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As time progresses, our understanding of disease pathology is propelled forward by technological
advancements. Much of the advancements that aid in understanding disease mechanics are based on
animal studies. Unfortunately, animal models often fail to recapitulate the entirety of the human
disease. This is especially true with animal models used to study pulmonary arterial hypertension (PAH),
a disease with two distinct phases. The first phase is defined by nonspecific medial and adventitial
thickening of the pulmonary artery and is commonly reproduced in animal models, including the classic
models (ie, hypoxia-induced pulmonary hypertension and monocrotaline lung injury model). However,
many animal models, including the classic models, fail to capture the progressive, or second, phase of
PAH. This is a stage defined by plexogenic arteriopathy, resulting in obliteration and occlusion of the
small- to mid-sized pulmonary vessels. Each of these two phases results in severe pulmonary hyper-
tension that directly leads to right ventricular hypertrophy, decompensated right-sided heart failure,
and death. Fortunately, newly developed animal models have begun to address the second, more severe,
side of PAH and aid in our ability to develop new therapeutics. Moreover, p38 mitogen-activated
protein kinase activation emerges as a central molecular mediator of plexiform lesions in both
experimental models and human disease. Therefore, this review will focus on plexiform arteriopathy in
experimental animal models of PAH. (Am J Pathol 2019, 189: 1133—1144; https://doi.org/10.1016/

J.ajpath.2019.02.005)

As reviewed recently, there are inherent limitations in animal
models." These limitations, particularly the inability to pre-
dict translational therapeutic efficacy from an animal model to
humans, may stem from shortfalls in defining the precise
mechanisms that promote human disease—like phenotypes in
animal models. Therefore, more time must be dedicated to
discern key differences in the pathogenic mechanisms that
promote the same disease in different animal models. In other
words, efforts should be made to understand how different
stimuli produce the same disease. In turn, small molecular
players, once overshadowed by general association, might
start to be teased out of the ever-complex cellular network,
thereby shedding light on key divergences in disease patho-
genesis. Ideally, these divergences will translate into the
clinic through efforts of personalized patient care. Of course,
this requires our understanding of the human pathology to
proceed in a similar manner. However, we, as a global

scientific community, often find ourselves in a harsh reality:
brief excitement regarding a promising therapeutic agent,
followed by translational turmoil and eventual letdown in the
clinic. This harsh reality especially pertains to pulmonary
arterial hypertension (PAH). Driven by the grim statistical
nature of 5-year survival rates of 57% in PAH patients,” this
review will attempt to stimulate translatable research to raise
morale for both physicians and patients. The review outlines
the different animal models used in PAH studies, while
retaining a strong focus on their relatability to human patients.
It further advances the way in which we use animal models of
the same disease to improve our overall understanding of the
multifaceted disease, such as PAH.
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Idiopathic PAH is a complex and deadly disease, charac-
terized by dysfunctional, hyperproliferative, and apoptosis-
resistant pulmonary endothelial cells (ECs) that govern a
pathologic state of persistent pulmonary inflammation and the
dysregulation of both pulmonary smooth muscle cells and fi-
broblasts.”* This unusual cellular behavior results in progres-
sive, obliterative remodeling of small- to mid-sized pulmonary
vessels, leading to increased vascular resistance, right ventric-
ular hypertrophy (RVH), right-sided heart failure, and early
death.” Furthermore, histologic staining of lung tissue from
patients with advanced PAH shows occlusive plexiform lesions
(PLs) and muscularized vessels that obliterate the small- to mid-
sized pulmonary arterioles.” Despite significant leaps in our
understanding of PAH and its associated mechanisms, state-of-
the-art therapeutics still fail to target the ongoing remodeling
process. Instead, current therapies only remedy PAH through
manipulation of vasoactive signaling pathways involved in
maintenance of vascular tone.’ As a result, 5-year survival rates
remain unacceptably low, at 57%.”” These low survival rates
stem from our inability to translate therapeutic benefits from
PAH animal models to humans. Therefore, it is time to transi-
tion from a classic view to a more holistic approach that en-
compasses not only animal models and the interworking of their
precise mechanisms, but also retains focus on the human
phenotype.

Classic Animal Models of PAH

Before exploring the various animal models used to study PAH,
it is important to note that this review will use pulmonary hy-
pertension and PAH almost interchangeably because the classic
models used to study PAH are more representative of pulmo-
nary hypertension pathology. Currently, it is accepted that two
distinct phases exist in the pathogenesis of PAH. The first phase,
or nonspecific medial and adventitial thickening of the pulmo-
nary artery,” is well reproduced in the classic animal models [ie,
hypoxia-induced pulmonary hypertension and monocrotaline
(MCT)—induced pulmonary hypertension]. However, the sec-
ond phase, or the progressive, plexogenic arteriopathy phase of
PAH,8 is absent in these models. In other words, the classic
models fail to induce aberrant EC proliferation that results in
PLs. These PLs result in vessel lumen obliteration and, there-
fore, disrupt efficient gas-nutrient exchange in the lung.
Nevertheless, because of the lack of better means, past PAH
studies were commonly performed in hypoxia-induced pul-
monary hypertension and MCT lung injury models. Because
the rodents (ie, mice and rats) were typically the species of
choice for induction of pulmonary hypertension in these
models, they will be the central focus of this review.

