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Riociguat: Clinical research and evolving role in therapy
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Riociguat is a first-in-class soluble guanylate cyclase stimulator, approved for the
treatment of adults with pulmonary arterial hypertension (PAH), inoperable chronic
thromboembolic pulmonary hypertension (CTEPH), or persistent or recurrent CTEPH
after pulmonary endarterectomy. Approval was based on the results of the phase Ill
PATENT-1 (PAH) and CHEST-1 (CTEPH) studies, with significant improvements in
the primary endpoint of 6-minute walk distance vs placebo of +36 m and +46 m,
respectively, as well as improvements in secondary endpoints such as pulmonary vas-
cular resistance and World Health Organization functional class. Riociguat acts as a
stimulator of cyclic guanosine monophosphate synthesis rather than as an inhibitor
of cGMP metabolism. As with other approved therapies for PAH, riociguat has
antifibrotic, antiproliferative and anti-inflammatory effects, in addition to vasodilatory
properties. This has led to further clinical studies in patients who do not achieve a
satisfactory clinical response with phosphodiesterase type-5 inhibitors. Riociguat has
also been evaluated in patients with World Health Organization group 2 and 3 pulmo-
nary hypertension, and other conditions including diffuse cutaneous systemic sclero-
sis, Raynaud's phenomenon and cystic fibrosis. This review evaluates the results of
the original clinical trials of riociguat for the treatment of PAH and CTEPH, and sum-
marises the body of work that has examined the safety and efficacy of riociguat for

the treatment of other types of pulmonary hypertension.
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1 | INTRODUCTION group 5, PH with an unclear cause or multifactorial mechanism.>? The
term precapillary PH refers to a persistently elevated mean pulmonary

Pulmonary hypertension (PH) is a condition that is classified by the arterial pressure (mPAP) of 225 mmHg at rest, with pulmonary arterial

World Health Organization (WHO) into 5 categories: group 1 includes wedge pressure (PAWP) <15 mmHg and pulmonary vascular resis-

pulmonary arterial hypertension (PAH); group 2, PH due to left-heart tance (PVR) 23 Wood units (2240 dyn-s-cm™>),! assessed by right

disease; group 3, PH due to disorders of the respiratory system and heart catheterisation. Recently, a new definition has been proposed:
chronic hypoxia; group 4, chronic thromboembolic PH (CTEPH); and mPAP >20 mmHg and PVR 23 Wood units.?
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PAH is a rare disease characterised by a proliferative
vasculopathy and progressive remodelling of the pulmonary vascula-
ture, leading to increased resistance to blood flow, primarily in the
precapillary arterioles in the absence of other causes of precapillary
PH such as lung disease, CTEPH or other rare diseases.* ™3

CTEPH is an infrequent but life-threatening sequela of pulmonary
embolism characterised by obstruction of the pulmonary vasculature
by organised thromboembolic material, leading to increased PVR and
progressive PH.%*® In addition to vascular obstruction, CTEPH is
associated with a small-vessel arteriopathy that further contributes to
haemodynamic compromise, functional impairment and disease pro-
gression.® The histology of small-vessel disease in CTEPH is indistin-
guishable from that observed in PAH.”

Currently, CTEPH is the only form of PH that is potentially cur-
able, with pulmonary endarterectomy (PEA) as the standard of
care.2*8-10 However, up to 40% of patients are considered inopera-
ble, and up to 51% of patients manifest persistent or recurrent PH
after PEA,®*"Y7 in part because of small-vessel disease that is not
amenable to PEA. Such patients may require other treatments, namely
medical therapy or balloon pulmonary angioplasty (BPA).

Patients with PAH or CTEPH experience debilitating symptoms
including dyspnoea, fatigue, palpitations, chest pain, syncope, abdomi-
nal distension and lower extremity oedema.® The chronic increases in
right ventricular (RV) afterload and wall stress lead to RV remodelling.
RV function can be maintained for a time, but ultimately maladaptive
remodelling results in progressive RV dilatation, compromised func-

tion and, if untreated, RV failure.>%18

STIMULATION: The molecular targets of approved PH therapies
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Endothelial dysfunction of the pulmonary vasculature plays a cen-
tral role in the progression of PAH and is characterised by reduced
production of vasodilators, such as nitric oxide (NO) and prostacyclin,
and upregulation of vasoconstrictors, such as endothelin-1.717-21
Four types of targeted medical therapy are approved for PAH?2
(Figure 1): (i) prostacyclin analogues (e.g. epoprostenol, treprostinil
and iloprost) and the prostaglandin 12 receptor agonist selexipag,
which stimulate cyclic adenosine monophosphate production;
(ii) endothelin receptor antagonists (ERAs; e.g. bosentan, ambrisentan
and macitentan), which block endothelin receptors and mitigate the
effects of excess endothelin; (iii) phosphodiesterase type-5 inhibitors
(PDES5i, e.g. sildenafil and tadalafil), which target the NO and natri-
uretic pathways; and (iv) the soluble guanylate cyclase (sGC) stimula-
tor riociguat, which also targets the NO pathway.

