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ABSTRACT
Background  Pegunigalsidase alfa is a PEGylated 
α-galactosidase A enzyme replacement therapy. BALANCE 
(NCT02795676) assessed non-inferiority of pegunigalsidase 
alfa versus agalsidase beta in adults with Fabry disease with 
an annualised estimated glomerular filtration rate (eGFR) 
slope more negative than −2 mL/min/1.73 m2/year who had 
received agalsidase beta for ≥1 year.
Methods  Patients were randomly assigned 2:1 to 
receive 1 mg/kg pegunigalsidase alfa or agalsidase beta 
every 2 weeks for 2 years. The primary efficacy analysis 
assessed non-inferiority based on median annualised 
eGFR slope differences between treatment arms.
Results  Seventy-seven patients received either 
pegunigalsidase alfa (n=52) or agalsidase beta (n=25). At 
baseline, mean (range) age was 44 (18–60) years, 47 (61%) 
patients were male, median eGFR was 74.5 mL/min/1.73 m2 
and median (range) eGFR slope was −7.3 (−30.5, 6.3) mL/
min/1.73 m2/year. At 2 years, the difference between median 
eGFR slopes was −0.36 mL/min/1.73 m2/year, meeting the 
prespecified non-inferiority margin. Minimal changes were 
observed in lyso-Gb3 concentrations in both treatment arms 
at 2 years. Proportions of patients experiencing treatment-
related adverse events and mild or moderate infusion-related 
reactions were similar in both groups, yet exposure-adjusted 
rates were 3.6-fold and 7.8-fold higher, respectively, with 
agalsidase beta than pegunigalsidase alfa. At the end of the 
study, neutralising antibodies were detected in 7 out of 47 
(15%) pegunigalsidase alfa-treated patients and 6 out of 
23 (26%) agalsidase beta-treated patients. There were no 
deaths.
Conclusions  Based on rate of eGFR decline over 
2 years, pegunigalsidase alfa was non-inferior to 
agalsidase beta. Pegunigalsidase alfa had lower rates 
of treatment-emergent adverse events and mild or 
moderate infusion-related reactions.
Trial registration number  NCT02795676.

INTRODUCTION
Fabry disease (FD; OMIM #301500) is a rare, 
progressive X-linked lysosomal disorder caused 
by pathogenic variants in the GLA gene leading 
to deficiency of α-galactosidase A (α-Gal A) and 
associated accumulation of globotriaosylceramide 
(Gb3) and globotriaosylsphingosine (lyso-Gb3).1–5 
FD involves many systems, including renal, cardiac, 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Currently available enzyme replacement 
therapies (ERTs) benefit patients with Fabry 
disease (FD) but are associated with infusion-
related reactions and the development of 
antidrug antibodies.

	⇒ Pegunigalsidase alfa is a novel, PEGylated 
α-galactosidase A ERT with prolonged half-life, 
improved tolerability and lower incidence of 
infusion-related reactions.

WHAT THIS STUDY ADDS
	⇒ This was the first randomised, double-blind, 
head-to-head clinical trial of ERTs in FD and 
demonstrated comparable renal efficacy on 
estimated glomerular filtration rate slope of 2 
years of treatment with pegunigalsidase alfa 
compared with agalsidase beta in adults with 
deteriorating renal function and history of long-
term agalsidase beta treatment.

	⇒ Pegunigalsidase alfa-treated patients 
experienced a lower rate of mild or moderate 
infusion-related reactions.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Pegunigalsidase alfa provides patients with an 
additional treatment option for FD.
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neurologic and cerebrovascular.6 Phenotypic variation is marked 
in heterozygous females with higher plasma α-Gal A activity, 
random X-linked inactivation and deficient cross-correction.7–11

At the time the BALANCE study was conducted, three FD treat-
ment options were approved with varying availability by country, 
including two enzyme replacement therapies (ERTs; agalsidase 
alfa and agalsidase beta) and one oral pharmacological chaperone 
therapy (migalastat).12 13 Agalsidase alfa and agalsidase beta are ERT  
preparations with engineered α-Gal A, administered via intravenous 
infusion every 2 weeks (E2W) at 0.2 and 1 mg/kg doses, respectively.12 
In clinical trials, ERT reduced the rate of kidney function decline, 
improved cardiac structure, reduced neuropathic pain severity 
and improved gastrointestinal symptoms.14 15 Patients receiving  
agalsidase beta who initiated treatment at a younger age and with 
higher estimated glomerular filtration rate (eGFR) benefited most; 
baseline glomerular sclerosis and uncontrolled proteinuria were 
indicators for poor prognosis.16 ERTs can lead to clinically relevant 
improvements in natural disease course, although disease progres-
sion occurs in some cases.17 Antidrug antibodies (ADAs) occur in 
up to 83% of patients with FD receiving agalsidase beta in clinical 
trials18 and are more common in males.19 In real-world studies, 
ADAs negatively impact biomarker response to ERT (less robust 
lyso-Gb3 reduction) and clinical outcomes12 19–22 and are associated 
with infusion-related reactions.23–27

Pegunigalsidase alfa, approved in the EU and the USA, is a 
novel PEGylated α-Gal A ERT with prolonged half-life, and 
designed to have reduced immunogenicity and potentially 
improved tolerability.13 28–30 It is chemically modified with 2 kDa 
homo-bifunctional polyethylene glycol (PEG) molecules cross-
linking two plant cell–derived subunits of α-Gal A or bound to 
surface lysine residues by one end only,29 resulting in PEGylated,  
covalently bound 114 kDa homodimer enzyme. Potential 
masking of some immune epitopes by PEGylation29 may explain 
the lower immunogenicity.30 31 Comparing in vitro and in vivo 
properties of pegunigalsidase alfa versus agalsidase alfa and 
agalsidase beta demonstrated equivalent activity with longer 
in vivo plasma half-life, in vitro stability with plasma-like and 
lysosomal-like conditions, and different cellular uptake routes.29 
Elimination plasma half-life is approximately 90–110 min for 
agalsidase alfa and 80–120 min for agalsidase beta.18 32 Peguni-
galsidase alfa has an elimination half-life of ~80 hours, effective 
Gb3 clearance from renal tissue and a favourable safety profile 
up to 12 months.30 33

