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ABSTRACT

Pulmonary arterial hypertension (PAH) is characterized by progressive narrowing and obliteration of distal, pre-capillary pul-
monary vessels. Yet, noninvasive biomarkers that reflect this disease-defining process are lacking. A systematic review of PAH
studies that measured circulating progenitor cells (CPCs) or circulating endothelial cells (CECs) in PAH by flow cytometry was
performed to understand how future studies, leveraging state-of-the-art single-cell analyses, can advance the field. The study was
conducted in accordance with the Preferred Reporting Items for Systematic Reviews. Of the 2422 studies identified, 20 met
inclusion criteria. Nineteen studies measured CPCs by flow cytometry, only one study examined CECs. A total of 647 PAH patients
were included across all 19 CPC studies. Marker schemes chosen to define CPCs, and the methods of flow cytometry used, varied
significantly across studies. Meta-analysis of a subgroup of CPC studies (n =8) similarly identified a significant amount of
heterogeneity even amongst studies using the same marker scheme. In conclusion, a systematic review of CPC studies in PAH
patients reveals the limitations of the current literature. Future studies should include contemporary risk assessments, disease
duration, reporting of comorbid conditions, and serial sampling over time. Furthermore, methods that incorporate best practices
for detecting rare cell populations by flow cytometry are essential and should be reported in sufficient detail in future publications.
With the emergence of single-cell technologies, future studies of circulating progenitor and endothelial cells in PAH remain
relevant and may incorporate several insights from the current review to build upon the existing literature.

Contemporary pulmonary arterial hypertension (PAH) manage- from the characteristic structural abnormalities within the pulmo-
ment is guided by risk assessment tools that integrate multiple nary circulation that define the disease. For example, many non-
clinical variables associated with disease severity to estimate a pa- invasive parameters [echocardiography, 6-min walk test, New York

tient's risk of death [1]. Nevertheless, most clinical measures Heart Association/World Health Organization Functional Classifi-
incorporated into current risk assessment tools are largely removed cation (NYHA/WHO FC)] and blood biomarkers [brain natriuretic
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peptide (BNP) and N-terminal pro-BNP] currently in clinical use are
more closely tied to right ventricular function than lung vascular
remodeling. Importantly, the lack of a reliable marker of lung vessel
remodeling in PAH limits the assessment of therapies aimed at
reversing these vascular lesions [2, 3]. Therefore, identifying bio-
markers that more directly reflect the pathological changes in the
pulmonary vasculature remains an unmet need [4].

Circulating progenitor cells (CPCs) are a heterogenous group of
cells that, in vitro, can differentiate into cells of either hemato-
poietic or endothelial lineage and to a varying degree, maintain
proliferative capacity [5, 6]. Subpopulations of CPCs appear to
participate, either directly or indirectly, in vascular homeostasis,
including angiogenesis and vasculogenesis [6]. In contrast to
CPCs, circulating endothelial cells (CECs) are terminally differ-
entiated cells shed from the endothelial lining of blood vessels
into the circulation, lack proliferative capacity [7], and by one
established marker scheme, the majority appear to be senescent
in healthy volunteers [8]. While detected at low levels in healthy
subjects, CEC shedding is increased in diseases characterized by
vascular injury and/or endothelial dysfunction [9].

While there has been progress in distinguishing these sub-
populations of circulating cells by flow cytometry, current con-
sensus definitions rely on specific ex vivo cell culture techniques
as well as in vitro phenotypic and in vivo functional assays [5,
10]. Despite the limitations inherent in assigning specific cell
types based on surface protein expression (e.g., CD34, CD133,
KDR/VEGFR2, and CD45), flow cytometric determination of
these rare circulating cell populations appears to predict impor-
tant patient outcomes such as the occurrence of major cardio-
vascular events, death due to cardiovascular disease and all-cause
survival [11-14]. Studies of PAH patients have sought to enu-
merate these rare circulating cells and investigate their role in
pathologic lung vessel remodeling [15]. For example, CPCs may
be recruited to the lung as part of a reparative response to pul-
monary vascular injury [15]. Conversely, mobilization of these
cells may drive pathologic vessel remodeling [16, 17]. Never-
theless, the various studies investigating CPCs in PAH patients
have been difficult to synthesize given their seemingly discordant
results. With the emergence of technologies enabling lineage
tracing [18], single-cell analysis of lung endothelial cell diversity
[19], and its relevance to PAH [20-23], future studies of CPCs
and CECs and their role in vascular biology are primed to gen-
erate novel insights. A comprehensive examination of the current
literature is an important first step toward this goal and these
future investigations. Our systematic review specifically focused
on PAH studies that utilized flow cytometry to enumerate cir-
culating cell populations with at least one progenitor or stem cell
marker and/or one endothelial cell marker. Importantly, the goal
of this review was not to adjudicate specific marker schemes or
conclude whether a given study was investigating the “correct”
cell population. Instead, a broad, inclusive approach was taken to
unbiasedly capture all studies reporting on these rare circulating
cell populations in PAH patients.

