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Abstract

Background

Pompe disease is a rare metabolic myopathy for which dispasédic enzyme replacement
therapy (ERT) has been available since 2006. ERT has showrcgftioacerning muscle
strength and pulmonary function in adult patients. However, no data orfebhec#fERT on
the survival of adult patients are currently available. The aithisfstudy was to assess the
effect of ERT on survival in adult patients with Pompe disease.

Methods

Data were collected as part of an international observatitudy sonducted between 2002
and 2011, in which patients were followed on an annual basis. TimedEpeCox’s
proportional hazards models were used for univariable and multivariable analyses.

Results

Overall, 283 adult patients with a median age of 48 years (range &2 years) wer
included in the study. Seventy-two percent of patients started EROn@e time durin
follow-up, and 28% never received ERT. During follow-up (median, 6 yeamge, 0.04 to
years), 46 patients died, 28 (61%) of whom had never received ERT.aflftestment fo
age, sex, country of residence, and disease severity (based dohainesnd ventilator use
ERT was positively associated with survival (hazard ratio, 0.41; 95% ClI, 0.19 to 0.87).

— O (D

Conclusion

This prospective study was the first to demonstrate the posftee ef ERT on survival iy
adults with Pompe disease. Given the relatively recent registration ofdERdmpe diseas
these findings further support its beneficial impact in adult patients.
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Background

Pompe disease (glycogen storage disease type Il, acidsendiéiciency) is a rare metabolic
myopathy caused by a deficiency of lysosomal acglucosidase (GAA), resulting in the
intralysosomal accumulation of glycogen. Pompe disease is aazadt by a progressive
loss of muscle strength and respiratory function and is inherited mutosomal recessive
manner [1]. Historically, supportive care has been the mainstayeatment. Following
decades of research, enzyme replacement therapy (ERT) faeRbsease was approved in
Europe and the United States in 2006, prompting a new era in the meatntleis disease.
This was the first disease-specific treatment for an itdtemuscular disorder, [2] consisting
of the intravenous administration of recombinant human GAA (alglucosidas§3jlfa)



The therapeutic efficacy of alglucosidase alfa was first ahstnated in classic infantile
Pompe disease [3,4]. Patients with classic infantile Pompe diggasent with symptoms
shortly after birth and develop significant, progressive hypertcogdnidiomyopathy and loss
of skeletal muscle function within months if they remain untre@dCardiorespiratory
failure is the primary cause of mortality, typically ocaugrwithin the first year of life [5].
With the introduction of ERT, survival in patients with classi@amile Pompe disease has
increased significantly; [5] the oldest infants treated with ERT are nowék4 géage [4,6].

The rapid decline in classic infantile Pompe disease is exgdldigehe complete lack of

GAA activity [1]. However, the majority of patients with Pompesedise express some
residual GAA activity, leading to a spectrum of disease ptasens [7]. In adults, the

disease progresses more slowly, with loss of ambulation andlovbgeand respirator

dependency developing in later stages of the disease at vagesd8]. Their primary cause
of death is respiratory failure [1,7].

Trials of ERT in adults were initiated much later than thosmfants. The first and only
placebo-controlled randomized trial started at the end of 2005 and in€Qdeatients. Over
a period of 78 weeks, treatment with alglucosidase alfa resudteeh improved walking
distance on the six-minute walk test and stabilization of pulmadiuggtion, meeting both
primary endpoints of the trial [9]. Since 2006, more adult patientgradcially being treated
[10-15], but no studies to date have assessed the impact of ERT on saragalts. As an
ultra-orphan drug, alglucosidase alfa is an expensive tregtmesgveral countries around
the world, its high cost and lifelong administration have leddelaate on its reimbursement
in adults. Survival is a key parameter in this discussion. Our chasesystematically
collected data on patients with Pompe disease since 2002, befagptiogal of ERT. This
activity has provided a unique set of long-term survey-based dawarajlthe evaluation of a
large international patient population, both treated and untreated. Tahdatdatabase has
the longest consistent follow-up providing information on patients withpeodisease prior
to and following ERT initiation. Findings from this survey recendlyealed that untreated
adults with Pompe disease have higher mortality than the gepepalation [16]. Age,
wheelchair and ventilator dependency, and level of handicap appearedthe Imeain
indicators of lower life expectancy [16].

The aim of the current study was to use data collected fronsdime patient survey to
explore the potential effect of ERT on survival in adults with Podigpease. We report here
the results of this prospective, international observational study.