Hypoxia-Induced Pulmonary Hypertension
The groundwork for PAH-based studies comes from past

results that suggested acute hypoxic insult results in pulmo-
nary vasoconstriction.” It was demonstrated in the same study
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that the pulmonary vasculature of distinct species responds
uniquely when challenged with an acute hypoxic stress, and,
thus, they were classified as responders or nonresponders.’
Years later, data supported that, not only do acute and
chronic hypoxic stresses differentially affect distinct species,
but they also induce unique responses in different strains of
the same species (ie, Sprague-Dawley versus Fischer 344
rats).'” Another example of this bizarre modulation is found
in a study that showed fawn-hooded rats develop spontaneous
and severe pulmonary hypertension that is accelerated by
hypoxic challenge when compared with Sprague-Dawley
rats."" Extending our knowledge of these concepts, with use
of modern technology, was Hoshikawa et al,'> who demon-
strated that C57BL/6 mice and Sprague-Dawley rats, chal-
lenged by acute and chronic hypoxic stresses, exhibited
significant differences in gene expression profiles. These
differences resulted in a more severe phenotype in Sprague-
Dawley rats versus C5BL/6 mice (ie, higher pulmonary ar-
tery pressures and higher vessel wall thickness).'” The
aforementioned studies apply directly to the human organism.
In other words, studies have demonstrated that humans are
also differentially affected by chronic hypoxic stress because
of high altitude.'” This is apparent in studies that showed the
high-altitude Tibetan population—living on the Tibetan
Plateau—is protected against hypoxia-induced pulmonary
hypertension, whereas the Andean and Ethiopian pop-
ulations—also living at high altitude—are not.'* Paralleling
hypoxia-induced pulmonary hypertension in rodents, genetic
adaptation in humans seems to account for the disparate re-
sponses to hypoxic stress. Specifically, numerous studies
have repeatedly shown that the Tibetan population exhibits
genetic modulation of the prolyl hydroxylase domain protein
2 (PHD2)/hypoxia-inducible factor 2o0 (HIF-2a) signaling
axis when compared with the Ethiopian and Andean pop-
ulations, and this genetic modulation results in protection
against hypoxia-induced pulmonary hypertension: it is un-
known if this genetic modulation is attributable to gain or loss
of function.'® Supporting evidence implicating the PHD2/
HIF-2a axis in PAH comes from a genetic mouse model
designed to mimic the human PAH phenotype. In this mouse
model, endothelial- and hematopoietic cell—specific genetic
ablation of Eglnl (encoding PHD?2) resulted in spontaneous
and severe PAH."> Moreover, when both Eginl and HIF-2«
genes were disrupted in endothelial and hematopoietic cells,
these mice did not develop PAH."” These data open new
avenues for the classic, hypoxic stress—induced pulmonary
hypertension rodent models.

New Potential for Classic Hypoxia-Induced
Pulmonary Hypertension

Current hypoxia-induced pulmonary hypertension rodent
models are not suitable preclinical models for studying PAH
pathology. This is particularly attributable to the lack of key
pathologic features observed in human PAH: angio-obliterative

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Plexiform Arteriopathy in Rodent Models

PLs, neointima proliferation, and mononuclear cell infiltration.
Because species and different strains of the same species differ
in response when challenged by hypoxic stress, it seems un-
likely that there is one simple solution to treating hypoxia-
induced pulmonary hypertension (or PAH). However, when
examining the findings of the study by Dai et al'” and the data
regarding the human body’s response to high-altitude—induced
hypoxia side by side, the data strongly suggest that the Tibetan
population is able to combat hypoxic stress because of genetic
adaptation, resulting in gain-of-function hydroxylase capability
of PHD2 and/or loss-of-function HIF-2¢, signaling. However,
this has yet to be confirmed. Moreover, the Eglnl " mouse
model directly targeted a pathway that is implicated in high-
altitude hypoxia-induced pulmonary hypertension in humans,
but yet resulted in a PAH phenotype. Genetic comparison,
using the gene expression data collected from previously pub-
lished studies on the Tibetan, Ethiopian, and Andean pop-
ulations compared with the gene expression data collected from
the Eglnl ~~ mouse model of PAH, may elucidate a novel
signaling network responsible for the progressive, obliterative
pulmonary remodeling'®; this is observed in PAH patients
versus the much more mild phenotype, as seen in hypoxia-
induced pulmonary hypertension. Furthermore, as mentioned
by Grover,” certain species or strains of a species are non-
responders and are protected against acute and chronic hypoxic
stress, but, to our knowledge, the status of PHD2/HIF-2a in
these animals (ie, sheep or Fischer rats) has yet to be investi-
gated. An investigation of the PHD2/HIF-2a signaling axis in
these resistant animals could provide strong evidence for the
protective, or not so protective, roles of PHD2 and HIF-2a in
hypoxia-induced pulmonary hypertension. Despite a promising
potential, these genomic studies have not yet been performed.
In addition to hypoxia-induced pulmonary hypertension,
another classic animal model used to study PAH is the MCT
lung injury model.

