
CLINICAL FOCUS REVIEW

898	 October 2019	 ANESTHESIOLOGY, V 131   •   NO 4

Jerrold H. Levy, M.D., F.A.H.A., F.C.C.M., Editor

This article is featured in “This Month in Anesthesiology,” page 1A. This article has a video abstract.

Submitted for publication October 24, 2018. Accepted for publication March 18, 2019. From the Department of Anesthesia and Pain Medicine, The Hospital for Sick Children, 
Toronto, Ontario, Canada (N.M.G., B.E.S.); Sick Kids Research Institute, Program in Cell Biology (N.M.G.) and Program in Neuroscience and Mental Health (B.E.S.), Toronto, Ontario, 
Canada; Department of Pediatrics and Vera Moulton Wall Center for Pulmonary Vascular Disease, Stanford University School of Medicine, Stanford, California (M.R.).

Copyright © 2019, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. All Rights Reserved. Anesthesiology 2019; 131:898–907

Inflammatory Basis of Pulmonary Arterial Hypertension
Implications for Perioperative and Critical Care Medicine
Neil M. Goldenberg, M.D., Ph.D., Marlene Rabinovitch, M.D., Benjamin E. Steinberg, M.D., Ph.D.

Pulmonary hypertension, defined as a resting mean pul-
monary artery pressure greater than or equal to 25 

mmHg, results from a myriad of conditions. The Fifth World 
Symposium on Pulmonary Hypertension proposed a classifi-
cation system that organizes pulmonary hypertension into five 
groups based on common hemodynamic, pathophysiologic, 
and therapeutic parameters.1 This review focuses on pulmo-
nary arterial hypertension (Group 1 pulmonary hypertension), 
a disease in which progressive pulmonary vascular obstruction, 
remodeling, and destruction lead to increased right ventricular 
afterload and hypertrophy, right heart failure, and death. On 
a cellular level, the dysregulated proliferation of endothelial, 
smooth muscle, and immune cells predominates within the 
diseased vessels.2 Hemodynamically, pulmonary arterial hyper-
tension can be defined as a mean pulmonary artery pressure 
greater than 25 mmHg, a pulmonary capillary wedge pres-
sure less than 15 mmHg, and a pulmonary vascular resistance 
(PVR) greater than 3 Wood units in the absence of a more 
common cause such as left heart disease, chronic venothrom-
boembolic disease, or lung disease. Like pulmonary hyperten-
sion in general, pulmonary arterial hypertension can result 
from multiple causes, including infectious and autoimmune 
pathologies. In this review, our focus will be on pulmonary 
arterial hypertension specifically (World Health Organization 
Group 1), predominantly comprising idiopathic and heritable 
pulmonary arterial hypertension, as well as pulmonary arterial 
hypertension associated with connective tissue disease, con-
genital heart disease, or other systemic conditions.

Major pulmonary hypertension clinical registries report 
pulmonary arterial hypertension incidence rates between 1.1 
to 7.6 cases of pulmonary arterial hypertension per million 
adults per year with a prevalence ranging from 11 to 26 cases 
per million adults.2 The disease demonstrates a gender bias, 
occurring four times more frequently in women, but with 
worse survival in male patients.3 Although pulmonary arterial 
hypertension is a relatively rare disease, it has a grim prognosis 
with mortality 5 yr after diagnosis as high as 60%.1 However, 
the preceding decades have seen significant improvement in 
the survival of patients with pulmonary arterial hyperten-
sion,4 likely attributable to a combination of increased aware-
ness, improved management of right heart failure, and access 

to pulmonary arterial hypertension therapies and anticoagu-
lation. As a result, patients with pulmonary arterial hyperten-
sion are increasingly presenting for noncardiac surgery.