1 | Methods

This study was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis

(PRISMA) and Meta-Analyses of Observational Studies in
Epidemiology (MOOSE) guidelines. The protocol for this
systematic review and meta-analysis is registered on
PROSPERO (CRD42022362175). The MOOSE reporting
checklist (Supporting Information File S2). and PRISMA
2020 checklist are provided in the online Supporting Infor-
mation File S3.

1.1 | Information Sources

A search of PubMed, Embase and Web of Science from
inception to December 15th, 2021 was conducted by a sys-
tematic review certified biomedical research librarian using
a pre-defined strategy without language restrictions and
including preprints and conference abstracts. The search
was updated up to and including August 26, 2024. Keywords
and MESH terms used for the search strategy are provided in
the online Supporting Information File S1. The total number
of citations retrieved from all three databases was 2422.
After 112 duplicates were removed, the remaining 2310
citations were uploaded into Covidence, a web-based soft-
ware platform that facilitates data extraction for systematic
reviews [24].

1.2 | Selection Criteria and Study Screening
Criteria for inclusion in the systematic review were: (1)
diagnosis of PAH based upon published clinical guidelines
[1], (2) flow cytometric determination of circulating pro-
genitor (must express at least one progenitor/stem cell
marker with or without expression of an endothelial cell
marker), and/or endothelial (must express at least one en-
dothelial cell marker) cells from human peripheral blood,
and (3) analysis of circulating cell populations relative to a
comparator group (e.g., healthy controls) or relative to
clinical measure(s) or marker(s) of disease severity. Studies
that relied only on magnetic bead capture or in vitro culture
of blood-derived circulating cells, as well as studies only
reporting on extracellular vesicles, cultured cells, and non-
human blood samples, were excluded. Articles lacking
original research (e.g., review articles, book chapters, edi-
torials) were also excluded. Titles and abstracts were inde-
pendently screened against inclusion and exclusion criteria
by at least two reviewers (KJ, CJ, MAS, JME). Full texts of
papers that passed screening were further reviewed and
assessed based on inclusion and exclusion criteria by at least
two reviewers (KH, CJ, JIME). Disagreements at each stage
were referred for arbitration to a third reviewer and resolved
by discussion. The screening process was summarized in a
PRISMA flow diagram.

1.3 | Data Extraction

Three reviewers (KH, CJ, and JME) independently extracted
data from each article meeting eligibility criteria and compared
extractions. Pertinent data included patient characteristics (age,
sex, PAH etiology, current treatment, clinical assessments),
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study characteristics (author, year of publication, study design,
number of participants, comparator groups, cell type(s) identi-
fied and marker scheme used to define each cell type, and flow
cytometric methods), and study results (number or fraction of
cells identified in study population, differences between PAH
patients and healthy controls or other comparator, and associ-
ation of circulating cells with clinical assessments).

1.4 | Quality Assessment and Risk of Bias
Reporting

The quality of reporting in each study was assessed based on
the following criteria: (1) clear hypothesis or statement of
research aims (1 point); (2) explanation of subject enrollment
and sampling (2 points); (3) description of the flow cyto-
metric methods used for data acquisition and analysis (6
points); (4) statement and (5) discussion of the findings (1
point each). The maximum score was 11 points. In assessing
whether each paper met criteria for “subject enrollment and
sampling,” 1 point was given for stating or referencing PAH
diagnostic criteria, and 1 point was given if the authors
obtained samples prospectively from consecutive subjects
meeting their study criteria. To evaluate the methods
described in each study, we adapted a previously published
scoring system [25] based on recommended standards for
reporting flow cytometry experiments [26]. These recom-
mendations aim to standardize the details of experimental
methodology that must be reported in scientific publications
to ensure reproducibility. The following elements of flow
cytometry were assessed: (1) clear description of the sample
type and methods of processing before flow cytometry
(1 point); (2) whether or not a gating strategy was reported
(1 point); (3) clear description of the results reported as either
cell frequency or absolute cell number (1 point); (4) clear
reference to the parent population (1 point); (5) description of
negative controls (1 point); and (6) mention of viability
staining (1 point). Next, the risk of bias was assessed using an
adapted version of the critical appraisal tool from the Joanna
Briggs Institute Checklist for cohort studies [27], which
assesses risk of bias in cohort studies using the following
categories: (1) clearly defined inclusion/exclusion criteria, (2)
description of study subjects (3) exposure (defined as PAH
disease duration for the purposes of our assessment),
(4) objective standard criteria for the measurement of PAH,
(5) identification of confounding factors, (6) enumeration of
strategy to address confounding factors, (7) reliable mea-
surement of outcomes by flow cytometry, and (8) appropriate
use of statistical methods. Any disagreement between two
reviewers was resolved by iteration until a consensus was
reached.

