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Abstract: The most frequently reported symptom in patients with paroxysmal nocturnal hemoglobinuria (PNH), a disease character-
ized by complement mediated hemolysis and chronic anemia, is “fatigue”. The latter seems the best word to communicate patient’
perception of personal health status and disease impact on daily living, namely quality of life (QoL). Objectivating QoL and grading
patient’s fatigue is one of the most difficult medical tasks given the highly heterogeneous communication skills of patients and
caregivers and the multitude of meanings that might be attributed to this term. Along with anemia, QoL in PNH is also affected by the
emotional burden of a chronic life-long disease with heterogeneous treatment requirement, risk of hemolytic exacerbations (break-
through hemolysis) and of thrombosis. In the last decade, structured surveys and scores have been adapted from cancer settings to
evaluate fatigue and QoL in patients with PNH, and to assess the benefit of complement inhibitors in this setting. Eculizumab was the
first drug utilized and was shown to improve QoL scores in the registrative trials. However, the intravenous fortnightly administration,
the presence of residual anemia, and the risk of extravascular hemolysis are some of the unmet needs impacting QoL under
eculizumab. Several novel drugs have been designed to improve patients’ convenience and alleviate anemia and fatigue. In this
review, we focus on available studies that evaluated fatigue and QoL in PNH patients, and the effect of old and new therapeutic
strategies.
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Introduction

Paroxysmal nocturnal hemoglobinuria (PNH) is a rare condition characterized by chronic hemolysis resulting in anemia of
various degree and fatigue, variably affecting quality of life (QoL). Additionally, PNH patients carry the emotional burden of
a chronic life-long disease with heterogeneous treatment requirement, risk of hemolytic exacerbations (breakthrough
hemolysis) and of thrombosis. A Patient-Reported Outcome (PRO) is any report of the status of a subject’s health condition
(QoL and symptoms) that comes directly from the patient, without interpretation of the response by a clinician or anyone else.'
PROs are used as indicators for assessing health-related QoL (impacts of disease and its treatment and symptoms). Regarding
therapy, the beneficial impact on survival and/or on a meaningful aspect of a patient’s life is fundamental, and health features
affecting the way a patient feels or functions should be considered.” Fatigue has been identified as a prevalent disturbance in
PNH patients. There are many components of fatigue, one of which is anemia, as frequently shown in other diseases,
particularly cancer. Objectivating and grading patient’s fatigue is one of the most difficult medical tasks given the highly
heterogeneous communication skills of patients and caregivers and the multitude of meanings that might be attributed to this
term. Clinicians usually evaluate patients’ QoL by simply asking them “how are you” during routine visits and the ability to
elicit PROs varies between professionals. For this reason, there is a need for instruments to measure PROs. To aid the objective
evaluation of QoL and the effect of treatment, the use of structured surveys has been implemented in the clinic. In this article,
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we will briefly address the unmet needs of PNH treatment and describe how novel therapies might fill the gap in patients’
management. Furthermore, we will focus on available reports that evaluate fatigue and QoL in PNH patients.

What is PNH?

PNH is a clonal disorder of the hematopoietic stem cell caused by acquired somatic mutations of PIGA gene. The latter
encodes for a glycosyl-phosphatidylinositol (GPI) that anchors several molecules on the cellular membrane,>* including
the complement inhibitory proteins CD55 (decay accelerating factor [DAF]) and CD59 (membrane inhibitor of reactive
lysis [MIRL]). GPI deficiency results in complement-mediated intravascular hemolysis® ' and thrombophilia, the main
cause of morbidity and mortality in PNH. Chronic anemia mainly results in fatigue, shortness of breath on exertion, and
reduction of physical activity, whilst dark urine are the typical symptom of intravascular hemolysis. Along with these,
a variety of signs may be present including abdominal pain, bloating, back pain, headaches, esophageal spasms, erectile
dysfunction, and fatigue, but also thrombosis of venous and arterial system, renal failure, pulmonary hypertension, so that
PNH has been referred to as “the great impersonator”.> Standard and high-sensitivity flow cytometric procedures for
detecting PNH cells are the gold standard for disease diagnosis.® Three different PNH cellular phenotypes have been
recognized: type I with normal, PNH II with partial expression, and PNH III with absence of GPI-anchored proteins.’
The heterogeneity of PNH clone size (ie, the percentage of PNH+ cells), and the variable presence of complement
activating conditions (infections, trauma, pregnancy, surgery) explain the different extent of hemolysis, and anemia,
observed in the clinic. The degree of anemia is further affected by the characteristic association of PNH with bone
marrow failure syndromes, namely aplastic anemia (AA), and with myelodysplastic syndromes (MDS), particularly
hypoplastic ones that show several similarities with AA.'"'* Transfusion-dependent anemia along with thrombosis,
PNH-related symptoms, and pregnancy (that increases thrombotic risk affecting maternal and fetal outcome), has been
the main reason to start therapy with complement inhibitors. The latter revolutionized the natural history of the disease
and re-drew the survival curve of PNH patients to that of the general population.

