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Combination therapy in pulmonary arterial hypertension:
recent accomplishments and future challenges
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Abstract
Pulmonary arterial hypertension (PAH) is a life-threatening disease characterized by a progressive increase in pulmonary vascular
resistance, ultimately leading to right heart failure and death. Throughout the past 20 years, numerous specific pharmacologic
agents, including phosphodiesterase-5 inhibitors, endothelin receptor antagonists, prostaglandins, and more recently, soluble
guanylate cyclase stimulators and selective IP prostacyclin receptor agonist, have emerged for the treatment of PAH. Early clinical
trials were typically of short-term duration, comparing the effects of PAH-targeted therapies versus placebo and using exercise
tolerance as the primary endpoint in most trials. A meta-analysis of these trials documented a reduction in short-term mortality of
~40% with monotherapy. More recently, we have witnessed a progressive shift in PAH study designs using longer event-driven
trials comparing the effects of upfront and sequential combination therapy on clinical worsening that is perceived as a more
clinically relevant outcome measure. Recent meta-analyses also documented that combination therapy significantly reduced the risk
of clinical worsening by ~35% compared with monotherapy alone.

In this review article, we will discuss the evolution of treatments and clinical trial design in the field of PAH over the past decades
with a special focus on combination therapy and its current role in the management of PAH. We will also detail unresolved
questions regarding the future of PAH patients’ care and the challenges of future clinical trials.
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Intreduction pathways of abnormal vasoconstriction and cell growth, and

Pulmonary arterial hypertension (PAH, group 1 of the clin-
ical classification) is characterized by intense pulmonary
vascular remodeling, resulting in increased pulmonary vas-
cular resistance (PVR) and ultimately leading to right heart
failure and death.'*> PAH encompasses a variety of different
pathologies, such as idiopathic, heritable, anorexigen-
induced PAH, as well as PAH associated with concomitant
diseases such as connective tissue disease, congenital heart
disease, and portal hypertension. Initially shrouded with
mystery, the definition of this orphan disease has greatly
evolved in past decades. Even though the pathophysiology
of the disease is still incompletely understood, extensive
research in the field has led to the identification of three key

the elaboration of numerous specific pharmacologic agents
targeting the endothelin, the nitric oxide, and prostaglandin
pathways that have been progressively used in combination.
This article reviews the evolution of treatments and clinical
trial conception in the field of PAH over the past decades with
a special focus on combination therapy and its current role in
the management of PAH. Unresolved questions regarding
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the future of PAH patients’ care and the challenges of future
clinical trials are also discussed.

Initial days of PAH therapies

The past decades have been thriving in terms of treatments for
PAH. However, the field experienced a slow start as it took
more than 20 years to develop and approve a specific treat-
ment for PAH after the first World Symposium on Pulmonary
Hypertension held in 1973. Before the late 1990s, treatments
for PAH patients consisted of supportive therapy with diur-
etics, digoxin, anticoagulants, and oxygen supplementation
with or without calcium channel blockers, the latter being
now reserved for selected patients who are responsive to
acute vasodilators during right heart catheterization.> This
treatment approach mainly addressed symptoms related to
right heart failure and merely altered the devastating course
of the disease, with a median survival of 2.8 years.*

Subsequent developments in the understanding of PAH
led to development of numerous specific therapies targeting
the well-described pathways characterizing endothelial dys-
function in PAH: the endothelin-1, nitric oxide, and prosta-
cyclin pathways. In 1995, the U.S. Food and Drug
Administration (FDA) approved epoprostenol, a parenteral
prostaglandin, making it the very first available specific ther-
apy for PAH. The landmark randomized controlled trial
(RCT) confirmed that i.v. prostacyclin was associated with
improvement of pulmonary hemodynamics and exercise tol-
erance. Although survival was not the primary endpoint,
epoprostenol was associated with a significantly lower mor-
tality at 12 weeks (0% versus 20%, P < 0.002).” The follow-
ing long-term observational studies suggested that these
effects persisted over time.®’ Subsequently, a multitude of
other PAH-targeted molecules were formerly assessed in
RCTs, approved, and emerged on the market. The current
therapeutic arsenal includes phosphodiesterase-5 inhibitors
(PDES5i, sildenafil, and tadalafil), endothelin receptor antag-
onists (ERA, ambrisentan, bosentan, and macitentan), pros-
taglandins (epoprostenol, iloprost, treprostinil), and, more
recently, the soluble guanylate cyclase stimulator (riociguat)
and selective IP prostacyclin receptor agonist (selexipag).
Although the primary outcome in initial trials was most
commonly the change in six-minute walk distance
(6MWD), a meta-analysis of the 23 short-term (mean dur-
ation of 14 weeks) RCTs comparing monotherapy with sup-
portive care documented a 43% and 61% reduction in
mortality and hospitalization, respectively.® Patients in the
active arm group also experienced improvements in pulmon-
ary hemodynamics, exercise capacity, and functional status,
and health-related quality of life.”

The journey to combination therapy

Despite these promising findings, a significant proportion of
PAH patients had unsatisfactory clinical response on mono-
therapy and long-term prognosis remained poor, with a

mortality rate of ~15% per year in incident PAH
patients.'™'! Combination therapy emerged as a logical
alternative to monotherapy. The strategy of combining mul-
tiple drugs is not restricted to the field of PAH and has been
used extensively in other chronic debilitating diseases such
as systemic hypertension,'? chronic heart failure,'* and dia-
betes,'* " where patients on combination therapy have
better outcomes than those on single drug therapy. The
rationale is that targeting simultaneously multiple pathways
involved in the disease’s pathogenesis rather than increasing
doses is expected to lead to additive or even synergistic bene-
ficial effects, further improving patients’ outcomes while
minimizing potential drug interactions or adverse events.
Moreover, because of the early benefit observed in short-
term trials,® the principle of equipoise for placebo-controlled
trials was considered to be no longer respected, making
combination therapy trials a mandatory step to assess
novel therapies. As a result, most RCTs performed in the
last decade in PAH patients included at least one subgroup
of patients on background therapy.

