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Abstract

Pulmonary artery hypertension (PAH) is a 
devastating cardiopulmonary disease charac-
terized by vascular remodeling and oblitera-
tion of the precapillary pulmonary arterioles. 
Alterations in the structure and function of 
pulmonary vessels result in the resistance of 
blood flow and can progress to right-sided 
heart failure, causing significant morbidity 
and mortality. There are several types of PAH, 
and the disease can be familial or secondary to 
an underlying medical condition such as a 
connective tissue disorder or infection. 
Regardless of the cause, the exact pathophysi-
ology and cellular interactions responsible for 
disease development and progression are 
largely unknown.

There is significant evidence to suggest 
altered immune and vascular cells directly 
participate in disease progression. 
Inflammation has long been hypothesized to 
play a vital role in the development of PAH, as 
an altered or skewed immune response favor-
ing a proinflammatory environment that can 
lead to the infiltration of cells such as lympho-
cytes, macrophages, and neutrophils. Current 

treatment strategies focus on the dilation of 
partially occluded vessels; however, such 
techniques have not resulted in an effective 
strategy to reverse or prevent vascular remod-
eling. Therefore, current studies in human and 
animal models have attempted to understand 
the underlying pathophysiology of pulmonary 
hypertension (PH), specifically focusing on 
the inflammatory cascade predisposing 
patients to disease so that better therapeutic 
targets can be developed to potentially reverse 
or prevent disease progression.

The purpose of this chapter is to provide a 
comprehensive review of the expanding litera-
ture on the inflammatory process that partici-
pates in PH development while highlighting 
important and current studies in both animal 
and human models. While our primary focus 
will be on cells found in the adaptive and 
innate immune system, we will review all 
potential causes of PAH, including cells of the 
endothelium, pulmonary lymphatics, and 
genetic mutations predisposing patients. In 
addition, we will discuss current therapeutic 
options while highlighting potential future 
treatments and the questions that still remain 
unanswered.
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Abbreviations

CRTH2 Chemoattractant receptor 
homologous molecule expressed 
on Th2 cell

CTD-PAH Connective tissue disease- 
associated pulmonary artery 
hypertension

CTEPH Chronic thromboembolic pul-
monary hypertension

DC Dendritic cell
ET1 Endothelin-1
GM-CSFR Granulocyte macrophage colony 

stimulating factor receptor
HCV Hepatitis C virus
HHV Human Herpes virus 6
IPAH Idiopathic pulmonary arterial 

hypertension
LTB4 Leukotriene B4
MAPK Mitogen-activated protein 

kinase
MCP-1 Monocyte-chemoattractant 

protein-1
NE Neutrophil elastase
NET Neutrophil extracellular trap
NO Nitric oxide
PAH Pulmonary arterial hypertension
PH Pulmonary hypertension
PL Plexiform lesion
RV Right ventricle
RVH Right ventricular hypertrophy
RVSP Right ventricular systolic 

pressure
SU5416 Sugen 5416 selective inhibitor 

of the vascular endothelial 
growth factor receptor

Tc Cytotoxic T cells
Th T helper cells
TLO Tertiary lymphoid organ
TNFSRF11B Tumor necrosis factor receptor 

superfamily member 11B
Treg T-regulatory cells
VEGF-2 Vascular endothelial growth 

factor-2

19.1  Introduction

In this chapter, we will review the literature in 
animal and human models supporting the role of 
immune cells and how they interact with vascular 
cells in the development of pulmonary arterial 
hypertension (PAH) and provide future perspec-
tives on therapeutic application.

Pulmonary arterial hypertension (PAH) is a 
devastating cardiopulmonary disorder charac-
terized by narrowing and/or disorganization of 
the terminal pulmonary arterioles. If untreated, 
PAH can progress to right ventricular failure, 
causing significant morbidity and mortality. 
Pathogenic drivers contributing to the extensive 
obliterative changes seen in PAH throughout the 
vasculature are still under investigation, but 
there is evidence to suggest that inflammation is 
a major contributor.

Immune cells such as T and B lymphocytes 
have been hypothesized to play a role in PAH 
development for more than 50 years. Inflammatory 
cell aggregates composed of T and B lympho-
cytes, macrophages, dendritic cells, and mast 
cells have been documented to surround pulmo-
nary vasculature in both animal and human mod-
els with PAH [1]. There is ongoing debate 
whether inflammatory processes are the cause 
and propagation of vascular remodeling or just a 
consequence. Regardless of the etiology, several 
animal and human models have revealed that 
high levels of inflammatory mediators are predic-
tive of worse clinical outcomes, highlighting 
their clinical significance and therapeutic poten-
tial [2, 3].

Intriguingly, idiopathic pulmonary arterial 
hypertension (IPAH)-associated tertiary lym-
phoid tissues (organized ectopic lymphoid folli-
cles) suggest that impaired or hyperpermeable 
infiltration of the lymphatic collection system is 
associated with elevated immune cell recruit-
ment. Animal models of PH, which partially 
recapitulate human pathology with a variable 
degree of vascular remodeling, have dissected 
various inflammatory pathways and identify a 
variety of proinflammatory mediators. PAH is 
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associated with several infectious and autoim-
mune diseases, including HIV, HHV-8, HCV, and 
schistosomiasis. These associations suggest that 
an off-target inflammatory response can inadver-
tently damage the pulmonary vasculature [4]. 
Inflammatory dysregulation and PAH are also 
well-documented in patients with autoimmune 
disorders. Ten percent of patients with systemic 
sclerosis have diagnosed PH. A lower incidence 
is seen in patients with other connective tissue 
disorders, such as systemic lupus erythematosus 
and Sjogren’s syndrome [5, 6].

Additionally, IPAH patients can present with 
Raynaud’s phenomena and scleroderma. 
Increased levels of antinuclear/endothelial cell 
antibodies and autoantibodies can also be 
detected in IPAH serum [6–9]. While it has been 
recognized that autoimmunity is highly associ-
ated with PAH, we still lack definitive evidence 
to show that autoimmunity itself is a direct cause 
of the cellular changes leading to PAH develop-
ment in animal or human models. For instance, 
sex, age, functional class, duration of symptoms, 
or hemodynamic status has no significant impact 
on the expression level of autoimmune-related 
antibodies in patients with PAH.