The latter 2 therapies enhance the biological effects of NO and
natriuretic peptides, delaying degradation or enhancing the synthesis
of cyclic guanosine monophosphate (cGMP; a secondary messenger
of NO and natriuretic peptides, which mediates most of their biologi-
cal properties in the pulmonary circulation). Phosphodiesterase type-5
is the main enzyme responsible for the metabolism of cGMP in pulmo-
nary vascular smooth muscle, and inhibition of this enzyme has been
an effective approach for treating PAH. In the pulmonary circulation,
NO produced by endothelial cells diffuses into vascular smooth mus-
cle and binds to sGC, stimulating the enzyme and increasing cGMP
synthesis.2”?° However, NO synthesis may be deficient in patients
with PAH,'? and could lead to insufficient cGMP signalling, despite
inhibition of cGMP metabolism by PDE5i. This may explain why some
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FIGURE 1 Key signalling pathways
targeted by medical therapies for
pulmonary hypertension (PH).
Reproduced under a CC BY-NC 4.0
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(A) Riociguat directly stimulates sGC in an NO-independent manner.
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(B) Riociguat sensitises sGC to endogenous NO by stabilising binding of the molecules.
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FIGURE 2 Mechanism of action of riociguat.?? (A) Riociguat directly stimulates soluble guanylate cyclase (sGC) in a nitric oxide (NO)-
independent manner. (B) Riociguat sensitises sGC to endogenous NO by stabilising binding of the molecules. Reproduced under a CC BY 4.0
license from Benza et al.?? cGMP, cyclic guanylate monophosphate; GTP, guanosine triphosphate

patients do not achieve treatment goals with PDES5i therapy,?>24 and
may indicate that there is room for optimisation of therapy targeting
the cGMP pathway. Riociguat has a dual mode of action that
increases cGMP production by directly stimulating sGC via an
NO-independent binding site and by enhancing NO-induced activa-
tion of sGC>192025-28 (Figyre 2). In addition to being approved for
the treatment of PAH, riociguat is the only medication currently approved
for the treatment of CTEPH, with approvals in the USA and the EU, as
well as many other countries including Canada, Australia and Japan.

This review provides an overview of the data that led to the
approval of riociguat for the treatment of PAH and CTEPH, and more
recent data from studies examining the effects of switching from
PDES5is to riociguat in PAH. We also review clinical trials of riociguat
for the treatment of PH due to chronic heart and lung disease, and
examine the efficacy of riociguat for the treatment of other clinical

conditions. Finally, we discuss ongoing and future studies.

1.1 | Preclinical data

sGC stimulators and activators have been shown to reverse PH,

RV hypertrophy and pulmonary vascular remodelling in animal

19:2030-32 4nd riociguat and other sGC stimulators also have

20,33-35

models,
antifibrotic, antiproliferative and anti-inflammatory effects.
Moreover, sGC stimulators and activators inhibit vascular smooth
muscle cell proliferation and migration,® and hypertrophy of car-
diac myocytes, in vitro.3” The pulmonary vascular remodelling seen
in PAH is associated with hyperproliferative/proinflammatory
responses in pulmonary vascular endothelial cells, smooth muscle
cells and fibroblasts. Furthermore, much of the RV failure that
occurs in PAH is caused by maladaptive RV hypertrophic
responses. Thus, the properties of sGC identified in these
attractive candidates for

preclinical studies made them

treating PAH.
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1.2 | Phaselandllin PAH and CTEPH

In a single-dose, phase | trial, riociguat reduced mean arterial blood
pressure (BP) at 1 mg and 5 mg in 58 healthy male volunteers.%® In a
subsequent single-dose proof-of-concept study in 19 patients (12 with
PAH, 6 with CTEPH and 1 with PH associated with interstitial lung
disease [ILD]),% riociguat (1 mg or 2.5 mg) caused a significant dose-
dependent reduction in mPAP and increased cardiac output, resulting
in a significant decrease in PVR. The pulmonary haemodynamic
effects were greater than that of inhaled NO given at 10-20 ppm for
10 minutes. In this short study, the drug was well tolerated, but the
haemodynamic effects of riociguat were not selective for the pulmo-
nary circulation and resulted in similar degrees of reduction in mean
arterial pressure and systemic vascular resistance (SVR).

A multicentre, open-label, uncontrolled, 12-week, phase Il study
enrolled 33 patients with PAH and 42 patients with inoperable
CTEPH (Table 1).28

The primary endpoints were safety and tolerability. In total, 87%
of patients experienced adverse events (AEs), which were considered
to be related to study treatment in 56% of patients. Overall, riociguat
was generally well tolerated and was discontinued in only 3 patients
(4%): 1 with pulmonary oedema, considered to be related to riociguat
due to unmasking of pulmonary venous occlusive disease; 1 with pro-
gressive right heart failure unrelated to riociguat; and 1 (a patient with
a history of multiple allergies) with drug-related exanthema.
Dyspepsia, headache and asymptomatic hypotension were the most
common AEs, but only 2 of the 11 patients with hypotension (18%)
required dose reduction. Secondary endpoints showed a significant
increase from baseline to Week 12 in median 6-minute walking dis-
tance (6MWD), improvement in WHO functional class (FC) and a
reduction in PVR. In the open-label long-term extension (LTE) of the
phase |l trial, 68 of the 75 patients (91%) were followed for a median
treatment period of 77 months.>? The most common AEs were
nasopharyngitis (57%) and peripheral oedema (37%). Three patients
(4%) had haemoptysis, including 1 severe event, but none were con-
sidered drug related. At 48 months, MWD increased from baseline
by 69 + 105 m. Three-year survival was 91% and clinical worsening-
free survival was 49%.

PATENT PLUS (NCT01179334) was a phase I, randomised,
double-blind, placebo-controlled study to assess the safety and effi-
cacy of riociguat in combination with sildenafil in patients with
PAH (Table 1).* Eighteen patients with PAH receiving sildenafil
20 mg 3 times daily (tid) were randomised 2:1 to receive riociguat
or placebo, with a primary endpoint of change in systolic BP at
12 weeks. No significant effect on BP was observed, and there
were no signs of favourable effects on pulmonary haemodynamics
or exercise capacity. One patient withdrew due to blurry vision
that was considered drug related. The other 17 patients were
entered into an LTE study and followed for an average of 305 days.
In the LTE, 9 (53%) patients reported serious AEs (SAEs) and
3 patients (18%) died due to SAEs (subdural haematoma following
a fall, cardiac arrest and right heart failure), which were considered

by the investigator not to be drug related. There were also high

rates of discontinuation due to hypotension in the LTE; 3 (18%)
AEs and 1 (6%) SAE of arterial hypotension considered to be
related to the study drug by the investigator led to discontinuation.
Due to these unfavourable safety signals and no evidence of a pos-
itive risk:benefit ratio, the concomitant use of riociguat and a
PDES5i is contraindicated.é%¢*