Pulmonary arterial hypertension remains an indolent, 
progressive disease without a cure. Current therapies delay 
clinical worsening and improve quality of life, but gener-
ally have not been shown to decrease mortality. Therapeutic 
approaches include both supportive and disease-specific 
measures. Supportive measures include salt and fluid restric-
tion, supplemental oxygen to maintain systemic arterial 
oxygen saturation greater than 90%,5 exercise training, and 
consideration of diuretics for venous congestion attribut-
able to right heart failure. In some patients, anticoagula-
tion with warfarin is prescribed to mitigate thrombosis in 
resistance pulmonary arteries; however, its benefit appears 
contingent on the underlying type and cause of pulmonary 
arterial hypertension.6 The role of new oral anticoagulants 
remains unknown.

Current pulmonary arterial hypertension therapies work 
through dilating the pulmonary vasculature, and thereby 
offset the elevated right ventricular afterload. These tem-
porizing measures may neglect the underlying mechanism 
of disease pathogenesis, and new approaches are wanting. 
To that end, pulmonary arterial hypertension has more 
recently been associated with dysregulated and aberrant 
inflammation independent of the underlying cause.7,8 In 
this narrative review, we delineate the immunologic basis of 
pulmonary arterial hypertension, highlighting biomedical 
and clinical evidence, and review ongoing clinical trials tar-
geting the immune system in pulmonary arterial hyperten-
sion, as well as potential immunomodulatory therapeutic 
strategies for future study. Throughout, we emphasize the 
implications for perioperative and critical care specialists, 
beginning with a discussion of the perioperative manage-
ment of patients with pulmonary arterial hypertension.

Perioperative Management of Patients with 
Pulmonary Arterial Hypertension
Patients with pulmonary arterial hypertension repre-
sent some of the greatest management challenges for 
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anesthesiologists and critical care physicians alike.9 Their 
perioperative risk has primarily been evaluated through 
retrospective studies,10–14 partly limited by differences in 
methodology and consideration of combined World Health 
Organization pulmonary hypertension groups. Yet, together 
they uniformly speak to the considerable risk of morbidity 
and mortality in patients with pulmonary arterial hyper-
tension across the perioperative period,10–15 above that seen 
in other types of pulmonary hypertension.16 Rates of seri-
ous perioperative complications, including respiratory fail-
ure, heart failure, cardiovascular instability, and myocardial 
infarction, approach 40%,10 and noncardiac surgical mor-
tality occurs in 3.5% to 8% of patients.10,11,15 Death occurs 
most commonly within the first 48 h of surgery and typ-
ically results from right heart failure.12,16 The risk of death 
remains elevated after both minor and major surgeries, 
with a further increase in the context of emergency proce-
dures.13,15 No differential risk of complication or death has 
been demonstrated between anesthetic techniques.16 Not 
surprisingly, patients with pulmonary arterial hypertension 
experience longer intensive care unit and hospital lengths 
of stay with higher 30-day readmission rates.11

Given the high risk of morbidity and mortality in the 
perioperative period for patients with pulmonary arterial 
hypertension, delaying elective procedures to undertake 
a thorough preoperative evaluation by a multidisciplinary 
team with specific consultation with a pulmonary hyper-
tension specialist is warranted.9 Pulmonary arterial hyper-
tension is itself an independent predictor of perioperative 
complications.17 Patient-risk factors of morbidity and mor-
tality include a right atrial pressure greater than 7 mmHg 
and a 6-min walk test shorter than 399 m.15 The preop-
erative period is thus an opportunity to optimize medical 
therapy and exercise capacity. Pulmonary vasodilators are 
generally routinely continued perioperatively.18,19

At present, the U.S. Food and Drug Administration has 
approved 14 pulmonary arterial hypertension–specific ther-
apies that target four major molecular pathways all related 
to pulmonary vascular tone (fig. 1). Notably, none directly 
addresses pulmonary vascular remodeling or targets the 
right ventricle. Approaches to pulmonary arterial hyper-
tension treatment and the pulmonary arterial hyperten-
sion–specific therapies have been thoroughly reviewed2 and 
are summarized in figure 1. The management of severe pul-
monary hypertension in the operative setting has similarly 
been comprehensively reviewed.9

In this review, we deal separately with the chronic man-
agement of pulmonary arterial hypertension (the main focus 
herein) and the rescue of acute, decompensated right-sided 
heart failure or an acute PVR crisis. In the acute setting, the 
importance of pulmonary vasodilators and inotropic support 
cannot be overemphasized: reduction in PVR and support 
of the right ventricle represent the anesthesiologist’s most 
pressing priorities. Pulmonary vasodilator drugs target one 
of four major pathways using several routes of administration. 