MCT-Induced Pulmonary Hypertension

MCT is a plant-derived compound, and when it is consumed,
it induces hepatotoxicity and pulmonary hypertension in
humans.'® To investigate the mechanism of MCT-induced
pulmonary hypertension in humans, a single dose of MCT
(60 to 80 mg/kg) is injected subcutaneously in rats to induce
pulmonary hypertension—a mechanism dependent on con-
version of MCT to MCT pyrrole by the cytochrome P450
system in the liver (specifically, cytochrome P450 3A4).'"'*
Contrary to rats, a single dose of MCT does not induce severe
pulmonary hypertension in mice; in attempts to explain these
findings, researchers suggested a simplistic hypothesis that
mice metabolize MCT differently from other species.'”"
However, a single injection of bioactive MCT pyrrole into
mice failed to reproduce the MCT-induced pulmonary hy-
pertension phenotype, as previously observed.”' These data
suggest the lack of MCT syndrome in mice is not attributable
to metabolic restraints but to some alternative mechanism.
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Intriguingly, a different group investigated the effects of
administering a higher dose of MCT (300 and 600 mg/kg)
weekly to mice for 8 weeks, and this group demonstrated that
mice developed MCT-induced pulmonary hypertension.”” It
is unclear why a higher, repeated weekly dose is required to
induce PAH in mice, but is not necessary in rats. Neverthe-
less, the suitability of MCT-induced pulmonary hypertension
rodent models in the study of PAH remains questionable.
Previous studies demonstrated that MCT administration
in rats results in severe pneumotoxicity.”>** This pneumo-
toxicity is also referred to as MCT syndrome. MCT syn-
drome is mainly characterized by pulmonary hypertension
driven by increases in pulmonary artery medial and
adventitial thickening, muscularized smaller pulmonary ar-
teries, pruning of the peripheral pulmonary arteries, and
RVH.”*?* Each of these consequences of MCT adminis-
tration is evident in human PAH patients; however, MCT
injury is not unique to the pulmonary artery, and also results
in alveolar edema, alveolar septal cell hyperplasia,
myocarditis, hepatic veno-occlusive disease, and renal
insufficiency.'” Although PAH has numerous etiologies,
common histologic findings suggest PAH-associated pa-
thology favors remodeling of the small- to medium-sized
pulmonary arteries (20 to 150 pum).”® Contrary to PAH,
MCT-induced pulmonary hypertension has widespread ac-
tion, affecting multiple organ systems, along with a broad
pneumotoxicity, rather than localized events affecting small-
to medium-sized vessels. Therefore, results using the MCT
rodent model to study PAH may be compromised by un-
foreseen confounding interactions associated with the
widespread action of MCT. Furthermore, similar to chronic
hypoxia rodent models, MCT administration does not result
in PLs, as observed in the human phenotype of PAH.”’
Hence, as our understanding of the pathobiology of PAH
progresses, the shortcomings of the classic models of pul-
monary hypertension (ie, chronic hypoxia and MCT)
become clearer. As a result, new genetic and two-hit rodent
models that recapitulate many aspects of the human
phenotype were developed, and they are now emerging as
the favored experimental animal models to study PAH
pathobiology. The potential of two-hit models was demon-
strated by Morimatsu et al,”® who showed that treating rats
with MCT and hypoxia simultaneously induced the devel-
opment of plexiform-like lesions, a common histologic
feature of PAH pathology that is absent in the classic hyp-
oxia and MCT animal models. Another two-hit model,
based on the classic MCT-treated rats, is the
pneumonectomy + MCT rat model. This procedure requires
surgical pneumonectomy, followed by a 1-week recovery
period, during which the rats are given a single dose of
MCT.?’ The resultant phenotype is severe, characterized by
neointima and smooth muscle hypertrophy in the small- and
medium-sized pulmonary vessels. Moreover, these rats un-
dergo vascular pruning and develop complex plexiform-like
lesions containing EC slit-like channels; this aforemen-
tioned lung phenotype culminates to elevated right
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ventricular systolic pressure (RVSP) and RVH measure-
ments. Although invasive, this animal model recapitulates
many aspects of human PAH.”

Su-Hx Rodent Model

Sugen5416 (Su5416) is an exogenous compound that in-
hibits vascular endothelial growth factor receptor protein
tyrosine kinase 1/2 (VEGFR1/2), and when administered to
rats in conjunction with chronic hypobaric hypoxia (Su-Hx),
a severe pulmonary hypertension phenotype develops.’
Noticing the potential of the Su-Hx rat model, Abe et al’!
took the Su-Hx model one step further, and after a single
injection of Su5416 and 3 weeks of hypobaric hypoxia, the
rats were returned to normoxia for 10 to 11 weeks (Su-Hx-
Nx). In addition to the severe pulmonary hypertension
phenotype, driven by Su-Hx, reoxygenation for 10 weeks
results in the formation of severe PLs: concentric neointimal
and complex plexiform-like lesions.”’ The characterization
of this rat model made it clear that it closely mimics human
plexogenic arteriopathy observed in PAH. After this study,
an explanation of how inhibition of the prosurvival
VEGFR1/2 signaling cascade could promote aberrant EC
proliferation was needed: it has been suggested that unin-
hibited VEGFR3 could be the predominant signaling
pathway driving EC proliferation.”> An alternative expla-
nation could be that the VEGFR signaling cascade provides
survival queues for pulmonary ECs; inhibition by Su5416
would then promote EC apoptosis, hence stimulating pre-
capillary vascular pruning.” This initial EC apoptotic event
could provide an opportunistic window in which an EC
selection process can occur. Further facilitating the EC
selection process is the second hit of hypoxic stress. This
two-hit process could result in the emergence of ECs that do
not require VEGFR1/2 signaling to live and, hence, are
apoptosis-resistant ECs to this particular apoptosis signaling
cascade (caspase-dependent apoptosis).” In theory, these
cells would then thrive off the organelle- and nutrient-
enriched apoptotic bodies released from the apoptosis-
sensitive ECs, resulting in aberrant EC proliferation and
further propagation of apoptosis-resistant ECs: it is possible
that ECs first go into senescence, followed by hyper-
proliferative potential. On returning the Su-Hx rats to nor-
moxia, the emergent EC population, although once
underrepresented, is now the dominant EC phenotype,
thriving in the stress-free environment, and may result in the
progressive development of neointimal and complex
plexiform-like lesions in the rat lung. This process provides
strong support for the EC monoclonal selection theory,
exhibited in humans afflicted by primary pulmonary
hypertension.” Su-Hx-Nx mice, treated with a similar
regimen as Su-Hx-Nx rats, do not develop extensive angio-
obliterative, concentric neointimal lesions or complex
plexiform-like lesions.”” This fact argues against the afore-
mentioned selection process that occurs in the rat model.
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However, as demonstrated earlier, rats and mice exhibit
differential gene regulation in response to hypoxic stress,'”
and, thus, these differences may protect against the expan-
sion of a monoclonal EC population that drives plexogenic
arteriopathy. Nevertheless, the Su-Hx-Nx rat model is
among one of the strongest preclinical rodent models used
to study PAH because of its extremely severe phenotype.
Although successful in rats, this model did not address the
demand for a preclinical mouse model that closely
resembles the human PAH phenotype.