PNH Treatment and Its Limitations

Eculizumab (Soliris®, Alexion Pharmaceutics, Inc) has been the first complement inhibitor studied in PNH and was
approved in 2007. It is a humanized monoclonal antibody that binds the C5 complement fraction, preventing its
activation to C5b by the C5 convertase thus inhibiting the formation of the membrane attack complex.'® Treatment
with eculizumab reduced transfusions, improved anemia and fatigue, and ameliorated PNH symptoms. Furthermore, it
reduced thrombosis occurrence and improved survival."*!” Additionally, eculizumab appeared safe during pregnancy,
and ameliorated fetal-maternal outcomes, although formal toxicology studies in pregnancy are lacking.'® The recom-
mended maintenance dose of eculizumab is fixed (900 mg every 2 weeks + 2 days) intravenously. This implies a high
level of medicalization of PNH patients with consequent interference with working and leisure activities. Further unmet
needs include patients with residual anemia, the occurrence of hemolytic flares (breakthrough hemolysis, BTH), the
presence of an underlying bone marrow failure on which eculizumab has no effect, and the increased risk of infections.
All of these clinical issues further burden patients’ QoL. Regarding residual anemia,'® up to 25% of cases will still need
blood transfusions. Along with concomitant conditions such as nutrients deficiencies and impaired erythropoiesis due to
bone marrow failure, extravascular hemolysis of PNH erythrocytes as a consequence of C3 opsonization should be
considered.*'?' This happens since the complement cascade upstream C5 is not blocked by eculizumab, and C3
continued to be produced and deposits on PNH-erythrocytes. C3 coated erythrocytes are then cleared by the monocyte/
macrophage system, mainly in the liver. Clinically, extravascular hemolysis is evidenced by increased reticulocyte
counts, indirect hyperbilirubinemia, and decreased haptoglobin in a patient with almost normal LDH values; additionally,
the false positivity of direct antiglobulin test with anti-complement anti-sera provides a further demonstration. Moreover,
patients of Asian ancestry (ie, Japanese, Han Chinese) may harbor a polymorphism of C5 (Arg885His) that impairs
response to eculizumab.”? Homozygosity for the low-affinity allele L of the complement receptor gene CR1 has been
associated with poor response to eculizumab.?*** Regarding BTH, it may occur just before the subsequent infusion
(pharmacokinetic PK BTH), or during complement activating conditions (pharmacodynamic PD BTH). The first situation
may be managed by increasing eculizumab dose or frequency of administration (PK), and the second one requires
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a prompt control of the underlying trigger (PD). Concerning infectious risk, patients treated with eculizumab must be
vaccinated prior to initiation of therapy to prevent the risk of Neisseria meningitidis13 A, B, C, Wand Y serogroups and
in some countries, additional life-long antibiotic prophylaxis is prescribed. Despite this, meningococcal sepsis may still
occur, and even fatal episodes have been reported.” Finally, eculizumab does not eliminate PNH clone but only prevents
its complement mediated destruction. As a result, eculizumab needs to be administered lifelong in most cases further
giving the patients the idea of a chronic “incurable” disease, with important impact on perceived QoL. Given these
drawbacks, there is a need for new agents and approaches to optimally control PNH disease activity, as discussed
thereafter.

Novel Therapies

Several novel complement inhibitors are under study. The new approaches aim at increasing the drug half-life or
subcutaneous (sc) administration of C5 inhibitors (ie, ravulizumab iv, crovalimab sc), at producing small molecules
that may be given orally, and at targeting the complement cascade upstream to C5 (including anti-Cl, anti-C3
pegcetacoplan, and the alternative pathway factors B and D inhibitors iptacopan and danicopan).”*?’ An innovative
approach is the use of small interfering RNA (siRNA) molecules capable of inhibiting C5 synthesis, and very preliminary
gene therapy.?® Preclinical and clinical trials showed that novel C5 inhibitors (ECU biosimilars, ECU with longer half-
life such as ravulizumab IV or sc,?’ small molecules,**' and siRNA32) are effective in inhibiting complement-mediated
hemolysis and imply more manageable administration routes/schedules thus improving patient convenience. In particular,

29:33 and some of

ravulizumab was not inferior to eculizumab and reduced the occurrence of BTH in two clinical trials,
the new agents proved effective in patients with C5 polymorphisms (ie, crovalimab).?” Importantly, proximal inhibitors
(anti-C1 iv, anti-C3 sc, and oral anti-factor B and D) were effective both in naive patients and in those with suboptimal
response to eculizumab, significantly reducing C3 mediated extravascular hemolysis thus reducing residual anemia and
fatigue. These agents appear very promising and are being developed both in combination with eculizumab and as single

agents.”’