The phase III BALANCE study (NCT02795676) is the first 
randomised, double-blind, active-control, head-to-head clinical 
trial of ERTs in FD and is the first study to directly evaluate 
efficacy, safety and tolerability of pegunigalsidase alfa versus 
agalsidase beta in adult patients with previous agalsidase beta 
treatment and deteriorating renal function.

METHODS
Study design
BALANCE was conducted at 29 study centres in 12  
countries from 22 August 2016 to 12 October 2021. Patients were 
randomly assigned 2:1 to receive pegunigalsidase alfa or agalsi-
dase beta, 1 mg/kg intravenously E2W for 24 months. Randomis-
ation was stratified by screening urine protein-to-creatinine ratio 
(UPCR) <1 or ≥1 g/g. The primary objective was to evaluate  
efficacy of pegunigalsidase alfa versus agalsidase beta; the 
primary analysis was to demonstrate non-inferiority of peguni-
galsidase alfa with respect to annualised change in eGFR slope, 
based on a prespecified margin of median annualised eGFR slope  
difference and its CI between groups. The secondary efficacy 

endpoint reported here is change in plasma lyso-Gb3 concen-
tration. Safety endpoints included treatment-emergent adverse 
events (TEAEs), infusion-related reactions, premedication use, 
and pre-existing and on-study ADA status.

Pegunigalsidase alfa and agalsidase beta infusions were 
planned to be initially administered over 3 hours at the study 
centre. If well tolerated, infusion duration was gradually 
reduced to 1.5 hours, and patients could receive home infu-
sions. If previously used, premedication was continued but 
gradually decreased over 3 months at investigator’s discre-
tion based on patient tolerability. After study completion, 
patients were invited to participate in an open-label exten-
sion of pegunigalsidase alfa (PB-102-F60; BRILLIANCE; 
NCT03566017).

Patients
Patients were symptomatic, aged 18–60 years, with ≥1 charac-
teristic FD feature (neuropathic pain, cornea verticillata, clus-
tered angiokeratomas), screening eGFR of 40–120 mL/min/ 
1.73 m2 calculated via 2009 Chronic Kidney Disease Epidemi-
ology Collaboration (CKD-EPI) equation,34 deteriorating renal 
function (linear eGFR slope more negative than −2 mL/min/ 
1.73 m2/year based on ≥3 creatinine values over 9–18 months), 
and ≥1 year agalsidase beta treatment (1 mg/kg E2W). FD was 
confirmed in males by decreased plasma and/or leucocyte α-Gal 
A activity to <30% of mean normal levels and in females histor-
ically confirmed based on known pathogenic GLA variants or 
novel variants shared by a first-degree male relative with FD.

Key exclusion criteria included the following: anaphylaxis 
or type I hypersensitivity reactions to agalsidase beta; histor-
ical eGFR >120 mL/min/1.73 m2 for 9–18 months prior; 
renal dialysis or transplantation; acute kidney injury within 
the last 12 months; angiotensin-converting enzyme inhib-
itor (ACEi) or angiotensin II receptor blocker (ARB) initi-
ation or dose change within 4 weeks prior; UPCR >0.5 g/g 
and not ACEi/ARB-treated.35

Estimated glomerular filtration rate
Patients provided pre-infusion blood samples for creati-
nine assessment. Analysis was performed centrally using an  
enzymatic assay; eGFR (2009 CKD-EPI equation34) was 
calculated at screening and at least monthly for 30 visits 
during treatment (including baseline).

Plasma lyso-Gb3
Patients provided pre-infusion blood samples for plasma 
lyso-Gb3 assessment at baseline, 1.5 months, every 3 
months the first year and every 6 months the second year. 
Quantification was performed centrally, including matrix 
lipid extraction and ultra-performance liquid chromatog-
raphy–tandem mass spectrometry.36 37

Safety
TEAEs were adverse events (AEs) occurring between  
treatment initiation and final infusion. TEAEs included new 
medical conditions and pre-existing ones that worsened during  
treatment. Infusion-related reactions were defined as TEAEs  
beginning during or within 2 hours of infusion whose 
causality was assessed as definitely, probably or possibly 
treatment-related; these excluded injection site reactions, 
which were considered procedure-related.
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Antidrug antibodies
ADA assessment was performed using a multi-tiered approach 
based on a solid-phase ELISA using pegunigalsidase alfa or 
agalsidase beta for antibody capture.

Statistical methods
Intent-to-treat (ITT) population was the main set for efficacy 
analyses and included all randomly assigned patients who 
received at least one dose (including partial doses). Per protocol 
(PP) population included ITT patients who completed 24 
months of treatment, with ≥80% compliance and no major 
protocol violations potentially affecting the primary endpoint. 
In a non-inferiority study, PP and ITT analysis sets should be  
considered together for interpretation. Safety population 
included all randomly assigned patients who received any treat-
ment dose (including partial doses). Treatment arm differences 
in rates of TEAEs and infusion-related reactions were analysed 
post hoc via Poisson regression with offset of treatment duration 
and number of infusions, respectively.