Methods

The International Pompe Association/Erasmus MC Pome Survey

The International Pompe Association (IPA)/Erasmus MC Pompe Sum@yongoing
international observational follow-up study on the clinical course téma with Pompe
disease, has continually enrolled patients since May 2002. The desihis @irospective
study was described elsewhere [17,18]. Patients were recruitedjithpatient organizations
affiliated with the IPA from Australia, Canada, Germany, tdetherlands, the United
Kingdom, the United States, and a small number of patients from otletries. Dutch
patients included in the analyses participated either direbtgugh Erasmus MC (the
designated centre for all known patients with Pompe disease Metiherlands) or through



the Dutch patient organization. Enrolment was independent of the stajgease and the
age of disease onset. The IPA/Erasmus MC Pompe Survey covergtiteespectrum of the
disease and is representative of the adult Pompe population [19].

Information was collected through annual questionnaires, which askestpadibout their
medical history, current disease status, use of care, and qualitg. dfor Dutch patients,
additional data were obtained during regular clinical evaluatioBsasimus MC, producing
more frequent follow-up measurements than for other patients. Thefdie last completed
guestionnaire before September 2011 was considered as the datéotiblasip, or - for the
Dutch group - the date of the last visit if this came lashekVquestionnaires were not
returned it was investigated whether the patient had died. The taleath was either
reported, or estimated to be halfway between the date of compdétiba last questionnaire
and the date at which the next questionnaire should have been completed.

All research protocols were approved by the Medical Ethics Gtieamof Erasmus MC
and/or the Central Committee on Research Involving Human SubjectitenMnformed
consent was obtained from all patients.

The current study included only patients 18 years of age or oldardst entry and used data
collected until September 2011. At that time, the database includednation on 369
participants 18 years of age or older at enrolment. Patientgsaxeluded from the analysis if
only baseline data were available (n=71), if they had starisglvieg ERT before study
enrolment (n=13), or if relevant baseline data were missing (n=2).

Statistical analysis

Data describing the patients’ characteristics are predes$ medians and ranges. Patient
characteristics were compared using the Mann—Whitney telse f test. Survival time was
assessed from the date of study entry until the date of ldstvfap or until death. The
association between overall survival of adult patients and treatmienERT was estimated
using time-dependent Cox proportional hazard regression models, both Variable as
well as multivariable analyses. The following covariatesave®nsidered and chosen a priori:
age, sex, disease severity (based on wheelchair and ventilgtoandeountry of residence.
The results are presented as hazard ratios (HRs) with 95% confidence sri€isal

Two models were generated to describe the relationship betwéearteRoverall survival in
adult patients with Pompe disease. In both models, ERT was includetiras-dependent
covariate that took the value 0 before the start of treatmentvatuhaed to 1 at the start of
treatment. As long as patients were not receiving ERT, theyilmoted to the untreated
group and acted as controls for the treated patients during thredrgaderiod. In the primary
model (model 1a), in addition to ERT, age categories and diseasdtg were also modelled
as time-dependent covariates and hence were updated at tlod Efaif. An intent-to-treat
approach was adopted in which patients who discontinued treatment wadehso have
remained in the treatment group until the end of follow-up. The satsif these analyses
to including age and severity as time-dependent covariatesnwestigated using a second
model with ERT as a time-dependent variable only (model 2ahdtuid the intent-to-treat
approach, the primary and secondary analyses were also conductedunt &or the actual
treatment duration. In these models, all patients who discontinuthéet were censored at
the time of discontinuation (models 1b and 2b). The validity of the propdrti@azards
assumption was assessed by examining plots of the cumulativel iazetion on a linear



and logarithmic scale, stratified by categories of the caearidgroportionality was assumed
if the curves were parallel.

Statistical tests were conducted using SPSS for Windows ¢uetsi; SPSS Inc., Chicago,
IL) and SAS (version 9-2; SAS Institute Inc., Cary, NC). A Rey&0.05 was considered
statistically significant.

Results

Patient characteristics

Overall, 283 adult patients with Pompe disease (77% of those enroiézd)eligible for
analysis. The baseline characteristics of these patiemtshawn in Table 1. Seventy-two
percent of patients started ERT at some time during follow-up, anch28é$ received ERT.
The median age of the patients at study entry was 48 yeaage(rl9 to 81 years), with a
median disease duration of 9 years (range, 0 to 32 years)thfdgg/percent of the patients
were women.