19.2  T Cells

T cells are essential components of the adaptive 
immune response. In general, three subsets, T 
helper cells (Th, CD4+), T-regulatory cells (Treg, 
CD4  +  CD25highFoxP3+), and cytotoxic T (Tc, 
CD8+) cells, are required for equilibrium and 
homeostasis [10]. Th cells are further subdivided 
into Th1, Th2, and Th17 cells, named after the pro-
inflammatory cytokines they secrete. Each sub-
type has a specific role and response in the 
inflammatory cascade. Th and Tc cells produce a 
proinflammatory response, while Treg cells exert a 
balancing response, for self-tolerance and prevent-
ing autoimmunity. When an imbalance between 
the T-cell subtypes occurs, an exaggerated 
response can be seen secondary to the overexpres-
sion of proinflammatory cytokines released by Th 
cells or the anti-inflammatory cytokines due to 
Treg cell products. Numerous animal and human 

models have investigated the relationship between 
T-cell dysregulation and PAH. The balance and 
homeostasis of T cells along with their cytokines 
are vital to prevent the loss of self- tolerance, which 
may predispose patients to inflammation and the 
development of PAH [11] (Table 19.1).

19.3  Treg Cells

Treg cells play a vital role in regulating the 
inflammatory response of Th cells to self and for-
eign antigens. The downregulation of Tregs and 
their associated anti-inflammatory cytokines can 
lead to increased proliferation of Th17 cells. 
Tregs maintain immune homeostasis by sup-
pressing CD4, CD8, and NK Cells [12]. They can 
accomplish this by interfering with the major his-
tocompatibility complex II (MCHII) complex on 
T cells via interleukin 10 (IL-10), inhibiting den-
dritic cells antigen recognition process, and sup-
pressing T-cell expansion [13, 14]. The Treg cell 
surface molecule, galectin-1, can also bind to 
effector T cells and dendritic cells, causing cell 
cycle arrest and apoptosis [1].

Regulating immune dysfunction is critical to 
preventing the progression of PAH. Human and 
animal models show that the imbalance of the 
Treg/Th17 ratio correlates with PAH disease 
severity in those with idiopathic, genetic, and 
PAH secondary to connective tissue disease, 
highlighting the role of Treg in PAH [15]. 
Athymic rats have a T-cell immunodeficiency 
that renders them particularly sensitive to devel-
oping severe PH. To some extent, these animals 
can recapitulate severe human pulmonary arterial 
hypertension [16].

Athymic rats injected with SU5416, a vascu-
lar endothelial growth factor-2 (VEGF-2) inhibi-
tor, have been shown to develop significant right 
ventricle (RV) remodeling, perivascular inflam-
mation, smooth muscle hypertrophy, and occlu-
sive arteriolar lesions [16]. However, when 
CD4 + CD25hi Treg populations were restored in 
these inbred models prior to vascular injury by 
SU5416 injection, the development of pulmonary 
disease was prevented and revealed 
reduced  tumore necrosis factor a (TNF-a)/IL-6. 
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This finding suggests that Tregs may be impor-
tant immune regulators preventing the propaga-
tion of vascular injury by limiting inflammation 
[17]. Intriguingly, the same inbred athymic 
female rats lacking normal Treg activity exhib-
ited greater inflammation and developed more 
significant PH than their male counterparts, 
revealing that the Treg estrogen receptor isoform 
associated with inflammation activation path-
ways [18]. In the hypoxic mouse model of PH, 
injection with Treg cells significantly reduces 
right ventricular systolic pressure (RVSP) and 

proinflammatory cytokine expression compared 
to controls [15].

While the immune imbalance between Treg 
and Th has been documented in PAH, it is unclear 
if the development of PAH is due to the T-cell 
subset imbalance itself or the inflammation from 
vascular damage. Further studies are needed to 
identify the exact role of Treg cells in PAH devel-
opment. Furthermore, the process of 
CD4 + CD25- conversion to CD4 + CD25+ sub-
sets, as well as its origin and function still need 
more characterization. The protective effects 

Table 19.1 Immune cells role in PAH

Cell Role in PAH development PH findings in animal models
Treg cells 
(CD4 + CD25 + FoxP3+

Downregulation of Treg cells lead to 
TH17 proliferation and 
proinflammatory cytokines [22]
Imbalance of Treg/TH17 ratio 
correlated with PAH disease severity in 
patients with PAH [15]
Treg cells improve EC function and 
limit proinflammatory cytokine release 
from SMCs [21]
Proinflammatory cytokine release from 
SMCs decreased with Treg cell 
injection [19]
Treg cells can enhance pulmonary 
artery EC nitric oxide synthase activity 
[154]
Inhibition of Rho1/RhoA kinase 
pathway protects Treg/TH17 imbalance 
and decreased SMC hypertrophy [20]
Treg activity decreased collagen 
accumulation by suppressing TGF-b1 
and FGF-9 [23]

Athymic rats injected with SU5416 showed 
reversal of PAH when Treg cell function 
restored [16, 17]
Mouse hypoxic models injected with Treg 
cells not reductions in RVSP and pro- 
inflammatory cytokines [15]
Athymic female rates with decreased Treg 
activity exhibit greater inflammation and 
PAH severity compared to male 
counterparts due to Treg estrogen receptor 
isoform [18]

Cytotoxic T cells (CD8+) Low CD8 cells associated with 
mortality and decreased 6-min walk test 
in PAH patients [37].

TH2 cells (CD4+) Known to exacerbate PAH in patients 
with Schistosomiasis [34]

Disruption of CRTH2 suppressed TH2 cells 
and improved vascular remolding in animal 
and human models [35]
CHRTH2 deficiency in mouse models 
suppressed TH2 activation, decreased IL-4 
and IL-13 secretion alleviated established 
PAH [35]

TH17 cells Increased TH17 cells and associated 
cytokines in patients with PAH 
secondary to CTD [85].
Increased TH17 cells in patients with 
PAH lead to GM-CSFR+ release and 
recruitment of inflammatory cells and 
vascular remodeling [31]

Mouse models exposed to chronic hypoxia 
and treated with SR10001, a TH17 
inhibitor, had decreased vascular 
remodeling compared to controls [33]
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against PAH seen in Treg-restored animal models 
suggest a potential for therapeutic strategies.

Treg cells and their anti-inflammatory byprod-
ucts play a vital role in vascular remodeling, via 
(1) inhibiting smooth muscle proliferation, (2) 
protecting endothelium function, and (3) prevent-
ing extracellular matrix proteins deposition. 
Numerous studies in human and animal models 
have demonstrated the regulatory effects that 
Treg cells exhibit on smooth muscle prolifera-
tion. Levels of proinflammatory cytokines, such 
as IL-6 and IL-1b, in smooth muscle cells from 
humans with PAH decrease with recombinant 
Treg cell injection compared to controls [19]. 
Human smooth muscle cells incubated with Treg 
cells in hypoxic conditions have also been shown 
to have reduced densities when compared to con-
trol groups. This further suggests that Treg cells 
regulate growth and hypertrophy of the vascula-
ture and smooth muscle cells under inflammatory 
conditions.

