery hypertension (PAH) is a complex and debilitating group of diseases
characterized by hyper-proliferative remodeling of pulmonary vessels that leads to an
increase in pulmonary vascular resistance, excessive afterload on the right ventricle (RV),
and ultimately, the risk of RV failure and death (1). An important clinical feature of PAH is
that its symptoms and signs are nonspecific, which hampers early diagnosis and timely
treatment. Unfortunately, current diagnostic tools, such as right heart catheterization and
echocardiography, cannot reliably identify patients with early stage PAH, either because they
are too invasive for common use or because they are not accurate enough (2). Despite the fact
that early detection of PAH progression leads to better outcomes (3, 4), it has been reported
that current noninvasive diagnostic techniques are not suitable for monitoring the response to
PAH treatment (5), leaving a huge unmet clinical need. These difficulties also preclude the
appropriate initiation and adjustment of PAH therapy and it is one of the main reasons for the
poor prognosis of PAH patients (2).

Among the several pathophysiological mechanisms of PAH (6-8), there have been
intense attention on the role of altered immune process and failure to resolve inflammation in
PAH patients (9). Among various immune effector cells in PAH, there are multiple lines of
evidence that macrophages may play an important role in the development and progression of
PAH. Specifically, several experimental and clinical studies consistently show that
macrophage infiltration is prominent in animal models of PAH and in PAH patients (9-11).
Early recruitment and activation of mannose receptor (MR)-positive macrophages have been
found to be essential for the development of PAH animal models (12) and also to be
increased in the lungs of idiopathic PAH patients (13). Furthermore, previous research
showed that depletion or inactivation of macrophages could prevent or reverse PAH (14).

Collectively, these observations suggest that molecular imaging of MR-positive macrophages
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in the lungs can be used for the diagnosis and treatment monitoring of PAH by imaging the
inflammatory status of the lungs.

We have recently shown that imaging of MR-positive macrophages may be
promising for monitoring myocarditis, using positron emission tomography (PET)/computed
tomography (CT) scan with %Ga-2-(p-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-
triacetic acid (NOTA) mannosylated human serum albumin (MSA), a tracer targeting the MR
(15). In the present study, we hypothesized that the recruitment of macrophages into the lung
vasculature can be harnessed to accurately evaluate PAH using ®*Ga-NOTA-MSA PET/CT
scan. We tested this hypothesis in animal PAH models and explored the translational

potential in PAH patients.
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METHODS

For details on METHODS, see Supplemental Methods.

Ethics statements of animal studies

All animal experimental protocol was approved by the Institutional Animal Care and Use
Committee (IACUC) of Seoul National University Hospital (IACUC No. 14-0215-C1A0).
The experiments also comply with the Guide for the Care and Use of Laboratory Animals
(National Research Council, revised in 2011). Animal studies using radioactive tracers were

approved by the local Institutional Biosafety Committee.

Transcriptome sequencing and data analysis

We examined the whole transcriptomic profile of the rat lung tissues collected after 1, 2, 3
weeks of subcutaneous monocrotaline administration (n=3 per group of each week) and
compared them with controls (n=3). The lung tissues were processed and the RNA quality
checked, quantified, and sequenced as previously described (16). We focused on
macrophage-related biological processes enriched with genes identified from #-test, using the
annotations defined by the Gene Ontology (GO) Consortium. The enrichments of gene
clusters in GO terms were assessed using a gene set enrichment test to compare the number
of genes in each cluster associated with the studied meta-data to its expected value in the
whole genome (12,750 genes). The hyper-geometric p value was calculated as the probability
of more occurrences of a term in a study set compared to the number of occurrences of that

term in the background set.

Rat model of PAH

Pulmonary hypertension (PH) was induced in 6-week old female Sprague-Dawley rats by an
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intraperitoneal single injection of monocrotaline (60mg/kg, Sigma-Aldrich, MO), with %Ga-
NOTA-MSA PET/CT scans and echocardiograms weekly thereafter. The degree of RV
hypertrophy was expressed as the Fulton index, which is the weight ratio of RV divided by the

sum of left ventricle and septum.

Assessment of specificity of *Ga-NOTA-MSA tracer for MR

To validate the feasibility of ¥ Ga-NOTA-MSA PET/CT assessment and its specificity to MR,
biodistribution analysis of ®®Ga-NOTA-MSA was performed in 10-week old female BALB/c
mice and also, in PAH rats. ¥Ga-NOTA-MSA was prepared as previously described (17).

Mannan solution (25mg/mL) was used as a MR blocker.

3Ga-NOTA-MSA PET/CT image acquisition and analysis

PET images were obtained by list mode in isoflurane-anaesthetized rats, for 60 minutes after
intravenous administration of ®Ga-NOTA-MSA (55.5MBq) using a small-animal PET/CT
scanner (eXplore VISTA, GE Healthcare, WI). Based on a pilot analysis of dynamic images,
static PET images were reconstructed using images acquired during 40—60 minutes post-
injection (Figure E1). Image reconstruction was conducted as described previously (15). The
degree of ®*Ga-NOTA-MSA uptake were measured by drawing regions of interest (ROI) at the
lung and the reference tissue (paraspinal muscle) on the co-registered trans-axial PET/CT
images (Figure E2), and the degree of ¥Ga-NOTA-MSA uptake in the lung was presented as
the lung-to-reference ratio (LRR). The paraspinal muscle was selected as the reference tissue
in this animal experiment, since in rats, the superior vena cava (SVC) was too small to serve

as the reference.

Human studies

Copyright © 2019 by the American Thoracic Society

Page 8 of 69



Page 9 of 69

AJRCCM Articlesin Press. Published on 19-July-2019 as 10.1164/rccm.201903-06390C

Human studies were conducted in accordance with the latest Declaration of Helsinki and the
study protocol was reviewed and approved by the Institutional Review Board (IRB) of Seoul
National University Hospital (IRB No. 1506-156-686). All subjects gave written informed
consent for study enrollment. From April 2014, we prospectively recruited 5 patients with
idiopathic PAH or connective tissue disease-related PAH, who were confirmed by cardiac
catheterization. The diagnosis of PAH was based on the standard definition of mean
PAP>25mmHg, pulmonary artery wedge pressure (PAWP)<15mmHg, and pulmonary
vascular resistance (PVR)>3 wood unit (1, 5). Five healthy volunteers served as a normal
control group. Five patients with PH due to left heart disease (PH-LHD) served as another
control group. Major exclusion criteria are listed separately (Table E1).

The %8Ga-NOTA-MSA PET/CT images were batch-analyzed by an investigator
blinded to the clinical and hemodynamic data of the study participants. The ROIs were drawn
for lungs and the reference tissue (SVC) (18), and the degree of uptake in the lungs were

expressed as the LRR.