A progressive shift in the clinical
trial paradigm

Many of the early clinical trials documented improvement in
functional capacity, exercise capacity, and pulmonary
hemodynamics with combination therapy compared to
monotherapy,'® ?7 while others failed to demonstrate a sig-
nificant improvement in their primary endpoint.**° In
2011, adding to the already conflicting literature, findings
from a systematic review and meta-analysis suggested that
combining PAH-targeted therapies did not offer any advan-
tage over monotherapy except a modest increase in exercise
capacity.’! Importantly, clinical trials conducted at that time
were mainly of short-term duration and used the 6MWD as
the primary endpoint.'® 2?2 Although baseline 6MWD
has a good discriminative capacity to predict outcomes in
patients at the time of diagnosis,> changes in 6MWD
appeared to be an inappropriate surrogate marker of disease
progression, and meta-analyses suggested that changes in
exercise capacity may not predict clinically relevant events
such as all-cause death, hospitalization, or lung transplant-
ation.>** There was also the concern of a certain “ceiling”
effect in patients who have already been stabilized on back-
ground monotherapy, leaving little room for improvement
when another therapy was added.>® As expected, combin-
ation therapy trials were shown to result in lower changes in
6MWD?” compared with monotherapy trials.®

Directly assessing mortality would have been the most
relevant endpoint in PAH trials, but it was felt hardly real-
izable for a disease like PAH. Indeed, PAH is a rare disease
and mortality incidence is low in clinical trials, thus jeopar-
dizing study power and feasibility. Moreover, none of the
biomarkers currently used in PAH has been validated as
a surrogate clinical endpoint.®® Consequently, there was
dire a need to develop endpoints that would capture
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Fig. |1 Recent paradigm shift in the design of clinical trials in pulmonary arterial hypertension. 6MWD, six-minute walking distance; WHO FC,
World Health Organization functional class; PAH, pulmonary arterial hypertension; RCT, randomized control trial.

clinically relevant events.*'%!1-340 Following the example
of other chronic diseases, especially chronic left heart fail-
ure, the concept of clinical worsening emerged in an attempt
to represent events that are undesirable and clinically rele-
vant for patients, including hospitalization, symptomatic
progression of disease, treatment escalation, transplant-
ation, atrial septostomy, and death.*' Although this defin-
ition slightly diverged from one study to the other, clinical
worsening was proven to effectively predict subsequent mor-
tality events in an observational study from the REVEAL
registry,*> and was shown to be consistently reproducible
when adjudicated by an independent committee.*! We
have thus witnessed a progressive change in the design of
clinical trials (Fig. 1), from smaller scale short-term trials
using clinical worsening as a secondary endpoint to large-
scale event-driven trials evaluating combination therapy
versus monotherapy of PAH-targeted drugs in which clin-
ical worsening was the primary efficacy endpoint.

Sequential dual combination therapy

The majority of trials that have examined sequential com-
bination therapy in PAH have investigated whether target-
ing two pathogenic pathways at once is superior to
monotherapy. Two recent meta-analyses confirmed that
combination therapy was associated with a 35-40% relative
risk reduction of clinical worsening.®”** These findings rein-
forced the allocated grade of recommendation I and level of
evidence A in PAH patients with inadequate clinical
response to initial monotherapy in the recent updated treat-
ment algorithm of PAH.?> However, diverse combination
therapies may not be equivalent and few combinations
have been adequately assessed in RCTs (Table 1).

Prostanoids in addition to ERAs and/or PDE-5 inhibitors

Seven trials specifically assessed the efficacy of adding non-
parenteral prostaglandins to background ERAs and/or
PDE-5 inhibitors. In the STEP trial, inhaled iloprost
added to background bosentan was not associated with a
significant increase in 6SMWD (426 m (P =0.051)," but was

associated with improvements in functional status, pulmon-
ary hemodynamics and time to clinical worsening
(P=0.022). The COMBI trial that had a very similar
study design and population failed to show any benefit
with this combination."® Disappointing results were also
seen with the addition of oral treprostinil to ERAs, PDE-
5i, or both.**° Conversely, inhaled treprostinil in addition
to background therapy with ERAs or PDE-5i improved
exercise capacity.”’ More recently, the GRIPHON study, a
multicenter, double-blind, event-driven, phase III RCT con-
firmed that the addition of selexipag was associated with a
40% decrease in the risk of clinical worsening when com-
pared with placebo in 1156 PAH patients on background
therapy. Subgroups of patients receiving either an ERA, a
PDE-5 inhibitor, or a combination of the two, correspond-
ing to 15%, 32%, and 33% of the study population, respect-
ively, experienced similar treatment benefit.**

ERAs in addition to PDE-5 inhibitors or prostanoids

SERAPHIN, a multicenter, double-blind, randomized,
event-driven, phase III study randomized 742 patients to
receive macitentan 10 mg, macitentan 3 mg, or placebo. In
the overall study population, macitentan 10 mg significantly
reduced the risk of morbidity/mortality events by 45%
(P <0.001) versus placebo. Predefined subgroup analyses
showed that macitentan similarly delayed time to first
PAH-related events in both treatment-naive and pre-treated
patients (PDE-51 or non-parenteral prostaglandins), con-
firming that sequential combination therapy improves
long-term outcomes in PAH.* Macitentan also improved
functional status and pulmonary hemodynamics.*® More
recently, however, the COMPASS-2 study, a double-blind,
placebo-controlled, phase IV clinical trial, where 334
patients on baseline sildenafil were randomized to bosentan
or placebo, failed to demonstrate a reduction in the risk of
morbidity/mortality. An exploratory analysis suggested that
bosentan on top of sildenafil improved 6MWD at week 16
(+22m, P=0.01).*” Whether the discrepancy between these
two trials is related to differences in the study population
and design, power of the study, drug efficacy, or drug—drug



315

Volume 7 Number 2

Pulmonary Circulation

(panunuod)