The proposed mechanism by which Tregs 
control pulmonary artery smooth muscle cells is 
via suppressing Akt/ERK, the pathway responsi-
ble for triggering cell growth, survival, and motil-
ity [19]. The inhibition of the Rho1/RhoA kinase 
pathway has shown the potential to correct the 
imbalance between Th17 and Treg cells. The cor-
rection of this ratio and re-establishing immune 
cell homeostasis could lead to decreased smooth 
muscle growth and inflammation [20]. Regardless 
of the exact mechanism, it is clear from 
 experimental studies that Tregs may prevent the 
hypertrophy of smooth muscle cells in pulmo-
nary arterioles.

Treg dysfunction also has direct interaction 
with endothelial cells and can decrease inflam-
matory effects known to aggravate PH progres-
sion [21]. Circulating Treg cell function is 
downregulated in patients with idiopathic PAH, 
favoring inflammatory proprieties and resulting 
in the development of PAH in an endothelium 
leptin-dependent manner [22]. IL-10, an anti- 
inflammatory cytokine produced by Treg cells, is 
protective against the development of PAH by 
enhancing nitric oxide synthase phosphorylation 
in pulmonary arteriole endothelial cells.

Treg cells have suppressive effects on colla-
gen accumulation by suppressing TGF-b1 and 
fibroblast growth factor 9 (Fgf-9) secretion [23]. 
These cytokines directly inhibit the excessive 
activation of fibroblasts, decreasing collagen and 
extracellular matrix proteins deposited within 
arterioles [23–25]. In addition to regulating fibro-
blasts in pulmonary arterioles, Treg cells down-
regulate cardiac fibroblasts via the secretion of 
IL-10, contributing to the control of ventricular 
modeling and the development of right ventricu-
lar hypertrophy (RVH) seen in PAH [26] 
(Fig. 19.1).

It remains unclear how immune reconstitution 
regulates endothelial bone morphogenic protein 
receptor 2 (BMPR2) and by what mechanism 
endothelial injury is attenuated. Of note, several 
reports have described increased Tregs in the 
peripheral circulation of idiopathic PH patients 
[27, 28]. Thus, Treg abnormalities in certain PH 
patient groups should be further investigated.

In summary, these findings suggest that Tregs 
may reverse vasculature changes during the pro-
gression of PAH. Thus, restoring of Treg function 
may provide a path for future therapeutic 
strategies.

19.4  TH17 Cells

Treg cell suppression induces the generation of 
TH17 cells from naÏve T cells, leading to 
increased inflammatory response. This response 
is secondary to the release of proinflammatory 
cytokines, such as IL-17 IL-21 and IL-22, which 
provide defense against foreign pathogens. Most 
studies have investigated and described the rela-
tionship between Treg cells and PAH, and TH17 
overexpression has also been described in both 
animal and human models of PH.

The TH17 dominant proinflammatory state 
has been documented in several diseases to pre-
dispose patients to PAH. Patients with PAH sec-
ondary to a connective tissue disorder have an 
increase in peripheral TH17 cells, cytokines, and 
mRNA levels [29]. Furthermore, using immuno-
phenotyping on monocyte-driven dendritic cells, 
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IPAH patients were noted to have higher levels of 
the T-cell activating molecules CD86 and CD40 
after dexamethasone pretreatment [30]. These 
studies suggest an increase in TH17 cell number 
in patients with PAH. When immune dysfunction 
leads to a skewed TH17 reaction, increased cyto-
kines, such as IL-6 and TNF-a, stimulate the 
release of granulocyte macrophage colony stimu-
lating factor receptor(GM-CSFR). GM-CSFR 
release results in the recruitment of macrophages. 
Studies show that leukotriene B4 (LTB4) signal-
ing elicits increased GM-CSF levels [31]. The 
increased macrophages can directly induce vas-
cular injury and remodeling via endothelial cell 
apoptosis and smooth muscle proliferation.

Cytokines derived from TH17 cells, including 
IL-6 and IL-21, potentially play a role in the 
pathophysiology of PAH and provide possible 
therapeutic targets for patients. IL-6 blockade 
through the receptor antibody MR16-1 amelio-
rated hypoxia-induced PH in mice models and 
prevented accumulating of macrophages and 
TH17 cells in lungs [32]. In animal models, mice 

depleted of CD4 cells and those treated with 
SR10001, a TH17 cell inhibitor, prevented vascu-
lar remodeling when exposed to chronic hypoxia 
[33].Overall, experimental data appear to be 
associated with a dysregulated immune response 
and increased TH17 expression. However, it is 
unclear if this overexpression is a cause or result 
of PAH.

19.5  Th2 Cells

Th2 cells interact with the innate immune system 
to activate a humoral response to pathogens. 
They play a major role in the promotion of eosin-
ophilic responses, IgE production, atopy, and 
combating extracellular pathogens, such as para-
sites and worms. Th2 cells produce IL-4 and 
IL-13, which stimulate B-cell proliferation and 
antibody class switching. Originally described as 
being an antagonist to the development of auto-
immune pathology, Th2 cells and their related 
cytokines have been shown to exacerbate PH pro-

Fig. 19.1 The role of 
the inate and adaptive 
response leading to PAH 
and vascular remodeling
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gression in certain diseases, such as 
Schistosomiasis. In experimental models, mice 
with insufficient or inhibited CD4+ Th2 cells 
were protected against PH development after 
Schistosoma exposure. CD4+ Th2 cells are 
recruited from the circulation of Schistosoma 
egg-sensitized mouse model and necessary for 
the development of PH [34].

Experimental models have suggested type 2 
inflammatory cytokines released by TH2 cells, 
specifically IL-4 and IL-13, which participate in 
PH development. This is demonstrated by 
reduced inflammation and alleviated RVSP in 
mouse models after inhibition of IL-4 and IL-13. 
Human and rodent models have increased expres-
sion of chemoattractant receptor homologous 
molecule expressed on Th2 cell (CRTH2) in cir-
culating CD3 + CD4+ T cells. The disruption of 
CRTH2 was further shown to suppress Th2 cells, 
including IL-4 and IL-13. Thus, results in 
improved vascular remodeling and PH suggest 
that Th2 cells directly participated in the progres-
sion and development of IPAH [35]. While these 
models suggest that Th2 cells are involved with 
PAH development, more clinical studies are 
needed before causation is proven.

19.6  T Cytotoxic Cells

CD8+ T lymphocytes, also known as cytotoxic T 
cells, identify cells marked for destruction via 
interacting with antigens bound to class 1 MHC 
molecules and promote cell death in response to 
the release of perforin, granzymes, and other 
molecules. Decreased levels of cytotoxic T cells 
have been well documented as a consequence of 
aging, as well as various chronic diseases.