Statistical analysis

Continuous and categorical data were presented as median (range) and number (percent),
respectively. The Student t test or Mann-Whitney U test was used to compare continuous
variables, and the Chi-square test or Fisher’s exact test was used to compare categorical
variables as appropriate. One-way analysis of variance (ANOVA) followed by Bonferroni
post-hoc test was performed for comparisons between multiple groups. In cases where the
data was not normally distributed, Kruskal-Wallis test followed by Dunn’s multiple
comparison test was used to compare the mean ranks. In circumstances when the clustered
nature of data (i.e., more vessels within the same rat) should be considered, the generalized

estimating equation approach was used for the comparison between groups. For analyses of
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gene expression data, the false discovery rate was controlled by adjusting p-value using
Benjamini-Hochberg algorithm. Spearman’s p was used to quantify the correlations between
variables. Statistical analysis was performed with SPSS version 23.0 (SPSS Inc., IL). A two-

sided p value <0.05 was considered significant.
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RESULTS

Gene expression profiles of the lung in PAH

To demonstrate the importance of macrophages in the development of PAH, we investigated
the whole transcriptomic profile of the rat lung tissues collected weekly after monocrotaline
administration. We aimed to identify the GO categories enriched in the development of PAH
by comparing the transcriptomic profile with the whole transcriptome background. The gene
sets that were significantly enriched were the GO term “Positive regulation of macrophage
migration”, “Positive regulation of macrophage activation”, and “Macrophage activation
involved in immune response” (hyper-geometric p=0.0003, 0.0045, and 0.0379, respectively;
Figure 1A). The transcriptomic level of the MRC1, the gene coding MR, gradually increased
(»<0.001 by ANOVA), with the difference becoming significant at 3 weeks after

monocrotaline injection compared with the normal controls (p<0.001; Figure 1B).

Specificity of ¥Ga-NOTA-MSA for MR

The biodistribution assay showed a significantly lower uptake of ®*Ga-NOTA-MSA in the
liver of mice by MR blockade, i.e. lower radioactivity in the liver of group 1 (MR blockade
with high-dose mannan) and group 2 (MR blockade with low-dose mannan) than the control,
group 3 (no MR blockade) (Figure 2). Specifically, the administration of mannan produced a
dose-dependent reduction in the liver uptake of ®*Ga-NOTA-MSA, and compared with group
3, group 1 and 2 had a significantly reduced ¥Ga-NOTA-MSA uptake with a 46% and 34%
decrease at 10 minutes, a 61% and 54% decrease at 1 hour, and a 57% and 43% decrease at 2
hours post-injection, respectively (Figure 2A). Figure 2B shows the representative °Ga-
NOTA-MSA PET scans of mice in group 1, 2, and 3. When the same set of experiments were
done with the PAH rats, the LRR was significantly lower in the MR blockade PAH rats than

in the PAH only rats (10.94+3.29 for MR blockade PAH rats versus 15.95+4.09 for PAH

9
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only rats; p=0.039; n=5 per group).

Association of 8Ga-NOTA-MSA uptake with PAH progression

We assessed the uptake of ©¥Ga-NOTA-MSA in the lung weekly after the monocrotaline
injection (Figure 3A). Monocrotaline injection resulted in progressive pulmonary vascular
remodeling, characterized by narrowing or obliteration of the lumen that became prominent
between week 2 and 3 (upper panel of Figure E2A). The lung tissue demonstrated increasing
infiltration of the ED1-positive macrophages (lower panel of Figure E2A) and the MR-
positive macrophages around the pulmonary arterioles (Figure 3B), with the difference
becoming pronounced starting from week 1 after monocrotaline injection. The percent wall
thickness, the number of MR-positive macrophages, and the Fulton index increased as PAH
evolved over 3 weeks; the difference in MR-positive macrophage number and the Fulton
index became significant starting from week 1 following monocrotaline injection whereas the
increase in the percent wall thickness was significant from week 2 (Figure 3C-E). The
pulmonary artery acceleration time (PAAT), a parameter that inversely correlates with the
mean pulmonary artery pressure (PAP) (19), gradually decreased (Figure 3F and Figure
E2B) as PAH evolved. Serial PET images showed an increasing uptake of ¥ Ga-NOTA-MSA
in the lung that reached significantly higher levels than the control animals at the 1-week time
point after monocrotaline injection (Figure 3G-H). The lung uptake of ®*Ga-NOTA-MSA
correlated with the degree of lung infiltration of the MR-positive macrophages (Spearman’s
p=0.883, p<0.001) (Figure 3I). The correlations of ®*Ga-NOTA-MSA uptake with other
PAH parameters are presented in Table E2. The biodistribution assay in post-mortem animals

also supported the increased ¥Ga-NOTA-MSA uptake in the lung (Table E3).

Decline of 8Ga-NOTA-MSA uptake after PAH-targeted therapy

10
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We assessed the lung uptake of 8Ga-NOTA-MSA in the PAH rats after treatment with either
sildenafil or macitentan, the two commonly used targeted agents for PAH (Figure 4A). In
contrast to the PAH-only rats, the increase in the degree of pulmonary arteriolar
muscularization, infiltration of MR-positive macrophages, and the Fulton index was
significantly attenuated in rats treated with either sildenafil or macitentan (Figure 4B-E and
Figure E4). The decrease in PAAT was restored by treatment with either sildenafil or
macitentan (Figure 4F). The %Ga-NOTA-MSA PET showed that the uptake of the tracer in
the lung was significantly lower in the sildenafil- and macitentan-treated groups than the
PAH-only group (Figure 4G-H), a pattern similar to that histologically observed in the

infiltration of MR-positive macrophages.

Human application of ¥*Ga-NOTA-MSA in PAH patients

8Ga-NOTA-MSA PET/CT was performed in patients with PAH, PH-LHD, and normal
subjects (n=5 in each group). None of the participants complained of any symptoms or signs
of adverse events after Ga-NOTA-MSA administration. Baseline characteristics of the
study participants are summarized in Table 1. There was no significant difference in age, sex,
and body mass index between normal subjects and patients with PAH. Patients with PH-LHD
were significantly older than those with PAH (58.0 [51.5-70.5] vs. 36.0 [23.0-51.5] years,
p=0.032), with no difference in sex distribution nor in the anthropometric parameters
between the groups. The mean PAP and PVR was not significantly different between PAH
patients versus PH-LHD patients (54.0 [33.5-63.5] vs. 44.0 [36.5-52.0] mmHg, p=0.690 for
mean PAP; 16.6 [8.8-18.4] vs. 6.6 [2.83- 8.8] WU, p=0.056 for PVR). The median interval
between cardiac catheterization and ®®Ga-NOTA-MSA PET/CT scan was 6 days for PAH
patients and 11 days for PH-LHD patients, respectively, which were not statistically different.

Only one patient with PAH underwent ¥Ga-NOTA-MSA PET/CT 6 months after cardiac

11
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catheterization due to a conflict in the personal schedule, but no significant aggravation or
improvement of PAH was evident during this interval. Detailed data of the individual
participants are listed in Table E4 and ES.