The primary efficacy endpoint was annualised eGFR slope. 
To determine non-inferiority, the lower limit of a 95% CI 
for the difference of median annualised eGFR slopes was  
prespecified to be −3 mL/min/1.73 m2/year. Comparison of 
eGFR slopes was performed using quantile regression for the 
median, where individual slopes were estimated in the first stage 
using linear regression based on all eGFR assessments of each 
patient. In the second stage, quantile regression was used with 
treatment arm as the covariate.38

A post hoc analysis adjusting for sex was performed for the 
primary endpoint. Lyso-Gb3 concentrations and change from 
baseline over time were compared between arms and stratified 
by sex using post hoc Wilcoxon rank test. Additional post hoc 
analyses were descriptive.

Refer to online supplemental material 1 for additional 
methods and CONSORT (Consolidated Standards of Reporting 
Trials) reporting guidelines.

RESULTS
Patients
Of the 127 screened patients, 49 failed screening and 78 met 
inclusion criteria and were randomly assigned (53 to pegunigal-
sidase alfa, 25 to agalsidase beta) (online supplemental figure 
1). Of the 57 genetic variants identified, GLA c.679C>T 
(p.(Arg227Ter)) and c.680G>A (p.(Arg227Gln)) were the most 
common (online supplemental table 1).

Seventy-seven patients received either pegunigalsidase alfa 
(n=52) or agalsidase beta (n=25); one patient randomly assigned 
to pegunigalsidase alfa withdrew consent before receiving 
treatment (online supplemental figure 1). Forty-eight (90.6%) 
patients receiving pegunigalsidase alfa and 24 (96.0%) receiving  
agalsidase beta completed 24 months of treatment. Three 
patients on pegunigalsidase alfa (including the patient who did 
not receive treatment) and one patient on agalsidase beta volun-
tarily withdrew consent. Two patients on pegunigalsidase alfa 
discontinued due to AEs within the first year. In the ITT popu-
lation (n=77), baseline characteristics were not significantly 
different between arms (table 1).

Estimated glomerular filtration rate
Median eGFR at baseline was nearly identical for patients on 
pegunigalsidase alfa (73.5 mL/min/1.73 m2) and agalsidase beta 
(74.9 mL/min/1.73 m2; p=0.82) (table 1 and figure 1). Ranges 
were broad: 30–126 and 34–108 mL/min/1.73 m2, respectively, 

and changes were observed for individual patient values from 
screening to baseline. eGFR change from baseline showed a 
similar decline at 24 months in the two arms with a median 
change of −2.39 mL/min/1.73 m2 for pegunigalsidase alfa and 
−3.20 mL/min/1.73 m2 for agalsidase beta. Refer to online 
supplemental figure 2 for eGFR and eGFR change from baseline 
stratified by baseline eGFR.

Baseline median eGFR slope for the ITT population, based 
on historical patient data, was approximately −7 mL/min/ 
1.73 m2/year overall and was similar between arms (p=0.37) 
(table  1). In males, baseline eGFR slope ranged from −30.5 to 
6.3 mL/min/1.73 m2/year with pegunigalsidase alfa and −20.3 
to −2.8 mL/min/1.73 m2/year with agalsidase beta; in females, 
ranges were −19.2 to −1.6 mL/min/1.73 m2/year and −13.9 
to −6.9 mL/min/1.73 m2/year, respectively. Median (95% CI 
limits) eGFR slopes after 24 months of treatment were −2.51 
(−3.79, –1.24) mL/min/1.73 m2/year with pegunigalsidase 
alfa and −2.16 (−3.81, –0.51) mL/min/1.73 m2/year with  
agalsidase beta (table  2). Difference in median eGFR slope for 
the ITT population between arms was −0.36 mL/min/1.73 m2/
year (95% CI −2.44, 1.73). The lower limit of the CI was above 
the prespecified non-inferiority margin; hence, non-inferiority 
was achieved. The 95% CI included 0, with extensive overlap 
between individual CIs, indicating no significant difference between  
arms.

Subgroup analysis of eGFR slope showed median (95% CI) 
eGFR slope overlapped across arms for males: −3.44 (−5.38, 
–1.50) mL/min/1.73 m2/year with pegunigalsidase alfa and 
−2.01 (−3.98, –0.04) mL/min/1.73 m2/year with agalsidase 
beta, with a difference of −1.43 (−3.96, 1.10) mL/min/1.73 
m2/year (table 2). High overlap was also observed across arms 
for females.

All ADA-positive patients at baseline were male (table  1). 
Median (95% CI) eGFR slope in ADA-positive males was 
similar between arms: −2.51 (−5.28, 0.25) mL/min/ 
1.73 m2/year with pegunigalsidase alfa (n=18) and −2.16 
(−6.25, 1.93) mL/min/1.73 m2/year with agalsidase beta 
(n=8), with a difference (95% CI) of −0.36 (−5.16, 4.45) mL/
min/1.73 m2/year between arms (table  2). Median (95% CI) 
eGFR slope in ADA-negative patients in both treatment 
arms was similar: −2.22 (−4.02, –0.43) mL/min/1.73 m2/
year with pegunigalsidase alfa and −2.16 (−4.06, –0.26) mL/
min/1.73 m2/year with agalsidase beta; difference (95% CI) of  
−0.07 (−2.41, 2.27) mL/min/1.73 m2/year.