Bone Marrow Transplant (BMT)

Except for anecdotal cases,>*® PNH is a lifelong disease requiring long-term treatment (if indicated), and this represents
one of the main factors affecting patient’ perception of severity and illness. The only curative therapy is allogeneic bone
marrow transplant (BMT). BMT outcome significantly improved with the introduction of reduced intensity conditioning,
and the addition of eculizumab has reduced morbidity and mortality linked to PNH;>’ however, it remains a demanding,
potentially life-threatening procedure that is limited to selected cases. As a matter of fact, a large European study
comparing transplanted versus non-transplanted PNH patients, showed a worse survival after BMT if the indication was
life-threatening thrombosis, whilst survival was not inferior if the indication was AA.>® On the whole, BMT is indicated
in patients with PNH and severe AA (below 40 years and with available donor) or MDS (high-risk patients or low-risk
MDS with life-threatening cytopenias) and has the potential to eradicate both AA/MDS and the PNH clone.

PNH Complications

Not only the occurrence but even the fear of PNH complications, further impact QoL and may lead to a feeling of “life
limitation” and “frailty” in these patients. The disease is dominated by increased thrombotic risk, reported in as many as
40% of patients, possibly being the first sign at presentation.>® Thrombosis mainly affects the venous district and may
also occur in atypical sites, including the cerebral, mesenteric, and renal vessels. Hepatic veins may also be involved in
the so-called Budd—Chiari syndrome.***' Some studies have suggested that larger PNH clones correlate with increased
thrombotic risk,** however, many adjunctive congenital (eg, factor V Leiden or factor II mutations, protein C and
S deficiencies, etc.) or acquired risk factors (eg, cigarette smoke, diabetes, obesity, estro-progestin compounds, preg-
nancy, surgery, prolonged immobilization, etc.) may contribute to thrombosis in this setting and deserve consideration.
PNH can also be complicated by infectious events, either related to the coexistence of BMF and immunosuppression, or
to complement inhibition. As stated before, anti-Neisseria meningitidis vaccinations are mandatory before eculizumab,
and the addition of anti-Streptococcus pneumoniae and anti-Hemophilus influenzae vaccines have been required with
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novel agents in clinical trials. However, not all vaccinated subjects will get proper immunization and antibody titers are
not routinely evaluated. Therefore, patient education remains pivotal for prompt recognition and treatment of infectious
episodes. Additionally, infections may trigger PD BTH, further complicating the clinical picture. By a careful discussion
of available strategies to prevent/promptly manage thrombotic and infectious risk, clinicians may aid PNH patients to get
back to their daily lives.

PNH, QoL and Measures

Besides treating clinical manifestations and preventing major complications, the improvement of patients’ QoL is an
emerging objective in the current management of PNH. QoL is defined by World Health Organisation (WHO) as

An individual’s perception of their position in life in the context of the culture and value systems in which they live and in
relation to their goals, expectations, standards and concerns.?

As stated above, QoL of PNH patients is usually reduced because of both PNH-related symptoms and complications, but
also due to treatment-related issues that requires frequent hospital visits heavily interfering with working and leisure
activities.***> As of today, there are no specific scores that have been fully validated to measure QoL in PNH so that
questionnaires designed for cancer patients are usually administered in PNH clinical trials. The most frequent instruments
are the Functional assessment of chronic illness (FACIT) Fatigue questionnaire (a 40-items score that determines
fatigue’s impact on QoL)*® and the European Organization for Research and Treatment of Cancer (EORTC) QLQ-C30
Global Health Status/QOL (a questionnaire suitable for measuring cancer patients’ physical, psychological and social
functions).*” FACIT-F scores range from 0 to 52, with lower scores indicating greater fatigue. EORTC-QLQ-C30 domain
scales range from 0 to 100, with lower scores indicating worse QoL and higher scores for symptom scales indicating
worse symptoms. Data from the International PNH Registry reveals an impaired QoL in PNH patients, with median
scores for EORTC QLQ-C30 and FACIT-F score of 58.3 (41.7, 75.0) and 34.0 (27.0, 40.0), respectively.*> More recently,
other scores have been developed to investigate in a better and more specific way PNH impact on QoL and the perceived
benefit of treatment on QoL. The PNH-SQ (Symptom Questionnaire) is a novel questionnaire evaluating the presence
and severity of 10 PNH-related symptoms over 24 hours.*® Moreover, a PNH/aplastic anemia (AA) specific QoL
questionnaire has been created as a specific disease PRO measure, although psychometric evaluations are still
undergoing.*’ Lastly, PNH Patient Preference Questionnaire (PNH-PPQ), a 11-item questionnaire, has been validated
to assess patients’ preferences in the context of the clinical trials comparing eculizumab with its long half-life analogue
ravulizumab.’® As a matter of fact, the availability of several novel drugs will allow tailored therapy (ie, the choice of
a specific compound for a specific patient) and defining patient’s preference also in regards to QoL and improvement of
fatigue will be pivotal.