The degree of ®®Ga-NOTA-MSA uptake in the lung was significantly higher in the
PAH patients than the normal subjects (»p=0.011) or the patients with PH-LHD (p=0.008)
(Figure 5A). The results remained significant when one patient who underwent ®*Ga-NOTA-
MSA PET/CT 6 months after cardiac catheterization was excluded from the analysis
(p=0.034 and p=0.042, respectively). The representative Ga-NOTA-MSA PET/CT scans of
two patients with PAH, one patient with PH-LHD, and one normal subject is shown (Figure
5C-F). In PAH patients, the ®®Ga-NOTA-MSA uptake pattern was mainly diffuse in both
lung fields with more pronounced uptake in the central portion (Figure SC-D). There was no
significant ®*Ga-NOTA-MSA uptake in the lung of the patients with PH-LHD, except for the
focal uptake along the lesion corresponding to a localized bronchiectasis (Figure SE). No
8Ga-NOTA-MSA lung uptake was evident in the normal subjects (Figure 5F).
In the subgroup of PAH patients, the LRR did not significantly correlate with the invasively
measured hemodynamic parameters (Table 2), suggesting that the degree of ¥Ga-NOTA-
MSA uptake in the lung targets a process that is different from the hemodynamic process of
the PAH development. There was also no significant correlation between LRR and various

hemodynamic parameters in the subgroup of PH-LHD patients.

12

Copyright © 2019 by the American Thoracic Society



Page 15 of 69

AJRCCM Articlesin Press. Published on 19-July-2019 as 10.1164/rccm.201903-06390C

DISCUSSION

The major findings of our study can be summarized as follows: 1) the expression of genes
related to macrophages, such as MRC1, are increased in MCT-induced PAH rats, as revealed
by transcriptome analysis, 2) ®*Ga-NOTA-MSA is specific for MR, suggesting that this PET
tracer binds to MR-expressing cells, such as macrophages, 3) the increase in pulmonary *Ga-
NOTA-MSA uptake on PET/CT occurred 1 to 3 weeks after monocrotaline injection,
suggesting that this novel molecular imaging technique may enable the detection of PAH
earlier before the change in hemodynamic parameters, 4) treatment with sildenafil or
macitentan significantly decreased the lung uptake of ®8Ga-NOTA-MSA, which supports that
this technology may have the potential applications to assess the response to PAH-specific
therapy, and 5) human studies demonstrated that the lung uptake of ¥Ga-NOTA-MSA was
increased in PAH patients, but neither in normal subjects nor in patients with PH-LHD,
suggesting its specificity. These findings demonstrate that the measurement of lung *3Ga-
NOTA-MSA uptake makes it possible to noninvasively and quantitatively visualize the
recruitment of MR-positive macrophage to the pulmonary vasculature in PAH patients for the
purpose of adequate diagnosis and monitoring of PAH.

Although various types of inflammatory cells are implicated in PAH, macrophages
have been reported to be particularly associated with this disease process (20, 21). Our study
also supports the role of macrophages in PAH, by showing that gene sets related to
macrophage migration and activation were significantly enriched in the transcriptomic
analysis of the PAH lung tissues. This finding is plausible given that the monocrotaline
model is a toxic inflammatory model of PAH (22). Since this study primarily focused on the
diagnostic utility of ¥Ga-NOTA-MSA imaging, we did not assess whether an increased
presence and activity of macrophages were observed in other animal models of PAH.

However, previous studies suggest that macrophages may play an essential role in pulmonary

13
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vascular remodeling in animal models of hypoxia-induced PAH and portopulmonary
hypertension (10). Furthermore, considering that the inflammatory component of human
PAH is best resembled by the monocrotaline-induced PAH rat model (23), this animal model
may be the most appropriate model for translation of research findings on inflammation in
PAH into humans.

Among the different subsets of macrophages, M2 macrophages have been recognized
as a key contributor to pulmonary vascular remodeling, possibly via the secretion of Fizzl, a
molecule with mitogenic, profibrotic, and vasoconstrictive properties (24, 25). One previous
study showed that early recruitment of M2 macrophages is crucial for the development of
PAH, suggesting that the assessment of M2 activation may serve as a potential tool for early
diagnosis and disease progression monitoring of PAH (12). This is also supported by a
human study showing that the expression of MR, one of the most widely used markers of M2
macrophages, was observed in vivo in idiopathic PAH patients (26). Our study demonstrated
that the uptake of ¥Ga-NOTA-MSA was blocked by the administration of mannan, a MR-
specific antagonist, suggesting that ¥ Ga-NOTA-MSA imaging can be used to specifically
detect the recruitment of macrophages expressing MR.

Previous studies suggested that fluorine-18-labeled 2-fluoro-2-deoxyglucose ('¥F-
FDG) PET may be useful as an imaging tool to assess the molecular pathology of PAH and
its diagnosis and monitoring (19, 27). Considering that '8F-FDG uptake generally reflects
glucose metabolism in both proliferative and inflammatory cells, '8F-FDG PET may not
image the inflammatory processes specifically. In contrast, the ¥ Ga-NOTA-MSA uptake
followed the degree of macrophage infiltration, suggesting its specificity for monitoring the
status of inflammatory cell infiltration and a different standpoint of understanding the process
of PAH. Therefore, it is possible that the use of ©®Ga-NOTA-MSA can be helpful in the

identification of subgroups of PAH patients who might most benefit from treatments mainly

14
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targeting the inflammatory pathways.

Notably, the uptake of ®*Ga-NOTA-MSA was significantly higher in patients with
PAH than those with PH-LHD. Because the differentiation of PAH from PH-LHD remains a
practical challenge, especially without the use of invasive catheterization, *Ga-NOTA-MSA
PET imaging might be promising as a noninvasive tool for this purpose. Although
speculative, combined post- and pre-capillary PH could include inflammatory change to the
left ventricle depending on the associated disease in a given patient (15, 28), and this finding
might help identify combined pre/post-capillary PAH. However, further studies are clearly
required to validate and extend our finding concerning the role of ©Ga-NOTA-MSA PET
imaging in the diagnosis and differentiation of PAH from other forms of PH. On the other
hand, we did not find a significant correlation between LRR and various hemodynamic
parameters in both the subgroup of PAH and PH-LHD, suggesting that ®*Ga-NOTA-MSA
may be more reflective of inflammatory status rather than obliteration of the pulmonary
vascular bed and resultant RV pressure overload (Figure E5). Considering that soluble
CD163, a macrophage activation marker, has been recently described as a promising serum
marker of inflammatory status in several patient population (29-31), the measurement of the
inflammatory status by °8Ga-NOTA-MSA PET may provide further insight into the clinical
relevance of this imaging modality.

In the present study, SVC was used as the reference region for uptake measurement,
since it has been preferred in several previous studies (32, 33). Although the pulmonary
artery might be more robust against partial volume effect than SVC due to larger size, veins
have been generally preferred to arteries because there may be some uptake of tracers in the
arterial muscle cells. Furthermore, in the setting of PAH, with possible progression to
dilatation of the lumen or the hypertrophy of arterial/ventricular wall, there are concerns with

any unexpected influence of PAH on the measurement of uptake in pulmonary artery, right

15
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ventricle, and right atrium, making them difficult to be used as the reference region.

Recent evidence indicates that a comprehensive risk stratification at early stage may
determine the prognosis in PAH patients (34, 35). The adequate assessment of response to
initial therapy allows timely decision of maintaining initial therapy or changing to
combination therapy, consequently leading to better treatment outcomes. Our study
demonstrated that the uptake of ¥Ga-NOTA-MSA decreased in PAH rats treated with either
sildenafil or macitentan, compared with those receiving vehicle only. This finding is in line
with previous studies showing that phosphodiesterase type 5 inhibitors or endothelin receptor
antagonists could attenuate the recruitment or activation of macrophages into various tissues,
including adipose tissue, renal parenchyma, or atherosclerotic plaque (36-38). We did not
explore the mechanism of macrophage-inhibiting effects of these agents, because this study
focused on whether 8Ga-NOTA-MSA PET imaging can detect treatment response consistent
with the findings of ex vivo experiments. However, our study suggests that this molecular
imaging technique has the potential of contributing to a more comprehensive assessment of
treatment response during follow-up of PAH patients, by providing information on the
change in inflammatory activity in addition to the variables reflecting symptomatic,
functional, and hemodynamic status, information that is not at all provided by the current

state-of-art evaluation techniques.