1.5 | Meta-Analysis

Standardized mean differences (SMD) were used to analyze
CPCs in PAH patients compared to healthy controls since the
units of CPC measurement differed across studies. Studies using
consistent marker schemes, regardless of the sample type [e.g.,
whole blood, isolated peripheral blood mononuclear cells

(PBMCs)], were grouped together for meta-analysis. Most studies
reported data appropriate for meta-analysis in the original
manuscripts. Requests were made to the corresponding authors
of three studies to obtain data in the proper format necessary for
meta-analysis [28-30]. One author responded but was unable to
provide additional data, and another author did not respond
despite two attempts. A third study provided data but ultimately
was not included because it did not share a marker scheme with
any of the other included studies. Studies within each group were
combined using a random-effect model, which accounts for
heterogeneity across included studies [31]. Heterogeneity among
studies was assessed using the Q statistic and I value [32]. All
analyses were performed using R (version 4.2.2) [33] packages
meta (version 6.2-0) [34]. Two-sided p values <0.05 were con-
sidered significant.

2 | Results

2.1 | Search Results

We identified 2422 studies and assessed 62 full-text manuscripts
after removal of 112 duplicates and 2248 irrelevant studies
(Figure 1). Forty-four of the full-text studies assessed for elig-
ibility were excluded, leaving 18 studies that met inclusion
criteria (Figure 1). Two reviewers (KH and CT) hand searched
references of the 62 full-text articles and found two additional
articles that met inclusion criteria (Figure 1). Detailed study
characteristics and major findings of the 20 studies that met
inclusion criteria are summarized in Table 1. Of the 20 studies,
19 measured CPCs by flow cytometry in PAH patients, while
only one study specifically examined CECs using flow cyto-
metry [52]. Therefore, the remainder of the systematic review
focuses only on the 19 CPC studies.

2.2 | Characteristics of CPC Studies

A total of 647 PAH patients were included across all 19 CPC
studies. The median (IQR) number of PAH patients per study
was 20 [9-37, 41, 46, 50, 52-54]. Most CPC studies included a
heterogenous patient cohort with at least two different PAH
subtypes. Idiopathic PAH (263/647, 41%) and PAH due to
congenital heart disease (CHD-PAH; 184/647, 28%) made up
the two largest subtypes of patients in the 19 studies (Figure 2).
Three studies included only pediatric patients with CHD-PAH
[46, 53, 54]. Eleven studies compared levels of CPCs in PAH
patients to healthy controls [28-30, 35-37, 39-41, 43, 50], 5
studies reported comparisons between PAH subtypes [28, 29,
43, 50, 54], 6 compared PAH patients to patients affected by
other cardiopulmonary or systemic diseases [36, 43, 46, 48, 49,
53], and 5 compared levels of CPCs pre- and posttreatment with
either pulmonary vasodilators [40, 43, 54] or experimental
therapy [47, 51] (Table 1). Lastly, one study compared the
percentage of CPCs in PAH patients at baseline and 1 year
follow-up [38]. Several studies included more than one com-
parison. Peripheral venous blood samples were the most com-
mon sample type (n=16 studies), but some studies also
collected additional sample types, including bone marrow [50],
radial artery [36], pulmonary artery [36, 49, 53], and/or pul-
monary vein [53].
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2.3 | Quality and Risk of Bias Assessments

2.3.1 | Enrollment Criteria

Although nearly all CPC studies provided a clear statement of
their research aims, study findings and a discussion of their
results, a clear explanation of subject enrollment and sampling
was not uniformly reported across CPC studies (Figure 3). Only
8 studies included clear criteria for subject enrollment and
patient sampling (Supporting Information Table 1). Most cohort
studies were cross-sectional without specific mention of how
PAH subjects were selected for enrollment. Corresponding au-
thors from research groups that published multiple CPC studies
confirmed that the data reported was independently collected
for each study and not included in any of their other CPC
manuscripts [37, 38, 40, 43, 47, 49-51, 53, 54]. In most cases,
authors were able to confirm that the patient populations were
indeed unique, without any overlap between studies [37, 40, 43,
47, 49, 53, 54]. In the remaining studies, the extent of patient
overlap, if any, could not be confirmed.

2.3.2 | PAH Patient Clinical Characteristics

The extent of clinical information describing the PAH cohort in
each study varied widely (Supporting Information Table 2).
Only three studies provided the duration of subjects’ symptoms
or time from diagnosis to enrollment [28, 41, 48]. Patient level
hemodynamics or summary hemodynamic data was included in
15 studies, however several of these studies included only one
measure (e.g., mean pulmonary artery pressure or pulmonary
vascular resistance) or a limited set of measurements. Whether
or not patients were receiving PAH therapy at the time of study

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram summarizing the process of literature

enrollment and details of their treatment regimens were
included in 14 studies (Supporting Information Table 2). Clin-
ical assessments of functional capacity and disease severity re-
ported across studies included NYHA/WHO FC (n = 7 studies),
6-min walk distance (6MWD; n =9 studies), and BNP concen-
trations (n=>5 studies). Currently recommended clinical risk
assessments were not reported in any of the 19 studies.

2.3.3 | Strategies to Address Confounding
Approximately a third of the studies acknowledged and
attempted to address confounding factors in their study design
(Figure 3). For example, Diller et al. conducted subgroup
analyses based on sex, class of vasodilator therapy, and, in Ei-
senmenger patients, coexistence of down syndrome [28].
Garcia-Lucio et al. specifically included treatment naive pa-
tients in an attempt to mitigate confounding due to concurrent
PAH therapies [40]. Lastly, five studies included a disease
control group [e.g., unrepaired CHD, advanced lung disease, or
systemic sclerosis (SSc) without PAH] [36, 43, 46, 48, 53].