2 | PIVOTAL PHASE IlI: PAH

21 | PATENT-1
PATENT-1 was a phase Ill, 12-week, double-blind, randomised,
placebo-controlled study (NCT00810693; Table 1).*° A total of
443 patients with symptomatic PAH entered the study and were
randomised to receive placebo (n = 126), riociguat individually
adjusted to a maximum of 2.5 mg tid (n = 254) or a maximum of
1.5 mg tid (n = 63; exploratory dose). In PATENT-1, of the 254
patients in the riociguat 2.5 mg tid group, 48% were treatment-naive
and 52% were pretreated with an ERA (44%) or nonintravenous
prostanoid (7%). Fifty-two percent of patients in the placebo group
were treatment-naive and 48% were pretreated with an ERA (43%) or
nonintravenous prostanoid (5%).

The primary endpoint was change from baseline to Week
12 in 6MWD. At the end of the treatment period, 6MWD
increased by 30 m in the 2.5 mg tid riociguat group and decreased
by 6 m in the placebo group (least squares mean difference
between riociguat and placebo +36 m [95% confidence interval
{Cl}: 20-52; P < .001]). Significant improvements vs placebo were
also seen in PVR, N-terminal prohormone of brain natriuretic
peptide (NT-proBNP), WHO FC, time to clinical worsening, Borg
dyspnoea score and quality of life measured by the Living with
Pulmonary Hypertension (LPH) questionnaire.? In a post hoc
analysis of PATENT-1, riociguat improved the proportion of
patients achieving a number of clinically relevant responder
thresholds.®*

Based on the results of PATENT-1, riociguat was approved for
the treatment of patients with PAH to improve exercise capacity and

WHO FC, and to delay clinical worsening.®%!

2.2 | PATENT-2

Of the 405 patients who completed PATENT-1, 396 (98%) enrolled in
the LTE PATENT-2 (NCT00863681) in which all patients received
open-label riociguat up to a maximum of 2.5 mg tid.***? Of the
396 patients entering PATENT-2, 199 (50%) patients were also
receiving an ERA or a prostanoid, or both.

More than 80% of patients achieved the 2.5 mg tid maximum
dose by Week 8, and 86% remained on this dose at 1 year. The
median treatment duration was 139 weeks. At the final data cut-off,
275 patients (69%) remained in the study. Overall, 340 patients (86%)
received 22 years of riociguat treatment.
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(Continued)

TABLE 1

PAH-specific therapy

at baseline

Primary endpoint

Riociguat dose

Patients

Study design

Change in mRSS from baseline to week 52 (mean + SD)

2.5 mg (max) tid

None

Diffuse cutaneous systemic

52-wk study (RISE-SSc)>®

60)

BL: 16.88 + 3.38
Week 52: 14.63 + 6.56

Riociguat (n

Placebo (n = 61)

sclerosis (n = 121)

BL: 16.71 + 4.06

Week 52: 15.73 + 10.48

Placebo-corrected LS mean treatment difference (95%

=.08

Cl): —2.34 (—4.99-0.30), P
Change in sweat chloride content in part 1 (n = 16

Part 1: 0.5 mg tid for 14 days, then

None

Phe508del homozygous CF

Two-part study (Rio-CF)?4?7:100

available for this analysis)

1.0 mg tid for 14 days

(n=21)

9)

Day 14 (0.5 mg):

Riociguat (n

=7)

Placebo (n

Day 14 (0.5 mg):

+7.1 £ 10.3 mmol/L

Day 28 (1.0 mg):

+8.7 + 8.2 mmol/L

Day 28 (1.0 mg):

3.4 +11.0 mmol/L

+9.0 £ 12.7 mmol/L

6MWD, 6-min walking distance; AE, adverse event; BL, baseline; CF, cystic fibrosis; Cl, confidence interval; COPD, chronic obstructive pulmonary disease; CTEPH, chronic thromboembolic pulmonary

hypertension; ERA, endothelin receptor antagonist; HFpEF, heart failure with a preserved ejection fraction; HFrEF, heart failure with a reduced ejection fraction; iNO, inhaled nitric oxide; ILD, interstitial lung
disease; LS, least squares; LTE, long-term extension; max, maximum; mPAP, mean pulmonary artery pressure; mRSS, modified Rodnan Skin Score; PAH, pulmonary arterial hypertension; PH, pulmonary

hypertension; PVR, pulmonary vascular resistance; SAE, serious adverse event; SBP, systolic blood pressure; SD, standard deviation; tid, 3 times daily.
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SAEs were recorded in 238 patients (60%) and drug-related AEs
were seen in 232 patients (59%). Most SAEs were not considered drug
related. Forty-five patients (11%) discontinued treatment due to 21
AE. There were 13 AEs of haemoptysis and pulmonary haemorrhage,
2 of which were fatal (1 in PATENT-1 and 1 in PATENT-2). These find-
ings raised concern that the 3 cases of haemoptysis reported in the
LTE of the phase Il trial may have been drug related, even if reported
not to be at the time of study. The functional improvements seen in
PATENT-1 were sustained at 2 years (Figure 3). Patients randomised
to placebo in PATENT-1 who were switched to riociguat in PATENT-2
showed improvements in efficacy parameters comparable with those
formerly randomised to riociguat.#*#2