(HVd jo swordwAs pue
sugls “JOOYH ‘D4 OHM dNgoJd-IN
‘24025 810g/QMING PRUIqUIOD ‘D40DS
eaudsAp 8.4og ,‘Suiuasiom [ediui)d)
syulodpus Adedlye AJepuodss Aue .oy
POAJISSQO 2J9M SOUBIBYIP JULdYIUSIS ON
(60°0=4d) WQ| JO 109)° JUBWIEDI) UBD
VEEENEYIN
2J403s eaudsAp 3uog pue ‘D4 OHA
s Buluasiom [edluld o1 swn ul a8ueyd ON
PaAJasqo aJam (]0°0 =4) 40ds
eaudsAp Suog pue QAAW9 PaUIquod
pue (]0°0 =d) o403s xapul angdne;} esud
-sAp ueipaw ul syuawaAoadwi JuedyIusig
(£L0'0=4d) W || jJo 129)° JUBWIEDI UBD|
uses aJom swordwiAs pue sudis Hvd
Pue ‘D4 OHAA ‘©402s eaudsAp 3uog
' 3uluasiom [ed1ulp 01 swn ul sesueyd oN
POAJ9SQO OS|[E 9J9M
dNgoad-| N pue JodYH Ul szuswaroadw)
([sSN=d] 1yeu
-9p|Is puno.syaeq uo syusaped Joj w g+
pue [100°0 > 4] uelussoq punousdoeq
uo syuaned oy wsz+) (100°0>d)
W Q7 JO 12940 JUBWIB) UBIPI
ua9s
9J9M 24025 eaudsAp Suog ul sadueyd oN
POAJ9SqO OS[E dJ9M
(uonefeyui-asod) soiwreudApowsy Areuow
-Ind pue ,‘Bujussiom [edjuld 01 swn
‘34 OHAM Ul sauswaaoadwi uedyiudig
(1500=d) wor+
Jo (uoneeyui-isod) 109y JusWIESII UBS|
4BUIUSSIOM [BDIUI[D
10 “JOOYH dVS dead Aoedye Joie
-nuaA ‘@eadn uadAxo dead ‘D4 OHAA
10} PaAIRsSqO dJ4aMm sa3ueyd JUBDLIUSIS ON
(6F°0=4d) WQ|— JO 129y JuUsUIEDI) UBD||

Al
€L
9C
0l

[\
86 Il

S Al

1€ :(@Lo)
PP HVAY 99 HVdI

(9z:a1d)
¥€ ‘HVdV
99 HVdI

I 599430
€€ :(ALD) HvdV
95 ‘Hvdl

¥ ‘HVdV 99 ‘HVdI

001 ‘Hwvdl

jlunsoudany [eaQ

[lunsoadad] |BIO

jlunsoudau) pajeyul

1soudoj| pajeyu|

1soudoj| pajeyu|

(%0¥) wog
(%L1) V43
(%€¥) 153ad

(%S¥) Wwoq (%0€) V43

(%57 's3ad

(%0€) Iyeuspyis
Jo (%0/) ueiussog

(%001) ueiussog

(%001) ueaussog

1099 JUBWIEBAI]

(%) D4
OHM

(%) 2dAy Hvd

w.e opnadeday |

(% uonuodoud)
Adeaayy auijeseg

9l 01€  oc€10T TO-WOA3Iu4

9l 0S€  (7C10T ‘ID"WOQa3IH4

Cl S€C 02010T ‘HdWNIEL

Cl L9 6/900C d31S

Cl o §1900T ‘19WOD

sulpup|3p3s0.4d |pid1uaipd Jo uonippy

(Oeam) u Apmsg
yasus1

‘HVd Ul AdeJaya uoneuiquiod 3upenjeAs S[ell pa||oJluod paziwopury | d|qeL



Lajoie et al.

Combination therapy in PAH

316

(ponunuod)

(Aaoreao|dxa)

(100 =d) W7+ 309y° Juswiea.y uedl
‘asned Aue wouy
yaeap ‘“ue|dsuesy Sun| Jo Awoasoirdas
Jelne Adeaayy uipuejSeasoud snousae.sul
JO 1JBIS U0 ‘HVd 0} uonezijer
-Idsoy ‘esne> Aue wouy Yiesp jo adual

-IN220 3.1} 01 W) J0 D4 ul d8ueyd ON
Ajeriow/Apigiow

JO JUDAS 15.1) 03 SWII Ul 9JUBJIBYIP ON
uaas aJam ToOYH

pue 2.02s eaudsAp 8uog Joj sadueyd oN
PoAJasqoO Os[e aJdam dNgo4d-I N

pue LAADL 1 Ul sauswaAoadwi uedyudig

ApAndadsaa ‘QAAIN9 PUB YAd
4104 (85400 =d) W61+ pue (s3uspned
Po1Ba.1-|jEUSP|IS PUE SAlBU-IUSW
-189.1 J0j SINSa JeIWIs ‘|1000°0 > d)
%9°TT— II94° JusuIEDII RS
D4 Jo ‘Buned andne}
eaudsAp ‘QAAING Ul @3ueyd juediudis oN
(dVYW dvdw “YAd ‘ID) S99
-we.ed djweuApowsy Jsylo pue Yd |
ur sdnou8 usamiaq a3ueyd juedusdis oN

24 OHM
ur 3uluasiom ou yam susned jo

uon.odoud ays ur aduauayIp uedIUSIS ON
(€000=4d
YT =1D %66 ‘WOT| =329y Jusw
-189.1) JAAIW9 Ul JuswsAoadwi Juedyudig
(1000>d
‘8L°0-9%'0=1D %56 ‘09°'0="4dH)
+HVd 01 paiejaJ uonesijdwod
B JO UIBOP JO JUDAD 1SJlj Ul UONINPAI %0
dNgoad-IN
pue ajeds eaudsAp Suog ul @dusJaylp ON
W 7H T+ JO 1090 JUsWIEDI) US|
9DUB)S|SAJ JB|NDSBA DWW
-sAs pue xapul delpJed ul JuswaAoidwi

PUE YA ueaw JO 9 €°0€ JO uondnpay

1> Al
89
4l

001 -l

YT Al
9L I

09 ‘I
[l

(97 :aLd)
7€ HVdV
89 ‘HVdl

(81 :a1d)
6€ ‘HVdV
19 ‘HVdI

(@Ld) 81 :HVdV
78 HVdI

(67 :a1D)
6€ ‘HVdV
19 ‘HVdl

61 ‘HVdV
18 ‘HwvdI

ueluasog [edQ

ueluasog [edQ

ueluasog [edQ

Sedixajag

Sedixajag

(%001)
[IERTIN

(%91) Iyeuspyis

(%001) Jous3sosdody

1 (%€¢€) yoq o
(%z€) 1s3ad
“(%S1) vy3

(%5¢€) yrog
(%87) Iyeuspyis
(%L€) vu3

+591

¥C

9l

§9L

L1

1433

s8I

€€

9s11

&

S10T T-SSYdWOD

8007 ‘ATHV3

gz700T ‘T-IHLVINg
syy7 jo uonippy

45102 ‘NOHdIND

AT AN ES
JNNCCOE_W

RRETIERIENITRI-CN ]|

(%) 0
OHM

(%) 2dA1 Hvd

w.e onnadedsy |

(9 uonuodoud)
Adeaayy suijeseg

(foom)
ya8ua]