The Search for a Mouse Model of Plexogenic
Arteriopathy

IL-6—O0verexpressing Mice

In search of a mouse model that develops a severe phenotype
and successfully recapitulates the human PAH phenotype,
Steiner et al’® relied on the basis that PAH pathophysiology
may rely on inflammatory mediators. The role of these peri-
vascular inflammatory cell infiltrators in PAH has previously
been implicated’’* and, thereby, led to the development of
IL-6—overexpressing transgenic (IL-6 Tg™) mice.”® Other ILs,
such as IL-8, IL-12, IL-20, and IL-33, have also been impli-
cated in PAH.?* IL-6 signals through two unique pathways for
its biological effects: the cis and trans signaling pathways, both
of which are implicated in PAH.*’ Each signaling mechanism
results in the up-regulation of STAT3, extracellular signal-
regulated kinase 1/2, mitogen-activated protein kinase
(MAPK), AKT, and phosphatidylinositol 3-kinase signaling
and the up-regulation of antiapoptotic factors, such as survivin,
VEGEF, and B-cell lymphoma 2 (BCL-2)."’ With enough dys-
regulation of the IL-6 signaling pathway, these factors may
converge and promote aberrant proliferation and an anti-
apoptotic phenotype in ECs, smooth muscle cells, and fibro-
blasts, as observed in PAH. The IL-6 TgJr mouse model
promotes this exact phenotype. The IL-6 Tg™ mice exhibit
several key pathologic features of human PAH: distal extension
of smooth muscle into the small pulmonary arteries; hyper-
proliferative ECs, leading to concentric intimal wall thickening;
and mild plexiform-like lesions, RVH, and increases in RVSP.
Intriguingly, when IL-6 Tg" mice are exposed to hypoxic
stress, all observed pathologic phenotypes are exacerbated.’
Moreover, IL-6 Tg+ mice exhibit increases in medial wall
thickness of both the main and bronchial pulmonary arteries
and an increased number in elastic lamellar layers.”® However,
muscularization of the main and bronchial pulmonary arteries is
typically unaltered in PAH and is, rather, characterized by a
vasoconstrictive state.' These off-targeted findings suggest
that elevated levels of IL-6 in the serum and lungs of PAH
patients may be a result of the initial onset of the disease rather
than the cause. Nevertheless, by identifying key molecular
players partaking in the cross talk between ECs, smooth muscle
cells, and inflammatory cells, the IL-6 TgJr mouse model has
significantly advanced our understanding of the pathologic
processes driving PAH.’® Furthermore, to our knowledge, this
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was the first model to develop robust plexiform-like lesions in
mice, whereas prior studies had failed to induce plexogenic
arteriopathy in mice with a high success rate.’” Despite
capturing the main pathologic features associated with PAH,
the severity of the PLs in the IL-6 Tg" mice remains ques-
tionable. As aresult, a demand to generate a mouse model with
a more severe phenotype remained.

Egin1 Knockout Mice

Answering the calls for a more severe PAH phenotype in mice
was a study that generated a mouse model with EC- and he-
matopoietic cell—specific genetic ablation of Egln/—a gene
encoding the protein PHD2."> As previously mentioned, in
the high altitude of the Tibetan population, there is apparent
genetic manipulation of the PHD2/HIF-2a signaling axis, and
these genetic  adaptations protect against high
altitude—induced pulmonary hypertension.'* Along these
lines, EC- and hematopoietic cell—specific Eginl '~ mice
exhibited a progressive, severe PAH phenotype by 3.5
months of age.'” Hemodynamic studies, characterizing the
phenotype in these mice, showed significant increases in
RVSP, up to 90 mmHg, RVH, and decreased contractility.
Moreover, similar to the clinic, these mice exhibited pro-
gressive right ventricular dysfunction, as approximately 80%
of the mice died by 6 months of age.'” Consistent with the
hemodynamic studies, Eglnl '~ mice present significant
obliterative pulmonary artery remodeling: intima, medial,
and adventitial thickening and the presence of occlusive and
plexiform-like lesions. It is worth recognizing that the angio-
obliterative, plexiform-like, and occlusive lesions exhibited
in this transgenic mouse are much more severe in comparison
to those in IL-6 Tg" mice.”® Moreover, the observed pul-
monary phenotype, particularly the associated plexiform
arteriopathy, is attributed to HIF-2a activation, resulting from
PHD?2 deficiency. Intriguingly, endothelial-specific PHD2
deficiency, but not hematopoietic cell—specific deficiency, is
required for PAH onset, whereas PHD2 deficiency in he-
matopoietic cells inversely modulates severity of the pheno-
type.'” Further speculation leads us to believe that perhaps the
hematopoietic cells shed PHD2-bearing microparticles that
act on PHD2-deficient ECs. This interaction could rescue the
aberrant phenotype, thereby improving the overall severity of
the disease; this mechanism was previously demonstrated in
other types of lung disease.’*** Although not tested, if true,
administering PHD2-containing microparticles of hemato-
poietic cell origin may prove efficacious in treating idiopathic
PAH patients. Regardless, this is the first study, to our
knowledge, to generate a severe mouse model of PAH that
recapitulates almost all key pathologic features exhibited in
the human PAH phenotypes. Furthermore, this study pro-
vides insight on how genetic adaptation to the PHD2/HIF-2a.
signaling axis protects the Tibetan population from high-
altitude, hypoxia-induced pulmonary hypertension (ie,
PHD?2 gain of function and/or HIF-2¢, loss of function).'*
Although this mouse model exhibits a severe phenotype, it
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is a daunting task to test therapeutic interventions in the
Eginl™~ mouse because of the spontaneous and permanent
nature of the genetic manipulation. However, hematopoietic
cell—derived, PHD2-containing microparticles may be a
good place to start. Nevertheless, this mouse model of PAH
may be one of the best animal models that captures the pro-
gressive and severe late stage of PAH observed in humans.