A decreased number of circulating CD8 cells 
have been recognized as an adverse prognostic 
marker in cancer and chronic viral infections 
such as HIV [36]. This response is known as 
cytotoxic T-cell depletion, which has also been 
documented in patients with PAH. It is hypothe-
sized that the abnormalities are in response to a 
self or foreign antigen, causing depletion of cyto-
toxic T cells or T-cell exhaustion. Studies have 

demonstrated that deficiencies in cytotoxic T 
cells and NK cells may be independently associ-
ated with death and a decreased 6 min walk test 
in patients with PAH [37]. Increased percentage 
of Treg cells (CD25high FoxP3+CD4+) along with 
decreased CD8+ T cells in peripheral blood has 
been detected in IPAH patients [38].

While it is thought the imbalance of cytotoxic 
T cells described is in response to surrounding 
immune dysregulation, immunohistochemistry 
of lung tissue from PAH patients revealed 
increased perivascular CD8+ compared to con-
trols, suggesting that CD8+ T cells potentially 
have an active role in vascular remodeling [39]. 
However, phenotype and functional analyses of 
CD8 cells through the different stages of PAH are 
needed to further understand the mechanism and 
contribution of these cells in disease progression 
to determine their exact role.

19.7  Neutrophils

Neutrophils are the predominant circulating leu-
kocyte in the body and a staple of the immune 
system. They act as first responders to infection 
and inflammation through phagocytosis to clear 
debris and recruit cells of the innate and adaptive 
immunity. While few studies have explored the 
role of neutrophils in the development of PAH, 
some have found an increased neutrophil pres-
ence and activity in animal and human models.

Increased neutrophil accumulation in the 
lungs has been seen in monocrotaline (MCT)-
induced rats and hypoxic mice [40–42]. 
Furthermore, an increased neutrophil-to- 
lymphocyte ratio has also positively correlated 
with the New York Heart Association PAH func-
tional class and predicted survival, suggesting 
neutrophils have prognostic capabilities of dis-
ease severity [43].

While it is not well understood why the 
increase in neutrophils is associated with PAH 
progression, a wide range of neutrophil byprod-
ucts may theoretically contribute. Neutrophils 
produce neutrophil elastase (NE), which is one of 
the primary proteolytic enzymes responsible for 
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the release of neutrophil extracellular traps 
(NETs). A relationship between neutrophil elas-
tance activity and vascular changes in PAH 
experimental rat models has been documented 
[44]. There are anecdotal documents that showed 
augmented NE release both from neutrophils iso-
lated from PAH patients and PAH smooth muscle 
cells (SMCs) and in rat models of PH [45–48]. 
NETs assist in microbial trapping and elimina-
tion as its normal function [49], but the emer-
gence of excessive NETs has been identified in 
vascular pathologies in PAH, which promotes 
SMC proliferation, induces EC apoptosis, and 
increases matrix deposition [50, 51]. The degra-
dation of the extracellular membrane leads to the 
release of growth factors and proinflammatory 
cytokines, promoting extracellular membrane 
remodeling and disease progression. In addition, 
markers of NETs were identified in proximity to 
plexiform lesions in PAH lung tissues.

The numerous mechanisms of neutrophils 
contribute to PAH that has led to studies to look 
into therapeutic options. Interestingly, the inhibi-
tion of neutrophil elastase has been noted to 
reverse disease in experimental models, specifi-
cally in monocrotaline mice and the Sugen/
hypoxia rat model following treatment with ela-
fin, an endogenous elastance inhibitor [40]. These 
findings have been replicated in human models. 
Explanted lung tissue with PAH treated with ela-
fin displayed regression of intimal changes and 
increased vascular lumen size [52]. In addition to 
tissue destruction leading to PH, neutrophil elas-
tase activates IL-1b, a proinflammatory cytokine 
released by endothelial cells, which can recipro-
cally promote the neutrophil survival and increase 
matrix deposition.

The role of intrinsic neutrophil abnormalities 
and alterations in NET and NE release in differ-
ent stages of PH and during progressive vascular 
remodeling remain elusive. Nevertheless, a treat-
ment targeting neutrophil elastance is a challeng-
ing therapeutic strategy to treat PAH, as they 
have a vital role in host defense and would leave 
recipients exposed to infection. More clinical 
research is needed to determine the exact role and 
mechanisms of neutrophils in PAH development 
and progression.

19.8  Macrophages

Macrophages are white blood cells whose pri-
mary role is to engulf pathogens and foreign par-
ticles found throughout the body via phagocytosis. 
They are a key component of the innate immune 
system, presenting manufactured antigens to T 
cells for differentiation and activation of the 
adaptive immune system. The infiltration of mac-
rophages is prominent in the inflammatory infil-
trate of plexiform lesions in experimental and 
different forms of clinical PAH [39, 41, 53, 54]. 
Additionally, depletion of macrophage prevents 
experimental PH and portopulmonary hyperten-
sion [55, 56].

Elevated levels of monocyte-recruiting che-
mokines in the lung, along with increased periph-
eral blood monocytes, have been reported in 
human and animal models with PH. After migra-
tion of the monocytes into the pulmonary vascu-
lature, these cells may differentiate into 
perivascular macrophages through Ccl2 and 
Cx3cl1 activation [57]. Inhibition of Cx3cI1/
Cx3cr1 signaling leads to decreased interstitial 
macrophage expansion and reduced pulmonary 
vasculature remodeling and inflammation in 
rodent models with PH [57].

Without Treg cell suppression, macrophages 
are activated after an insult and participate in 
vascular remodeling leading to PAH. This has 
been suggested by the protective effects seen 
against PAH development in animal models 
lacking alveolar macrophages [54]. The deple-
tion of alveolar macrophages in rats exposed to 
chronic hypoxia has a protective effect against 
pulmonary artery pressure changes, suggesting 
macrophages participate directly in the devel-
opment of PH. Rats exposed to chronic hypoxia 
with decreased alveolar macrophages had no 
change in serum monocyte- chemoattractant 
protein-1 (MCP-1), suggesting that MCP-1 is 
likely not involved in the recruitment and dif-
ferentiation of macrophages leading to PAH 
development [58]. Regardless of how macro-
phage recruitment occurs, their presence in the 
distal arterioles of both human and animal 
models with PH is more sophisticatedly 
documented.
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Humans and SU5416 rat models have shown 
LTB4, a proinflammatory molecule derived from 
arachidonic acid and released from macrophages 
is a key component in PH progression. It was 
found that LTB4, through inhibition of the endo-
thelial nitric oxide synthetase, causes endothelial 
cell apoptosis leading to proliferation and hyper-
trophy of human pulmonary artery smooth mus-
cle cells. Blocking macrophage-derived LTB4 
biosynthesis or signal transduction reverses 
experimental PH, and depleting CD68+ macro-
phages prevents PH from developing in Sugen- 
treated athymic rats [56]. Activation of 
macrophages is closely linked to epigenetic 
changes that stimulate fibroblast proliferation in 
PAH patients and experimental models [59].