Study Limitations

First, because of the small number of participants, our findings do not allow a generalized
conclusion in human subjects. It is also difficult to conclude on a confident relationship
between the degree of ©¥Ga-NOTA-MSA uptake and the hemodynamic severity of PAH.
Further studies with larger number of patients are warranted to validate our findings. Second,

we did not have follow-up data on the changes in lung uptake of ¥Ga-NOTA-MSA in PAH
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patients after PAH-specific therapies. Although our results from animal experiments suggest
that ¥ Ga-NOTA-MSA PET/CT has the potential of monitoring the treatment response to
PAH-targeted therapy, further investigation is necessary to investigate whether this can be
extrapolated to PAH patients. Third, transcriptomic analysis of whole lung tissue may
confound the determination of the cell type and the biological pathways associated with PAH,
since the result of this analysis is influenced by the changes in the cellular composition of the
tissue (39). Fourth, we did not assess the changes in pulmonary blood volume or flow
induced in the monocrotaline model, a factor that can affect tracer delivery to the lungs. If
monocrotaline per se reduces pulmonary blood flow and thus tracer delivery to the lungs, it
can potentially confound interpretation of pulmonary ®Ga-NOTA-MSA uptake. However, it
has been suggested that pulmonary blood flow is not significantly changed by monocrotaline
injection (40). Lastly, the optimal method for measuring pulmonary *Ga-NOTA-MSA
uptake is unclear. Although there is no data yet to support that the target-to-background ratio
is reliable for assessing %4Ga-NOTA-MSA uptake as in '8F-FDG uptake, the target-to-
background ratio, such as LRR used in our study, is a widely used, reproducible method to
evaluate the tissue uptake of the radiotracer with an excellent correlation with histological

markers of inflammation.

CONCLUSIONS

We demonstrate the possibility that ¥ Ga-NOTA-MSA PET imaging can be valuable for
noninvasive assessment of inflammatory status in PAH, by visualizing the infiltration of
macrophages into the lungs. This novel imaging technology may also hold promise for an

improved assessment of treatment response to PAH-targeted therapy.
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Although it is well known that macrophages are effector cells that drives the progression of
pulmonary artery hypertension (PAH), methods to assess the inflammatory cell infiltration
using noninvasive imaging are largely lacking. The present study was inspired by the findings
that 8Ga-2-(p-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA)
mannosylated human serum albumin (MSA), a tracer targeting the mannose receptor on
macrophages, may have a potential to evaluate macrophage infiltration in PAH.

What This Study Adds to the Field

We hypothesized that macrophage recruitment into the lung vasculature can be harnessed to
assess PAH using *Ga-NOTA-MSA positron emission tomography (PET) and tested this
hypothesis in animal PAH models and in patients with PAH. The increase in pulmonary
%8Ga-MSA-NOTA uptake on PET occurs 1 to 3 weeks after monocrotaline injection,
suggesting that this molecular imaging technique enables the detection of PAH earlier before
hemodynamic changes. Treatment with sildenafil or macitentan significantly reduces the
pulmonary 8Ga-MSA-NOTA uptake, supporting that this technology may have potential
applications to monitor the response to PAH-specific therapy. Finally, the pulmonary ®Ga-
MSA-NOTA uptake is increased in PAH patients, but neither in normal subjects nor in
patients with pulmonary hypertension due to left heart disease, suggesting its translational

potential.
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FIGURE LEGENDS

Figure 1. Transcriptome analysis of the PAH evolution.

(A) Heat map of the normalized transcriptome expression profile for control and
monocrotaline-treated rats at 1, 2, and 3 weeks post-injection. Expression values are colored
based on their z-score normalized FPKM values for each gene: yellow, relatively high
transcript expression; blue, relatively low expression. Gene ontology terms “positive regulation
of macrophage migration”, “positive regulation of macrophage activation”, and “macrophage
activation involved in immune response” were significantly over-represented in the set of
transcripts differentially expressed among the 4 groups (n=3 per group). (B) Comparison of the

expression level of MRCI between the control and the monocrotaline-treated rats.

FPKM-=fragments per kilobase of exon model per million reads mapped.

Figure 2. In vivo biodistribution assay of 8Ga-NOTA-MSA.

(A) Comparison of liver uptake of *Ga-NOTA-MSA between different groups of mice (n=4
per group). Group 1 indicates mice receiving ®*Ga-NOTA-MSA (24uCi) with MR blockade
by high-dose mannan (2,500ug/animal); group 2 indicates mice receiving ®Ga-NOTA-MSA
(24pCi) with MR blockade by low-dose mannan (500pg/animal); and group 3 indicates mice
receiving ®Ga-NOTA-MSA (24uCi) without MR blockade. (B) Representative 8Ga-NOTA-
MSA PET images for each group. A high uptake of ¥ Ga-NOTA-MSA in the liver was found
in the mouse of group 3, whereas the uptake was substantially reduced in group 1 and 2. The
color scale bar indicates the concentrations of radioactivity (Becquerel per volume of tissue,

Bg/mL).

Figure 3. Time course of PAH progression and lung ¥Ga-NOTA-MSA uptake in PET

after monocrotaline injection.
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(A) Schematic diagram of animal experiment. Timeline of PAH development in 6-week old
female Sprague-Dawley rats and serial imaging with NOTA-MSA PET/CT scans and
echocardiograms. (B) Histological changes of the lung in PAH progression. Note prominent
infiltration of CD206 (MR)-positive macrophages around the pulmonary arteriole at 1, 2, and
3 weeks after monocrotaline administration. (C-D) There was a gradual and significant increase
in percent wall thickness (C) and MR-positive macrophages per vessel (D) with PAH
progression. Percent wall thickness was calculated by the ratio of medial wall thickness to the
external diameter of small muscular pulmonary arterioles (<150pm outer diameter) on
hematoxylin and eosin (H&E)-stained lung sections. MR-positive macrophages near the
pulmonary arterioles were counted. For each of the 4 groups, we measured 40 vessels per
animal (n=8 per group). (E) A similar increment in the Fulton index (RV weight to left ventricle
plus septum weight) was noted (n=8 per group). (F) PAAT was measured by Doppler
echocardiography which decreased with the progression of PAH, a significant difference
starting from week 2 (n>10 per group). (G-H) Representative PET scans show increased **Ga-
NOTA-MSA uptake in the lung fields of PAH rats (G). Quantification of lung uptake of ¢8Ga-
NOTA-MSA demonstrates significantly higher uptake in PAH rats, starting from week 1 (H)
(n>10 per group). (I) There was a significant correlation between 8Ga-NOTA-MSA uptake
and degree of MR-positive macrophages per vessel. CT=computed tomography;
IP=intraperitoneal; MCT=monocrotaline; MR=mannose receptor; MSA=mannosylated human
serum albumin; NOTA=2-(p-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic
acid; PAAT=pulmonary artery acceleration time. PET=positron emission tomography;

SD=Sprague-Dawley.