Plasma lyso-Gb3
As expected, males had higher plasma lyso-Gb3 concentra-
tions throughout the study compared with females for both 
arms (figure 2). At 24 months, median (range) plasma lyso-Gb3 
change from baseline in males was 5.30 (−32.2 to 32.7) nM 
with pegunigalsidase alfa and −2.40 (−102.3 to 2.4) nM 
with agalsidase beta; (p=0.0001); in females, the change was 
minimal: 0.10 (−4.0 to 5.8) nM with pegunigalsidase alfa and 
−0.30 (−0.7 to 0.9) nM with agalsidase beta (table  3, online 
supplemental figure 3) (p=0.54). In the overall population, 
median plasma lyso-Gb3 remained relatively stable in each arm 
with <2 nM change from baseline to 24 months (1.15 nM for 
pegunigalsidase alfa and −1.50 nM for agalsidase beta). In a 
post hoc assessment of lyso-Gb3 dynamics over study duration, 
individual patient profiles were analysed for plasma lyso-Gb3 
increases from baseline exceeding 20% and 10 nM. Results  
indicated that lyso-Gb3 increases of this magnitude likely occur 
in patients with baseline UPCR ≥1 g/g and ADA positive status. 

https://dx.doi.org/10.1136/jmg-2023-109445
https://dx.doi.org/10.1136/jmg-2023-109445
https://dx.doi.org/10.1136/jmg-2023-109445
https://dx.doi.org/10.1136/jmg-2023-109445
https://dx.doi.org/10.1136/jmg-2023-109445
https://dx.doi.org/10.1136/jmg-2023-109445
https://dx.doi.org/10.1136/jmg-2023-109445
https://dx.doi.org/10.1136/jmg-2023-109445
https://dx.doi.org/10.1136/jmg-2023-109445
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Patients with baseline UPCR ≥1 g/g and ADA positive status 
were all male and more frequently assigned to the pegunigalsi-
dase alfa arm (of 18 ADA-positive patients, 6 had UPCR ≥1 g/g) 
than agalsidase beta (of 8 ADA-positive patients, 1 had UPCR 
≥1 g/g) (data not shown).

Safety
Treatment-emergent adverse events
Most patients (90.4% of pegunigalsidase alfa-treated and 96.0% 
of agalsidase beta-treated) experienced ≥1 TEAE (table 4). The 
TEAE rate (events/100 exposure-years) was significantly lower 
with pegunigalsidase alfa (572) than agalsidase beta (817) (rate 
ratio (95% CI) of 0.70 (0.62, 0.80), p<0.0001). Among males, 
rates were significantly lower with pegunigalsidase alfa (545) 
than agalsidase beta (922) (rate ratio (95% CI) of 0.59 (0.51, 
0.69), p<0.0001), but there was no significant difference among 
females (605 vs 549; rate ratio (95% CI) of 1.10 (0.86, 1.42), 
p=0.45). Proportions of patients experiencing treatment-related 
TEAEs were similar (40% with pegunigalsidase alfa and 44% 
with agalsidase beta). Treatment-related TEAE rate (events/100 
exposure-years) was 3.6-fold lower with pegunigalsidase alfa 
(43) than agalsidase beta (153).

On exploring whether all patients experienced rela-
tively equal numbers of treatment-related TEAEs, it was 

observed that 2 patients per treatment arm with the most 
treatment-related TEAEs constituted 26% (11 events) for  
pegunigalsidase alfa and 57% (43 events) for agalsidase beta. A 
male receiving pegunigalsidase alfa reported 6 related TEAEs 
and another male reported 5; the remaining 19 patients reported 
1–4 events each (13 males, 6 females); one female receiving 
agalsidase beta reported 18 related TEAEs, and a male reported 
25; the remaining 9 (8 males, 1 female) patients reported 1–8 
events each.

Two pegunigalsidase alfa-treated patients experienced 
TEAEs leading to withdrawal. One experienced a hyper-
sensitivity reaction during the first infusion which resolved 
that day; defined as an infusion-related reaction, and consid-
ered as serious, severe and treatment-related. This patient  
experienced another hypersensitivity reaction on rechallenge 
and withdrew. At first infusion, the patient was positive for 
anti-pegunigalsidase alfa IgE and IgG. Another patient was  
diagnosed with FD-related end-stage renal disease necessitating 
kidney transplant and withdrew. An additional pegunigalsidase 
alfa-treated patient had treatment-related immune complex-
mediated membranoproliferative glomerulonephritis leading 
to cessation of treatment but not withdrawal from the study. A 
kidney biopsy confirmed the presence of 1+IgG subendothelial 
deposits and 1+kappa and lambda deposits; c3 was negative. 

Table 1  Patient demographics and baseline characteristics

Parameter

Pegunigalsidase alfa Agalsidase beta

Overall
(n=77) P value*

Males
(n=29)

Females
(n=23)

Overall
(n=52)

Males
(n=18)

Females
(n=7)

Overall
(n=25)

Age, years 0.60

 � Mean±SD 42.6±11.5 45.6±8.3 43.9±10.2 46.5±6.9 41.7±14.5 45.2±9.6 44.3±10.0

Sex, n (%)† 29 (56) 23 (44) – 18 (72) 7 (28) – M 47 (61)
F 30 (39)

0.19

eGFR, mL/min/1.73 m2‡

 � Mean (SE) 71.6 (4.4) 75.8 (3.0) 73.5 (2.8) 69.2 (5.0) 86.9 (5.3) 74.2 (4.2) 73.7 (2.3) 0.82

 � Median 70.2 75.5 73.5 71.8 88.2 74.9 74.5

 � Min, max 30.2, 125.9 47.2, 107.1 30.2, 125.9 34.1, 106.3 65.8, 107.6 34.1, 107.6 30.2, 125.9

eGFR slope, mL/min/1.73 m2/year§ 0.37

 � Mean (SE) −8.7 (1.5) −7.2 (1.0) −8.0 (0.9) −7.8 (1.1) −9.4 (1.0) −8.3 (0.9) −8.1 (0.7)