Apmg

penunuo) | jqeL



317

Volume 7 Number 2

Pulmonary Circulation

(panunuod)

paAJasqo os|e
9J9M 24035 eaudsAp Suog pue JAADLL

‘D4 OHA dNgo1d-LN ‘so1weupoway
Aseuownd ui syuswaaoadwi uedyiudig

syuaned |- D4 OHM
u1 auedlyjudis-uou pue syusned pajes.ay
-9.d pue 9AlRU-IUBWIRDIL Ul SIDDYD JB|IWIS
(1000>d
‘dnoJ8 wnwixew p713 3w §'7) W9E+
UD3S 9J9M B.J0DS
eaudsAp 3uog pue D4 OHAA Ul sadueyd oN
solweuApowsy AJe
-uow|nd paroadwi 3w gf pue Sw Qg Yrog

700YH paAoaduwi
PUE MADLL P3Aejap 3w O |iyejepeL
(z0'0=d) Al D4 OHM -0} w9e+
(#0'0=4d) II-1 D4 OHM -0} WHT+
{(60°0 =d) ueauasoq punousddeq uo
w g+ (1070 > 4) 2AlRU-IUSWIEBDIY U0}
W pp+) Sw of 3uiaedad syusned Joy wge+
u?9s
9J9M 24035 eaudsAp 3uog ul sadueyd oN
PaAJasqo Os[e auam JoDYH
pue . ‘Sulussiom [edluld ‘solweuApowsy
Aaeuow|nd ur syuswaAoadwi Juediudig
(1000 >d)
W g7+ JO 10910 JuUsWILDII UBIPD|

(L0'0=d) HVd ©3 anp aeap paredlp
-nlpe paseaJdap .o} puaul B YIIM pajed
-OSSE SEM UBIUDIIDBW ‘ISADMOH "U9dS
9J9M 3sned Aue wouy yresp ul sadueyd oN
paAJasqo
os[e a49m HVd 03 anp uonezijeudsoy Jo
UIBOP SE [|9M SE ‘SYIUOW XIS B SOIWBUAP
-oway Aseuownd ‘D4 OHAA ‘(W ZZ+)
AMIN9 Ul sauswaroadwi Juesyiudig
(syuaned pajeany-aud pue aAreu-Jusw
-182J1 Ul S1290 Jejiwis) (asop 3w ])
JUBAS pale[RJ-HYd 354l 404 (1000 > d
‘9L'0-6€0=1D %5'L6) S50 ="4H

I Al
€9
¥e -l
oC -l

TN Y AN
Al
1=l

(ze A1D) oF HVdV
509 ‘HVdI

(zz:a1o)
L€ ‘HVdV
€9 ‘Hvdl

1T ‘HVdV
6/ ‘HVvdI

0¥ ‘HVdV
09 ‘HvdI

Ajiep sawiy aaJ4y3
3w g’z 1en3dory

Ajrep @suo
3w o |yerepeL

Ajrep sewn
93.y3 3w g |euaplis

ueIUNIDEY [BIQ

(%€1) supueBeisoud
|esauaaed-uou (%/8) V43

(%€5) ueuasog

(%001) [ou3soadodg A

Cl

91

9l

18

£9T

2€10T ‘1IN Lvd

521 10T ‘LSYIHd

12800 ‘S3DVd

sioIpjnwins asppAd> ajAupnd siqnjos Jo 15-3Qd Jo uomppy

(%19) 1s3ad
(%5) suipuejSeaso.d
[esa3uaaed-uoN|

~V0l

480€

o€10T ‘NIHdV43S

RRETIERIENITRI-CN ]|

(%) 0
OHM

(%) 2dA1 Hvd

w.e onnadedsy |

(9 uonuodoud)
Adeaayy suijeseg

(foom)
ya8ua]

u

Apmg

penunuo) | jqeL



Lajoie et al.

Combination therapy in PAH

318

'sse[d> [euonduny uoneziuediQ YafesH PlH4OAA ‘D4 OHAA ‘SUIUSSIOM [ed1Ul]D 03 Wl AAD ]| ‘o4nssaud [elialie J1j01sAs gyS 9duesisad Jejndsea Ateuow|nd
“UAd ‘sd0uquyur g adAy sseusasaipoydsoyd ‘163Qd ‘uoisusruadAy jelusaue Aseuownd ‘Hyd opndad onaunineu ureag-leulwal-N dNgodd-1 N anssaud [erne 1ySl uesw gyyw unssaud [elisyue Aseuownd
uesw dydw ‘Adessysouow ‘| |y ‘snousAenul “A'l ‘uoisuariadAy jelisiae Auseuowind diyredolpl ‘Hyd| 4] jo Aujenb paiead-yieay “JoDYH ‘oned pJezey “YH ‘asiuoSeiue aordedad ulpYIopud ‘yyJ ‘Bulussiom
[E2IUID ‘AAD ‘OSESsIp anssi 9ANRd3UU0D ‘1D ‘AdeJayl uonNBUIQWIOD ‘|7 {[BAJSIUI SDUSPYUOD ‘| XSPUl JBIPJED ‘| ‘Uoisus1IadAy [esiae Ateuowind paneIdoSSE ‘Hydy ‘9duelsip Subjlem 2anuIW-XIs ‘JAAW9

*Je943-03-uonuaUl payipo$

‘Aluo Adeusys punoudsdeq yum pajeaazaud syusned,

(%Ey ‘€hb/161) sdnoud ssop 3w g g 1endid0ols Sy snsusA ogadeld o1 paulisse Ajwopued pue Adessys punouddeq uo sausned AjugQoo

‘AlpAndadsau ‘esop 8w (| ueiusydew pue oqade|d SulAledad sausned Syl Jo) SHIBM g'E(| PUE SHP99M £'G8 SEM JuSUNESI) APNIS JO UONEJIND UBSW Sy A

%ty ‘T1/80¢€) Aep Jad (esop paroudde) 3w | uerusadew snsaaA ogaded o1 pausisse Ajwopued pue Adesayy punouasydeq uo sauaned AlUQF#