Figure 4. Attenuation of the ®*Ga-NOTA-MSA uptake in the lung after treatment with

sildenafil or macitentan.
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(A) Schematic diagram of animal experiment. Timeline of treatment with sildenafil or
macitentan after a single initial monocrotaline injection in rats. (B) Histological changes after
3-week oral administration of sildenafil (25mg/kg/day) or macitentan (30mg/kg/day) from the
time of monocrotaline injection. Compared with the PAH rat without treatment, note the
decrease of CD206 (MR)-positive macrophage infiltration around the pulmonary arteriole of
the PAH rat treated with sildenafil or macitentan. (C-D) Treatment with sildenafil or
macitentan attenuated monocrotaline-induced pulmonary arteriole muscularization (C) and
CD206 (MR)-positive macrophage infiltration (D). For each of the 4 groups, we measured 40
vessels per animal (n=5 per group). (E-F) Sildenafil or macitentan treatment partially improved
the increased Fulton index (E) and the decreased PAAT induced by monocrotaline injection
(F) (n=5 per group). (G-H) Representative PET scans demonstrate attenuation of ©*Ga-NOTA -
MSA uptake in the lung of PAH rats treated with sildenafil or macitentan (G). Quantification
of lung 8Ga-NOTA-MSA uptake shows that monocrotaline-induced increase of ®*Ga-NOTA -
MSA uptake was attenuated with the administration of sildenafil or macitentan (H) (n>5 per
group). SIL-Tx=sildenafil-treated, MAC-Tx=macitentan-treated, other abbreviations as in

Figure 3.

Figure 5. Application of ¥Ga-NOTA-MSA PET/CT imaging in patients with PAH.

(A) Quantification of lung ®*Ga-NOTA-MSA uptake demonstrates that patients with PAH had
a significantly higher uptake than patients with PH-LHD or normal healthy subjects. (B) The
lung ROI for each patient was segmented based on the Hounsfield unit (HU) of the CT image
(-1000<HU<-200), as shown in the center panel. Red colored area in the right panel indicates
the ROI used to assess lung uptake of ¥ Ga-NOTA-MSA on PET images. (C-F) Representative
8Ga-NOTA-MSA PET/CT images of the study participants. Diffusely increased lung uptake

of %8Ga-NOTA-MSA was observed in patients with PAH (C, Patient #14 and D, Patient #12).
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Only focal uptake of 8Ga-NOTA-MSA in localized bronchiectasis was observed without
increased uptake in the lung of a patient with PH-LHD (E, Patient #7). A representative
negative %Ga-NOTA-MSA PET/CT scan image of a patient who did not have PH (F, Patient
#5). The color scale bar indicates the lung-to-reference ratio. For details of patients’
characteristics, see Table E4 and E5. PH-LHD=pulmonary hypertension due to left heart

disease, PAH=pulmonary artery hypertension, PH=pulmonary hypertension.
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Table 1. Baseline Clinical, Hemodynamic, and 8Ga-MSA-NOTA PET/CT Data of Study Participants
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Normal PH-LHD PAH p normal p PH-LHD
(n=5) (n=5) (n=5) vs. PAH vs. PAH
Age, years 44.0+7.0 60.4£10.1 37.0£15.0 0.421 0.032
45.0 (37.5-50.0) 58.0 (51.5-70.5) 36.0 (23.0-51.5)
Female 4 (80%) 3 (60%) 4 (80%) 1.000 0.490
Height, cm 163.4+12.0 163.8+10.5 160.6+7.8 0.841 0.690
160.0 (154.8-173.7) 166.0 (153.0-173-5) 157.0 (154.0-169.0)
Weight, kg 56.1£17.2 54.4+£7.9 58.5+12.2 0.841 0.548
49.0 (46.6-69.3) 53.0 (48.7-60.8) 62.0 (45.7-69.5)
BMI, kg/m? 20.7+3.3 20.242.2 22.9+3.8 0.421 0.222
19.1 (18.4-23-8) 19.7 (18.2-22.5) 23.2(19.2-26.4)
BSA, m? 1.60+0.28 1.56+0.15 1.62+0.20 0.690 0.841
1.49 (1.43-1.82) 1.56 (1.42-1.72) 1.63 (1.46-1.79)
SBP, mmHg 118.6+5.5 110.2+10.0 110.8+14.9 0.690 0.690
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120.0 (114.0-122.5)  110.0(101.0-119.5)  115.0 (95.5-121.0)
DBP, mmHg 75.045.9 70.8+13.4 73.249.6 1.000 0.690
75.0 (70.5-80.0) 70.0 (59.0-83.0) 75.0 (64.0-81.5)
HR, bpm 78.8+7.0 84.8+11.5 79.6+15.8 0.841 0.690
80.0 (72.0-85.0) 89.0 (73.5-94.0) 75.0 (66.5-95.0)
SPAP, mmHg - 69.8+19.5 71.8422.5 - 0.841
73.0 (50.5-87.5) 79.0 (48.0-92.0)
DPAP, mmHg - 26.848.6 34.8+11.9 - 0.421
28.0 (19.5-33.5) 41.0 (22.0-44.5)
MPAP, mmHg - 442492 49.6+15.3 - 0.690
44.0 (36.5-52.0) 54.0 (33.5-63.5)
PAWP, mmHg - 24.6£12.0 11.6+3.8 - 0.008
18.0 (17.0-35.5) 13.0 (8.5-14.0)
TPG, mmHg 19.6£9.4 38.0+14.2 0.056
22.0 (10.0-28.0) 40.0 (24.0-51.0)
PVR, WU - 6.0+3.2 14.245.7 - 0.056
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6.6 (2.8-8.8) 16.6 (8.8-18.4)

PVRI, WU/m? - 9.2+4.8 23.3+10.1 - 0.056
9.0 (4.7-13.7) 27.6 (12.9-31.4)

CO, L/min - 4.11+1.80 2.75+0.47 - 0.222
3.53 (2.62-5.90) 2.70 (2.30-3.22)

CI, L/min/m? - 2.58+1.01 1.80+0.46 - 0.222
2.23 (1.78-3.55) 1.63 (1.54-2.15)

Lung-to-reference ratio 0.18+0.01 0.18+0.02 0.26+0.05 0.011 0.008
0.19 (0.17-0.19) 0.18 (0.16-0.20) 0.24 (0.23-0.31)

Interval between RHC - 107 43481 - 1.000

and PET/CT, days 11 (3-17) 6 (4-101)

Values given as number (percentage), meantstandard deviation, or median (interquartile range) unless otherwise indicated.

BMI, body mass index; BSA, body surface area; CI, cardiac index; CO, cardiac output; DBP, diastolic blood pressure; DPAP, diastolic
pulmonary artery pressure; HR, heart rate; MPAP, mean pulmonary artery pressure; MSA, human serum albumin; PAH, pulmonary artery
hypertension; PAWP, pulmonary artery wedge pressure; PET/CT, positron emission tomography/computed tomography; PH-LHD, PH due to

left heart disease; PVR, pulmonary vascular resistance; PVRI, pulmonary vascular resistance index; RHC, right heart catheterization; SBP,

30

Copyright © 2019 by the American Thoracic Society



AJRCCM Articles in Press. Published on 19-July-2019 as 10.1164/rccm.201903-06390C
Page 33 of 69

systolic blood pressure; SPAP, systolic pulmonary artery pressure; TPG, transpulmonary pressure gradient.