The cellular pathways in question involve L-type calcium 
channels, endothelin-1, nitric oxide, and prostacyclin.9,20 
Calcium channel blockers, specifically indicated for the sub-
set of patients demonstrating positive vasoactive testing in the 
cardiac catheterization laboratory, can be used at high doses 
and should be terminated or supplemented by other drugs if 
no effect is noted.6 Of note, significant systemic hypotension 
may arise as a result of calcium channel blockade in this pop-
ulation. Careful multidisciplinary consultation is advised for 
potential bridging to other drugs in the perioperative setting.

Endothelin receptor antagonists (bosentan, maciten-
tan, ambrisentan) are among the best-studied drugs for 
the chronic management of pulmonary arterial hyperten-
sion. The landmark Study with an Endothelin Receptor 
Antagonist in Pulmonary Arterial Hypertension to Improve 
Clinical Outcome trial demonstrated the efficacy of mac-
itentan in pulmonary arterial hypertension patients for 
decreasing risk of a primary outcome of clinical worsening, 
lung transplantation, atrial septostomy, initiation of prosta-
noids, or death.21 Importantly, patients taking macitentan 
may develop both elevated liver enzymes and anemia, so 
testing liver function and hemoglobin concentration before 
major surgery would be prudent.21 Although maciten-
tan has a clinical effect shortly after initiation of therapy, 
patients should ideally be at a steady-state with respect to 
their disease before nonemergent surgery.

Nitric oxide is a potent pulmonary vasodilator, endog-
enously produced in the lung endothelium, acting through 
the production of cyclic guanosine monophosphate by the 
enzyme soluble guanylyl cyclase.22 Patients with pulmonary 
arterial hypertension often produce less NO, as part of an 
overall endothelial dysfunction and imbalance of vasocon-
strictor versus vasodilator substances.23 Pharmacologically, 
NO can be targeted in three ways: by delivering inhaled NO 
acutely,24 using oral phosphodiesterase-5 inhibitors (sildena-
fil, tadalafil) to decrease cyclic guanosine monophosphate 
breakdown,25 or more recently, using an activator of soluble 
guanylyl cyclase (riociguat).26 For acute use, inhaled NO can 
be attached to an anesthesia circuit for rapid addition, and 
has a long history of successful use in the acute intraoperative 
setting.9 The ongoing INOvation-1 trial is a placebo-con-
trolled, randomized, controlled trial designed to evaluate the 
long-term safety and efficacy of inhaled NO in pulmonary 
arterial hypertension (clinicaltrials.gov NCT02725372). 
The chronic vasodilatory effects of sildenafil and other drugs 
discussed herein should give pause to anesthesiologists, as 
they can cause hypotension, have antiplatelet effects, and 
may also inhibit hypoxic pulmonary vasoconstriction during 
thoracic surgery and one-lung ventilation.9,27 Stable patients 
are unlikely to be successfully transitioned away from these 
drugs before elective surgery, so continuing them through 
the perioperative period, with knowledge of their potential 
adverse effects under anesthesia, is of paramount importance.