KO™N+/~ Mice Transduced with EHyysy

Recently, a novel two-hit model was generated on the basis
that human PAH patients exhibit diminished levels of
intersectin (ITSN)-1 short isoform and express the Epsinl5-
homology domain fragment of ITSN (EHyrsy): a presumed
mechanism reliant on granzyme B secretion by inflamma-
tory T cells.*” Perivascular inflammatory cell infiltrates have
been well defined in human PAH disease.’’***" Further-
more, using the classic MCT model, it has been shown that
CD8" T cells are up-regulated in MCT-treated rat lungs
compared with control rat lungs,”® suggesting a role of
CDS8™ T cells in the first phase of PAH. Moreover, previous
studies provide evidence that CD8™" T cells are attracted to
PLs in the late-stage disease.”’**"” CD8" T cells secrete
granzyme B, which can cleave ITSN, resulting in the loss of
the prosurvival signaling cascade of full-length ITSN; this
induces an initial apoptotic event that is later reconciled by
prolonged proliferative signaling in ECs, driven by the
granzyme B—generated EH;rgy cleavage fragment.”>*” The
EH;rsn fragment induces prolonged proliferation in ECs by
a p38 MAPK—dependent signaling cascade, resulting in
Elk1 transcription factor and c-Fos immediate early
response gene activation.”” Taking these findings one step
further, this mechanism was recreated in a mouse model
resembling ITSN deficiency, through genetic manipulation
[ITSN knockout heterozygous (KO’TSN + ) mice], and
EH;rsn expression via cationic liposome delivery of
plasmid DNA containing the EHyrgn fragment. Intriguingly,
after 10 retro-orbital injections of EHjrgn-containing lip-
oplexes into mouse lungs over a 20-day period, significant
pulmonary remodeling occurs. Surprisingly, the EHirsy
proliferative potential was not just specific to ECs, and it
induced smooth muscle cell proliferation.”” Furthermore,
fibroblast proliferation was evident, and led to adventitial
thickening; in some cases, media-fibroproliferative struc-
tures were identified within the vessel wall and, therefore,
led to significant increases in vessel wall thickness.””
Moreover, a plethora of EC-driven vascular arteriopathy is
observed in this mouse model, including subtotal and
complete concentric onion-skin—like intima thickening,
eccentric intima proliferation, EC hobnail patterns, obliter-
ative lesions with vascular slit-like channels, stalk-like le-
sions within the vessel lumen, peribronchial and subpleural
lesions, and complex plexiform-like lesions.’® Furthermore,
this model also exhibits distal extension of smooth muscle
into the small- to medium-sized pulmonary arteries,
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collagen deposition, and inflammatory cell infiltrates, char-
acterized by a high nuclear/cytosol ratio.”’ Surprisingly,
despite the extensive angio-obliterative remodeling present
in the EH-KOQ/TSN+/~ mice, only a modest increase in RVSP
and RVH was observed.”® However, the mice used in this
study were all young female mice; it is generally accepted
that older male mice exhibit a more severe hemodynamic
phenotype. In addition, these mice underwent a 20-day
treatment regimen, during which right ventricular adapta-
tions occur after prolonged lung remodeling. Nevertheless,
to our knowledge, this mouse model is the first model to
develop significant pulmonary remodeling without targeting
molecular players implicated in hypoxia-induced pulmonary
hypertension. This provides a significant advantage over
other animal models, as it may use pathophysiological
mechanisms pertinent to cases of idiopathic PAH, a disease
in which the molecular mechanisms driving the pathology
are still not well known.

Relevance of PAH Animal Models to PAH in
Humans

Histologic studies in the human lung suggest that two key
phases exist in the pathogenesis of PAH. The first is defined
by a so-called nonspecific medial and adventitial thickening
of the pulmonary artery, distal extension of smooth muscle
to the normally nonmuscularized small pulmonary arteries,
and an aberrant inflammatory cell response.” This initial
phase is apparent in the classic models of PH; however,
hypoxia-induced PH tends to halt at this stage and does not
progress to the second stage (ie, nonspecific and small-
arteriole muscularization of the pulmonary artery is
evident, but a complex remodeling process does not
follow).'” Furthermore, prolonged hypoxia evokes mono-
cyte and dendritic inflammatory cell infiltration, but not
T-cell infiltrates, as observed in the human disease.**! On
the contrary, the MCT lung injury model seems to progress
slightly further than the hypoxia-induced pulmonary
hypertension model, but still, it does not truly resemble
severe plexogenic arteriopathy observed in humans. The
MCT model induces distal muscularization of the pulmo-
nary artery, in addition to an elaborate inflammatory
response, likely attributed to its widespread pneumo-
toxicity.” However, plexogenic arteriopathy is lacking in
this model. Therefore, the classic models only seem to
capture the first phase of PAH, and not the second. Similar
to the classic models, the administration of Su5416 in
conjunction with hypoxic stress—but lacking a normoxic
recovery period—results in extensive muscularization and a
severe pulmonary hypertension phenotype, but not the
extensive remodeling process associated with the second
phase of PAH.™