The changes in 6MWD and WHO FC in PATENT-1 and
PATENT-2 were comparable between treatment-naive patients, and
patients receiving ERAs and prostanoids (Table 2).4%8 The estimated
overall survival at 2 years was 93% (95% Cl: 90-95), and the rates of
clinical worsening-free survival were 84% (95% Cl: 80-87) and 73%
(95% ClI: 68-77) at 1 and 2 years, respectively, assuming that patients
who withdrew had experienced clinical worsening.*? Post hoc sub-
group analyses from PATENT-1 and PATENT-2 revealed that
riociguat was effective in the subgroups of patients with PAH associ-
ated with surgically corrected congenital heart disease (n = 35)% and

connective tissue disease (n = 111).”°

23 |
studies

Patient risk assessment in the PATENT

A variety of risk assessment tools using clinical, echocardiographic,
functional and haemodynamic parameters have been designed to pre-
dict outcomes in patients with PAH.! Current European Society of
Cardiology/European Respiratory Society (ESC/ERS) guidelines recom-
mend that treatment of PAH should aim to achieve and maintain a
low-risk status as defined by 6MWD >440 m, WHO FC | or Il, and NT-
proBNP <300 ng/L, right atrial pressure <8 mmHg, cardiac index
>2.5 L/min/m? and other criteria,* and the role of risk stratification and
the importance of achieving low-risk status was highlighted in the
recent proceedings of the 6th World Symposium on Pulmonary Hyper-
tension.”* A post hoc analysis of PATENT-1 showed that more patients
achieved all low-risk criteria at Week 12 with riociguat than with pla-
cebo (12 vs 5%). While the proportions of patients who met all criteria
were small in both groups, those who met these criteria had better sur-
vival and clinical worsening-free survival than those who did not.”?
Recently, abbreviated versions of this ESC/ERS risk assessment
tool were found to discriminate between prognostic groups in
patients with newly diagnosed PAH in the French Pulmonary Hyper-
tension Registry, Swedish Pulmonary Hypertension Association
Registry and the Comparative, Prospective Registry of Newly Initiated
Therapies for Pulmonary Hypertension.”>~7¢ A post hoc analysis apply-
ing these methods to the PATENT studies showed that with each of
the models assessed, riociguat improved risk status at Week 12.77
Achieving 1 or more low-risk criterion using the French noninvasive
method or a low-risk status, according to the SPAHR/COMPERA
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FIGURE 3 Six-minute walking distance
(6MWD) in PATENT-2.41 (A) 6MWD in the overall
population, and treatment-naive and pretreated
subgroups of PATENT-2. Graph shows mean *
standard error of the mean. (B) Kaplan-Meier
analysis showing the association of 6MWD with
survival based on median value at baseline.

(C) Kaplan-Meier analysis showing the association
of 6MWD with survival at follow-up. Reprinted
with permission from Elsevier from Ghofrani
etal#?
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NT-proBNP (pg/mL), mean + SD WHO FC (improved/stabilised/worsened)

Six-minute walking distance (6MWD), N-terminal prohormone of brain natriuretic peptide (NT-proBNP) and World Health Organization functional class (WHO FC) in patients who
6MWD (m), mean = SD

were treatment-naive vs pretreated in PATENT studies, and patients who had inoperable chronic thromboembolic pulmonary hypertension and persistent/recurrent pulmonary hypertension in

TABLE 2
CHEST studies

Pretreated

Treatment-naive

Pretreated

-naive

Treatment

Pretreated

Treatment-naive

15/80/4 (n = 123) 26/71/3 (n = 131)

+43 + 2071 (n = 115)
+19 + 1553 (n

—443 + 1233 (n = 113)

131)

+34 (11-56)% (n

+38 (16-60)7 (n = 123)

+53+84 (n

PATENT-140¢4
PATENT-2%°

148)
Persistent/recurrent

38/56/6 (n = 52)

37/54/9 (n

28/63/9 (n = 158)
Inoperable

92)

Persistent/recurrent

-102 + 1247 (n
-194 + 816 (n

—291 + 1626 (n = 104)

Inoperable

142)
Persistent/recurrent
+27 + 68 (n = 52)
+45 + 61 (n

+40 £+ 86 (n

154)

Inoperable

31/64/5 (n = 121)

= 42)
20)

—364 + 1868 (n = 108)
—351 + 1308 (n = 60)

+44 + 84 (n=121)

CHEST-1 4366

43/52/5 (n = 42)

38/59/2 (n = 128)

43)

+51+£70(n=119)

CHEST-2¢%7

Cl, confidence interval; SD, standard deviation.

Data show improvement from baseline in efficacy endpoints.

?Placebo-corrected change (95% Cl).
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method, at Week 12 of PATENT-1 conferred a significantly reduced
risk of death or clinical worsening in PATENT-2.

The REVEAL risk score (RRS) uses statistical modelling of
validated parameters to assess the risk of 1-year mortality in
patients with PAH.”88° Ppost hoc assessment of the PATENT
database found that RRS and risk strata between baseline and
PATENT-1 Week 12 were significantly improved with riociguat
treatment when compared with placebo. In PATENT-1, 48% of
patients treated with riociguat had an improved RRS (vs 39% with
placebo) and 19% had a worsened RRS (vs 27% with placebo); the
proportion of patients in the low-risk stratum (score 1-7) increased
from 58 to 71% with riociguat (and from 61 to 64% with placebo)
and the proportion of patients in the high-risk stratum (score 29)
decreased from 23 to 16% (compared with a slight increase from
15 to 19% with placebo). RRS at baseline and Week 12, and
change in RRS during PATENT-1, were associated with improved
survival (hazard ratios [HRs] for a 1-point reduction in RRS: 0.675,
0.705 and 0.804, respectively) and clinical worsening-free survival
(HRs: 0.736, 0.716 and 0.753, respectively) over 2 vyears in
PATENT-2.81

3 | PIVOTAL PHASE IIl: CTEPH

31 | CHEST-1

CHEST-1 was a 16-week, double-blind, randomised, placebo-con-
trolled, phase Il trial in treatment-naive patients with inoperable
CTEPH (72%) or persistent/recurrent PH after PEA (28%;
NCT00855465; Table 1).*3 A total of 261 patients were enrolled, and
randomised to receive placebo (n = 88) or riociguat individually
adjusted to a maximum of 2.5 mg tid (n = 173).