‘AjpAndadsau ‘ueaussoq pue ogade|d Suiaiedad siusned ays 4oy (g7 7) syauow ('gE Pue (977 (S) SYIUOW /g€ SBM JuSWIES.) APNIS JO UOREINp UBSW B | F

“Adeaayy punoudyoeq uo auem susned jo %08,

‘AjpAndadsau ‘Bedixsjas pue ogade|d 3uiAleda. syusned Syl J0) $H9M £°(/ PUB /€9 SEM Jusuneadl Apnis Jo uoneunp ueaw ay§
19410 3Y3 01 ApNIs SUO WOy paJaylp SUIUSSIOM [BDIUID JO UORIUYSP Y
‘(f ®|qeL 995s) SeIpNIs UsaMIaq paLieA SulUSSIOM [ed1Ul]d JO suoniuyaq

sdnoJ3 usamiaq

D4 OHAA Ul 9duaJayip uedyiusdis oN
[lfe[EPEY JO UBIUISIIQUIB YIM [ ||
J0 ]|\ pjood JaA0 ] YlM paAIasqo
aJam QAAINS duljeseq ui adueyd ‘(I |
ueluaslIqWe ‘sA | D) 3dedxa) asuodsau
[ed1uld A10108ysnes Yam siusned

% dNgoad-1 N ul seduaJayip uedyiudig
(5000=4d ‘€8°0—+€0=1D

%S6) €5°0="dH LI |4e[epe SA | D —
(1000>d ‘TL0-1€0=1D

%56) 8%'0="YH LI\ ULIUISLIqUE "SA | D —
(1000>d ‘TL0-S€0=1D

%S6) 05°0="4H LW P3jood "sA |3 —

Adessyrouow |iyejeper

‘24njig} [e31UI]3 JO JUSAS 3sJY 69l (€ ALD) I¥ ‘HVAV JUBIUSSLIqUE YO
JO sisAjeue 3UaA3-03-3WN JO JUBWAC.IdW] 1e:n 65 ‘HVdl  |4e[epel + ueluasliquiy (%001) suoN 6L 4009 gy NOILIWY
V43 pup 1§30d Jo uonpuiquiod wwoldn
v Al
Buluas.iom [ed1ul]> pue ‘D ‘solwreudp 6€ (€2 :ALD) 8T ‘HVAV
-OwRY ‘QAAIWG Ul JU334Ip [edN3siels ON LS L ‘HvdI Alrep 3w ot |yejepeL (%001) ueauastiquiy 9l VTl ¢ ¥10T “[e pue Suenyz
109)9 JUsUNBI| (%) D4 (%) 2dAr Hvd wJe dnnadessy | (% uonuodoud)  (>oam) u Apnmag
OHM Adeaayy suippseg  yadueT

panunuo) °| d|qer



Pulmonary Circulation Volume 7 Number2 | 319

interactions (bosentan reducing plasma levels of sildenafil
and tadalafil) remains unknown. Importantly, the
COMPASS-2 trial had an important amount of missing
data due to premature discontinuation of study before any
event of clinical worsening. Also, the trial was designed to
detect a treatment effect of 40% with combination therapy
and the events encountered in the trial were too few. Thus,
the study may have lacked statistical power to detect a smal-
ler difference between treatments.

PDE-5i or soluble guanylate cyclase stimulation
in addition to prostanoids or ERAs

In the PACES-1 study,”' the addition of sildenafil in patients
with poor exercise capacity despite background i.v. epopros-
tenol was associated with significant delay in clinical wor-
sening compared to placebo. Improvements in exercise
capacity (adjusted treatment difference of 29m, P=0.001)
and hemodynamics were also observed. Although not a pre-
defined endpoint, more deaths were recorded in the placebo
group compared with the sildenafil group. Riociguat also
improved exercise capacity after 12 weeks in both treat-
ment-naive patients and those on background PAH therapy
(mostly ERAs).?” Conversely, the addition of tadalafil on
top of bosentan did not result in significant improvement
in exercise capacity (+23m, P=0.09).>® The last two trials
were not designed to assess the effect of combination ther-
apy with riociguat or tadalafil on clinical worsening.**?

Initial upfront combination therapy

Only two RCTs compared initial upfront combination ther-
apy versus monotherapy in treatment-naive patients. In the
BREATHE-2 trial, upfront combination of epoprostenol
and bosentan was associated with a —36 £4% decrease of
total pulmonary resistance from baseline to week 16, com-
pared with a 23 +3% decrease in the epoprostenol/placebo
group (P=0.08 for the difference between groups).”®
Unfortunately, with a small number of patients (n=33), it
lacked power to detect significant difference between treat-
ments.”® More recently, the AMBITION trial*® has brought
new evidence in favor of upfront combination therapy in
treatment-naive patients. In this event-driven, double-
blind, placebo-controlled RCT, 500 patients with WHO
functional class II-111 were randomized into three treatment
arms: ambrisentan and tadalafil in upfront combination or
monotherapy of ambrisentan or tadalafil combined with
placebo. Upfront combination therapy led to a 50% reduc-
tion in clinical failure compared with the combined mono-
therapy arms (HR =0.50, 95% CI=0.35-0.72, P <0.001).*
Importantly, this benefit was not influenced by baseline
patients’ characteristics, precluding the identification of the
small subgroup of patients that has an excellent long-term
prognosis on monotherapy. Patients on combination ther-
apy also had better performance on the 6MWD (median
increase of 49 m versus 24 m, P <0.001) and larger decrease

of NTproBNP (-67% versus —50%, P <0.001). Although
adverse events were more common in the combination ther-
apy group, there was no difference among groups for serious
adverse events and treatment discontinuation. More
recently, a post-hoc analysis of the AMBITION study eval-
uating survival at seven days after the termination of each
individual patient’s randomized treatment suggested a lower
mortality in patients initially treated with combination
therapy (1% versus 4%, HR=0.21, 95% CI=0.06-0.73,
P=0.0065).* Because of the exploratory nature of this ana-
lysis, this hypothesis needs to be confirmed in future studies.
Finally, a recent retrospective analysis of real-world data
suggested that these effects were similar regardless of the
combination regimen used (ambrisentan/bosentan and tada-
lafil/sildenafil),>® which also remains to be confirmed.