2.34 | Flow Cytometry Methods

The validity and reliability of CPC study results was based
on a composite flow cytometry quality score that evaluated 6
different assay components (see online supplement for fur-
ther details and Supporting Information Table 3 for indi-
vidual scores). Twelve studies received a flow cytometry
quality score of > 5 (maximum score 6) and thus may be
considered more valid and reliable than studies with scores
< 4. Nearly all studies provided an adequate description of
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All PAH (n=647)

Il Idiopathic (n=263)

Il Heritable (n=37)

Il Congenital heart disease (n=184)
[ Connective tissue disease (n=80)
I HIV (n=25)

[ Portal hypertension (n=25)

Il Other (n=33)

CHD-PAH (n=184)

[ Reversible (n=44)

I Irreversible (n=32)

Il Eisenmenger's syndrome (n=41)
1 Not specified (n=67)

FIGURE 2 | Subtypes of pulmonary arterial hypertension (PAH) represented in the studies of circulating progenitor cells meeting inclusion
criteria for systematic review. A total of 647 PAH patients were reported in 19 studies. Congenital heart disease associated PAH (CHD-PAH) was
the second largest subgroup of patients (n =184) and was further subdivided based on the designations from the original manuscripts. “Other”
subtype, in green, included patients with schistosomiasis-associated PAH (n = 1), disease-associated PAH not otherwise specified (n = 20) and PAH
not otherwise specified (n =12).

Standard Strategies to
Time from criteria for address
Inclusion Subjects PAH PAH Confounding | confounding Flow Appropriate
Text criteria clearly| described in | diagnosis diagnosis factors factors cytometry statistical
Reference Author (Year) defined detail reported defined identified reported analysis used
42 Asosingh (2008)
31 Diller (2008)
43 Zhu (2008)
39 Smadja (2009)
32 Toshner (2009)
51 Smadja (2010)
44 Farha (2011)
45 Montani (2011)
40 Smadja (2011)
52 Farha (2012)
46 Schiavon (2012)
54 Lungdrin (2013)
53 Farha (2014)
50 Shirai (2015)
a7 Foris (2016)
48 Garcio-Lucio (2017)
41 Sun (2019)
33 Hashimoto (2020)
49 Tura-Ceide (2021)
FIGURE 3 | Risk of bias assessment. Each category was scored as either low (green), intermediate (yellow) or high (red) risk of bias using a

modified appraisal tool as described in the Methods. The flow cytometry score was used to determine whether flow data were measured in a valid and
reliable way. A flow cytometry score of > 5 is green, 4 is yellow; < 3 is red. For the Toshner study, an average flow cytometry score was used

(Giessen = 6, Cambridge = 4).
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the sample type and processing before flow cytometric
analysis. Most studies directly stained whole blood (n =11),
while others isolated PBMCs from whole blood before
staining (n = 6). One study did not clearly indicate whether
whole blood or PBMCs were used [30]. Lastly, one study
reported results from two institutions where one lab stained
whole blood directly and the second isolated PBMCs before
staining [29]. Following PBMC isolation, two studies
included a subsequent enrichment step using magnetic
beads to capture CD133* or CD34" cells, respectively [29,
48]. Marker schemes used to define the progenitor cell
populations of interest varied across studies, and more than
one-third of the studies reported results for two or more
marker schemes. The most common marker scheme used to
define CPCs across studies was CD347CD133% (Figure 4).
Eight studies reported the number of CPCs relative to either
blood volume or the number of lymphomonocytic cells,
while 11 studies reported the frequency or percentage of
CPCs in the parent cell population assayed, typically the
total number of PBMCs. The median number of events
captured in the 13 studies reporting data was 50,000 with a
range as low as 5000 (samples enriched for CD133% cells
before evaluation by flow cytometry) to at least 500,000. Six
studies did not specify the total number of events counted.
Relevant to any conclusions regarding the functional role of
CPCs, only four studies reported using a viability stain as
part of their protocol [29, 35, 48, 54]. All studies reported the
parent cell reference population, and all but three studies
specifically state that isotype control antibodies and/or
fluorescence-minus-one samples were included as negative
controls. Surprisingly, only 5 studies specifically illustrate
their gating strategy as part of the manuscript whereas 7
reference a prior study where the strategy was visually
depicted. Nevertheless, a third of the studies did not report
nor provide a reference for the gating strategy used to
identify CPCs. Importantly, providing a clear illustration of
the gating strategy used is among the minimum set of ele-
ments recommended when reporting flow cytometry ex-
periments [26].