Finally, another mainstay drug class in the therapy of 
pulmonary arterial hypertension are the prostanoids. These 
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Fig. 1.  (A) Current pulmonary arterial hypertension (PAH)–specific therapies target four molecular pathways, all of which are directed at 
vasodilating the pulmonary vasculature. (1) Calcium channel blockers: The calcium channel blockers amlodipine, nifedipine, and diltiazem 
all block calcium entry into vascular smooth muscle cells (SMC), thereby preventing SMC contraction and pulmonary vasoconstriction. 
Unfortunately, this class of medications is only effective in less than 10% of PAH patients, and long-term responses are often limited. (2) 
Endothelin pathway: Endothelin acts through its endothelin A and B receptors (ETA and ETB, respectively) to cause vasoconstriction as well as 
SMC proliferation. Bosentan and macitentan are both dual endothelin receptor antagonists (ERA), whereas ambrisentan is a selective endo-
thelin receptor A antagonist. (3) Nitric oxide pathway: Nitric oxide (NO) is a vasodilator that signals through soluble guanylate cyclase (sGC), 
which generates cyclic guanosine monophosphate (cGMP) and causes pulmonary artery SMC relaxation. The cGMP is subsequently degraded 
by phosphodiesterases (PDE). Accordingly, the (3) direct sGC stimulator riociguat and the (4) PDE5 inhibitors sildenafil and tadalafil drive the 
NO pathway to enhance vasodilation. The use of inhaled nitric oxide is currently reserved for the intraoperative and intensive care unit acute 
management of pulmonary hypertension treatment. (5) Prostacyclin pathway: Prostacyclin and prostanoids bind the IP receptor to stimulate 
cyclic adenosine monophosphate, which in turn causes pulmonary vasodilation. Various preparations of prostanoids are available and can be 
administered via different routes, including continuous infusion intravenously or subcutaneously, by inhalation, and orally. The prostanoids 
include epoprosternol, treprostinil, iloprost, and beraprost. Selexipag, in contrast, is the first nonprostanoid IP receptor activator. (B) Currently 
approved PAH-specific medications with their respective pathway target and mechanism of action.  ATP, adenosine triphosphate; cAMP, cyclic 
adenosine monophosphate; CCB, calcium channel blocker; GTP, guanosine monophosphate; IP, Prostacyclin receptor; PGI, Prostaglandin I.
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drugs can be inhaled for acute use, delivered by continuous 
intravenous infusion, or given orally in a new formulation.6 
The inhaled formulations demonstrate a high degree of 
specificity for the pulmonary vasculature, and can synergize 
with inhaled or intravenous milrinone as well.28 These drugs 
are direct vasodilators of the pulmonary circulation, while 
also providing some antiplatelet and anti-inflammatory ben-
efit.23 In the commonest form for chronic use, intravenous 
epoprostenol is delivered centrally via continuous infusion. 
In the operating room, such a system requires the utmost 
vigilance, as access to the line, as well as its patency, must be 
maintained or a critical PVR crisis may arise upon discon-
tinuation.6 Furthermore, meticulous sterile technique must 
be maintained, because line infection and loss of central 
access is a devastating complication for this group.29

In summary, great care and planning must go into the 
surgical care of pulmonary arterial hypertension patients. 
Multidisciplinary involvement is critical, and major surgery 
should be carried out in centers with appropriate postoper-
ative intensive care available. The specific interactions of pul-
monary arterial hypertension therapies with anesthesia and 
surgical insults (including systemic hypotension, antiplatelet 
effects, interaction with other vasodilators, the need for spe-
cial access and delivery equipment, and other considerations) 
necessitate holistic planning on the part of the perioperative 
team for the safe management of a high-risk population.29

Immunologic Basis of Pulmonary Arterial 
Hypertension
A large body of evidence from both human trials and 
pre-clinical models currently supports the fundamental 
immunologic underpinnings of pulmonary arterial hyper-
tension, implicating both soluble and cellular immune 
mediators across the innate and adaptive immune systems.30