The study met its primary endpoint of change in 6MWD from
baseline to Week 16, with a mean increase of +39 m in the maxi-
mum riociguat 2.5 mg group and a decrease of —6 m in the pla-
cebo group (least squares mean difference +46 m [95% Cl: 25-671];
P < .001). Riociguat significantly improved PVR, NT-proBNP and
WHO FC, as well as exploratory haemodynamic endpoints includ-
ing mPAP and cardiac output. However, no significant difference
was seen in the incidence of clinical worsening82 and, therefore,
due to hierarchical statistical methodology, although Borg dyspnoea
score, EuroQoL-5D and LPH also improved, significance could not
be claimed.

Riociguat improved primary and secondary endpoints in patients
with inoperable CTEPH and patients with persistent/recurrent PH vs
baseline, although a more marked effect was seen in inoperable
patients®® (Table 2). In a post hoc analysis of PATENT-1, riociguat
improved the proportion of patients achieving several clinically rele-
vant responder thresholds.®®

Based on positive results from CHEST-1, riociguat was approved
for the treatment of inoperable CTEPH or persistent/recurrent PH
after PEA, and remains the only approved medical treatment for this

disease 6061
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32 | CHEST-2

Of the 243 patients who completed CHEST-1, 237 (98%) entered the
open-label CHEST-2 LTE (NCT00910429) and received riociguat
adjusted as tolerated up to a maximum dose of 2.5 mg tid.***> At
1 year, 90% of patients were on the maximum dose of 2.5 mg tid. The
median treatment duration was 116 weeks and 73% of patients had
inoperable CTEPH, while 27% had persistent/recurrent PH following
PEA. At the final data cut-off, 172 patients (73%) remained in the
study. Overall, 218 patients (90%) received treatment for >1 year and
147 (62%) received treatment for 22 years. Fifteen patients (10%)
who were treated for 22 years were also receiving other PAH-specific
medications. The primary endpoints were safety and tolerability.

SAEs were reported in 129 patients (54%). The most common
SAEs were syncope, hypotension, worsening PH and RV failure. The
overall incidence of haemoptysis/pulmonary haemorrhage was 4 in
237 patients (2%; exposure-adjusted rate: 0.7 cases per 100 patient-
years).

The improvement in 6MWD seen with riociguat in CHEST-1 was
sustained at 2 years in both inoperable and persistent/recurrent
patients, but was more pronounced in the inoperable group (Figure 4;
Table 2). Patients treated with placebo in CHEST-1 also showed
improvement in 6MWD after conversion to open-label treatment with
riociguat in CHEST-2 (mean increase in 6MWD:C 36 + 71 m).** Esti-
mated 2-year survival was 93% (95% Cl: 89-96), and the rates of clini-
cal worsening-free survival were 86% (95% Cl: 81-90) and 78% (95%
Cl: 73-83) at 1 and 2 years, respectively, assuming that patients who
withdrew had experienced clinical worsening.*® Higher 6MWD and
lower NT-proBNP values at baseline were associated with better over-
all survival and clinical worsening-free survival in CHEST-2. The change
from baseline in 6MWD was also significantly associated with overall

survival and clinical worsening-free survival at 2 years (Figure 4)45

3.3 | Patientrisk assessment in the CHEST studies
Currently, there are no recommendations for risk assessment in
CTEPH, and 1 tool may not be appropriate for all patients due to the
differing treatment pathways for operable and inoperable patients.
However, several abbreviated PAH risk assessment tools have been
applied to several databases, including the CHEST study database, in
exploratory post hoc analyses.””®* Application of the French invasive,
French noninvasive and Swedish COMPERA methods to the CHEST
database showed that treatment with riociguat was found to improve
risk status from baseline to Week 16. Patients who had a greater
number of low-risk criteria or a low-risk status at Week 16 of
CHEST-1 had lower mortality and fewer clinical worsening events in
CHEST-2.

Application of the RRS to the CHEST database also showed that
riociguat improved RRS compared with placebo from baseline to
Week 16. Furthermore, RRS at baseline and at Week 16, and the
change in RRS during CHEST-1, were associated with improved sur-
vival (HRs for a 1-point reduction in RRS: 0.702, 0.692 and 0.682,

respectively) and clinical worsening-free survival (HRs: 0.697, 0.719
and 0.754, respectively) over 2 years in CHEST-2.8%

4 | STUDIES OF SWITCHINGTO
RIOCIGUAT

Previous studies have suggested that endogenous NO production
may be reduced in patients with PAH leading to lower cGMP levels in
the pulmonary circulation.84-° One of the rationales for developing
sGC stimulators for the treatment of PAH is that a PDE5i may not be
as effective under conditions where endogenous cGMP production is
reduced.”* Some patients with PAH do not reach treatment goals on
PDES5i therapy, 232 raising the question of whether they may respond
better to enhanced cGMP production via sGC stimulators rather than
decreased cGMP metabolism via a PDE5i.

RESPITE (NCT02007629) was a 24-week, uncontrolled, open-
label, phase llIb pilot study to determine the safety and efficacy of
replacing a PDESi with riociguat in patients with PAH who failed to
respond to treatment with a PDE5i (Table 1).4748 Inclusion criteria
were: 6MWD 165-440 m, WHO FC IlI, cardiac index <3.0 L/min/m>,
mPAP >30 mmHg, PAWP <15 mmHg and PVR >400 dyn-s-cm™> after
>3 months of treatment with sildenafil or tadalafil. Of the 61 patients
enrolled, 50 (82%) were receiving concomitant ERA treatment. For the
51 patients (84%) who completed 24 weeks of treatment, mean + stan-
dard deviation (SD) 6MWD increased from baseline by +31 + 63 m and
NT-proBNP decreased by —347 + 1235 pg/mL. Improvements were
also seen in haemodynamic parameters, including a decrease in PVR of
—103 #+ 296 dyn-s-cm™ (95% Cl: —188 to —18 dyn-s-cm™>; P = .0184),
a decrease in mPAP of —2.8 + 8.8 mmHg and an increase in cardiac
index of +0.3 £ 0.5 L/min/m? (95% Cl: 0.2-0.5 L/min/m?; P = .0001).
WHO FC improved in 28 patients (54%). Switching was generally well
tolerated, and no SAEs occurred during the PDES5i treatment-free
period.