Table 1 Patient characteristics and follow-up*

Characteristics n =283
Female, n (%) 149 (53)
Median age at study entry, years (range) 48 (19-81)
Median age at diagnosis, years (range) 38 (1-72)
Median disease duration at study entry, years @&ang 9 (0-32)
Country of residence, n (%)
Netherlands 109 (39)
United Kingdom 23 (8)
United States 71 (25)
Germany 48 (17)
Othert 32 (11)
Disease severity at study entry, n (%)
No wheelchair use or respiratory support 134 (47)
Wheelchair use 37 (13)
Use of respiratory support 42 (15)
Both wheelchair use and respiratory support 70 (25)
Median follow-up time, years (range) 6 (0.04-9)
ERT during the course of the study, n (%) 204 (72)
Median ERT duration, years (range) 4 (0.2-8)
Median age at start of ERT, years (range) 51 (24-76)
Died during follow-up, n (%) 46 (16)
Median age at death, years (range) 59 (23-86)

* Continuous variables are expressed as median (range). Ce#tgariables are expressed
as n (%). ERT denotes enzyme replacement therapy.

T Including patients from Australia and Canada.

¥ Respiratory support includes partial and full-time invasive and nonhmevasspiratory
support.

Table 2 shows the characteristics of the ERT and the non-ERT gibthgsstart of ERT and
at study entry. For patients who received ERT during follow-up, the megéaatahe start of
ERT was comparable to the median age at study entry of pattaotsever received ERT.



Differences in sex, age at diagnosis, disease duration, and dsexasity (based on use of
wheelchair and respiratory support) between treated patiethis stiart of ERT and untreated
patients at enrolment were not significant, whereas country aderee differed with
borderline statistical significance.

Table 2Patient characteristics for the ERT group at study entry or start of ERT arml for
untreated patients at study entry*

ERT group Non-ERT Group P
(n =204) (n=79) Valuet
Characteristics Atstudy At start of At study entry
entry ERT

Female, n (%) 104 (51) 104 (51) 45 (57) 0.37
Median age at study entry/start of ERT, years (@ng 47 (19-73) 51 (24-76) 51 (20-81) 0.48
Median age at diagnosis, years (range) 38 (1-72) (13B2) 42 (2-67) 0.45
Median disease duration at study entry/start of BRars (range) 7 (0-31) 11 (0.2-33) 12 (0-32) 0.75
Country of residence, n (%) 0.05

Netherlands 86 (42) 86 (42) 23 (29)

United Kingdom 18 (9) 18 (9) 5 (6)

United States 44 (22) 44 (22) 27 (34)

Germany 37 (18) 37 (18) 11 (14)

Othert 19 (9) 19 (9) 13 (17)
Disease severity at study entry/start of ERT, n (%) 0.45

No wheelchair use or respiratory support§ 99 (49 70 (34) 35 (44)

Wheelchair use 26 (13) 37(18) 11 (14)

Use of respiratory support 31(15) 29 (14) 1)(14

Both wheelchair use and respiratory support 28 ( 68 (33) 22 (28)
Median follow-up time from study entry/start of ERyjears (range) 7 (1-9) 4 (0.2-8) 4 (0.04-9) 0.05
Died during follow-up, n (%) 18 (9) 18 (9) 28 (35) <0.001

* Continuous variables are expressed as median (range). Ced¢garniables are expressed
as n (%). ERT denotes enzyme replacement therapy.

t P value for differences between ever-treated patiente atart of ERT and never-treated
patients (at study entry) as assessed with a Mann—-Whitney test0teke

¥ Including the patients from Australia and Canada.

8 Respiratory support includes partial and full-time invasive and noninevasspiratory
support.

During the 1676 person-years of follow-up (median, 6 years; range, 0D¥ears), for 46
patients a death confirmation was received from the patient aegemm, the family or the
treating physician. Twenty-eight (61%) of these patients wertde non-ERT group. The
median age at death was 59 years (range, 23 to 86 years). Comtar¢he total patient
population, the deceased patients were more severely affectedrbye disease at study
entry. Thirty-seven of the 46 deceased patients (80%) used eittexedchair or a ventilator
or both at study entry compared with 53% of the overall patient papul&iauses of death
in 21 of the 46 cases were (n=16) or could be (n=5) related to Pompe disease (e.garyespira
insufficiency). In the remaining 25 cases, the cause of deatteitees unknown (n=20) or
not related to Pompe disease (n=5). Of the 28 patients who died vetlesutaving received
ERT, 19 died before or in the year that ERT obtained approval (2006), and 9 died later.