Overall assessment of combination
therapy efficacy and safety

A recent systematic review and meta-analysis evaluated the
effects of combination of PAH-specific therapies compared
with monotherapy on clinical worsening.®’ A total of 4095
patients from 15 studies, including recent long-term event-
driven trials, were assessed. Globally, combination therapy
resulted in a 35% reduction of clinical worsening compared
with monotherapy. This was mainly driven by reduction in
non-fatal endpoints such as PAH-related hospitalization,
treatment escalation, and symptomatic progression
(Table 2). Combination therapy was also associated with
improved functional status in patients. Non-parenteral pros-
tanoids represented the only class of PAH-specific therapies
not associated with a reduced risk of clinical worsening
(Table 3). Otherwise, the risk of clinical worsening was
homogeneously decreased in other predefined subgroups,
suggesting that the treatment effect was not driven by
study design or patients’ characteristics, including PAH
type and baseline functional status. Conversely, combin-
ation therapy was associated with increased risk of treat-
ment discontinuation, mainly attributed to trials adding
non-parenteral prostaglandins and selective prostacyclin
receptor agonists. Combination therapy was also associated
with a trend for reduced all cause (RR=0.86, 95%
CI1=0.72-1.03, P=0.09) and PAH-related (RR=0.77,
95% CI=0.59-1.01, P=0.06) mortality. Importantly, the
transition of patients to an open-label phase or to currently
approved therapies after censoring may have minimized the
risk of subsequent death. Similarly, PAH-related mortality
was reported for fewer than 50% of patients contributing to
mortality assessment, which may lead to underestimation of
the effects of combination therapy on PAH-related mortal-
ity. A subsequent meta-analysis also had similar conclusions
and confirmed the improvements of pulmonary hemo-
dynamics with combination therapy.*®  Altogether,
these results support the rationale of combination therapy
in PAH, much Ilike in other debilitating diseases.
Although some data might also suggest that combination
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Table 2. Secondary outcomes of combination therapy vs.
monotherapy in PAH.

Table 3. Predefined subgroup analyses for the risk of clinical
worsening with combination therapy compared with monotherapy.

Proportion of
events (%)

With With Pooled

CT MT RR  95% Cl Pvalue
Secondary outcomes as first event of clinical worsening
All-cause mortality 3 4 092 0.65-1.32 0.65
Admission to hospital 10 15 0.71 0.60-0.85 0.0002
(PAH-related)

Lung transplantation <l | 056 0.12-2.60 0.46
Treatment escalation I 3 0.38 0.21-0.70 0.002
Symptomatic progression 8 15 0.53 0.43-0.65 <0.00001

All-cause and PAH-related mortality (including those
occurring after censoring)
All-cause mortality 8 I

(total events)

PAH-related mortality 7 9

086 0.72-1.03 0.09

0.77 0.59-1.01 0.06

Adapted from Lajoie et al.>’

Cl, confidence interval; CT, combination therapy; MT, monotherapy; PAH,
pulmonary arterial hypertension; RR, risk ratio.

therapy could be associated with decreased mortality, these
findings must be interpreted cautiously in the absence of
RCTs designed to specifically address this outcome.

Unsolved questions

Although a growing body of evidence confirms that com-
bination therapy of PAH-targeted drugs delays progression
of disease, there are still many clinically relevant but
unsolved questions.

Upfront versus sequential combination therapy

Sequential combination therapy is the most widely used
strategy, both in clinical practice and clinical
trials, '8 2426:27:29.30.44.4547 1¢ (opgists of adding a second,
or perhaps third, drug to background therapy in order to
achieve satisfactory clinical response according to a goal-
directed approach. This treatment strategy was found to
be effective in improving patients’ prognosis in observa-
tional studies.’’ Current guidelines®>® also recommend
that therapy should be increased until patients reach a
WHO-FC I or II or a near normalization of resting cardiac
index or NT-proBNP plasma levels.”

Until recently, the body of evidence supporting upfront
combination therapy was scarce. As stated earlier, the recent
AMBITION trial convincingly demonstrated that upfront
combination therapy with ambrisentan and tadalafil
reduced the risk of clinical worsening compared with initial
monotherapy.*® It is noteworthy, however, that the two
drugs were initiated at half of their maximum approved
doses and then up-titrated to their maximum approved

Pooled RR
(fixed-effects) 95% CI

Class of added PAH-specific therapy

Non-parenteral prostaglandins 0.72 0.44-1.16

Phosphodiesterase-5 inhibitors 0.44 0.31-0.63

Endothelin receptor antagonists 0.76 0.64-0.90

Soluble guanylate cyclase stimulators 0.11 0.01-1.00

Selective prostacyclin receptor agonist 0.63 0.52-0.76
Trial duration (months)

>6 0.68 0.60-0.77

<6 0.48 0.34-0.68
Study design

Sequential add-on therapy 0.65 0.58-0.72

Initial upfront combination therapy 0.58 0.42-0.80
PAH type

IPAH 0.68 0.56-0.80

APAH 0.67 0.54-0.82
WHO FC

lorll 0.64 0.50-0.82

I or IV 0.69 0.61-0.77
Baseline 6MWD

Less than median 0.83 0.67-1.03

More than median 0.55 0.39-0.78

Adapted from Lajoie et al.*’

6MWD, six-minute walking distance; APAH, associated pulmonary arterial
hypertension; CI, confidence interval; IPAH, idiopathic pulmonary arterial
hypertension; PAH, pulmonary arterial hypertension; RR, risk ratio; WHO,
World Health Organization functional class.

doses (tadalafil 40mg and ambrisentan 10mg) over a
period of eight weeks. Thus, it remains unknown whether
upfront combination therapy improves long-term outcomes
compared with rapid (e.g. after three to four months)
sequential add-on therapy in case of unsatisfactory response
to initial monotherapy such as persistence of WHO FC > 3,
low exercise capacity, elevated brain natriuretic peptide, and
poor hemodymamics (right atrial pressure >8 mmHg or car-
diac index <2.5L/min/m?), as recommended.” As stated
above, it is also unclear at this time if these results represent
a class effect or are specific to these two agents.