Based on the results of the RESPITE study, a larger, multicentre,
randomised, controlled 24-week open-label study was conducted.
The REPLACE study (NCT02891850) enrolled 226 patients with PAH
who remained in WHO FC Il with a 6MWD of 165-440 m despite
treatment with stable doses of a PDES5i either alone or in combination
with an ERA.? Patients were randomised to remain on their PDES5i or
to switch to riociguat (2.5 mg tid). Patients on concomitant ERA treat-
ment prior to enrolment continued on this therapy throughout
the study. The primary endpoint was clinical improvement at
Week 24 defined as 2 of the following: 210%/230 m increase in
6MWD, WHO FC I/Il, or 230% reduction in NT-proBNP in the
absence of clinical worsening (death from any cause, hospitalisation
for worsening PAH or disease progression). Secondary endpoints
included change from baseline at Week 24 in 6MWD, NT-proBNP,
WHO FC and time to first clinical worsening. Baseline demographics
and disease characteristics were largely similar between the treatment
groups. The primary endpoint was met in 45 patients (41%) treated
with riociguat and 23 patients (20%) treated with a PDES5i (odds ratio
2.8; 95% Cl: 1.5-5.1; P = .0007). Significant improvements in WHO
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FIGURE 4 Six-minute walking distance
(6MWD) in CHEST-2.** (A) 6MWD in the overall
population, and inoperable and persistent/
recurrent subgroups of CHEST-2. Graph shows
mean + standard error of the mean. (B) Kaplan-
Meier analysis showing the association of 6MWD
with survival based on median value at baseline.
(C) Kaplan-Meier analysis showing the association
of 6MWD with survival at follow-up. Reprinted
with permission from Elsevier from Simonneau
etal®
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FC and time to clinical worsening were observed with patients treated
with riociguat compared with those receiving the PDE5i, and there
were also trends toward greater improvements in 6MWD and NT-
proBNP. The frequency of AEs was similar between treatment groups,
but in the PDE5i group, there were more deaths (3 vs 0%) and more
patients reported serious AEs (17 vs 7%) compared with riociguat.”?

The CTEPH early access study was an open-label, uncontrolled,
single-arm, phase lllb surveillance study. Of the 300 patients enrolled
in the study, 84 (28%) had switched to riociguat from their prior off-
label PAH-targeted therapy. Fifty-eight (19%) of these patients
switched from a PDES5i (most frequently sildenafil) and 44 (15%)
switched from an ERA (most frequently bosentan). The safety and tol-
erability of riociguat were similar between patients who switched from
other PAH-targeted therapies and those who were treatment-naive.”>

Together, the findings of the above studies suggest that switching
from a PDES5i to riociguat is safe and, in some patients, can result in
improved efficacy. REPLACE was the first randomised controlled
study dedicated to the switch of oral PAH drugs including a head-to-
head comparison. However, a common limitation of the mentioned
studies is their open-label nature, which allows for possible treatment
bias. Attempts were made to mitigate this effect in the REPLACE
study by requiring sites to have blinded investigators assess WHO FC
and 6MWD and by central blinded adjudication of the primary end-
point and clinical worsening. However, the lack of blinding resulted in
patients being aware that they had been randomised to a new therapy
or to remain on their current therapy, and this may have impacted
their symptom perception or even their performance in the 6MWD.
None of the studies provide data on long-term outcomes, although
REPLACE was able to show a difference in time to clinical worsening
during the 24-week treatment period with cases of death in the con-
trol arm only.”? Randomisation and stratification worked in the study:
apart from minor differences in baseline demographics (more elderly
patients, males and patients with PAH associated with connective tis-
sue disease, predictive of worse outcome), the only parameter with a
clear difference at baseline was NT-proBNP, with lower levels (that
are associated with improved outcome) in the riociguat group com-
pared with the PDES5i group.

5 | FURTHERSTUDIES IN PAH AND CTEPH

The MOTION study (NCT02191137) was a prospective, multicentre,
single-arm, open-label, phase IV study to assess the impact of
riociguat on patient-reported outcomes in patients with PAH.”* The
primary endpoint was change from baseline to Week 24 in the LPH
questionnaire, a 21-item, validated, disease-specific health-related
quality of life assessment tool comprising physical (score 0-40) and
emotional (score 0-25) domains; a reduction in score indicates an
improvement in health-related quality of life.?> The primary endpoint
was met, with a mean = SD change in LPH score from baseline to
Week 24 of —5.4 + 27.8 (n = 75, P = .048; the minimally important dif-
ference that indicates a clinically meaningful improvement was esti-

mated to be a change from baseline of 7).7°

RACE (NCT02634203) was a multicentre, randomised, controlled
trial comparing riociguat with BPA in 105 newly diagnosed patients
with inoperable CTEPH and PVR >320 dyn-s-cm™.”¢ The primary
endpoint was PVR at Week 26, expressed as a percentage of the
baseline PVR, with secondary endpoints including changes from base-
line in 6MWD, Borg dyspnoea index, WHO FC and NT-proBNP, as
well as time to clinical worsening and safety. After 26 weeks, PVR
was significantly improved with BPA (41% of baseline) compared with
riociguat (68% of baseline; P < .0001), although there was no improve-
ment in 6MWD with BPA vs riociguat at Week 26 (+50 vs +44 m,
respectively). BPA was also associated with significant improvements
in Borg dyspnoea index, WHO FC, NT-proBNP and a number of
haemodynamic parameters, compared with riociguat. The frequency
of treatment-related SAEs, however, was substantially higher with
BPA (42% of patients) compared with riociguat (9%). More data will
become available once patients complete the extended 6-month

follow-up period where crossovers were allowed.