Cytokines such as tumor necrosis factor and interleu-
kins 1β and -6 are all found in increased concentrations 
in the blood of pulmonary arterial hypertension patients 
as compared to controls,8,31,32 and in some cases, these lev-
els correlate with disease severity. For instance, circulating 
interleukin-6 serves as a high-fidelity marker of right ven-
tricular dysfunction in pulmonary arterial hypertension33 
and is elevated in almost all human and animal studies of the 
disease. Other noncanonical immune mediators have sim-
ilarly been implicated. In particular, the proinflammatory 
protein high mobility group box-1 is elevated in the lungs 
and plasma of patients with idiopathic and congenital heart 
disease–related pulmonary arterial hypertension.34,35 High 
mobility group box-1 is notable in that it is able to activate 
both innate and adaptive immunity pathways.36 As such, it 
represents an active area of research in pulmonary arterial 
hypertension pathogenesis, and its modulation may form 
the basis for novel therapeutics. To that end, encouraging 
preclinical work in rodent models of PH has demonstrated 
that high mobility group box-1 neutralization protects 
against disease development.37

Immune cells are also important drivers of pulmonary 
arterial hypertension. A broad histopathologic survey of 
lungs from patients with pulmonary arterial hyperten-
sion demonstrated significant perivascular and intersti-
tial inflammation with immune cell infiltration, regardless 
of the cause of pulmonary arterial hypertension.38 The 
immune cell types that circulate and infiltrate the lungs 
of patients with pulmonary arterial hypertension include 
B and T lymphocytes,39–43 macrophages,43 neutrophils,44–46 
dendritic cells,7,43 and mast cells.7,43 Interestingly, patients 
with pulmonary arterial hypertension have a different 
immune cellular landscape in their lungs as compared with 
those of control patients, which suggests a shift toward the 
adaptive immune system. Recruited immune cells not only 
represent a potential source of local and circulating cyto-
kines, but also directly contribute to pulmonary vascular 
remodeling. The abnormal pulmonary adventitia and ves-
sels can also secrete proinflammatory molecules that acti-
vate immune cells,47 further amplifying this process. Taken 
together, positive feedback loops propagate inflammation 
within the vessel wall and perpetuate the vasculopathy of 
pulmonary arterial hypertension.

The immunologic basis of pulmonary arterial hyper-
tension development continues to evolve as the disease 
itself progresses. Later in the course of the disease, the 
adaptive immune system grows in influence and a more 
complex network of immune reactions develops within 
the vessel wall. The importance of adaptive immunity in 
pulmonary arterial hypertension has been further high-
lighted in several recent preclinical studies.48,49 Yet, the 
importance of adaptive immunity in clinical disease is not 
a new concept. More than two decades ago, idiopathic 
pulmonary arterial hypertension was speculated to rep-
resent an autoimmune disease.50 This notion has since 
gained increasing traction. The lungs of patients with pul-
monary arterial hypertension contain bronchus-associated 
lymphoid tissue51 and tertiary lymphoid tissue52 capable 
of producing autoantibodies in a self-sustained fashion. 
Although the importance of autoimmunity in pulmonary 
arterial hypertension may have been anticipated in con-
nective tissue disease and other rheumatologic illnesses, it 
is unexpected to find self-reactive antibodies in patients 
with pulmonary arterial hypertension resulting from non-
immunologic disease states. Yet, as many as 60% of patients 
with idiopathic pulmonary arterial hypertension had 
circulating autoantibodies,50 as do even a proportion of 
patients with congenital heart disease–related pulmonary 
arterial hypertension.53 The antivascular autoantibodies 
that are produced in this tissue will be made in a self-sus-
tained fashion in a germinal center.52 Therefore, tissue 
destruction and inflammation can continue in the absence 
of the initial immune stimulus. This, along with epigenetic 
changes in parenchymal cells,54 may well form the basis 
for the chronic, progressive nature of pulmonary arterial 
hypertension.
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Pulmonary Arterial Hypertension Clinical Trials 
Targeting the Immune System
Given the lack of meaningful long-term improvement 
seen with vasodilator therapy, clinicians and scientists are 
attempting to test new management paradigms clinically. 
To that end, the predominance of clinical and preclinical 
evidence pointing to the importance of the immune system 
in pulmonary arterial hypertension has spawned a host of 
clinical trials. The guiding principles for such trials are out-
lined above with both cellular and soluble immune targets 
now informing clinical inquiry.