Although the exact mechanisms of how mac-
rophage participation in vascular remodeling and 
how their interaction with vascular cells are 
unknown, targeting macrophages to decrease 
PAH progression may be promising therapeutic 
strategies.

19.9  Dendritic Cells

Dendritic cells (DCs) act as professional antigen- 
presenting cells and are key players in the activa-
tion of naïve T cells. Their main function is to act 
as an intermediate between the innate and adap-
tive immune system, processing foreign antigens 
for T-cell presentation and differentiation [60]. 
They have recently been found to be a key modu-
lator in many disorders, including asthma, auto-
immunity, and tumorigenesis [61–63].

In experimental PH and clinical PAH, imma-
ture dendritic cells accumulate in remodeled pul-
monary vessels, suggesting their involvement in 
the immunopathology of pulmonary hypertension 
[64]. Besides their T-cell activating function, DCs 
are crucial for the presence and preservation of ter-
tiary lymphoid organs (TLOs) seen near pulmo-
nary blood vessels, which consist of other myeloid 
cells, T-, B cells, and monocytes [65, 66].

Intriguingly, multiple DC subsets can be 
found in steady states, such as conventional DCs 
(cDCs) and plasmacytoid DCs (pDCs). Under 
inflammatory conditions, monocytes can differ-

entiate into monocyte-derived DCs (mo-DCs). In 
IPAH patients, the proportion of circulating cDCs 
is decreased compared to controls, potentially as 
a result of an increased cDC migration toward 
lung TLOs [67]. In IPAH lungs, pDC numbers 
are enhanced and pDCs are specifically located 
around the pulmonary vessels, while circulating 
pDC numbers are unaltered [68]. During the 
inflammation, pDCs produce type-I IFN and che-
mokine secretion such as CXCL10 and promote 
activation of immune cells [69]. Inflammation 
and chemokines can also attract monocytes to 
lung of IPAH and CTD-PAH patients, and gave 
rise to mo-DCs, further exacerbate inflammation 
and trigger influx of inflammatory cells [70].

In summary, DC subset distribution and acti-
vation status play important roles in the pathobi-
ology of autoimmune diseases and most likely in 
the development of IPAH and CTD- 
PAH. However, little is known about DC subset 
distribution and function in IPAH, CTD-PAH, 
and autoimmune diseases.

19.10  Mast Cells

Classically, mast cells are identified in tissues by 
their unique products of chymase and tryptase. 
These products were originally identified during 
tumor angiogenesis and later reported to increase 
and correlate with the severity of pulmonary 
hypertension and pulmonary vascular remodel-
ing [71–74].

Rats with mutations in mast cell growth factor 
receptor c-kit develop less PH and vascular 
remodeling when exposed to MCT [75]. Rats 
with flow associated PAH that treated with mast 
cell stabilization attenuated pulmonary vascular 
remodeling and had a lower chymase activity, 
correlating with more favorable hemodynamics 
and pulmonary vascular remodeling [76]. Human 
tissues with IPAH have shown elevated levels of 
chymase-positive mast cells, with its product 
chymase to convert angiotensin 1 to angiotensin 
2 and activate cytokines TGF-b and IL-18. These 
cytokines are noted to directly contribute to the 
development of hypertension and atherosclerosis 
[77]. In addition, tryptase was shown to induce 
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pulmonary artery smooth muscle cell prolifera-
tion and migration, as well as the synthesis of 
matrix protein deposition [78]. Although these 
findings strongly indicate the role of mast cell in 
pulmonary hypertension, the underlying molecu-
lar mechanism is not yet understood.

Interestingly, after intervention with mast cell 
inhibitors, cromolyn and fexofenadine, PAH 
patients showed a decrease in tryptase/leukotri-
ene LTE4/VEGF, along with increase in exhaled 
nitric oxide, a commonly used vasodilator [74]. 
In a small clinical study, imatinib, a tyrosine 
kinase inhibitor that targets c-Kit and some sub-
types of PH revealed decreased circulating pro-
genitor cells/mast cells and in parallel a decrease 
in pulmonary vascular resistance [79].

These findings suggest that potential therapies 
targeting mast cells may show promise for future 
treatment strategies. Recent studies have also indi-
cated that mast cells directly participate in the for-
mation of bronchus-associated lymphoid tissue 
(BALT), and c-Kit+ cells were found locally sur-
rounding these structures, suggesting mast cells 
contribute to their formation and development [66, 
80]. Lymphoid structures found in patients with 
chronic lung disease provide a structure and base 
for inflammatory cells to congregate and acceler-
ate the progression of vascular remodeling [81]. 
Mast cells can recruit and activate B cells by the 
release of IL-6, promoting the formation of this 
tertiary lymphoid tissue. Additionally, mast cells 
can induce T-cell activation, proliferation, and 
cytokine secretion [82]. Conversely, mast cells can 
suppress Tregs that were reported to protect 
against hypoxia-induced PH19.

Although mast cell therapy may present a test-
able and promising strategy, further studies are 
needed to determine if preventing mast cell 
migration early in the disease course can prevent 
vascular remodeling or in the late disease stage.

19.11  Cytokines

Cytokines represent a large group of signaling 
proteins that have important roles mediating sys-
temic biological responses, including inflamma-
tion and immunity. These molecules are typically 

produced by cells of the immune system, but can 
also be released from endothelium and vascula-
ture in response to stressful environments and 
triggers [83]. Specific cytokines are elevated in 
PAH patients and are known to correlate with dis-
ease severity [84]. Identifying the temporal rela-
tionship and effects cytokines have on the 
development of PAH is essential to understand-
ing pathophysiology and disease progression. 
Therapies targeting specific cytokine responses 
and pathways are a high yield area for potential 
treatments and therapeutic strategies.

19.12  IL-6

IL-6 is a potent cytokine with a wide range of 
proinflammatory properties affecting immune 
regulation, inflammation, and metabolic path-
ways. It plays a vital role in regulating the bal-
ance between TH17 cells and Treg cells. 
Oversecretion can cause an immune response 
favoring Th17 cells and place subjects at risk for 
PAH [85].