TPG was calculated as the difference between MPAP and PAWP.
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Table 2. Correlation of lung *Ga-NOTA-MSA uptake on PET scans with hemodynamic parameters measured by cardiac

catheterization in patients with PAH or PH-LHD

AJRCCM Atrticlesin Press. Published on 19-July-2019 as 10.1164/rccm.201903-06390C

PAH PH-LHD
Spearman’s p p Spearman’s p p
SPAP -0.400 0.505 -0.600 0.285
DPAP -0.205 0.741 -0.200 0.747
MPAP -0.400 0.505 -0.60 0.285
PAWP 0.872 0.054 -0.103 0.870
TPG -0.400 0.505 -0.300 0.624
PVR -0.100 0.873 0.200 0.747
PVRI -0.400 0.505 0.200 0.747
CO 0.300 0.624 -0.100 0.873
CI 0.000 1.000 -0.300 0.624
Abbreviations are same as in Table 1.
32

Copyright © 2019 by the American Thoracic Society

Page 34 of 69



AJRCCM Articles in Press. Published on 19-July-2019 as 10.1164/rccm.201903-06390C
Page 35 of 69

Figure 1
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Figure 3
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Figure 3
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Figure 4
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Online Data Supplement

Assessment of Inflammation in Pulmonary Artery Hypertension by 8Ga-

Mannosylated Human Serum Albumin

Jun-Bean Park, Minseok Suh, Ji Yong Park, Jin Kyun Park, Yong-il Kim, Hyunah Kim, Ye
Seul Cho, Hyejeong Kang, Kibyung Kim, Jae-Hoon Choi, Jin-Wu Nam, Hyung-Kwan Kim,

Yun-Sang Lee, Jae Min Jeong, Yong-Jin Kim, Jin Chul Paeng, and Seung-Pyo Lee

SUPPLEMENTAL METHODS

Ethics statements of animal studies

All animal experimental protocol was approved by the Institutional Animal Care and Use
Committee (IACUC) of Seoul National University Hospital (IACUC No. 14-0215-C1A0).
The experiments also comply with the Guide for the Care and Use of Laboratory Animals
(National Research Council, revised in 2011). Animal studies using radioactive tracers were

approved by the local Institutional Biosafety Committee.

Transcriptome sequencing and data analysis

We examined the whole transcriptomic profile of the rat lung tissues collected after 1, 2, 3
weeks of subcutaneous monocrotaline administration and compared them with controls (n=3
per group). For these molecular analyses, the lung tissues were placed in RNAlater (Life

Technologies, Carlsbad, CA, USA) according to the manufacturer’s protocol and stored at

—80 °C and the RNA quality checked, quantified, and sequenced as previously described (1).

We focused on macrophage-related biological processes enriched with genes identified from
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t-test, using the annotations defined by the Gene Ontology (GO) Consortium. The
enrichments of gene clusters in GO terms were assessed using a gene set enrichment test to
compare the number of genes in each cluster associated with the studied meta-data to its

expected value in the genome (12,750 genes).

Preparation of Ga-NOTA-MSA

The 1,4,7-triazacyclononane-N,N,N-triacetic acid (NOTA) mannosylated human serum
albumin (MSA) was synthesized as previously described (2). Briefly, 5.5mg a-D-
mannopyranosylphenyl isothiocyanate (SCN-mannose) (Sigma-Aldrich, St. Louis, MO,
USA) was conjugated with 20mg human serum albumin (Sigma-Aldrich) to synthesize MSA.
This reaction was performed in 0.1M sodium carbonate buffer (pH 9.5) at room temperature
for 20hrs. Thereafter, MSA was conjugated to 10mg SCN-NOTA, a bifunctional chelating
agent, in 0.1M sodium carbonate buffer (pH 9.5) at room temperature for 1hr. The final
product, ¥Ga-NOTA-MSA, was synthesized by labeling 1mg of NOTA-MSA (in 1ml of
normal saline) with 1ml of ®*GaCl; (in 0.1N HCI) (°®Ge/%®Ga generator from Eckert &

Ziegler, Berlin, Germany).

Rat model of PAH

Pulmonary hypertension (PH) was induced in 6-week old female Sprague-Dawley rats by an
intraperitoneal single injection of monocrotaline (60mg/kg, Sigma-Aldrich, St. Louis, MO,
USA) with ¥Ga-NOTA-MSA PET/CT scans and echocardiograms weekly thereafter. Rats
were euthanized at various time points (week 1, 2, and 3) after monocrotaline injection, and

the lungs were harvested for pathological characterization (n>10 per group).

Histologic analysis
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Immunohistochemistry was performed as previously described (3). The degree of pulmonary
arteriolar remodeling was determined by the ratio of medial wall thickness to the external
diameter (i.e., percent wall thickness) of small muscular pulmonary arterioles (<150um outer
diameter) on hematoxylin and eosin (H&E)-stained lung sections using ImagelJ (40 vessels per
animal, taken randomly throughout lung tissue) (n=8 per group). The primary antibodies used
to characterize macrophages were mouse anti-rat ED1 (CD68) (1:500; Abcam, Cambridge,
MA, USA) and rabbit anti-mouse MRC-1 (CD206) (1:8000; Abcam, Cambridge, MA, USA).
We counted MR-positive macrophages near the pulmonary arterioles selected as described
above (n=8 per group). The RV and left ventricular (LV) free wall and interventricular septum
were harvested and weighed. The degree of RV hypertrophy was expressed as the Fulton index,
the ratio of the RV free wall weight to LV free wall plus interventricular septum weight (n=8
per group).

To assess the role of ®*Ga-NOTA-MSA PET/CT in monitoring treatment response to
PAH therapy, rats were treated with either oral macitentan (30mg/kg/day; Actelion
Pharmaceuticals, Allschwil, Switzerland) or sildenafil (25mg/kg/day; Hanall Biopharma,
Seoul, Republic of Korea), the representative endothelin receptor antagonist or
phosphodiesterase type 5 inhibitor used in PAH patients, respectively, from the time of the
initial monocrotaline injection. Imaging and pathological studies were performed 3 weeks
after the initial monocrotaline injection (n>5 per group for imaging experiments, n=5 per
group for pathological analyses). After harvest of the lung tissue, we quantified percent wall
thickness and the number of MR-positive macrophages in the lungs (40 vessels per animal,

taken randomly throughout the whole lung tissue).

Hemodynamic assessment

Transthoracic echocardiography was performed as previously described (4), using an
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ultrasound machine (Nemio, Toshiba Medical System, Tokyo, Japan) equipped with a 9-MHz
transducer. Spontaneously breathing rats were lightly anesthetized with the lowest dose of
isoflurane inhalant as possible (initially 4% isoflurane mixed with oxygen, then maintained
with 2~3% isoflurane during imaging). Pulsed-wave Doppler at the right ventricle outflow
tract was used to measure pulmonary arterial acceleration time (PAAT) from the time of the
onset of systolic flow to peak pulmonary outflow velocity and an average of 5 consecutive
beats was obtained for analyses. All echocardiographic measurements were performed by an
experienced sonographer with >5 years’ experience in animal experiment, who was blinded

to the group at the time of echocardiography.