To investigate the current clinical interest in immu-
notherapy for pulmonary arterial hypertension, we con-
ducted a search of active clinical trials in pulmonary arterial 
hypertension using the United States National Library of 
Medicine’s clinical trials registry (fig. 2; see legend for search 
details). From January 1, 2015, to the present, 70 active tri-
als met our inclusion criteria from a total of 170. Of the 
included trials, the largest group continues to investigate 
the use of vasodilator therapy (54%), which is in line with 
the current role of these drugs in standard of care. Notably, 
therapies targeting metabolism and nutrition (21%) repre-
sented the next largest group, followed closely by immu-
notherapies (20%). Of course, many of the tested therapies 
cross between these overall categories: metabolic treatments 
may have antiinflammatory roles, as do several traditional 
vasodilators. However, entirely immunologic therapeutics, 
such as inhibition of neutrophil elastase by elafin, the use of 
stem and progenitor cells, interleukin-1β antagonism with 
anakinra, and nuclear factor kappa-light-chain-enhancer of 
activated B cells inhibition by bardoxolone, are the subject 
of large-scale human trials.

One patient group of particular interest is systemic  
sclerosis–associated pulmonary arterial hypertension, which 
is one of the deadliest forms of the disease.1 Etiologically, 
systemic sclerosis–associated pulmonary arterial hyperten-
sion has a strong autoimmune component, driven in part 
by B lymphocytes. As such, a prospective, double-blind, 
placebo-controlled trial is currently underway testing B 
cell depletion with the anti-CD20 monoclonal antibody, 
rituximab (NCT01086540), in patients with systemic  
sclerosis–associated pulmonary arterial hypertension.

Soluble mediators are also being targeted. In the recently 
reported Canakinumab Antiinflammatory Thrombosis 
Outcome Study trial55 of 10,061 patients with previous 
myocardial infarction and elevated C-reactive protein and 
on optimal medical therapy, interleukin-1β inhibition with 
the monoclonal antibody canakinumab reduced the inci-
dence of repetitive atherothrombotic events, albeit with a 
small effect size. This study provides evidence that an anti-
inflammatory therapy can modify an inflammatory vascular 
disease in humans. Moreover, in a case report, interleukin-1β 
antagonism with the interleukin-1 receptor inhibitor, anak-
inra, was found to reverse pulmonary arterial hypertension 
in a single patient with Still’s disease.56 A clinical trial of 

anakinra is currently underway to assess exercise tolerance 
and safety in adults with pulmonary arterial hyperten-
sion (NCT03057028). These data will provide important 
insights into the potential feasibility of immunomodulation 
as a treatment paradigm in pulmonary arterial hypertension.

Similarly, there are case reports of pulmonary arterial 
hypertension improvement in patients with pulmonary 

A

B

Fig. 2.  The immune system is being investigated as a potential 
therapeutic target in pulmonary arterial hypertension (PAH). (A) 
Current clinical trials investigating PAH therapies. A search was 
performed on ClinicalTrials.gov for “pulmonary hypertension” 
from January 1, 2015, to the January 1, 2019. Limits were set to 
“interventional study,” and adult patients only. Trial status clas-
sifications included were not yet recruiting, recruiting, enrolling 
by invitation, active not recruiting, and unknown status. A total of 
170 studies were identified, and inclusion and exclusion catego-
ries are depicted in the flow chart. Of the 70 interventional trials 
included, half (54%) are investigating vasodilator therapy, 20% 
focus on immunological targets, and 21% are targeting metabo-
lism and nutrition. (B) Specific examples of immune targets and 
therapies currently under clinical study in PAH. NCT refers to the 
registered Clinical Trial number, with study information available 
at ClinicalTrials.gov.
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hypertension secondary to inflammatory conditions treated 
with the interleukin-6 receptor antagonist tocilizumab.57 
A small Phase 2 trial of tocilizumab in pulmonary arterial 
hypertension has since been completed (NCT02676947).58 
Although the full data have not yet been reported, the drug 
was administered to 23 patients with a good safety profile. 
A larger, therapeutic study is expected.