Choice of combination therapies

In the past, because they were fewer oral formulations, com-
bination therapy most commonly consisted of a combination
of an ERA and a PDES5i until parenteral prostaglandins were
required. The recent arrival of new orally delivered drugs,
such as soluble guanylate cyclase stimulators or selective IP
prostacyclin receptor agonists, has increased the choice of
combination therapy. Importantly, no information exists on
the optimal drug combination. Recently, the concept of net-
work meta-analysis emerged as an alternative way to
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indirectly compare PAH-targeted therapies. An extensive net-
work meta-analysis including 31 studies and over 6000
patients treated with current PAH-specific therapies alone
or in combination suggested that ERA, PDESi, riociguat,
and a combination of ERA/PDES5i significantly reduced clin-
ical worsening and improved functional capacity.>
Surprisingly, they concluded that only the ERA/PDES5i com-
bination was associated with reduced hospitalization. Even
though they were associated with the most important
increase in functional capacity, parenteral prostaglandins
were associated with higher adverse events and treatment
discontinuation, which is also consistent with findings of
standard meta-analyses.’”*

It is noteworthy that while these meta-analyses strengthen
the benefits of combination therapy on clinical worsening in
PAH, they are not meant to assess the best treatment strategy.
Indeed, comparisons among treatments would be only indir-
ect and subject to artefacts caused by study designs and dur-
ation, patient populations, and other co-variables, and should
therefore be interpreted with extreme caution in the absence
of head-to-head clinical trials. Moreover, these results are not
necessarily generalizable to all molecules within the same class
of drugs. Indeed, individual therapies differ in terms of
pharmacokinetics, pharmacodynamics, selectivity, and
drug—drug interactions, and only approximately half of the
theoretically possible dual combinations have been systemat-
ically evaluated in RCTs. Therefore, the choice of the initial
PAH therapy is dependent on a variety of factors including
PAH type, approval status, route of administration, patients’
preference, side effect profile, drug—drug interactions, phys-
icians’ experience, and disease severity.

Dual versus triple combination therapy

Despite the reduction in clinical worsening with dual combin-
ation therapy, many patients still witness events of clinical
deterioration or fail to reach established treatment goals.
Triple combination therapy therefore seems the logical next
therapeutic option, although current evidences supporting
sequential or upfront triple combination therapy are scarce.
Nowadays, no RCTs were specifically designed to assess the
benefits of sequentially adding a third molecule to dual com-
bination therapy in PAH. Nonetheless, the study population
of some clinical trials, such as the FREEDOM-C,
FREEDOM-C2, and GRIPHON studies, have included 32—
45% of patients on background combination therapy.>>-3%4*
Interestingly, a prespecified analysis of the GRIPHON study
confirmed that triple combination therapy with selexipag still
reduced morbidity/mortality events by 37% compared with
dual combination therapy of ERA/PDES5i.*

Upfront combination triple therapy was evaluated in one
retrospective pilot study where 19 patients with newly diag-
nosed, severe PAH were initiated on upfront triple combin-
ation therapy sildenafil, bosentan, and i.v. epoprostenol.>
After four months, they observed significant improvements
in 6OMWD and a 67% decrease in PVR. Overall survival

estimates were better than expected survival calculated
from the French equation (100% versus 49% at three
years, respectively).”> This offers preliminary evidence that
upfront triple combination therapy could be beneficial in
patients with severe PAH at presentation. The ongoing
TRITON study, a phase 3b trial, will attempt confirming
the role of upfront combination therapy by comparing
upfront triple therapy of macitentan, tadalafil, and selexipag
versus a combination of macitentan and tadalafil plus pla-
cebo on PVR (primary endpoint).>®

Cost-effectiveness of combination therapy

It is well established that the treatment of chronic diseases is a
burden on the financial health of a society and great efforts
have been made to try reducing the costs related to the treat-
ment of these diseases. Previous studies confirmed that the
economic burden of PAH is substantial, with direct healthcare
costs per patient per month in the range of $2576-$11,875
(excluding indirect cost).’” >* However, few studies have eval-
uated the cost-effectiveness of PAH drugs.*® Cost-effectiveness
is frequently assessed by estimating the incremental cost per
quality-adjusted life-years (QALY's), with values generally less
than US$50,000 but up to US$200,000 being considered cost-
effective.®’ A recent cost-effectiveness analysis suggested that
first-line monotherapy was associated with cost higher than
CANS$140,000 and CAN$350,000 for PDESi and ERA,
respectively. It is noteworthy, however, that although many
clinical trials reported measured quality of life,” none have
reported the impact of treatment in a format that would
allow precise estimation of QALYSs. These calculations gener-
ally rely on utility estimates based on WHO FC that are
derived from a single cohort®® and few studies evaluated the
cost-effectiveness of combination therapy.®> More import-
antly, the available economic evaluation studies are likely
country-specific and have merely concentrated on certain
PAH treatments, and the lack of head-to-head comparison
studies covering all comparable medications limit the validity
cost-effectiveness comparisons. Nonetheless, the emergence of
novel drug therapies will necessitate the assessment of their
cost-effectiveness, especially when it comes to combination
therapy. Further studies addressing this issue and weighting
against the efficacy, tolerability, availability, and patient pref-
erence will thus be needed.

Challenges of future clinical trials in PAH

The tremendous advances in the treatment of PAH over the
last few years are indisputable. However, recent meta-ana-
lyses confirmed that patients on combination therapy still
witness a significant number of clinical worsening events,
which is probably an underestimation of the real disease
burden since most patients included in PAH trials were
prevalent cases with a substantial proportion of WHO FC
I-II. In addition to answering unresolved questions, future
clinical trials will face numerous challenges.
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Table 4. Study definitions of clinical worsening in combination therapy trials.

Admission Need for Centrally
Death to hospital Transplant AS new therapy Symptomatic progression adjudicated
COMBI'® v/ v/ /" WHO or \, 6MWD (>20%) N/A
STEP'® v/ v v v v/ N/A
TRIUMPH® v v v v N/A
FREEDOM-C?’ v v v v v /" WHO or N\, 6MWD (>20%) N/A
FREEDOM-C2* v/ v v v/ v L 6MWD (>20%) N/A
PACES?' v/ v v Ve N/A
PHIRST?® v/ v v v v /" WHO N/A
Zhuang® v v v v v /' WHO N/A
EARLY?® v v RVF, \, 6MWD (>10% or >5% with N/A
increases in BDS)
COMPASS-2¥ v v v v e Worsening of PGSA or \, 6MWD Yes
(>20%) + new Tx.
SERAPHIN*® v v v v . 6MWD (>15%) + symptoms Yes
worsening + need for Tx
PATENT-1% v v v v v /' WHO or \, 6MWD (>15%) N/A
Simonneau®* v/ v v . 6MWD (>15%) N/A
GRIPHON* v v v v e L MWD (>20%), disease progression  Yes
AMBITION* v v v . 6MWD (>15%) or unsatisfactory Yes

clinical response

*Initiation of bosentan or 7 in epoprostenol dose (>10%).
tlnitiation of parenteral prostaglandin.
fInitiation of parenteral prostaglandin or LTOT.