6 | RIOCIGUATIN WHO GROUP
2 AND 3 PH

In addition to the treatment of PAH and CTEPH, several studies have
examined the safety and efficacy of riociguat in the treatment of PH
due to chronic heart and lung disease.

The phase II LEPHT study (NCT01065454) investigated the
safety and efficacy of riociguat in 201 patients with PH and heart
failure with reduced ejection fraction (<40%).*° The primary end-
point, change from baseline to Week 16 in mPAP, was not met. In
addition, although significant increases were observed in cardiac
index and stroke volume index, with significant decreases in PVR
and SVR in the riociguat treatment group, no significant difference
was seen in 6MWD.* In the smaller DILATE study (NCT01172756)
in 39 patients with PH associated with heart failure with preserved
ejection fraction, no change was seen in the primary endpoint of
peak decrease in mPAP from baseline to 6 hours between
11 patients treated with placebo and 10 patients given 2 mg of
riociguat.So However, significant increases in stroke volume (+9 mL
[95% ClI: 0.4-17]; P = .04), and decreases in systolic BP (12 mmHg
[95% Cl: —22 to —1]; P = .03) and RV end-diastolic area (=5.6 cm?
[95% Cl: —11 to -0.3]; P = .04), were seen without significant
changes in heart rate, PVR or PAWP.*® This lack of statistically sig-
nificant clinical effect is broadly consistent with studies of other
PAH-targeted therapies, which have also failed to meet primary
endpoints in studies in patients with heart failure.?”?® A recent
study of the sGC stimulator vericiguat, however, showed a signifi-
cant reduction in a composite endpoint of death from cardiovascular
causes or first hospitalisation for heart failure compared with pla-
cebo in patients with heart failure with reduced ejection fraction.>®
The 26-week, randomised, double-blind, multicentre, phase IlIb
DYNAMIC study, designed to test the efficacy of long-term
riociguat treatment in patients with PH associated with heart failure

with preserved ejection fraction, is ongoing.>’
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Small open-label pilot studies in PH associated with ILD°! and
chronic obstructive pulmonary disease (COPD)*? have also been
conducted. In a pilot study of 23 patients with PH-COPD
(NCT00640315), of whom 22 were evaluated for haemodynamics and
lung function parameters, a single dose of riociguat 1 mg (10 patients)
or 2.5 mg (12 patients) given during right heart catheterisation acutely
reduced mPAP and PVR, without a change in lung function or gas
exchange.>?

The RISE-IIP study (NCT02138825) was a phase Il, 26-week, mul-
tinational, randomised, double-blind, placebo-controlled trial that
examined the safety and efficacy of riociguat in 147 patients with PH
associated with idiopathic interstitial pneumonias (PH-IIP), a subgroup
of ILD (Table 1). RISE-IIP was terminated on the recommendation of
the independent Data Monitoring Committee due to increased rates
of mortality and SAEs among patients receiving riociguat vs placebo,
and no evidence of a positive risk:benefit ratio.>* This resulted in the
contraindication of riociguat in patients with PH-1IP.%¢* Future stud-
ies in PH-IIP could consider the use of centralised evaluation of base-
line high-resolution computed tomography data to better detect these

patients.

7 | RIOCIGUATIN OTHER CONDITIONS
There is a significant unmet need in patients with diffuse cutaneous
systemic sclerosis (dcSSc) for therapies that can halt or slow disease
progression. As riociguat was shown to possess antifibrotic properties
in preclinical studies,’”1%%>® the safety and efficacy of riociguat
for the treatment of dcSSc were investigated in RISE-SSc
(NCT02283762), a 52-week, randomised, double-blind, placebo-con-
trolled, phase Il study in 121 patients (Table 1).°> The primary efficacy
endpoint, mean change in modified Rodnan skin score (an assessment
of skin fibrosis) at Week 52, was not met at predefined significance
(P < .05). The small size of the study and a higher than expected skin
fibrosis regression rate in the placebo arm may have resulted in
decreased sensitivity for change in modified Rodnan skin score,
potentially explaining the lack of a significant result. Exploratory ana-
lyses suggested beneficial effects of riociguat on a range of dcSSc
parameters, such as a lower rate of skin fibrosis progression and
reductions in Raynaud's phenomenon attacks.>®> Analyses of the sub-
groups of patients with SSc-ILD determined by medical history
(n = 22), high-resolution computed tomography (nh = 21) or restrictive
lung disease (n = 12), showed that worsening of forced vital capacity
predicted (%) was less marked in the riociguat group than the placebo
group. Fewer AEs (81 vs 92%) and SAEs (9 vs 25%) occurred in
patients with ILD, with riociguat vs placebo.’®! However, based on
these results, the use of riociguat in SSc-ILD cannot be recommended.
Additional studies will be needed, particularly considering the
increased rates of mortality and SAEs among patients receiving
riociguat vs placebo in the RISE-IIP study.