2.4 | Quantification of CPCs in PAH Patients
Compared to Healthy Controls

Among the 11 studies that directly compared the number or
percentage of CPCs between PAH patients and healthy con-
trols, 5 studies reported that CPCs were increased in PAH
patients [29, 30, 35, 37, 50], 4 studies reported that CPCs were
decreased in PAH patients [28, 40, 41, 43], one study did not
detect a difference [36] and one study found that the results
depended on which subset of CD133* cells were examined
[39]. These seemingly conflicting results could be a result of
the different marker schemes used across studies. In an
attempt to better synthesize these data sets, studies were
grouped together based on shared marker schemes and sub-
jected to meta-analysis. Two studies used CPC marker
schemes that precluded grouping them with at least one
other study [30, 36]. A third study could not be included in
the meta-analysis because the necessary numerical data for
comparisons between PAH patients and healthy controls was

cD34*

CD133*
CcD34*CcD133*
CD34*CD133*CD45"™
CD34*KDR*
CD133*KDR*

CD34'CD133*KDR*

0 5 1I0 15
Number of Studies

FIGURE 4 |
used to define circulating progenitor cells by flow cytometry in PAH
studies. Marker schemes reported in at least two studies are plotted on
the y-axis. The total number of counts is greater than the number
of studies included in the systematic review (N = 19) because several
studies reported results for more than one marker scheme. A complete

Frequency of common cell surface marker schemes

list of the marker schemes reported in each study is summarized
in Table 1.

not reported in the original manuscript, and we did not
receive a response to our request for the data. The 8
remaining studies were divided into three groups based on
the following marker schemes: (1) CD34*CD133%; (2)
CD133"KDR", and (3) CD34"CD133+*CD45"°Y (Figure 5).

Three studies included patients with diagnoses other than PAH
(e.g., PH secondary to OSA, chronic thromboembolic PH and
pulmonary capillary hemangiomatosis), but these patients were
not included in the meta-analysis [29, 37, 40]. When all 8
studies were pooled together and analyzed using a random ef-
fects model, significant heterogeneity (I° =90%, p < 0.01; Fig-
ure 5) precluded any meaningful conclusion and supports the
notion that the three different marker schemes contribute, at
least in part, to the variable results across studies. Even when
subdivided by marker scheme, heterogeneity was still present in
the subgroups of studies that compared CD34*CD133* and
CD133*KDR™ cells.

Similar to the analysis across all 8 studies, heterogeneity
across the three studies that examined CD133"KDR" cells
(I? =91%, p < 0.01; Figure 5) prohibited a combined analysis
[29, 39, 41]. Several important differences between the PAH
cohorts and/or the experimental methods used in these
studies may explain this degree of heterogeneity. While Zhu
et al. directly stained whole blood samples, Foris et al. iso-
lated PBMCs by density gradient centrifugation before
staining. Toshner et al. also isolated PBMCs by density gra-
dient centrifugation but then included a subsequent positive
enrichment step using magnetic beads to capture CD133%
cells before staining for CD133 and KDR. Although Zhu et al.
did not illustrate their gating strategy, they state that
CD133"KDR™ cells were identified in the lymphocyte gate,
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Study Healthy
PAH Control
CD34*CD133* (N) (N)
Asosingh 2008* 10 16
Farha 2011 52 62
Montani 2011 9 7

Random effects model
Heterogeneity: P = 50%, 12 = 0.16, p = 0.13

CD133*KDR*

Zhu 2008 20 20
Toshner 2009** 18 11
Foris 2016 20 20
CD34*CD133*CD45/w

Garcia-Lucio 2017* 33 30
Tura-Ceide 2021 144 47

Random effects model
Heterogeneity: P = 0%, t2=0, p = 0.70

Standardized Mean

FIGURE 5 |

Lower
in PAH

Difference 95% CI

1.51 [0.61;2.42]

—— 0.63 [0.24;1.01]

_ 1.33 [0.21; 2.45]
e 1.02 [0.39; 1.65]

-1.40 [-2.09;-0.70]

0.86 [0.062; 1.65]

—_— -1.31 [-1.99;-0.62]
— -0.47 [-0.98; 0.028]
—— -0.36 [-0.69; -0.025]
g -0.39 [-0.67; -0.12]

T T l

Higher
in PAH

Meta-analysis of studies reporting numerical data for circulating progenitor cells in PAH patients compared to healthy controls.

Standardized mean differences between PAH patients and healthy controls from each study were used for meta-analysis. Studies were grouped based

on shared marker schemes used for flow cytometry. Significant heterogeneity precluded a combined analysis of all 8 studies (I* = 90%, T° = 1.09,
p<0.01) as well as the 3 studies that investigated CD133*KDR™" cells (PP=91%, 7 =1.46, p <0.01). *Patients from these studies with a diagnosis
other than PAH [sleep apnea (n = 3), sarcoidosis (n = 1), CTEPH (n = 15), pulmonary capillary hemangiomatosis (n = 1)] were not included in the

meta-analysis. *Data is from the Giessen cohort reported separately in the original manuscript.

similar to the approach taken by Foris et al. In contrast,
Toshner et al. included both lymphocytes and monocytes in
their gating strategy. Lastly, Zhu et al. included only IPAH
patients, none of whom were on contemporary pulmonary
vasodilator therapy. Both Foris et al. and Toshner et al.
included IPAH patients and patients with disease-associated
PAH (e.g., PAH due to CHD, connective tissue disease, or
portal hypertension; APAH), the majority of whom in each
study were treated with PAH-specific therapy.