Assessment of QoL in PNH Clinical Trials
Tables 1 and 2 report the main findings regarding PNH therapies and QoL. Concerning eculizumab, in the Phase 3

TRIUMPH study,'®>" patients in the eculizumab arm had a mean increase in FACIT-F score of 6.4£1.2 points from
baseline to week 26, significantly higher than the placebo arm. Eculizumab group also showed a significant improve-
ment in EORTC QLQ-C30 score in various scales: global health, functioning (5 scales/5), symptom (2 scales/3) and
single-item measures (3/6). Results from the phase 3 SHEPHERD study were concordant, with a mean increase in
FACIT-F score of 12.1+1.01 from baseline to week 52, and EORTC QLQ-C30 improvement in global health,
functioning (5 scales/5), symptoms (3 scales/3) and single-item measures (4/6)."*>! More recently, Ueda et al
published data from the post-marketing surveillance of eculizumab in Japan:>? they showed a significant amelioration
after 1 year of eculizumab therapy both in FACIT-F score, with a mean change from baseline of 9.4, and in EORTC
QLQ-C30, with a mean change from baseline of 21.4 and 16.3 points for global health status and physical functioning,
respectively. Furthermore, they noted that fatigue showed the highest improvement among symptoms (significant
amelioration of 1/3 scales for symptoms), along with amelioration of dyspnea, insomnia and appetite loss (3 scales/6
single-item measures).
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Table 1 Quality of Life (QoL) and Paroxysmal Nocturnal Hemoglobinuria (PNH) Therapy: Eculizumab and Ravulizumab

Drug Study Number of Main Message Ref
Name Participants
Eculizumab Triumph 87 (43 eculizumab) FACIT-F score significantly increased from baseline in eculizumab arm [16, 51]
Shepherd 97 Both FACIT-F score and EORTC-QLQ-C30 improved from baseline to [14, 51]
week 52
Japanese 54 Both FACIT-F score and EORTC-QLQ-C30 meaningfully increased [52]
experience
Ravulizumab | 301 246 (125 ravulizumab, Improvement in FACIT-F score and EORTC-QLQ-C30 similar in the [33]
121 eculizumab) ravulizumab and eculizumab group
302 195 (97 ravulizumab, 98 Change in FACIT-F score from the baseline significantly higher in the [29]
eculizumab) ravulizumab group; change in EORTC-QLQ-C30 similar in both groups
302 191 (96 ravulizumab, 95 Mean FACIT-F score remained stable through study period; mean [53]
extension eculizumab to EORTC-QLQ-C30 was similar in both groups
ravulizumab)
302s 95 Ravulizumab preferred over eculizumab by a significant proportion of [54]
patients

Abbreviations: EORTC, European Organisation for Research and Treatment of Cancer-QLQ-C30 score; FACIT-F, the Functional assessment of chronic illness-Fatigue.

Table 2 Quality of Life (QoL) and Paroxysmal Nocturnal Hemoglobinuria (PNH) Therapy: New Drugs

Drug Study Name | Number of Participants Main Message Ref
Pegcetacoplan | Pegasus 80 (41 pegcetacoplan, 39 FACIT-F score increased from baseline in pegcetacoplan arm [55]
eculizumab)
Crovalimab Composer 29 Both FACIT-F score and EORTC-QLQ-C30 improved from [56]
baseline
Danicopan NCT03053102 | 10 Significant increase of mean FACIT—Fatigue score from baseline | [57]
at days 28 and day 84
NCT03472885 | 12 Mean FACIT-Fatigue score increased by || points at week 24 [58]
Iptacopan NCTO03439839 | 10 The FACIT-F score improved significantly in most patients [59, 60]

Abbreviations: EORTC, European Organisation for Research and Treatment of Cancer-QLQ-C30 score; FACIT-F, the Functional assessment of chronic illness-Fatigue.