The DIGIT study (NCT01926847) assessed the safety, efficacy
and pharmacokinetics of riociguat (single dose, 2 mg) in 20 patients

with primary and secondary Raynaud's phenomenon (Table 1).
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Riociguat improved digital blood flow in 40% of patients at room tem-
perature and 60% of patients under conditions of cold exposure.>®

Riociguat has also been investigated in cystic fibrosis (CF) based
on the observation that activity of the CF transmembrane conduc-
tance regulator (CFTR) protein, a transmembrane chloride channel, is
modulated by accumulation of cGMP.1°? In a mouse model of CF
involving the AF508 CFTR mutation, the PDES5i sildenafil has been
shown to increase CFTR function,'®® and preclinical data have indi-
cated that riociguat may have a potential disease-modifying effect in
CF by restoring chloride ion channel function (Bayer AG data on file).
The Rio-CF (NCT0202170025) study was a randomised, double-blind,
placebo-controlled, multicentre, phase Il study investigating the safety
and efficacy of riociguat in 21 patients with CF who were homozy-
gous for the AF508 mutation. Following Part 1 of the study, the inde-
pendent Data Safety Monitoring Board provided a positive
recommendation for continuation; however, due to a shift in the
treatment landscape for patients with homozygous AF508 CF*%* and
difficulties adapting the study design, coupled with the limited effi-
cacy seen in Part 1, Rio-CF was terminated.

8 | SAFETY OF RIOCIGUAT

Overall, riociguat has been well tolerated in clinical studies of PAH
and CTEPH.*9414345 The most common AEs in PATENT and
CHEST were headache, dizziness, dyspepsia, peripheral oedema,
nasopharyngitis, nausea, vomiting, diarrhoea and hypotension.

In PATENT-1, the most frequently occurring SAEs were syncope,
worsening PH, chest pain and RV failure. Drug-related SAEs in the
maximum riociguat dose of 2.5 mg group included syncope (in 1% of
patients) and single cases of increased hepatic enzyme levels, dizzi-
ness, presyncope, acute renal failure and hypotension (in a total of
0.4% of patients). Similar SAEs were seen in CHEST-1, with the most
frequently occurring SAEs being RV failure, syncope and haemoptysis.
Drug-related SAEs in the riociguat group included syncope (2% of
patients), and gastritis, acute renal failure and hypotension (in 1
patient each, 1%).40*3 At 2 years, the exposure-adjusted frequency of
common AEs was generally lower in the LTE studies, compared with
PATENT-1 or CHEST-1.40:414345

Results from RESPITE*” and EXPosurE RegisTry riociguat in
patients with PH (EXPERT; NCT02092818; a phase |V, prospective,
noninterventional cohort study [registry] to investigate the long-
term safety of riociguat in clinical practice),2%>1% and observations
in other studies*”*® have revealed no new safety signals compared
with PATENT and CHEST, and AEs of special interest remain infre-
quent. Although most of the AEs were not serious, serious
haemoptysis and pulmonary haemorrhage, including cases with fatal
outcomes, have been observed in patients with CTEPH or PAH
treated with riociguat.®? These events may be driven by the signifi-
cant vasodilator effect of riociguat on systemic vascular tone which
could increase cardiac output resulting in greater blood flow
through pulmonary capillaries. Due to the lack of selectivity for the

pulmonary circulation, the dose of riociguat must be adjusted on a
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per-patient basis to ensure that excessive effects on lowering BP do

not occur.®?

9 | FUTURE DIRECTIONS OF RIOCIGUAT
New indications are being investigated in areas of unmet need:
PATENT-CHILD (NCT2562235) is an ongoing open-label, single-arm,
individual dose-titration study designed to assess the safety, tolerabil-
ity, pharmacokinetics, pharmacodynamics and exploratory efficacy of
riociguat plus standard of care (ERA and/or prostacyclin) in children
and adolescents aged 6-17 years with PAH. Following safety review
of an initial group of patients aged 212 years, recruitment has now
also been opened to the age 6-11 years group. Patients who com-
plete the initial 24-week study are eligible for entry to the LTE.1°”
The planned enrolment of at least 20 patients on ERA therapy is
ongoing.

Additionally, while conventional individual endpoints in PH trials,
such as 6MWD and WHO FC, can provide valuable insight into the
benefit of treatment for patients, there is a growing recognition that
the impacts of these conditions are often multifaceted, and a more
holistic approach incorporates different factors and endpoints being
assessed together. This is now being considered in the inclusion of
composite endpoints in recent and future trial designs, such as that
evaluated in the recently reported REPLACE trial.”?

10 | CONCLUSIONS

Riociguat is approved for the treatment of PAH and CTEPH. It stimu-
lates cGMP synthesis by enhancing the effect of endogenous NO on
sGC activity and also stimulates sGC activity independently of
NO. This makes it a unique agent to target the reduced NO activity
contributing to the pathogenesis of PH. Following the sentinel studies
that led to its approval for the treatment of PAH and CTEPH, the LTEs
suggest that riociguat is generally well tolerated and that its beneficial
effects on exercise capacity are maintained. Studies also suggest that
riociguat can be effectively used as a monotherapy, or in combination
with ERAs or prostanoids, but its use with PDES5i is contraindicated.
Data demonstrating treatment efficacy of riociguat for PAH and
CTEPH have been obtained from a small number of randomised con-
trolled trials with a relatively low number of patients. This limitation is
common to all currently approved medications for PAH due to the
small number of patients with the disease and restricts the scientific
rigour of the findings. However, data from LTEs and recently com-
pleted open-label trials continue to add support for the efficacy of
riociguat in the treatment of PH. Recent data suggest that riociguat
may have beneficial effects in some patients with PAH who have not
achieved a satisfactory response to a PDES5i. Initial safety concerns
regarding systemic hypotension, syncope and haemoptysis have been
rarely encountered in LTEs, but the effect of riociguat on lowering
SVR needs to be considered when initiating treatment or when

patients develop haemodynamic instability.

The beneficial effects of riociguat on PAH and CTEPH have not
been seen in early studies of PH associated with chronic heart and
lung disease, and at this time riociguat cannot be recommended for
the treatment of PH associated with these diseases. Riociguat is con-
traindicated for use in PH-1IP.

10.1 | Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked

to corresponding entries in
108-111
g

http://www.guidetopharmacology.
org and are permanently archived in the Concise Guide to
PHARMACOLOGY 2019/20.
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