After the first phase of PAH is a progressive remodeling
process, or second phase, characterized by a proliferative
multicellular milieu, resulting in neointimal, plexiform, and
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angio-obliterative lesions that occlude small- and medium-
sized pulmonary arteries; thereby, they restrict blood flow
and, hence, limit the delivery of nutrients.® Contrary to the Su-
Hx model, the Su-Hx-Nx rat model recapitulates not only the
first phase, but also the second phase, seen in the human PAH
disease. In this rat model, three types of plexogenic arterio-
pathy were recreated and are defined as concentric laminar
neointimal, stalk-like, and aneurysm-like complex lesions.”"
These three types of lesions are extremely similar to the se-
vere PLs that develop during late-stage PAH in humans.”
Furthermore, these rats developed significant increases in
pulmonary blood pressure and RVH.”' However, these
changes incurred before returning the rats to a normoxic
environment, and, therefore, this phenotype is likely attrib-
utable to an additive effect of Su5416 and hypoxia,’’ not the
severe remodeling process that ensues after normoxic re-
turn.”' Nevertheless, this rat model set the bar that newly
developed rodent models designed to study PAH must strive
for. The IL-6—overexpressing mouse, as a single-hit stimulus
(ie, genetic predisposition), mimics the first phase of PAH;
however, without hypoxic stress, the IL-6 Tg+ mice do not
exhibit severe features of the complex plexiform-like lesions,
as observed in humans.’® Although these pathologic features
are exacerbated by hypoxic stress, thereby qualifying as a
two-hit model, the resultant plexogenic arteriopathy in the IL-
6 Tg"-Hx mice does not compare with the Eginl "~ or the
EH-KO'™N*'~ mouse models. The Eglnl "~ mouse model,
to our knowledge, best recapitulates heart dysfunction asso-
ciated with PAH in humans, whereas the EH-KO/TN*/=
mouse best resembles plexogenic arteriopathy observed in
human PAH lung samples. The Eglnl "~ mouse exhibits
severe increases in RVSP and RVH, as shown by hemody-
namic measurements, echocardiogram, and the Fulton index,
with both parameters being strongly implicated in the human
disease.®"? Furthermore, the Eginl ~/~ mouse demonstrates
an elaborate remodeling process in the lung, with the for-
mation of complex plexiform-like lesions and concentric
occlusive neointimal lesions with slit-like channels.'> How-
ever, this mouse model does not seem to capture the wide
array of vasculopathy observed in human PAH™ and that
observed in the EH-KO""***'~ mouse model. In the EH-
KON~ mouse, a significant amount of plexiform-like
structures are present. In fact, aside from capturing the pri-
mary phase of PAH, this mouse model goes above and
beyond the expectations needed to qualify for a preclinical
model of plexogenic arteriopathy. First, this mouse model
was developed on the basis that T-cell”**°? infiltrates are
present in the lung during the initial inflammatory event that
stimulates PAH pathogenesis. This is the first animal model,
to our knowledge, to simulate PAH pathogenesis from onset
to late-stage disease (ie, inflammation attributable to EC
dysfunction — aberrant cellular proliferation/complex
plexogenic arteriopathy). Second, this mouse model exhibits
extensive perivascular/peribronchial edema that is evident in
the human disease.®>* Moreover, the EH-KO™M*'~ mouse
portrays a wide variety of pathogenic structures and lesions,

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Plexiform Arteriopathy in Rodent Models

~_[vEGFR2] | [VEGFR3 }

// ol
! - U
| CD8* T cells/GrB
ITSN
EHITSN \
/ \
/ \\
I
v
| |
\ ] PHD2 /
\\ \\\\ //
\

HIF1/2

HIF2

[ Ek1_] c [oFos] (ps ]

TNF-o | | NF-«xB

Figure 1  Signaling pathways that converge on p38 mitogen-activated protein kinase (MAPK) activation and formation of plexiform-like lesions in pul-
monary arterial hypertension (PAH). In both hypoxia (Hx) and monocrotaline (MCT) animal models and in human disease, p38 MAPK signaling through IL-6
provides a link between vascular remodeling and inflammation. IL-6 activates STAT3 in a process dependent on serine phosphorylation by p38 kinase and
tyrosine phosphorylation by Src. STAT3 activation in both human and experimental models of PAH accounts for the modulation of the expression of several
proteins implicated in PAH pathogenesis.®® Protein components of the vascular endothelial growth factor (VEGF) signaling pathway have been implicated as
potential biomarkers in experimental models and human PAH; however, the signaling pathways involved are not clear. Interestingly, in cancer cells, a link
between VEGF receptor (VEGFR) and p38 kinase has been reported.®?®* VEGF, acting through its receptor, activates p38 MAPK; and induces expression of
erythroblast transformation—specific 1 (ETS1), an important trans regulator of matrix metallopeptidase (MMP) genes, including MMP9. During hypoxia,
activation of p38 MAPK signaling is likely to prevent prolyl hydroxylase domain proteins (PHDs) from hydroxylating proline residues of hypoxia-inducible factor
(HIF), leading to its activation. Finally, intersectin (ITSN) deficiency and the Epsin15-homology domain fragment of ITSN (EHrrsy) expression trigger a
pathogenic p38 MAPK/Elk1 signaling pathway, leading to plexiform lesion formation in severe PAH. As EHirgy localizes to the nucleus,®* a direct effect on
transcription factors cannot be ruled out. GrB, granzyme B; Su-Hx-Nx, a model in which, after a single injection of Sugen5416 and 3 weeks of hypobaric Hx, the
rats were returned to normoxia for 10 to 11 weeks; Tg, transgenic; TNF-o, tumor necrosis factor-a.

including media-fibroproliferation, that lead to increases in channels and proliferating, apoptosis-resistant ECs,

vessel wall thickness, concentric laminar neointimal lesions,
aneurysm-like complex lesions, stalk-like lesions, complex
plexiform-like lesions, EC hobnail patterns, occlusive lesions
with slit-like EC channels, and peribronchial and subpleural
lesions.”” Of course, both the Eglnl ™~ and EH-KO'SV+/~
mouse models recapitulate the first phase of the disease, as
this is the preliminary step in PAH pathogenesis and thereby
precedes the progressive phase of the disease (ie, plexogenic
arteriopathy).