6MWD, six-minute walking distance; AS, atrial septation; BDS, Borg dyspnea scale; N/A, not applicable; PGSA, patient global self-assessment scale; RVF, right

ventricular failure; WHO, World Health Organization.

Recent meta-analyses have outlined that definition of time
to clinical worsening varies widely across studies (Table 4)>743
despite recommendations by expert consensus.*' While mor-
tality, transplantation, and hospitalization are straightfor-
ward, the definitions of the most subjective components of
clinical worsening, like symptomatic progression and treat-
ment escalation, were largely inconsistent between studies.
The AMBITION study also introduced a new concept of
unsatisfactory long-term clinical response.*® This is important
since these components accounted for most clinical worsening
events in recent trials. Of note, the integrity of a composite
endpoint is related to the reliability of each of its components.
It is thus mandatory that its more subjective components are
robustly defined and adjudicated by a blinded committee to
ensure the robustness of the data. Furthermore, future clinical
trials will need to take into account patient-reported outcomes
such as quality of life and perception of symptoms.

Future clinical trials will also need to address the problem of
informative censoring inherent to the time to clinical worsen-
ing endpoint. Often in such trials, only the first event of clinical
worsening is reported, subsequent events being ignored. As an
example, a recent meta-analysis noted that PAH-related mor-
tality was reported for fewer than 50% of patients contributing
to the mortality assessment. When all deaths (first event or not)
were taken into account, they observed a trend toward mor-
tality reduction.’” Thus the time to first event might have

underestimated the true impact of therapy on mortality. It is
important to keep in mind that the treatment effect for the
composite outcome is not necessarily the same as the effects
on its individual components. Therefore, future studies should
be designed to provide enough power not only to detect a
clinically relevant effect for the composite, but also detect an
impact on its individual components.

In the attempt to better capture events of clinical worsen-
ing, clinical trials also evolved from short-term trials with a
fixed length to long-term trials continued until a prespecified
number of clinical events occurred. These recent event-driven
studies lasted four to six years, patients being exposed to the
study drugs on average for approximately two years.*+4>47:48
However, the treatment effect was evident by 12 months.
There are thus certain ethical considerations in maintaining
a patient in a study for such lengthy periods. In the context of
an orphan disease with limited and competing recruitment for
trials and the rapidly changing treatment paradigm in PAH,
the optimal duration of future trials should be revisited, bal-
ancing study power with the possibility for patients to con-
tribute to subsequent trials and benefit from newer PAH-
target therapies and treatment algorithms.

It has also become increasingly difficult for clinical stu-
dies to obtain the statistical power required to detect a
reduction in clinically relevant endpoints, especially mortal-
ity, since there are few events in the populations studied.
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Populations currently being studied are most commonly
prevalent rather than incident PAH patients, and a signifi-
cant proportion of them have a relatively preserved FC.
In order to improve statistical power in clinical trials,
enriching the population of patients enrolled in these studies
has been proposed as a possible solution. Previous observa-
tional studies and registries*'" as well as a recent sub-study
of the SERAPHIN trial confirmed that incident PAH
patients have an increased rate of clinical worsening despite
comparable baseline characteristics.®* Therefore, enrolling
more patient with recent PAH diagnosis would be one
way to enrich patient population in PAH clinical trials.
Another alternative trial would be to include a greater pro-
portion of patients who are clinically deteriorating since it is
known that patients who recently had an event of clinical
worsening are at higher risk of mortality.** This is a concept
largely used in clinical trials in heart failure and idiopathic
pulmonary fibrosis.®>® These suggestions do not address,
however, the real need to move forward to endpoints that
reflect disease improvement rather than progression as a
relevant and important goal for PAH patients.

Novel clinical trial designs are also increasingly being
used in other chronic diseases.®” The N of one study
design systematically evaluates different treatments in the
same patient. The patient is thus exposed to a predetermined
treatment for a predetermined period of time after which he
is exposed either to placebo or another active therapy. This
allows a more personalized approach, but makes the results
difficult to generalize to an entire population. The factorial
design allows testing multiple hypotheses at once and can be
conducted as a 2 x 2 confrontation where treatment A and
treatment B are matched with placebos and combined in
different fashion. However, interaction between drugs
must be taken into account when conducting such a trial.

Finally, albeit great effort and promising results have
been made to delay disease progression in PAH with
combination therapy, it remains an ultimately incurable dis-
ease.””* We are entering an exciting era for new thera-
peutics in the treatment of PAH when novel agents are
expected to synergize with currently approved vasodilators
to reverse vascular remodeling.®® Novel potential targets of
PAH drug currently under development target vascular
inflammation, autoimmunity, metabolic derangements, and
aberrant BMPRII signaling.®”’° These newer trials also face
specific challenges. First, these new approaches will need to
demonstrate benefit on top of currently available thera-
pies® 7! a barrier not faced in the original PAH trials.
This makes the detection of any putative benefit potentially
challenging. Moreover, some new therapies carry novel risks
of adverse events not encountered with approved agents,
including immunosuppression, epigenetics,’>’> and metab-
olism.” Finally, the pathway to development for these novel
drugs may not be supported by standard industry, requiring
convincing-enough rationale to site investigators who are
accustomed to getting more attractive compensation for
examining already-trusted vasodilation pathways.

Conclusion

There is a growing body of evidence confirming that dual
combination of PAH-targeted therapy significantly delays
disease progression in PAH patients. Combination therapy
has progressively become the standard of care treatment for
a large proportion of patients with advanced PAH.
However, patients’ quality of life and long-term prognosis
remain suboptimal for many of them. Future research is
thus mandatory to identifying the best treatment strategy,
such as initial upfront versus rapid sequential combination
and dual versus triple combination therapy, as well as to
investigating treatments beyond the traditional signaling
pathways targeted by the currently available PAH therapies.
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