Moderately high heterogeneity (I = 50%, p = 0.13) was found
between the 3 studies that investigated circulating
CD34*CD133" cells [35, 37, 50]. While Asosingh et al. and
Montani et al. included only IPAH patients, almost a third of
the subjects in the study by Farha et al. were diagnosed with
APAH. Nevertheless, a meta-analysis of these studies sug-
gests that circulating CD34*CD133% cells are increased in
PAH patients compared to healthy controls [pooled SMD
(95% CI) 1.02 (0.39 to 1.65)].

The most consistent results were observed in the two studies
that investigated circulating CD347CD1337CD45'"°" cells
(IF = 0%, p=0.70) and both studies included patients with a
variety of PAH subtypes. The high degree of consistency is
not unexpected given that the 2 studies are from the same
research group and, therefore, likely followed very similar
flow cytometry protocols. In contrast to the three studies
that measured CD34"CD133" cells, a meta-analysis of these
two studies suggests that circulating CD34*CD133+CD45"%
cells are decreased in PAH patients compared to healthy
controls [pooled SMD (95% CI) —0.39 (—0.67 to —0.12)].
Notably, the majority of patients in the studies reporting
CD347CD1337CD45"°Y cells were diagnosed with APAH

rather than IPAH or hereditary PAH (HPAH). Also, in the
combined cohort of 177 PAH patients, nearly 50% were
treatment naive, all 33 of the patients in the study by Garcia-
Lucio et al. and 53 in the study by Tura Ceide et al. Thus,
compared to all other studies in the meta-analysis, including
the three studies that measured CD34"CD133" cells, the
studies reporting CD34TCD1337CD45'°% cells had higher
proportions of APAH and treatment naive patients.

2.5 | Comparison of CPC Levels Across PAH
Patient Subtypes

Whether the number or fraction of CPCs differs across dif-
ferent PAH etiologies was examined in five studies (Table 1).
Two studies, one in an adult PAH cohort [28] and the other in
a pediatric PAH cohort [54], compared CPCs in patients with
IPAH to those with CHD-PAH. Diller et al. examined adults
with IPAH and CHD-PAH complicated by Eisenmenger
syndrome (ES) and stratified the analysis by sex and whether
CHD-PAH patients had Down syndrome or not. Significant
differences in CD34%, CD34+CD133", CD34"KDR* or
CD34*CD133"KDR™ cells were only observed in adult male
Down syndrome patients with CHD-PAH and ES compared
to adult male IPAH patients. Smadja et al. found that the
number of circulating CD34% cells was similar in pediatric
CHD patients following surgical correction whether or not
their postoperative hemodynamics normalized (reversible vs.
irreversible PAH), and both groups had lower numbers of
circulating CD34%cells compared to pediatric IPAH patients.
Toshner et al. did not detect differences in circulating
CD34*CD133*KDR™ cells between IPAH and HPAH patients
or differences in circulating CD133*KDR™ cells in IPAH and
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APAH patients. On the other hand, Farha et al. observed a
significantly higher proportion of circulating CD34"CD133"
cells in HPAH compared to IPAH patients, but no difference
between IPAH and APAH patients. In the largest study to
date, Tura Ceide et al. investigated a diverse cohort of PAH
patients but did not observe any significant differences in the
proportion of circulating CD34¥CD1337CD45"Y cells
between patients with IPAH, HPAH, connective tissue
disease-associated PAH, SSc-associated PAH, HIV-associated
PAH or portopulmonary hypertension.

2.6 | Levels of CPCs in PAH Patients Compared
to Patients With Other Cardiopulmonary or
Systemic Diseases

Six studies compared the number or fraction of CPCs in patients
with PAH to patients with other underlying diseases or disorders
(Table 1). Compared to SSc patients without PAH (n = 63), Shirai
et al. found that SSc patients with PAH (n = 7) had lower numbers
of circulating CD34*CD133"KDR™ cells [48]. In contrast, Tura
Ceide et al. detected a higher percentage of circulating
CD347CD1337CD45"" cells in SSc patients with PAH (n=31)
compared to SSc patients without PAH (n =44) [43]. In the later
study, SSc patients without PAH exhibited relatively preserved
lung function [FVC, FEV1, and DLCO (% predicted): 100.4 + 15.3,
101.3+12.8 and 73.4+12.2, respectively], and nearly all were
WHO/NYHA FC I, and thus the findings may not be generalizable
to SSc patients without PAH who exhibit more significant
parenchymal lung disease. In the same study, the percentage of
circulating CD34*CD133+CD45"" cells was similar between HIV
patients with and without PAH [43]. Lastly, two studies examined
levels of CPCs in CHD patients with and without PAH [46, 53].
Smadja et al. found that CHD patients with reversible PAH
(mPAP < 25mmHg 6 months after surgery), irreversible PAH
(mPAP > 25 mmHg 6 months after surgery) and repaired CHD
without PAH all had similar numbers of circulating
CD34*CD133* cells. In a large cohort of children with CHD
assessed before surgical repair, Sun et al. observed that higher
preoperative CPC levels (> 1 CD133*KDR™ cell/uL) were associ-
ated with a lower risk of coexistent PAH (mPAP > 25 mmHg).