 � Median −7.3 −6.5 −6.7 −7.3 −8.3 −7.8 −7.3

 � Min, max −30.5, 6.3 −19.2,–1.6 −30.5, 6.3 −20.3,–2.8 −13.9,–6.9 −20.3,–2.8 −30.5, 6.3

UPCR, n (%) 0.52

 � UPCR≤0.5 g/g 15 (52) 21 (91) 36 (69) 13 (72) 7 (100) 20 (80) 56 (73)

 � 0.5<UPCR <1 g/g 8 (28) 1 (4) 9 (17) 2 (11) 0 2 (8) 11 (14)

 � UPCR≥1 g/g 6 (21) 1 (4) 7 (14) 3 (17) 0 3 (12) 10 (13)

Treatment with ACEi or ARBs, n (%) 17 (59) 9 (39) 26 (50) 15 (83) 1 (14) 16 (64) 42 (55) 0.22

Positive ADA status¶, n (%) 18 (62) 0 18 (35) 8 (44) 0 8 (32) 26 (34) 0.82

Positive for neutralising antibodies, n (%)** 17 (59) 0 17 (33) 7 (39) 0 7 (28) 24 (31) 0.8

Length of previous agalsidase beta treatment, years†† 0.25

 � Mean±SD 6.4±4.9 4.2±2.1 5.4±4.0 6.6±3.4 6.1±3.7 6.4±3.4 5.8±3.8

*P values were calculated between treatment arms for age and length of previous agalsidase beta treatment with t-test; for sex, UPCR category, ACEi/ARB treatment, and ADA 
status by Pearson χ2 test; for eGFR and eGFR slope by Wilcoxon; for neutralising antibodies by Fisher’s exact test.
†Percentage calculated out of total number of patients per treatment arm.
‡Inclusion criteria specified patients have eGFR of 40–120 mL/min/1.73 m2 at screening visit; eGFR at baseline visit (presented here) was outside of this range for some patients. 
Normal range 90–120 mL/min/1.73 m2.46

§eGFR slope at baseline was based on historical, screening, and baseline serum creatinine measurements and was more positive than −2 mL/min/1.73 m2/year at baseline for 
some patients. eGFR slope as negative as −1 mL/min/1.73 m2/year is considered normal for patients age ≥40 years.46

¶All patients were evaluated for the presence of antidrug IgG antibodies to their assigned drug at baseline.
**Percentage calculated out of total number of patients of the respective sex per treatment arm.
††Last continuous agalsidase beta treatment.
ACEi, angiotensin-converting enzyme inhibitors; ADAs, antidrug antibodies; ARBs, angiotensin II receptor blockers; eGFR, estimated glomerular filtration rate; F, female; M, male; 
UPCR, urine protein creatinine ratio.
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There were continued capillary cell and endothelial cell inclu-
sions and numerous podocyte inclusions. Immunohistochemistry 
confirmed immune complexes collocated with α-Gal. TEAEs by 
system are presented in online supplemental table 2. There were 
no deaths.

Infusion-related reactions
With pegunigalsidase alfa, infusion-related reaction rate was 
0.5 event/100 infusions, with 11 (21%) patients reporting 13 
infusion-related reactions (table  4). Infusion-related reaction 
rate with agalsidase beta was significantly higher (3.9 events/100 
infusions; rate ratio (95% CI) of 0.13 (0.07, 0.24), p<0.0001), 
with six (24%) patients experiencing 51 infusion-related  

reactions. The proportion of males reporting infusion-related 
reactions was numerically higher (31% with pegunigalsidase alfa 
and 28% with agalsidase beta) than that of females (9% with 
pegunigalsidase alfa and 14% with agalsidase beta) (difference 
between arms not significant). Infusion-related reaction rate was 
significantly lower in both males and females on pegunigalsidase 
alfa compared with males and females on agalsidase beta (males: 
0.8 vs 3.5 events/100 infusion, respectively; rate ratio (95% CI) 
of 0.22 (0.11, 0.44); p<0.0001) (females: 0.2 vs 4.9 events/100 
infusions, respectively; rate ratio (95% CI) of 0.04 (0.01, 0.15); 
p<0.0001).

In both arms, the proportion of ADA-positive patients 
reporting infusion-related reactions was higher (33% with 

Figure 1  Median eGFR over time in (A) all patients and (B) by sex. (B) Number of female and male patients: pegunigalsidase alfa, n=23 and n=29, 
respectively; agalsidase beta, n=7 and n=18, respectively. aNumber of patients at baseline and 24 months: n=52 and n=47, respectively. bNumber of 
patients at baseline and 24 months: n=25 and n=24, respectively. eGFR, estimated glomerular filtration rate; ITT, intent-to-treat.

https://dx.doi.org/10.1136/jmg-2023-109445
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pegunigalsidase alfa and 50% with agalsidase beta) than ADA-
negative patients (15% and 12%, respectively). Infusion-
related reaction rate was lower with pegunigalsidase alfa than  
agalsidase beta among ADA-positive patients (0.9 and 7.5 
events/100 infusions, respectively) and ADA-negative patients 
(0.3 and 2.2 events/100 infusions, respectively).

Premedications
Most patients who initially received premedications (based on 
prior agalsidase beta treatment regimen) successfully reduced 
premedication use. There was a notable drop in premedication 
use from baseline to 24 months, from 21 (40.4%) to 3 (6.4%) 
patients receiving pegunigalsidase alfa and from 16 (64.0%) to 3 
(12.5%) patients receiving agalsidase beta.