Many of the inflammatory and immune pathways dis-
cussed in this review are under the control of the transcrip-
tion factor nuclear factor κB. Nuclear factor κB activation 
results in the upregulation of genes encoding interleukin-6, 
interleukin-1β, tumor necrosis factor, and other import-
ant immunologic signals.59 These pathways promote the 
recruitment and activation of immune cells in target tis-
sues, including the lung. Multiple lines of evidence from 
rodent models have shown that nuclear factor κB blockade 
can prevent the development of pulmonary hypertension.60 
Furthermore, patients with idiopathic pulmonary arte-
rial hypertension have activated nuclear factor κB in their 
lung tissue,61 indicating a potential role for this pathway in 
human disease. It is therefore no surprise that neutralization 
of nuclear factor κB signaling is an active field of clinical 
investigation in pulmonary arterial hypertension. A trial is 
currently assessing the drug bardoxolone for the treatment 
of connective tissue disease–associated pulmonary arterial 
hypertension (NCT02657356). Bardoxolone blocks nuclear 
factor κB by stimulating the regulatory transcription factor 
nuclear factor (erythroid-derived 2)–like 2.62 This trial will 
assess the effect of bardoxolone on 6-minute walk test dis-
tance in patients with connective tissue disease–associated 
pulmonary arterial hypertension. Another trial is currently 
completing a long-term follow-up in connective tissue dis-
ease–associated pulmonary arterial hypertension patients 
who received bardoxolone previously (NCT03068130). 
These studies will assess the safety profile of nuclear factor 
κB manipulation in pulmonary arterial hypertension and 
will likely stimulate further trials looking at transcription 
regulators in inflammation.

A final area of current clinical therapeutic inquiry involv-
ing inflammation and pulmonary arterial hypertension cen-
ters on the inhibition of neutrophil elastase. Elastase, which 
can also be secreted by pulmonary vascular smooth muscle 
cells, plays a fundamental role in the adverse remodeling of 
the lung vasculature in pulmonary arterial hypertension. 
Although the clinical use of elastase inhibitors has been 
limited by hepatotoxicity, the endogenous elastase inhibitor, 
elafin, remains a promising therapeutic possibility. Elafin, in 
addition to blocking the action of elastase, enhances bone 
morphogenic protein receptor–mediated signaling, inhibits 
nuclear factor κB, and dampens the innate immune system.63 
Administration of elafin in animal models reverses pulmo-
nary arterial hypertension.64 As such, clinical exploration of 
elafin as a pulmonary arterial hypertension therapy is under-
way, beginning with a safety and tolerance trial in healthy 
volunteers (NCT03522935). The position of elafin at the 

crossroads of so many disease-relevant pathways makes this 
line of investigation particularly exciting.

Inflammation in Pulmonary Arterial Hypertension: 
Implications for the Anesthesiologist
Our evolving understanding of the pathobiology of pul-
monary arterial hypertension and the development of new 
treatment paradigms will have implications for anesthesiolo-
gists and critical care physicians. Hopefully such treatments 
will result in improved preoperative optimization of these 
high-risk patients. However, as with any new therapies, their 
interactions with anesthetic drugs and the operative envi-
ronment will have to be studied and accounted for. It stands 
to reason that some of these experimental agents will result 
in some degree of immunosuppression, which will neces-
sitate vigilance and aggressive treatment of infection and 
sepsis. The overall inflammatory milieu in this population 
may predispose them to further insults. For instance, pulmo-
nary arterial hypertension may serve as a first hit, increasing 
susceptibility to ventilator-induced lung injury and acute 
respiratory distress syndrome. In fact, several of the biomark-
ers and inflammatory mediators seen in pulmonary arterial 
hypertension are also found in acute respiratory distress syn-
drome and correlate with poor outcome.65