2.7 | Correlation Between CPC Levels and
Clinical Parameters

Eight studies examined whether the number or fraction of CPCs
in PAH patients at a single time point correlated with clinical
parameters such as hemodynamics [28-30, 37, 41, 43, 46], WHO/
NYHA FC [28, 43], 6MWD [28, 40, 41, 43], and BNP [28, 41, 43].
In general, these studies often reported discordant results for the
relationships between CPCs and various clinical parameters
(summarized in Table 1). Notably, only two studies specified that
CPC measurements were obtained concurrently with the clinical
variables to which they were correlated [29, 41]. Zhu et al. re-
ported a significant positive correlation between 6MWD and
number of circulating CD133*KDR™ cells, where CD133*KDR*
cells were measured on the same day as the 6MWD, however this
analysis combined both healthy controls and IPAH patients.

Toshner et al. did not observe a significant correlation between
CD133"KDR™" cells measured at the time of right heart cathe-
terization and either mPAP, PVR or cardiac index.

2.8 | Impact of Treatment on CPC Levels

Five studies prospectively investigated the effect of therapy on
the number or percentage of CPCs over time (summarized in
Table 1) [40, 43, 47, 51, 54]. Levels of CPCs were determined as
early as a few days and up to 12 months after treatment initia-
tion. The impact of pulmonary vasodilator therapy on CPC levels
was examined in three studies. Two studies specifically evaluated
treatment naive patients at baseline and then again 3-12 months
after initiation of PAH therapy. In the first study, the authors
observed an increase in the percentage of CD34*CD133"CD45'%
cells 6-12 months after the initiation of PAH treatment (n =18
patients) [40]. Yet, the second and larger of the two studies,
reported no change in CD347CD1337CD45' cells following
3 months of PAH therapy (n =53 patients) [43]. Two small,
proof-of-concept studies examined the impact of novel thera-
peutic interventions for PAH on circulating CD34*CD133" cells
when added to standard background therapy. Compared to
baseline levels, treatment with cromolyn and fexofenadine
reduced the percentage of CD34"CD133" cells at 4 and 12 weeks
[51]. Likewise, imatinib treatment for 24 weeks reduced circu-
lating CD34*CD133™ cells compared to placebo [47]. However,
nearly half of the subjects (n =3 in imatinib group, n=2 in
placebo group) withdrew before the 24-week endpoint. Lastly, in
a retrospective analysis, Diller et al. observed that the percentage
of circulating CD347CD133* and CD34"KDR™" cells in IPAH
patients was positively correlated with sildenafil dose. In con-
trast, the number of circulating CD34*CD133* cells was similar
in IPAH patients, whether they were receiving an endothelin-1
receptor antagonist or prostacyclin analogue [28]. Interestingly,
in studies that reported differences in CPC levels with the
addition of new therapy, each observed a relative change towards
“normal,” even though the direction of change differed between
studies.

3 | Discussion

Systematic review of studies quantifying CPCs by flow cyto-
metry in PAH patients highlights the opportunities to build
upon the current literature. Less than half of the studies
included detailed enrollment strategies and/or clearly stated
inclusion and exclusion criteria. Details regarding disease
severity, time from diagnosis and/or co-morbid conditions were
also frequently absent. The small sample size in many studies
commonly necessitated combining patients with diverse PAH
etiologies. Further, detailed descriptions of the flow cytometry
methods (e.g., gating strategy) were not universally reported.
Considering these limitations, the observed discordance
between studies that compared CPCs in PAH patients to heal-
thy controls or correlated CPCs with various clinical parameters
is not surprising. Meta-analysis of studies that compared CPCs
in PAH patients to healthy controls suggests that factors other
than the marker scheme contribute to the observed heteroge-
neity. For instance, comparisons were likely confounded by
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differences such as comorbidities, disease duration and severity,
sample timing, and evolving treatment paradigms between
study cohorts. Despite the noted shortcomings, future studies of
circulating progenitor and endothelial cells remain relevant,
and similar to studies that have characterized endothelial cell
diversity in the lung [19-23], may benefit from current and
emerging technologies that enable even deeper single-cell
characterization.

The current review focused on flow cytometric studies of CPCs
identified in blood samples from PAH patients rather than the
application of cell culture methods for isolating and character-
izing CPCs ex vivo. Nevertheless, it is important to recognize
that consensus definitions of different subsets of CPCs are
principally based on in vitro phenotypic characterization of
cultured cells and in vivo functional assays [5, 10]. For example,
“true” endothelial progenitor cells (EPCs), referred to as en-
dothelial colony-forming cells (ECFCs), late or blood outgrowth
ECs, are capable of endothelial differentiation in vitro and de
novo vessel formation in vivo. In contrast, there exist a pro-
portion of CPCs that also form colonies when cultured ex vivo,
albeit morphologically distinct from ECFCs, and largely exhibit
a myeloid/monocytic cell phenotype [5]. These cells, variably
referred to as myeloid angiogenic cells, circulating angiogenic
cells, early or early outgrowth EPCs, or colony forming unit-
ECs, participate indirectly in postnatal vasculogenesis and/or
angiogenesis in vivo. Justification for culturing blood cells
ex vivo is the fact that these are rare cell populations, and thus
expansion facilitates detection [6]. A potential disadvantage is
that in vitro culture conditions may artificially produce a cell
population and phenotype that does not exist in vivo. Further,
these in vitro cell culture techniques may be more difficult to
scale when considering biomarker development.