Toward a Converging Mechanism for PLs
Formation
The cellular composition of PLs has not conclusively been

determined. PLs are thought to involve the cross talk between
quiescent ECs lining the dynamic network of vascular
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apoptosis-resistant myofibroblasts, smooth muscle cells, or
even undifferentiated mesenchymal cells at the core of the
lesion.”*” The animal models of plexiform PAH demon-
strate that rats treated simultaneously with MCT and hypoxia
develop plexiform-like lesions.”® Furthermore, rats subjected
to surgical pneumonectomy, followed by a 1-week recovery
period, during which the rats are given a single dose of MCT,
develop complex plexiform-like lesions.”” A single injection
of Su5416, followed by 3 weeks of hypobaric hypoxia and 10
weeks of normoxia, results in the formation of severe PLs.>!
In mice, IL-6 overexpression, Eglnl KO, and ITSN defi-
ciency, associated with the expression of a granzyme B
cleavage fragment of ITSN, were sufficient to induce severe
pulmonary arteriopathy, including PLs.">**°° The molecular
mechanisms responsible for the development of PLs are not
well understood. Whether PLs share a common molecular
pathophysiological mechanism is not known. The molecular
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Table 1

Molecules/Pathways Involved

Comparison of Experimental Models of PAH with Respect to Vascular Occlusion, Plexiform-Like Lesion Formation, and Signaling

Stimuli

Animal/strain

Pulmonary arteriopathy

Signaling molecules/
pathways involved

RVSP,
mmHg

RV/LV + S

References

MCT + Hx

MCT + pneumonectomy

IL-6 Tg"
IL-6 Tg™ + Hx

Su5416 + Hx

Su + Hx 4+ Nx

Egln1~/~

EH-KOIT5N+/7

Rat/Wistar

Rat/Sprague-Dawley

Mouse/C57BL6
Mouse/C57BL6

Rat/Sprague-Dawley

Rat/Sprague-Dawley

Mouse/C57BL6

Mouse/129SV/J

Concentric and
occlusive

Plexiform-Llike lesions
(severe vascular
pruning and
disorganized
vascular networks)

Proliferative
arteriopathy
(occlusive
neointimal
angioproliferative
lesions; effects
enhanced by
hypoxia)

Occlusive, EC
expansion

Concentric neointimal
and complex
plexiform-like
lesions

Vascular occlusion and
plexiform-Llike
lesions

Occlusive, complex
plexiform lesions

IL-6 or TNF-a, TGF-B,
p38 MAPK, NF-kB,
HIF-1a

IL-6/STAT, PI3K, p38
MAPK, ERK1/2 MAPK

ND
p38 MAPK, HIF-1q,
VEGFR3

PHD2, HIF-20

p38 MAPK, Elk1, c-Fos

70

80

36—65

35

96

75

26

0.54

1.8

0.38—0.68

0.5

0.74

0.9

0.27

28,56,79

29

36,80

30

31,32

15,68

50,68

EC, endothelial cell; EH-KO"*/~, Epsin15-homology domain fragment of intersectin knockout heterozygous; ERK, extracellular signal-requlated kinase;
HIF, Hx-inducible factor; Hx, hypoxia; LV, left ventricle; MAPK, mitogen-activated protein kinase; MCT, monocrotaline; ND, not determined; Nx, normoxia;
PAH, pulmonary arterial hypertension; PHD, prolyl hydroxylase domain protein; PI3K, phosphatidylinositol 3-kinase; RV, right ventricle; RVSP, right ventricular
systolic pressure; Su5416, Sugen5416; Su + Hx + Nx, a model in which, after a single injection of Sugen5416 and 3 weeks of hypobaric Hx, the rats were

returned to normoxia for 10 to 11 weeks; Tg, transgenic; TGF-B, transforming growth factor-B; TNF-a,, tumor necrosis factor-a;; VEGFR3, vascular endothelial

growth factor receptor protein tyrosine kinase 3.