The exact mechanism that IL-6 contributes to 
PH development is unclear. Studies suggest that 
unopposed mitogen-activated protein kinase 
(MAPK) intracellular signaling and decreased 
TGF-b expression result in proliferative and anti-
apoptotic signaling pathways [86]. IL-6 also has 
prognostic value in patients with PH. Serum lev-
els have been shown to be an independent predic-
tor of survival in patients with PH, and in 
conjunction with other markers of disease sever-
ity, can predict patient outcome [87]. Animal 
models have demonstrated the direct effect IL-6 
has on the development of PH. Rats injected with 
recombinant human IL-6 display increased RVH 
and under normoxic conditions develop PH [88]. 
Conversely, IL-6 knockout mice exposed to 
hypoxia were found to be resistant to the devel-
opment of increased RVP [89]. The most con-
vincing study for IL-6 inducing PH revealed that 
transgenic mice overexpressing IL-6 developed 
muscularization of the proximal arterial tree, dis-
tal arteriolar vessels, and were found to have 
occlusive proliferative lesions consisting of 
endothelial cells and T lymphocytes [90].
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Potential therapies targeting IL-6 and its sig-
naling pathways may help decrease progression 
or even reverse the vascular remodeling seen in 
PH. However, more research is needed to deter-
mine how to target specific pathways activated by 
IL-6 contributing to PH development and to iden-
tify which patients would benefit.

19.13  IL-1b

IL-1b is a proinflammatory cytokine that, like 
IL-6, is shown to correlate with worse outcomes in 
PH patients. Levels of IL-1b decrease prostacyclin 
PGI2, a metabolite of arachidonic acid, which pos-
sesses vasodilatory and antiproliferative effects 
protective against the development of PH.

Murine models of PH also demonstrate high 
serum levels of IL-1b, and the initiation of an 
IL-1b receptor antagonist has been shown to 
decrease PH and RVH [91]. In addition, pulmo-
nary artery smooth muscle cells treated with 
IL-1b display increased levels of COX-2 mRNA, 
a key enzyme in prostacyclin synthesis [90].

While IL-1b itself has properties leading to 
PAH, it can also activate other proinflammatory 
cytokines and molecules. Cleavage of IL-18 by 
IL-1b converting enzyme generates the biologi-
cally active IL-18, which is elevated in patients 
with pulmonary vascular disease. Vascular injury 
releases IL-18 from smooth muscle cells and 
causes the local proliferation and recruitment of 
smooth muscle cells, leading to hypertrophy and 
PAH progression [92].

19.14  Other Secreted Factors

Other cytokines, such as IL-4, IL-5, IL-8, IL-10, 
IL-13, VEGF, and TNF-a, have been shown to be 
abnormal in human and animal models of PH. 
IL-8 plays a role in the early vascular remodeling 
and development of PH via its proangiogenic and 
antiapoptotic properties that act as a growth fac-
tor for endothelial cells [93]. Injections of TNF-a 
into rat models can cause increased vascular 
activity and remodeling [94].

CXCL12a, a potent proangiogenic chemokine, 
is also elevated in patients with PH compared to 
those without. The chemoattractant has been 
shown to cause endothelial proliferation through 
the CXCR7 and CXCR4 receptors on endothelial 
cells [95]. Levels also correlate with disease sever-
ity, as they have been found to be an independent 
risk factor for earlier death and correlate with 
mean pulmonary arterial pressure [96]. IL-10, a 
potent anti-inflammatory cytokine released by T 
cells, is increased in patients with PAH, likely due 
to counter-regulatory mechanisms as levels have 
been found to inversely correlate with prostacyclin 
therapy and be decreased in patients following car-
diopulmonary bypass [97].

Abnormal levels of other biological markers, 
such as osteoprotegerin, also known as tumor 
necrosis factor receptor superfamily member 
11B (TNFSRF11B), have been noted in patients 
with PAH. Increased expression and secretion of 
TNFSRF11B have also been identified in patients 
with PH.  Multiple studies have also found that 
elevated serum osteoprotegerin levels correlate 
with hemodynamic markers predictive of disease 
severity [98]. It is hypothesized that multiple dif-
ferent pathways contributing to PAH develop-
ment can cause increased osteoprotegerin, 
including increased BMPR2 expression [99].

Whether over or under expression of specific 
cytokines leads to the development of PH or if 
the abnormalities detected occur secondary to 
disease progression remain unclear. Growing evi-
dence suggests that levels of cytokines can distin-
guish PAH into four distinct immune phenotypes 
[100]. Independent of underlying etiology, these 
four immune phenotypes may play a role in the 
development of future therapies, as patients can 
be categorized into an immune phenotype and 
treated with appropriate therapy. Immune clus-
ters found that groups had different signals for 
various pathways contributing to PAH develop-
ment. Some groups skewed toward a TH1 
response while others toward a TH17 response or 
adaptive immunity.

Immune phenotyping could offer a framework 
for therapies in clinical settings. Therapies target-
ing immunity would be beneficial in patients who 
lack an increased inflammatory response based 
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on their phenotype and vice versa. The potential 
of combined treatments based on a patient’s phe-
notype is a potential future therapeutic option. 
Targeted treatment toward cells, cytokines, and 
other molecules overexpressed in an immune 
phenotype could provide multitargeted treatment 
strategies personalized for a patient’s inflamma-
tory phenotype.

19.15  Other Cell Types

BMPR2 is a serine/threonine receptor kinase that 
binds to bone morphogenic proteins, which are a 
type of TGF-b ligand. BMPR2 is involved in var-
ious cellular functions, including osteogenesis, 
cell growth, and differentiation. It functions to 
inhibit the proliferation of vascular endothelial 
and smooth muscle cells, preventing arterial 
damage and local inflammatory response. 
Inhibition of BMPR2 gene expression leads to 
unregulated proliferation and survival of endo-
thelial cells through disordered TGF-b signaling, 
contributing to vascular remodeling [101]. 
BMPR2 mutations are the most common genetic 
mutations associated with PAH. Roughly 80% of 
patients with HPAH and 30% of IPAH patients 
have a mutation within the BMPR2 gene [102]. 
In response to a reduction in BMPR2 function in 
the endothelium, it is hypothesized that the integ-
rity of the endothelium barrier may be 
 compromised leading to apoptosis, the release of 
TGF-b, and the development of apoptosis-resis-
tant clones [103]. In contrast, smooth muscle 
cells proliferate due to TGF-b signaling and 
undergo an exaggerated growth response leading 
to vascular remodeling [104]. It is reasonable to 
speculate that BMPR2 deficiency can increase 
vascular–immune interaction, with increased 
immune cells infiltration to the subintimal blood 
or lymphatic vascular structures.

19.16  Lymphatics

The lymphatic vascular system transports fluid, 
immune cells, and wastes through the body to 
help prevent edema within tissues, facilitate an 

immune response, and remove harmful toxins. 
Lymphatic vessels are found abundantly in the 
lung, help maintain a fluid balance, and precipi-
tate an immune response. Small lymphatic ves-
sels around distal bronchus drain into larger 
vessels and eventually into the right and left lym-
phatic ducts. Lymph nodes, the major site of T 
and B cells, filter foreign particles and house an 
immune response to pathogens [105].