Three-fourths of the cohort studies included in this systematic
review and meta-analysis were cross-sectional studies. In com-
parison with optimally designed cohort studies, several studies
did not report a clear enrollment strategy. Reliance of conve-
nience sampling may have increased the risk of sampling error
and weakened the accuracy of results [27]. Further, insufficient
detail about enrollment including clearly defined inclusion/ex-
clusion criteria poses a high risk of bias and presents a chal-
lenge when attempting to make meaningful comparisons across
studies. Six studies analyzed circulating cell populations at
more than one time point, usually following treatment initia-
tion or a change in treatment from baseline [38, 40, 43, 47, 51,
54]. Follow up was largely limited to one additional time point
collected less than 12 months from the initial assessment and
was not analyzed with respective to changes in clinical status.
More comprehensive sampling over a longer timeframe may
uncover insights into whether changes in clinical status are
associated with alterations in the number of CPCs or whether
CPC levels can predict clinically relevant outcomes such as lung
transplantation or death. Similarly, longitudinal studies can
now leverage state-of-the-art single-cell transcriptomics and
proteomics assays to interrogate CPCs.

Since PAH is a rare disease, many of the studies included in this
review combined patients with a wide range of PAH etiologies,
yet the overall small size of the cohorts limited the ability to
compare sub-groups. Likewise, small sample size may have

precluded adjustment for baseline covariates such as comorbid
diseases, time from PAH diagnosis, PAH treatments, and/or
severity of illness. Even still, these covariates were frequently
not reported, and thus it is unclear whether patient cohorts
were comparable beyond their diagnosis of PAH. For instance,
comorbid conditions such as obesity and diabetes are much
more frequent among PAH cohorts than previously recognized
[42, 45]. The timing of CPC measurement in any given patient
relative to their disease onset may have differed both within a
single study and across studies. One possible exception is the
study that only included treatment naive patients [40].
The duration of disease in this cohort of incident patients who
have not begun treatment may be more similar. While small
sample sizes hindered subgroup analyses by treatment within
several studies, the medications available and therapeutic
approach to PAH has also evolved substantially over the time
period in which these studies were published [1], further con-
tributing to differences between studies. Many studies were also
conducted before the widespread use of risk assessment tools,
and therefore risk stratification could not be included as a
potential covariate. In studies that correlated CPC counts with
various clinical variables (e.g., mPAP, PVR, 6MWD), only two
studies specified that CPCs were measured on the same day that
clinical testing was performed [29, 41]. A long interval between
clinical assessment and CPC measurement may obscure any
potential correlation, particularly if a patient's clinical status
and/or the number of CPCs in circulation is dynamic over time.
Likewise, discordant results of correlations between any given
clinical variable and the number of CPCs could be due to var-
iations in the time between their measurement among studies.
It is notable that the current systematic review identified only
one study that examined CECs in PAH patients using flow cy-
tometry [52]. Future studies may consider simultaneous deter-
mination of CECs and incorporating a ratio of progenitor cells
to CECs in analyses as a means of adjustment and/or an
approach to evaluating these circulating cell populations over
time in PAH patients.

Regarding recommended best practices for flow cytometry [26],
all but two studies reported many of the principal components
necessary for proper interpretation. Nevertheless, there was
considerable variability in the flow cytometric methods used
across studies and the elements assessed here were only the
minimum information necessary for interpretation. In addition
to minimizing artifacts, the acquisition of a large number of
events is necessary to overcome the signal-to-noise challenge
of detecting CPCs amongst the more numerous populations of
circulating cell [44, 55]. Additional techniques recommended
for accurately determining rare, circulating cell populations
include serum or Fc blocking before staining, including a
nuclear stain, assessing cell viability, gating strategies to mini-
mize artifacts caused by fluidic disturbances, and cell doublet or
aggregate exclusion [44, 55].

4 | Summary

In conclusion, an opportunity remains to clarify the role of
CPCs in PAH pathobiology and their utility as a biomarker.
Based on a systematic review of the current literature, we
propose several suggestions for future studies. Several factors
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related to study design and reporting are necessary to yield
robust results and facilitate comparison across studies, including
prospective enrollment with clear inclusion/exclusion criteria,
reporting of comorbid conditions, time from diagnosis and risk
assessment and incorporating these variables into covariate
adjustment models. Clinical assessments such as hemodynamics,
exercise capacity, and functional status should ideally coincide
with the timing of blood sampling. Application of standardized
flow cytometry protocols, including appropriate techniques for
rare event analysis, should be reported in sufficient detail. Col-
laborative, multi-center studies could facilitate enrollment of
larger PAH patient cohorts and foster the harmonization of flow
cytometry methods and data collection. In addition, reporting
patient-level data and metadata would enable future aggregation
and meta-analysis. Lastly, longitudinal studies are needed to
determine to what extent these rare circulating cell populations
change over time and whether changes reflect clinically relevant
information about PAH disease progression.
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