Assessment of specificity of ®*Ga-NOTA-MSA tracer for MR

To validate the feasibility of ®*Ga-NOTA-MSA PET/CT assessment and its specificity to MR,
biodistribution analysis of ®*Ga-NOTA-MSA was performed in 10-week old female BALB/c
mice and also, in PAH rats. Mannan solution (25 mg/mL) was prepared as a MR blocker.
Animals were divided into 3 groups (n=4 per group): group 1 (®®Ga-NOTA-MSA [24uCi] +
MR blockade with high-dose mannan [2,500pg/animal]), group 2 (*Ga-NOTA-MSA [24uCi]
+ MR blockade with low-dose mannan [500ug/animal]), and group 3 (°*Ga-NOTA-MSA
[24uCi] + no MR blockade). The PET scans were obtained using a small-animal PET scanner
(G4 PET X-RAY scanner; Sofie Biosciences, Culver City, CA, USA) with a scan time of 5
minutes at 10 minutes, 1 hour, and 2 hours after injection. The results were expressed as the

percentage injected dose per gram of tissue (%ID/g).

8Ga-NOTA-MSA PET/CT image acquisition and analysis

PET images were obtained by list mode in isoflurane-anaesthetized rats, for 60 minutes after

intravenous administration of ®Ga-NOTA-MSA (55.5MBq) using a small-animal PET/CT
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scanner (eXplore VISTA, GE Healthcare, WI, USA). Based on a pilot analysis of dynamic
images, static PET images were reconstructed using images acquired during 40—60 minutes
post-injection (Supplemental Figure 1). Image reconstruction was conducted as described
previously (5). Briefly, the scanned images were reconstructed by using a 3-dimensional
ordered-subsets expectation maximization algorithm with random and scatter corrections. The
voxel size was 0.3875x0.3875x0.775mm?. The degree of ®Ga-NOTA-MSA uptake were
measured by drawing regions of interest (ROI) at the lung and the reference tissue (back muscle)
on the co-registered trans-axial PET/CT images, and the degree of ®*Ga-NOTA-MSA uptake
in the lung was presented as the lung-to-reference ratio (LRR). The paraspinal muscle was
selected as the reference tissue in this animal experiment, since in rats, superior vena cava was

too small to serve as the reference.

Organ biodistribution assay of ®Ga-NOTA-MSA in rat models of PAH

To validate the feasibility of PET/CT assessment, necropsy-based biodistribution analysis of
8Ga-NOTA-MSA was performed at 3 weeks in the monocrotaline rat model of PAH, as well
as in control animals. Animals were sacrificed 1 hour after injection of ®Ga-NOTA-MSA
(1.85MBq). The lung, muscle, and blood were collected and the radioactivity in each sample
was measured using gamma-scintillation counter (Cobra II, Packard Instruments, Meriden, CT,

USA). The results were expressed as %ID/g.

Human studies

Human studies were conducted in accordance with the latest Declaration of Helsinki and the
study protocol was reviewed and approved by the Institutional Review Board (IRB) of Seoul
National University Hospital (IRB No. 1506-156-686). All subjects gave written informed

consent for study enrollment. From April 2014, we prospectively recruited 5 patients with
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idiopathic PAH or connective tissue disease-related PAH, who were confirmed by cardiac
catheterization. The diagnosis of PAH was based on the standard definition of mean
PAP>25mmHg, pulmonary artery wedge pressure (PAWP)<15mmHg, and pulmonary
vascular resistance (PVR)>3 wood unit (6, 7). Five age-, sex-, and body mass index-matched
healthy volunteers served as a normal control group. Five patients with PH due to left heart
disease (PH-LHD) served as another control group. Major exclusion criteria were 1) the
presence of concomitant significant lung disease, such as interstitial lung disease or chronic
obstructive pulmonary disease, 2) the presence of pulmonary thromboembolism, and 3) the
presence of hematologic disorders. For patients with PH-LHD as well as those with PAH, we
also excluded patients who refused to undergo cardiac catheterization.

The PET/CT was performed using a dedicated scanner (Biograph 40, Siemens
Healthcare, Knoxville, TN, USA) with 3-dimensional mode. After low-dose CT scan, *3Ga-
NOTA-MSA (185MBq) was injected into the antecubital vein, and PET image of the chest
area was obtained for 60 minutes. The PET images were reconstructed using images acquired
30-60 minutes post-injection. Images were reconstructed on 256x256 matrices using an
iterative algorithm (ordered-subset expectation maximization; 4 iterations and 8 subsets). The
%8Ga-NOTA-MSA PET/CT images were batch-analyzed by an investigator blinded to the
clinical and hemodynamic data of the study participants. The ROIs were drawn for lungs and
the reference tissue (superior vena cava) (8), and the degree of uptake in the lungs were

expressed as the LRR.

Statistical analysis
Continuous and categorical data were presented as median (range) and number (percent),
respectively. The Student t test or Mann-Whitney U test was used to compare continuous

variables, and the chi-square test or Fisher’s exact test was used to compare categorical
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variables as appropriate. One-way analysis of variance (ANOVA) followed by Bonferroni
post-hoc test was performed for comparisons between multiple groups. In cases where the data
was not normally distributed, Kruskal-Wallis test followed by Dunn’s multiple comparison test
was used to compare the mean ranks. Spearman’s p was used to quantify the correlations
between variables. Statistical analysis was performed with SPSS version 23.0 (SPSS Inc.,

Chicago, IL, USA). A two-sided p value <0.05 was considered significant.
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SUPPLEMENTAL FIGURE LEGENDS

Figure E1. Time-activity curve of representative cases

(A-C) Time-activity curve of the PET tracer in rats. (A) A case with high lung-to-reference
ratio (LRR) shows slower decrease of LRR compared with a case with low LRR in rat studies
where muscle was used as the reference tissue. After 40 minutes post-injection, the curves show
patterns of plateau in both cases and LRR was measured on static images of 40—60 minutes
post-injection. Time-activity curves of each region-of-interest in cases with high LRR and low
LRR are shown in (B) and (C), respectively. (D-F) Time-activity curve of the PET tracer in
humans (D). In human studies where blood pool was used as the reference tissue, LRR rapidly
increased at an early phase and gradually plateaued with time, both in a case with high LRR
and another case with low LRR. Time-activity curves of each region-of-interest in cases with
high LRR and low LRR are shown in (E) and (F), respectively. LRR= lung-to-reference ratio;

SVC=superior vena cava

Figure E2. Representative images of ROI drawn for analysis
Red colored area in the bottom panel indicates regions of interest (ROI) used to assess lung
uptake of %8Ga-NOTA-MSA on PET images. The color scale bar indicates the lung-to-

reference ratio.