The long-lasting anti-C5 ravulizumab achieved an improvement in fatigue and QoL as well. The 301 study,** assessing the
non-inferiority of ravulizumab to eculizumab in patients naive from complement inhibitors, demonstrated a similar increase in
FACIT-F and EORTC-QLQ-C30 score both in the ravulizumab and eculizumab group. However, a higher percentage of
patients in the ravulizumab arm obtained a >3-point improvement in FACIT-F score and a > 10-point improvement in the
EORTC QLQ-C30 score (global health status/QoL, physical functioning and fatigue). The subsequent 302 study,’ conducted
in patients previously treated with eculizumab, showed a statistically significant change from the baseline in FACIT-F score in
ravulizumab versus eculizumab group, while EORTC QLQ-C30 scores remained stable in both groups. In the 302 extension
study,” patients continued on ravulizumab or were switched from eculizumab to ravulizumab by week 26: mean FACIT-F and
EORTC QLQ-C30 scores remained stable from week 26 to week 52, suggesting that the switch from eculizumab to
ravulizumab did not affect fatigue or QoL. Finally, the 302s study>* included patients from the registrative trial with the
aim of assessing the preference for ravulizumab or eculizumab using the PNH-PPQ survey: 93% of the patients preferred
ravulizumab over eculizumab, 6% had no preferences and 1% preferred eculizumab. The main reasons for ravulizumab
preference were the frequency of infusions (98%; this was selected as the most relevant factor determining treatment choice),
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the ability to plan activities (98%), the improvement in overall QoL (88%), the convenience of receiving treatment (85%) and
the effectiveness of medication until the next infusion (78%). Regarding the latter, PK BTH seems to significantly impact QoL
in a patient perspective analysis,” particularly with eculizumab that is not adjusted on patient’s body weight or individual
response. Conversely, ravulizumab decreased PNH-related symptoms for a longer duration, including those occurring pre-
administration and consistent with the longer half-life and effective plasma concentrations of the drug.>*

In the last few years, different therapies for PNH have been studied, all of them showing an improvement in terms of
fatigue or QoL. Pegcetacoplan, a C3 inhibitor, obtained an increase of FACIT-F score of 9.2 points versus a decrease of 2.7
points with eculizumab, with 73% of patients in the pegcetacoplan arm achieving an increase of at least 3 points (versus 0%
in the eculizumab arm).”> Data from the COMPOSER study showed that both FACIT-F score and EORTC QLQ-C30 scores
improved at week 10 with crovalimab (of 8.8 and 21.1 points, respectively) a subcutaneous C5 inhibitor also active in
patients with the Japanese polymorphism.>® Danicopan, an oral factor D inhibitor, achieved an increase of FACIT-F score
both when used in patients naive from complement inhibitors (34 points at baseline, increased by 9 and 13 points at days 28
and 85, p<0.05) and when added to eculizumab (mean FACIT-F increased by 11 points at week 24).””>® Finally, latest data

from trials evaluating iptacopan, an oral factor B inhibitor, showed a significant amelioration of FACIT-F score.’>*

Conclusions

PNH-related fatigue and symptoms are a puzzle of physical and psychological constraints to patients’ QoL. These
include inability to perform working and leisure activities, but also a detrimental effect on daily living. To better assess
these issues, clinicians may profit of several scores developed for chronic anemia due to cancer and other conditions, but
also of the advent of novel PNH specific PRO measures that are being evaluated in clinical trials. The latter will allow to
objectivate and measure QoL in PNH patients while also putting them and their expectations at the center when
designing clinical trials. As a matter of fact, eculizumab revolutionized PNH management in the last 15 years, and
also ameliorated QoL. However, recent studies with novel drugs clearly showed that the boundaries of QoL in PNH
patients may be pushed far beyond those reached with eculizumab. Given the variety of novel compounds, including
intravenous, subcutaneous, and oral drugs, with different half-lives, availability of auto-injection, and the potential to
differently improve residual anemia in PNH, patients’ perspective and efficacy on QoL will become more and more
crucial in treatment selection. Despite the advancement in disease treatment, the lifelong nature of PNH and the
occurrence of BTH and thrombotic and infectious complications still burden the clinical course and affect individual
health perception. Only education of clinicians and patients, along with maximization of preventive measures will

improve the management of these unmet clinical needs.
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