processes driving formation of PLs in experimental models
and human disease involve, but are not limited to, p38
MAPK, IL-6/STAT, VEGFRs, PHD2, and downstream
activation of erythroblast transformation—specific (ETS),
HIF, and NF-kB transcription factors, as well as increased
expression of VEGF and matrix metallopeptidase
9.12:30:40.9056763 The relative significance of any given
signaling pathway studied thus far seems to be influenced by
the specific animal strain, stimulus, age, sex, environment, or
cell type. However, the activation of p38 MAPK appears to
be a characteristic of animal models of PAH that develop
PLs. This observation suggests that formation of PLs may
share a common pathophysiological mechanism that con-
verges on p38 MAPK activation (Figure 1). In rats, specific
inhibition of p38 MAPK attenuates vascular proliferation in
the MCT-induced PAH.”® Church et al™® reported that the
p38 MAPK plays a pathogenic role in both human disease
and MCT-rodent models of pulmonary hypertension, poten-
tially mediated through IL-6. Furthermore, activation of p38
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MAPK has recently been reported in the Su5416 rat model of
PAH, suggesting that, in these rats, the activation of p38
kinase may occur independently of VEGFR?2 inhibition and,
thus, may help explain the paradox of VEGF receptor
blockade—induced pulmonary hypertension that characterizes
the Su-Hx rat model of PAH.®”° Another important obser-
vation is that the stabilization of HIF proteins is primarily
regulated by hydroxylation of proline residues by PHDs’”
and that the p38 MAPK is a key component of hypoxic
response pathways.”’” During hypoxia, activation of p38
MAPK signaling is likely to prevent PHDs from hydroxyl-
ating proline residues of HIF, an observation that leads us to
the Eginl (encoding PHD2) KO mouse model of PAH. HIF-
20. activation, downstream of PHD2 deficiency, mediates the
severe lung plexiform phenotype of the Egini-deficient
mouse.'” It seems that HIF-2 activation, as caused by either
p38 MAPK activation or PHD2 deficiency, results in PLs.
Moreover, signaling pathways activated in animal models
of plexiform PAH include, but are not limited to, small
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GTPases, phosphatidylinositol 3-kinase/Akt, protein kinase
C¢, protein kinase A, transforming growth factor-f, STAT,
Elk1, and c-Fos. Many of these signal transduction mole-
cules can activate the p38 MAPK signaling pathway.
Moreover, p38 kinase regulates downstream targets,
including several kinases, transcription factors, and cyto-
solic proteins, to orchestrate several regulatory mechanisms
in many cellular responses, like cell survival and prolifera-
tion. In PAH settings, an important transcription factor
phosphorylated by p38 is Elk1, a member of the ETS family
of transcription factors. Elk1 works in concert with HIF-2 to
cooperatively activate HIF-2 target genes.””°® Moreover,
Elk1 is an important link between hypoxia, c-Fos, and c-Fos
target genes, such as matrix metalloproteases that play a
crucial role in the development of PAH.*””” These findings
suggest that the p38 MAPK/EIk1/HIF-2¢ signaling axis is
central to PL formation in PAH. Moreover, increased
expression of phosphorylated p38 MAPK was observed in
the pulmonary vasculature from patients with idiopathic
PAH.">”* Furthermore, ITSN deficiency and expression of
the EHrsn fragment have been detected in the lung tissue of
human PAH patients.”” As EHigy localizes to the nu-
cleus,** a direct effect on transcription factors cannot be
ruled out.

Studies have shown that IL-6 is elevated in the serum
and lungs of patients with PAH.”®’" On further investi-
gation, increased levels of IL-6 associate with poor prog-
nosis of patients with idiopathic and familial PAH.””
Moreover, VEGF and VEGFR-2 are overexpressed in
the PLs of patients with PAH,”” and plasma VEGF levels
are elevated in patients with idiopathic PAH.”* Interest-
ingly, a significant decrease in VEGFR3 expression in
pulmonary artery ECs from human PAH subjects has
recently been reported.”” The convergence between the
bone morphogenetic protein and VEGF signaling path-
ways is through a novel interaction between VEGFR3 and
bone morphogenetic protein type II receptor; bone
morphogenetic protein type II receptor mutations, under-
lying familial PAH, demonstrate a gain of function
involving up-regulation of p38™APX_dependent proproli-
ferative pathways.”® These interactions further support p38
kinase as a central molecular mediator of PL formation.
Pulmonary hypertension is at least, in part, HIF2a
dependent.'””” Tumor necrosis factor-a. also appears to
play a role in PAH as circulating levels of tumor necrosis
factor-o. are increased in PAH patients.”"’>"*"? Activa-
tion of STAT3 mediates the hyperproliferation and
apoptosis resistance of ECs in PAH lungs and, therefore,
may also play a role in PL development.*” A comparison
of experimental models of PAH with respect to vascular
occlusion, plexiform-like lesion formation, and signaling
molecules/pathways involved is shown in Table 1.
Although caution is necessary for extrapolating the find-
ings of animal research to the care of human disease, these
observations may help to solve the complex puzzle of
plexiform arteriopathy.
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Conclusion

PAH remains a severe and overwhelmingly morbid disease,
with 5-year survival rates averaging <60%.”” With to-
day’s technology, public demand for better PAH therapeu-
tics is well warranted, but science has yet to provide an
answer in regard to better treatment options. Perhaps, this is
because of insufficient means to study the disease itself (ie,
inappropriate animal models). Over many years, numerous
rodent models were developed in efforts to improve our
means to study this dreadful disease.”’ However, many
failed to answer our calls, and, thus, survival rates remain
low. The classic rodent models, such as hypoxia-induced
pulmonary hypertension and MCT-induced pulmonary hy-
pertension, only recapitulate the first phase of the disease
and, therefore, led to development of drugs targeting the
process of vasoconstriction rather than those that target the
progressive, remodeling phase of PAH. The recent emer-
gence of two-hit animal models has tremendously improved
our understanding of the pathogenesis and pathobiological
mechanisms through which PAH progresses. The two-hit
models, the Su-Hx-Nx rat model, the IL-6 Tg'/hypoxia
mouse model, and the Egln]*/ ~ mouse model—endothelial
and hematopoietic cell specific (hence, two-hit models)—
and the EH-KO™M*'~ mouse model have provided a
newfound hope for researchers in the field: the progressive
part of PAH can now be studied intensely. Moreover, these
models appear particularly useful when focusing on the p38
MAPK signaling pathway and its emerging role in medi-
ating cellular cross talk between the vasculature and in-
flammatory cells within PLs. Understanding these
connections will aid in designing new and more effective
approaches for PAH treatment.

As research continues and treatment standards improve,
discovering therapeutic cocktails to alter the signaling cas-
cades affected during the progressive phase of the disease
will be necessary. Time will tell, but it is hopeful that this
terrible disease will no longer remain so grim and outcomes
will move forward and improve, as did our modeling system
of the disease.
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