Figure E3. Histological and echocardiographic changes of the lung in PAH progression

(A) Note the thickened pulmonary arteriolar wall at 2 and 3 weeks after monocrotaline injection
and prominent infiltration of ED1-positive macrophages around the pulmonary arteriole at 1,
2, and 3 weeks after monocrotaline administration. (B) Representative images of Doppler
echocardiography-derived pulmonary artery acceleration time (PAAT) which decreased with

the progression of PAH. MCT=monocrotaline.
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Figure E4. Histological changes of the lung after treatment with PAH-targeted therapy

Histological changes after 3-week oral administration of sildenafil (25mg/kg/day) or
macitentan (30mg/kg/day) from the time of monocrotaline injection. Compared with the PAH
rat without treatment (panels in the second column), note the attenuation of monocrotaline-
induced pulmonary arteriole muscularization of the PAH rat treated with sildenafil or
macitentan (panels in the third and fourth columns, respectively). PAH=pulmonary artery

hypertension.

Figure ES. Evaluation of PAH based on pathophysiologic aspects

Schematic representation of the pathological processes of PAH and corresponding evaluation
tools.

Left panel: Conventional diagnostic modalities include right heart catheterization and
echocardiography, which can assess hemodynamic abnormalities in PAH in an invasive or
noninvasive manner. Right panel: ®*Ga-NOTA-MSA PET/CT imaging can be used as a
marker of the underlying pathological processes of PAH (i.e., infiltration of macrophages in
pulmonary vasculature) and thus may provide useful diagnostic clues to distinguish PAH
from PH-LHD as well as normal subjects.

PAP=pulmonary artery pressure; PVR=pulmonary vascular resistance; RV=right ventricular.
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SUPPLEMENTAL TABLES

Table E1. Inclusion and Exclusion Criteria for the Human Study

Inclusion criteria Exclusion criteria

Mean PAP>25mmHg, The presence of significant lung disease, such as ILD or COPD
Pulmonary artery wedge pressure (PAWP) <15mmHg The presence of pulmonary thromboembolism

Pulmonary vascular resistance (PVR) >3 wood unit The presence of hematologic disorders

COPD, chronic obstructive pulmonary disease; ILD, interstitial lung disease; PAP, pulmonary artery pressure; PAWP, pulmonary artery wedge

pressure; PVR, pulmonary vascular resistance
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Table E2. Correlation between 8Ga-NOTA-MSA uptake and PAH parameters

Spearman’s p P
Degree of lung infiltration of MR-positive macrophages (per vessel) 0.909 <0.001
Vascular wall thickness (%) 0.505 0.003
Pulmonary artery acceleration time (msec) -0.468 0.002
Fulton’s index 0.717 <0.001

MR, mannose receptor
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Table E3. Organ Biodistribution Analysis of ¥Ga-NOTA-MSA in Post-Mortem Rats

Organ Normal (n=6, %ID/g) PAH (n=6, %ID/g) p
Lung 0.12+0.01 [0.12 (0.11 - 0.13)] 0.53+0.13[0.54 (0.42 - 0.62)] <0.001

Muscle 0.01 +£0.01 [0.01 (0.01 —0.01)] 0.01 +£0.01[0.01 (0.01 —0.02)] 0.151
Blood 0.11 +0.02 [0.10 (0.09 — 0.12)] 0.13 £0.02 [0.12 (0.11 — 0.14)] 0.118

Values given as number (percentage), meantstandard deviation, or median (interquartile range).

%ID/g denotes the mean percent injected dose per gram.
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Table E4. Baseline Clinical Data of Each Study Participant

Subject No. Group Age,  Sex Height, = Weight, PAH targeted therapy before CTD ILD
years cm kg the enrollment
1 Control 36 M 182 87 No No No
2 Control 45 F 160 49 No No No
3 Control 46 F 165 52 No No No
4 Control 54 F 150 48 No No No
5 Control 39 F 160 45 No No No
6 PH-LHD 70 F 156 45 No SSc Mild CTD-related ILD
7 PH-LHD 58 M 173 67 No SSc Mild CTD-related ILD,
Mild localized BE
8 PH-LHD 71 F 150 52 No No No
9 PH-LHD 47 F 174 55 No No No
10 PH-LHD 56 M 166 53 No No No
11 PAH 58 F 153 46 Ambrisentan + Sildenafil No No
12 PAH 45 F 155 46 Bosentan + Iloprost No No
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13 PAH 36 F 168 72 Bosentan No No
14 PAH 23 F 157 62 No No No
15 PAH 23 M 170 67 Ambrisentan + Tadalafil No No

BE, bronchiectasis; CTD, connective tissue disease; ILD, interstitial lung disease, PAH, pulmonary artery hypertension; PH-LHD, pulmonary

hypertension due to left heart disease; SSc, systemic sclerosis.
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Table E5. Baseline Hemodynamic and 8Ga-MSA-NOTA PET/CT Data of Each Study Participant

Subject No. Group Cardiac catheterization 8Ga-NOTA-MSA PET/CT
Date of test MPAP, PAWP, PVR, WU  Date of test Lung, SVC, Lung-to-SVC
mmHg mmHg SUvV SUV SUV ratio
1 Control N/A N/A N/A N/A 2016-03-28  1393.1 8150.7 0.171
2 Control N/A N/A N/A N/A 2017-07-07  1504.2 8008.1 0.188
3 Control N/A N/A N/A N/A 2017-08-03  2110.0  10764.8 0.196
4 Control N/A N/A N/A N/A 2018-02-12  2599.2 14160.0 0.184
5 Control N/A N/A N/A N/A 2017-08-25 1878.7 10051.4 0.187
6 PH-LHD  2015-11-12 58 45 6.56 2015-11-24  2792.6 16005.0 0.174
7 PH-LHD 2016-02-11 33 26 1.35 2016-01-15 1820.4 9130.8 0.199
8 PH-LHD 2017-12-07 46 16 9.7 2017-12-04  2312.6 12801.0 0.181
9 PH-LHD 2017-09-01 40 18 7.9 2015-11-30  2301.2 11207.6 0.205
10 PH-LHD 2018-08-09 44 18 4.3 2018-08-20  3184.5 21046.0 0.151
11 PAH 2015-11-05 35 5 12.5 2017-05-26  2145.7 9859.0 0.218
12 PAH 2015-12-31 54 14 18.18 2015-11-18  2367.3 8690.8 0.272
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13 PAH 2017-11-28 65 13 16.56 2016-02-15  2367.9 10020.3 0.236
14 PAH 2017-12-07 32 14 5.08 2017-12-11  2679.7 7627.1 0.351
15 PAH 2017-09-01 62 12 18.7 2018-03-07  2043.9 8409.7 0.243

MPAP, mean pulmonary artery pressure; MSA, human serum albumin; N/A, not applicable; NOTA, 2-(p-isothiocyanatobenzyl)-1,4,7-
triazacyclononane-1,4,7-triacetic acid; PAH, pulmonary artery hypertension; PAWP, pulmonary artery wedge pressure; PET/CT, positron

emission tomography/computed tomography; PH-LHD, pulmonary hypertension due to left heart disease; PVR, pulmonary vascular resistance;

SUV, standardized uptake value; SVC, superior vena cava.
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Diagnosis of pulmonary artery hypertension based on pathophysiology

Inflammation / altered immune response

PAP1, PVR 1, RV dilatation & dysfunction Macrophage activation & migration

Invasive tool Noninvasive tool
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