Antidrug antibodies
For males receiving pegunigalsidase alfa, 18 out of 29 (62%) 
were ADA-positive at baseline, and 10 out of 25 (40%) were 
ADA-positive at study end. For females, none were ADA-positive 
at baseline, and 1 out of 22 (5%) females was ADA-positive at 
study end (with treatment-emergent ADA). Neutralising anti-
bodies were present in 17 out of 52 (33%) patients at baseline, 
and 7 out of 47 (15%) patients at study end. Treatment-emergent 
ADAs were present in 6 out of 52 (12%) patients (3 ADA-
negative at baseline who became positive during treatment, and 
three titre boosted by more than fourfold during treatment). All 
IgG-positive patients tested negative for antibodies recognising 
the plant glycans, and three patients tested positive for anti-
bodies to the PEG moieties of pegunigalsidase alfa (transitory 
response) throughout the study.

With agalsidase beta, 8 out of 18 (44%) males were ADA-
positive at baseline, and 6 out of 16 (38%) were ADA-positive 
at study end. Neutralising antibodies were present in 7 out of 
25 (28%) patients at baseline, and 6 out of 23 (26%) patients at 
study end. Treatment-emergent ADAs were present in 5 out of 
25 (20%) patients, 3 of whom had treatment-induced ADAs, and 
two titre boosted.

Infusion setting and duration
A mean (SD; median) of 22.8 (17.0; 30.0) pegunigalsidase 
alfa infusions/patient were administered at home (46.0% of 
total infusions). With pegunigalsidase alfa, mean (range) infu-
sion duration of completed infusions decreased from 3.1 (2.0–
4.9) hours at first infusion to 1.6 (1.4–2.1) hours at 24 months; 
with agalsidase beta, means were 3.0 (2.6–3.3) hours at first 
infusion and 1.7 (1.4–3.2) hours at 24 months (no significant 
difference between groups at 24 months).

DISCUSSION
BALANCE demonstrated non-inferior renal efficacy and the 
potential for improved tolerability with pegunigalsidase alfa 
compared with agalsidase beta in patients with FD and deteri-
orating renal function. Clinically, patients were heterogeneous 
with multisystem involvement (median (range) of 5 (2–7) organs; 
>83% had cardiac involvement, and >97% had neurological 
involvement, based on FD medical history). The study popu-
lation had received agalsidase beta for 1 year at minimum and 
for 6 years on average. Importantly, these patients had severe 
disease relative to previous agalsidase beta trials, which included 
patients with either low or high renal involvement16 or ERT-
naïve patients with decreased creatinine clearance and without 
advanced, serious cardiac and neurological problems.39

The primary endpoint was achieved, showing  
pegunigalsidase alfa was comparable to agalsidase beta. The 
non-inferiority margin was based on natural history information 
available at study development,40 41 type of population enrolled 
(ie, progressive renal impairment based on historical eGFR 
slope), inherent variability of eGFR as an outcome and limited 
sample size with rare disease. Post hoc analysis indicated that the 
imbalance in sex distribution at randomisation (not statistically 
significant) did not influence the final results.

Median eGFR slope improved in both study arms: from −6.7 
and −7.8 mL/min/1.73 m2/year at baseline with pegunigalsidase 
alfa and agalsidase beta, respectively, to −2.5 and −2.2 mL/min/ 
1.73 m2/year, respectively, at 2 years. This difference in 

Table 2  Median eGFR slope and 95% CI model* (ITT population)—by treatment arm, sex and ADA status

ITT population median eGFR slope
Pegunigalsidase alfa
(n=52)†

Agalsidase beta
(n=25)‡ Difference between arms

Baseline, mL/min/1.73 m2/year

 � Overall −6.70 −7.84 –

 � Male −7.25 −7.25 –

 � Female −6.45 −8.31 –

 � ADA-positive −5.75 −6.08 –

 � ADA-negative −7.10 −7.84 –

24 months, mL/min/1.73 m2/year (95% CI)

 � Overall −2.51 (−3.79, –1.24) −2.16 (−3.81, –0.51) −0.36 (−2.44§, 1.73)

 � Male −3.44 (−5.38, –1.50) −2.01 (−3.98, –0.04) −1.43 (−3.96, 1.10)

 � Female −1.15 (−3.11, 0.81) −2.79 (−6.28, 0.70) 1.64 (−2.56, 5.84)

 � ADA-positive −2.51 (−5.28, 0.25) −2.16 (−6.25, 1.93) −0.36 (−5.16, 4.45)

 � ADA-negative −2.22 (−4.02, –0.43) −2.16 (−4.06, –0.26) −0.07 (−2.41, 2.27)

*To determine non-inferiority, the annualised median eGFR slopes were analysed by quantile regression using SAS PROC QUANTREG to obtain the corresponding 95% CI; non-
inferiority was declared if the lower limit of the CI for the treatment difference (pegunigalsidase alfa – agalsidase beta) was ≥ −3.0 mL/min/1.73 m2/year.
†Baseline: males (n=29), females (n=23), ADA-positive (n=18), ADA-negative (n=34); number of subjects considered in the model at 24 months: overall (n=51), males (n=28), 
females (n=23), ADA-positive (n=17), ADA-negative (n=34).
‡Baseline: males (n=18), females (n=7), ADA-positive (n=8), ADA-negative (n=17); number of subjects considered in the model at 24 months: overall (n=25), males (n=18), 
females (n=7), ADA-positive (n=8), ADA-negative (n=17).
§Value above the predefined non-inferiority margin.
ADA, antidrug antibody; eGFR, estimated glomerular filtration rate; ITT, intent-to-treat.
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pre-enrolment and on-study slope could have resulted from differ-
ences in how historical and on-study creatinine values were derived 
(site-specific vs centralised, non-uniform vs predefined time  
intervals, variable vs predefined number of assessments, 
different vs same laboratory methodology). Of note, patients 
were managed before enrolment by standards of care that may 
have varied across the 29 study centres in 12 countries. Renal 
function in both arms stabilised, despite declining renal function 
at baseline and the unchanged agalsidase beta regimen. None-
theless, baseline kidney function was equivalent between arms, 
supporting the validity of the randomisation. Medication adjust-
ments would likely not affect results, because the use of ACEi/
ARBs remained stable in both arms. Another possible expla-
nation for this observation is the Hawthorne effect, a known 
phenomenon whereby clinical study participants benefit by 
being more closely observed than with standard care.42