There is a broad base of evidence showing that the periop-
erative period is a time of immune dysregulation and inflam-
mation, and that anesthesia can have a meaningful impact on 
this state.66 One could speculate that anesthetic techniques 
that serve to minimize these insults—including regional 
anesthesia, and pre-emptive analgesia—may benefit patients 
with pulmonary arterial hypertension coming for surgery. 
As new treatments emerge for pulmonary arterial hyperten-
sion patients, and our understanding of disease pathogenesis 
deepens, this will represent an important field of study for 
perioperative and critical care physicians. Until such agents 
are approved for use, it is unlikely that specific perioperative 
data will be available to guide anesthetic care. For a discus-
sion of the interactions of pulmonary vasodilators with the 
operative setting, please see the Perioperative Management 
of Patients with Pulmonary Arterial Hypertension section 
above, and other publications.9 As an example of the poten-
tial for immunotherapy for pulmonary arterial hyperten-
sion in the critical care setting, an instructional case series 
using tacrolimus has been published.67 Having identified 
tacrolimus as an agent that modulates pathways import-
ant in pulmonary arterial hypertension,68 a series of three 
patients with end-stage, treatment-refractory pulmonary 
arterial hypertension were given low-dose tacrolimus. One 
patient was subsequently delisted from the lung transplant 
registry because of her improvement to low-risk status 
within 2 months of treatment initiation. A second patient 
had substantial recovery of RV function within 3 months, 
with concomitant improvements in her functional status. A 
third patient improved, voluntarily discontinued tacrolimus 
and worsened, only to again improve following reinstitution 
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of therapy.67 A randomized trial of tacrolimus for pulmo-
nary arterial hypertension is currently underway to system-
atically assess its utility in pulmonary arterial hypertension 
(NCT01647945), but this small series of patients may offer 
a glimpse into the future of pulmonary arterial hypertension 
management in the clinic and the intensive care unit. The 
fact that palliative disease was improved suggests that this 
strategy may become useful in the acute setting.

Future Immune Targets and Therapeutic 
Strategies in Pulmonary Arterial Hypertension
Although much debate continues on the topic of the pri-
mary insult that leads to pulmonary arterial hypertension, 
it is clear that the disease is characterized by smoldering 
inflammation.69 This inflammation involves the totality of 
the immune system, affecting almost all known cell types 
and branches of immunity. It follows that therapeutic 
immune targeting necessitates restricted modulation of spe-
cific immunologic responses to mitigate off-target effects 
and global immunosuppression. For example, preclinical 
work is investigating the use of biased agonists and antago-
nists that preferentially propagate or inhibit signaling down 
one of several downstream pathways, respectively.70

Our better understanding of pulmonary arterial hyper-
tension as an immunologic disease will certainly usher in a 
new era of targeted therapies for this fatal condition and shift 
management away from vasodilation toward immunomod-
ulation. This would parallel the history of asthma, another 
inflammatory lung disease. Before the 1900s, the mainstays of 
therapy were bronchodilators, ironically in the form of “anti-
cholinergic cigarettes.”71 These treatments were relatively 
effective for acute exacerbations, but failed to address the root 
cause in the way that modern controller inhalers do. With the 
advent of newer drugs, but more importantly, with an under-
standing of the inflammatory nature of the disease, asthma 
management shifted toward immunotherapy, with steroids 
coming to the fore in the 1950s.71 We see pulmonary arterial 
hypertension following a similar trajectory, with vasodilators 
maintaining a role, but immunomodulators taking over as 
mainstay therapy. Like asthma, pulmonary arterial hyperten-
sion is a clinical syndrome, encompassing a host of causative 
factors. As such, it is likely that a variety of treatments will be 
required to address the various causes of pulmonary arterial 
hypertension. New clinical trials should shed light on the 
feasibility of such treatments in the coming years, and active 
translational research will continue to feed this pipeline. New 
targeted therapies will hopefully begin to have substantive 
impacts upon patients experiencing this terrible disease.
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