Disrupted lymphatic function and flow can 
lead to an inflammatory state and alveolar dam-
age characterized by the formation of tertiary 
lymphoid organs (TLOs) in chronic lung disease 
[106]. Thus, perivascular lymphatic infiltrates 
may be a major source to form TLOs seen in 
severe PAH.  After lung transplantation, inter-
rupted lymphatic vessels are associated with the 
induction of allograft tolerance as well as rejec-
tion [107]. There is very little pulmonary research 
focusing on lymphatic circulation. The character-
ization and examination of the lymphatic system 
in PH need more investigation.

19.17  Endothelial Cells

Endothelial cells (ECs) play a key role in main-
taining vascular homeostasis in response to vari-
ous stimuli and regulate inflammation through 
mediators such as nitric oxide (NO), endothelin-1 
(ET1), cell adhesion molecules, cytokines, and 
chemokines. Endothelial cell dysfunction has 
been shown to contribute to the development of 
multiple cardiac and vascular diseases, including 
PAH and heart failure [108].

Under pathological conditions such as inflam-
mation and hypoxia, pulmonary artery endothe-
lial cells decrease the production of vasodilators 
such as nitric oxide and vascular growth factors, 
favoring vasoconstriction of the distal pulmonary 
arteries [109]. Unregulated endothelial cell pro-
liferation and neoangiogenesis can result in the 
formation of plexiform lesions (PLs), glomerular 
like vascular structures, seen in severe PAH [108, 
110]. PLs consist of disorganized endothelium 
channels as well as a uniform myogenic origin 
cells and immune cells. Rat model exposed to 
chronic hypoxia and SU5416 has been shown to 
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form PL-like structures that partially resemble 
human pathology [111, 112]. Bioinformatics 
analysis further validates the mixture of cell iden-
tities. The cellular contribution to the process of 
PL formation and EC recruitment of inflamma-
tory cells need more clarification.

There is evidence that pulmonary arteries also 
have a permeability defect in animal models of 
PH [113, 114]. The pulmonary endothelium aids 
in the passage of circulating immune cells 
through alveolar capillaries and closely associ-
ated with distal air sacs. The inflammatory and 
immune cells that migrate into the lung paren-
chyma of PH can be from multiple resources, 
such as the pulmonary arterioles, the vasa vaso-
rum, perivascular capillary network, or even the 
lymphatic vasculature. Following initial tethering 
at the endothelial cell surface (as known as the 
classic paradigm of the leukocyte adhesion cas-
cade [115]), leukocytes start to roll and firmly 
arrest on the vessel surface to ultimately migrate 
into the subendothelial space, typically via a 
paracellular route but occasionally also via a 
transcellular route.

Some studies have analyzed circulation solu-
ble adhesion molecules and their role in cell 
migration into the lung. For example, one of cir-
culating soluble adhesion molecules P-selectin 
was shown to be elevated in the plasma of PAH 
patients or CTEPH, as well as in animal models 
[116–118]. A few other studies have addressed 
the expression of endothelial adhesion molecules, 
ICAM-1, VCAM-1, and E-selectin, in PAH tis-
sues that could be related to BMPR2 mutations 
[119, 120]. Taken together, adhesion molecule 
expression correlates with leukocyte interaction 
within the pulmonary endothelium in PH.

However, the mechanisms of these mole-
cules impact on endothelium permeability are 
still lacking. Circulating endothelial cells 
(CECs) may participate in processes of vascu-
lar injury and tumorigenesis or interaction with 
immune cells. Additionally, endothelial pro-
genitor cells (EPCs) are bone marrow-derived 
cells involved in homeostasis, but also physio-
logical and pathological angiogenesis. The 
increase in proinflammatory cytokines also 
favors platelet adherence and activation of 

coagulation cascades, leading to further arteri-
ole occlusion [121].

The role of these cells in the pathobiology of 
PH is yet to be elucidated. Although bone 
marrow- derived endothelial progenitor cells have 
been tested as a therapeutic option in animal and 
human models with promising results, with much 
of the measured benefit attributed to gene manip-
ulation [122–124]. Regardless, inhibiting endo-
thelial cell apoptosis and migration may stop a 
necessary initial key step in PAH pathogenesis 
and provide future therapeutic options.

19.18  Pericytes

Pericytes are mesenchymal-derived mural cells 
that wrap around endothelial cells throughout the 
entire capillary vasculature in all organs. Due to 
its controversy and lack of unique cellular mark-
ers, pericytes are largely ignored and under 
investigation.

Our groups recently discovered that impaired 
endothelial–pericyte interaction contributed to 
small vessel loss in PAH [125]. Intriguingly, 
SDF1 (aka CXCL12), an inflammatory cytokine, 
regulated pericyte migration and lineage and 
potentially associated with pulmonary arterial 
muscularization [126, 127]. In addition to their 
vascular functions, pericytes regulate different 
aspects of immune responses, though most of our 
understanding of pericyte-related immune 
responses was elucidated from brain or placenta 
pericytes.

Some studies suggested that central nervous 
system microvascular pericytes may display 
macrophage-like/nonprofessional antigen- 
presenting cell characteristics and involve in sev-
eral possible immune responses [128]. A clear 
distinction of pericytes versus macrophages was 
lacking and the conclusions need to be exten-
sively tested on multiple lineages tracing models. 
Whether lung pericytes represent the same phe-
notype seen in the brain and participate in inflam-
matory processes has remained entirely unclear.

In rat lung, pericytes were demonstrated to 
upregulate TLR4, increase vessel permeability, 
and produce of IL-1b upon LPS exposure [129–
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131]. LPS has been shown to generate NO in 
pericytes, leading to vasodilation. In addition, an 
iNOS-independent pathway was associated with 
lung pericyte contractility [132]. Vascular endo-
thelial growth factor (VEGF) may relate to the 
induction of endothelial nitric oxide, inducing 
vascular leakage and inflammation. VEGF also 
modifies the contractile response of lung peri-
cytes. This mechanism may play a role in the 
increased permeability demonstrated in inflam-
matory conditions [133].

In the capillary, dynamic changes in response 
to proinflammatory signals are necessary for the 
efficient recruitment of leukocytes. Sequential 
interactions of endothelium-expressed cyto-
kines with circulating immune cells can initiate 
extravasation during a series of processes, as 
discussed above, known as the leukocyte adhe-
sion cascade [134].

Endothelium was extensively studied, much 
more so than pericytes, during acute inflamma-
tion. For example, in distal microvessels, the 
regions with partial coverage of mural cells 
appear to be preferential inflammatory sites for 
the transmigration of neutrophils [135]. A fol-
low- up study further characterized the low matrix 
expression region and identified pericyte partial 
coverage that could be preferred sites for mono-
cytes and neutrophil migration [136]. Intriguingly, 
increased neutrophil recruitment and transmigra-
tion into extravascular tissue are more associated 
with EC–pericytes bilayers than a monolayer, 
suggesting the cytokine released by pericytes 
could promote vascular inflammation [137].