Median plasma lyso-Gb3 remained stable over the 2-year 
study in both treatment arms. As expected, sex stratification 
revealed that lyso-Gb3 concentrations were higher in males. 
Further post hoc analysis of outliers suggests baseline ADAs and 
UPCR >1 g/g may relate to changes in lyso-Gb3; these patients 
were slightly over-represented in the pegunigalsidase alfa arm. 
Generally, the clinical significance of the magnitude of lyso-Gb3 
changes in both groups should be interpreted with caution.

Overall, pegunigalsidase alfa was well tolerated, aligning with 
previous findings in ERT-naïve and other switch patients.30 
There were substantially fewer infusion-related reactions with 
pegunigalsidase alfa than agalsidase beta, with a 7.8-fold differ-
ence in rate of infusion-related reactions (0.5/100 vs 3.9/100 
infusions), and most were mild or moderate. There was one 
serious infusion-related reaction, a hypersensitivity event in one 
pegunigalsidase alfa IgE-positive patient. In other studies, 59% 

Figure 2  Plasma lyso-Gb3 over time in (A) males and (B) females. Boxes and whiskers represent the median and quartiles, with outliers as circles; ‘X’ 
represents the mean. Lyso-Gb3, globotriaosylsphingosine.
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of agalsidase beta-treated patients experienced infusion-related 
reactions (adverse reactions occurring on the infusion day), 
some of which were severe.18 The lower proportion of patients 
reporting infusion-related reactions in BALANCE (21% with  
pegunigalsidase alfa; 24% with agalsidase beta) relative to what 
is reported in agalsidase beta’s prescribing information18 may be 
due to the selection of patients who received long-term treatment 
with agalsidase beta (vs initial 2 years from ERT initiation) and/
or exclusion of patients who might have discontinued agalsidase 
beta due to infusion-related reactions. No deaths were reported. 
Two patients on pegunigalsidase alfa withdrew due to AEs; one 
hypersensitivity reaction and the other not treatment-related. 

The overall rate of TEAEs was lower with pegunigalsidase alfa 
than agalsidase beta (572 vs 817 events/100 exposure-years). 
The only serious AE was the above-reported infusion-related 
reaction of hypersensitivity with the first pegunigalsidase alfa 
treatment which resolved the same day.

At baseline, 26 patients had pre-existing ADAs. The propor-
tion of ADA-positive patients decreased slightly in both arms, 
from 35% at baseline to 23% at study end with pegunigalsidase 
alfa and from 32% to 26% with agalsidase beta. The proportion 
of patients with neutralising antibodies declined with pegunigal-
sidase alfa, from 33% to 15% compared with a change from 28% 
to 26% with agalsidase beta. Baseline reactivity to pegunigalsidase 

Table 3  Plasma lyso-Gb3 from baseline to 24 months by treatment arm and sex

Plasma lyso-Gb3 (nM)*

Pegunigalsidase alfa Agalsidase beta

Male (n=29) Female (n=23) Overall (n=52) Male (n=18) Female (n=7) Overall (n=25)

Baseline, n 29 23 52 18 7 25

 � Mean (SE) 40.40 (5.50) 8.35 (0.68) 26.22 (3.78) 42.43 (8.71) 5.69 (1.10) 32.14 (7.08)

 � Median 30.7 8.4 15.2 23.7 4.4 17.6

 � Min, max 0.8, 143.9 2.8, 16.2 0.8, 143.9 8.9, 142.0 2.1, 10.4 2.1, 142.0

24 months, n 25 21 46 15 7 22

 � Mean (SE) 46.88 (6.34) 8.19 (0.95) 29.22 (4.48) 26.17 (4.33) 5.66 (1.06) 19.65 (3.60)

 � Median 34.4 8.9 18.8 20.5 4.9 15.3

 � Min, max 3.2, 139.4 2.4, 22.0 2.4, 139.4 6.2, 71.2 1.5, 9.7 1.5, 71.2

Change from baseline to 24 months, n† 25 21 46 15 7 22

 � Mean (SE) 5.90 (2.41) 0.19 (0.46) 3.30 (1.38) −12.80 (6.93) −0.03 (0.27) −8.74 (4.85)

 � Median 5.3 0.1 1.15 −2.40 −0.30 −1.50

 � Min, max −32.2, 32.7 −4.0, 5.8 −32.2, 32.7 −102.3, 2.4 −0.7, 0.9 −102.3, 2.4

*Normal range ≤2.4 nM.
†Data from five patients in the pegunigalsidase alfa arm and one in the agalsidase beta arm are missing due to early termination; one and two patients, respectively, are missing data due to missed visits.
Lyso-Gb3, globotriaosylsphingosine.

Table 4  Treatment-emergent adverse events and infusion-related reactions within 2 hours of infusion

Variable

Pegunigalsidase alfa Agalsidase beta

Male (n=29) Female (n=23) Overall (n=52) Male (n=18) Female (n=7) Overall (n=25)

Any TEAE*

 � Patient, n (%) 25 (86) 22 (96) 47 (90) 18 (100) 6 (86) 24 (96)

 � Events, n (rate*) 294 (545) 267 (605) 561 (572) 329 (922) 77 (549) 406 (817)

TEAE related to drug

 � Patient, n (%) 15 (52) 6 (26) 21 (40) 9 (50) 2 (29) 11 (44)

 � Events, n (rate*) 33 (61) 9 (20) 42 (43) 55 (154) 21 (150) 76 (153)

Serious TEAE related to drug

 � Patient, n (%) 1 (3) 0 (0) 1 (2) 0 (0) 0 (0) 0 (0)

 � Events, n (rate*) 1 (2) 0 (0) 1 (1) 0 (0) 0 (0) 0 (0)

TEAE leading to withdrawal

 � Patient, n (%) 2 (7) 0 (0) 2 (4) 0 (0) 0 (0) 0 (0)

 � Events, n (rate*) 2 (4) 0 (0) 2 (2) 0 (0) 0 (0) 0 (0)

Related TEAE leading to withdrawal

 � Patient, n (%) 1 (3) 0 (0) 1 (2) 0 (0) 0 (0) 0 (0)

 � Events, n (rate*) 1 (2) 0 (0) 1 (1) 0 (0) 0 (0) 0 (0)

Any infusion-related reactions

 � Patient, n (%) 9 (31) 2 (9) 11 (21) 5 (28) 1 (14) 6 (24)

 � Events, n (rate†) 11 (0.8) 2 (0.2) 13 (0.5) 33 (4) 18 (5) 51 (4)

Mild or moderate infusion-related reactions

 � Patient, n (%) 9 (31) 2 (9) 11 (21) 5 (28) 1 (14) 6 (24)

 � Events, n (rate†) 10 (0.7) 2 (0.2) 12 (0.5) 33 (4) 18 (5) 51 (4)

Severe infusion-related reactions

 � Patient, n (%) 1 (3) 0 (0) 1 (2) 0 (0) 0 (0) 0 (0)

 � Events, n (rate†) 1 (0.1) 0 (0) 1 (0) 0 (0) 0 (0) 0 (0)

TEAEs include infusion-related reactions (defined as TEAEs beginning during or within 2 hours of infusion whose causality was assessed as definitely, probably or possibly treatment-related; these excluded injection site reactions, which were 
considered procedure-related).
*Per 100 exposure-years.
†Per 100 infusions.
TEAE, treatment-emergent adverse event.
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alfa is explained by cross-reactivity to the enzyme components of 
the amino acid sequence shared between pegunigalsidase alfa and 
agalsidase beta.31 Recent studies show that in some patients, pre-
existing ADAs against agalsidase alfa and agalsidase beta have less 
affinity and enzymatic inhibitory effects against pegunigalsidase 
alfa31; however, it is currently not possible to predict which ADA-
positive patients may benefit from ERT switch and additional 
analysis needs to be performed. In BALANCE, only 3 patients 
per arm (6% (3/52) with pegunigalsidase alfa; 12% (3/25) with  
agalsidase beta) showed treatment-induced de novo ADAs, 
all with long-term agalsidase beta exposure. These rates 
are lower than what has been described in trials of naïve 
patients, as de novo ADAs typically occur in the first months 
of ERT initiation. For example, treatment-induced ADAs 
developed in 19% of naïve patients treated with peguni-
galsidase alfa30 and 83% of naïve patients receiving  
agalsidase beta.18 Direct comparison of ADA incidence across 
trials is also challenging due to the use of different ADA assays. 
Overall, these ADA findings should be interpreted with caution 
and with consideration of the patients’ long-term ERT exposure.

In many cases, premedications were successfully reduced or 
discontinued, and mean infusion duration was similar between 
arms at 24 months with a maximum infusion duration of 
approximately 2 hours with pegunigalsidase alfa versus over 
3 hours with agalsidase beta. This indicates at least one patient 
required prolonged infusion time with agalsidase beta to achieve 
good tolerability. Altogether, these findings support the safety 
of pegunigalsidase alfa, with infusions found to be equally safe 
for both drugs when administered at home compared with the 
study site.

BALANCE inclusion criteria selected for advanced 
disease in both males and females with FD, and as such, the  
participants represent a relatively homogeneous subgroup of 
patients affected by the disease. Differences between arms in 
ADAs and infusion-related reactions could have been underesti-
mated because patients were already treated with agalsidase beta 
for an average of 6 years, and these occur most commonly in the 
first years of treatment. Due to the methodological challenges of 
interpretation, the current analysis does not compare the level 
of ADAs (titres) between arms and is limited to describing the 
proportion and trends of patients with ADAs within arms over 
time. Furthermore, FD is a heterogeneous disease with remaining 
unmet needs; the availability of new therapies can contribute to 
personalising patient care and potentially establishing combina-
tion regimens.43–45

BALANCE is the first clinical trial in FD to be conducted 
with a double-blind, active-control design. Pegunigalsidase 
alfa was comparable to agalsidase beta based on annualised 
eGFR slope, an accepted surrogate for progression to end-
stage kidney disease. Results demonstrated the potential 
for improved tolerability with less infusion-related reac-
tions in some patients. Further detailed analysis of peguni-
galsidase alfa immunogenicity is warranted. Most patients 
who completed the study (96%) enrolled in the open-label 
extension study for up to 7 years of pegunigalsidase alfa 
treatment. Pegunigalsidase alfa is approved in the EU and 
the USA, providing an important new treatment option for 
patients with FD.

Refer to online supplemental material 2 for a plain language 
summary of the study results.
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