Subsequent studies showed that pericyte gen-
erated basement membrane as a cellular matrix 
composite model could be the front line barrier to 
affect leucocyte recruitment upon TNF-a expo-
sure [138]. Pericytes triggered the chemotactic 
migration of interstitial neutrophils and macro-
phages after extravasation from capillary [139]. 
Thus, pericytes can be crucial for the efficient 
navigation of cells of the innate immune system, 
which can execute their effector functions at the 
local inflammation. Using confocal intravital 
microscopy, pericytes facilitated leukocyte traf-
ficking into sites of inflammation in vivo [140]. 
Increased PDGFRb signaling induced a panel of 

immune response genes in pericytes. Lung 
pericyte- like cells release proinflammatory mol-
ecules following epithelial injury and promote 
acute inflammatory responses by recruiting leu-
kocytes [141].

All studies support the vital role of pericytes 
in mediating inflammatory and immune signal-
ing, whether lung specific pericytes can recapitu-
late the same physiological function still require 
further characterization.

19.19  Other Vascular Mural Cells

In response to hypoxia and other stimuli, the pul-
monary vessels undergo proliferation and hyper-
trophy secondary to enhanced cytokine 
production. This complex remodeling of the vas-
culature includes all layers of the pulmonary vas-
culature but especially affects the medial layer. 
The increased medial thickness of the pulmonary 
arteries is well documented in both human and 
animal models. The process is driven by increased 
numbers and hypertrophy of its principal cellular 
constituent, smooth muscle cells (SMCs).

It was proposed that inflammation could 
recruit SMC populations and enhance their con-
tribution to pulmonary vascular remodeling 
because hyperproliferative SM-like cells are 
observed in local occluded vessels. Several stud-
ies have also shown that sustained hypoxia 
induces the recruitment of mesenchymal progen-
itor cells in the perivasculature. The recruitment 
of these cells is critical to the development of 
PAH [142, 143]. It is possible that the inflamma-
tory vasculature changes seen are due to these 
migrating cells, as well as resident smooth mus-
cle cells, which resume the capabilities needed 
for vascular remodeling.

While the exact timing and role of smooth 
muscle cells in PAH development is unclear, 
therapies targeting the proliferation of smooth 
muscle cells in animal models have shown suc-
cess. This includes inhibiting the receptors tyro-
sine kinase, mTOR, p38 and CDK4/6 [144]. 
Imatinib, discussed previously, has shown prom-
ising results in improving exercise capacity and 
hemodynamic in patients with advances PAH; 
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however, its clinical use is limited by adverse 
effects [145]. Future studies are needed to deter-
mine if therapies targeting different phenotypes 
of smooth muscle cells will be of benefit.

Therapeutic strategies targeting dendritic cell 
migration have also shown some promise in the 
treatment of PAH.  Imatinib, a platelet-derived 
growth factor receptor antagonist STI571, has 
been demonstrated to reverse vascular remodel-
ing in monocrotaline exposed rats through effects 
on smooth muscle cells [146]. However, imatinib 
has multiple other mechanisms of action, includ-
ing targeting the common Ras/MAPK and Jak/
STAT pathway. Before the effects of imatinib on 
dendritic cells are confirmed, more studies in 
human models are needed to better understand 
the exact roles of dendritic cells have in the pro-
gression of PAH.

Fibroblasts, the most common cell found in 
connective tissue, are responsible for providing the 
framework and structure of the extracellular 
matrix. They play a critical role in wound healing 
and the surrounding environment of pulmonary 
vessels, reacting to local inflammation and stress, 
and in return, activating the innate immune sys-
tem. The release of proinflammatory cytokines 
and growth factors from stimulated fibroblasts is a 
potential contributor to the development of PAH, 
and has been shown in animal and human models 
to potentially contribute to disease progression.

Activated fibroblasts found in the pulmonary 
artery adventitia have been documented in exper-
imental and human models with PAH to display 
antiapoptotic, hyperproliferative, and proinflam-
matory features [59, 147, 148]. They have also 
been shown to recruit cells of the innate immune 
system to participate in disease progression. 
Fibroblasts of PH patients were shown to recruit 
and activate naïve macrophages [149]. The exact 
mechanism of fibroblast hyperactivity and resis-
tance to apoptosis is unclear. Recent studies have 
shown that hyperactive fibroblasts may be regu-
lated by a pro-oxidase status secondary to com-
plex I deficiency in mitochondrial oxidase 
phosphorylation [150].

Furthermore, experimental results in mice 
exposed to hypoxia with mutations in FGFR1 and 
FGFR2 are consistent with PH compared to con-

trols. This suggests that endothelial receptor activa-
tion leads to endothelial cell survival and decreased 
apoptosis protecting against the development of PH 
[151]. More studies are needed to confirm that cells 
exhibiting this mitochondrial abnormality exist dur-
ing the development of PH before they are targeted 
for potential therapeutic strategies.

Until recently, it was thought that smooth 
muscle-like cells expressing a-SMactin accumu-
late in arterioles due to expansion of resident 
cells. New literature suggests that circulating 
progenitor cells, such as fibrocytes from the bone 
marrow, migrate to the pulmonary vasculature 
and are responsible for vascular remodeling. 
These cells continually produce extracellular 
membrane component-modifying enzymes that 
alter the structural composition of the lung [152]. 
These cells can differentiate into myofibroblasts 
in the presence of TGFb. Activated myofibro-
blasts are included in the organized thrombotic 
tissues of Group 4 CTEPH [153]. The differentia-
tion between fibroblast and myofibroblast can 
mediate adventitial remodeling that found in 
larger sized pulmonary artery (Fig. 19.2).

19.20  Conclusions

There is increasing evidence that immune dysregu-
lation plays an important role in the pathogenesis 
and progression of PAH. Inflammatory cell recruit-
ment, cytokine and autoantibody production, and 
enhanced vascular wall remodeling lead to the 
abnormal interplay between the immune system 
and the pulmonary vasculature. Current therapies 
for PAH mainly target vasodilators NO and prosta-
cyclin, or vasoconstrictors ET-1. Other combined 
strategies include optimizing cardiac function, 
such as the use of diuretics and calcium channel 
blockers. While these medications have trans-
formed PAH management in the past few decades, 
new studies and a better understanding of PAH 
pathophysiology will improve therapies by target-
ing immune cells and inflammation, preventing 
cellular and vascular changes. Targeting inflamma-
tory cascades before cellular changes are seen can 
not only treat PAH, but also prevent its progression 
altogether.
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