Nineteen of the 204 patients who received ERT stopped treatment doltowg-dip. The
median treatment duration in these patients was 1.4 years (fa@de, 4.7 years), and the
median time after stopping treatment until the end of follow-upMAgyears (range, 0.05 to
4.0 years). Reasons for discontinuation were related to allepgcréactions/adverse events
(n = 10), lack of treatment effect (n = 4), pregnancy (n = 2), and unkf{ow 3). Four of the



patients who stopped treatment died, including 3 who had received ERdsgothan 1.5
years. Of these 4 patients, 1 died 6 weeks after stopping treaamenthe other 3 patients
died between 1 and 2.5 years after stopping treatment.

Association between Ert and survival

Table 3 summarizes the results from the primary multivari&gd& proportional hazard
regression model (model 1a). ERT was shown to be positively assbaigh survival (HR,
0.46; 95% CI, 0.22 to 0.95) in the univariable analysis. After adjustmeagérsex, country
of residence, and disease severity, the HR for ERT was 0.41 (95@01€lto 0.87). The
model using only ERT as a time-dependent covariate (model 2a)cedun HR of 0.51
(95% CI, 0.24 to 1.10). The analyses in which the patients who discontinagdeine were
included until discontinuation resulted in HRs of 0.33 (95% CI, 0.15 to 0.73) and9B%2 (
Cl, 0.19 to 0.93) for models 1b and 2b, respectively. The Forest plot in Figure 1tiisistea
HRs and 95% Cls of all models.

Table 3Risk of death for 283 adults with Pompe disease applying time-dependestx
regression*

Model lat
Time-dependent cox regression model HR 95% ClI P Value
ERTt 0.41 0.19t00.87 0.02
Age (in quartiles) 0.14
<37 years (ref) 1
37-48 years 1.26 0.38t04.12 0.71
48-57 years 142 0.44to4.61 0.56
>57 years 257 0.86t07.72 0.09
Sex 1.01 0.55t01.87 0.98
Disease severity 0.001
No wheelchair use or respiratory support (ref) 1
Wheelchair use 2.87 0.98108.36 0.05
Use of respiratory support 205 0.62t06.77 0.24
Both wheelchair use and respiratory support 5.32.25t0 12.56 <0.001
Country of residence 0.13
Netherlands (ref) 1
United Kingdom 1.35 0.46103.95 0.58
United States 2.14 1.01to4.55 0.05
Germany 0.62 0.19to 1.95 0.41
Other§ 1.23 0.421t03.63 0.70

* ERT denotes enzyme replacement therapy and HR hazard ratio.

T Intent-to-treat approach with ERT, age category, and severity agé¢jpemadent covariates.
T Values for ERT were derived after adjustment for age,dss@ase severity, and country of
residence.

8§ Including patients from Australia and Canada.

Figure 1 Adjusted Hazard Ratios of the Different Models Describing the Relatinship
Between ERT and Survival.Model 1a: Intent-to-treat approach with enzyme replacement
therapy (ERT), age category, and severity as time-dependent caavlatiel 2a: Intent-to-
treat approach with only ERT as time-dependent covariate. Model 1b: Anadgkidiag
person-time after discontinuation of treatment with ERT, age category, aniysase¢ime-
dependent covariates. Model 2b: Analysis excluding person-time after discootinofati
treatment with only ERT as time-dependent covariate.




Discussion

This is the first study to show the beneficial effects offER the survival of adult patients
with Pompe disease, a clinically meaningful finding especgilgn the slowly progressive
disease course and relatively short treatment period. ERT in Pdisgase was initially
approved for all patients in the United States and Europe on the bakie pfolonged

survival of severely affected infants with classic Pompe disaead later by the significant
gain in walking distance and stabilized pulmonary function in adult patients [8,9,20].

We observed the significant effect of ERT on survival as partamofinternational
observational study that provided access to data from 283 adult patitnBompe disease.
Because most adult patients with Pompe disease eventually tespafatory failure [1,7],
the beneficial effect of ERT on survival is likely to be redate its positive effect on
pulmonary function. The hazard ratio of 0.41 indicates that given afispgaint in time a
patient on ERT has a 59% smaller chance of dying than someone noRTanTBe
interpretation of this effect over the entire follow-up period is, h@mnenot intuitive.
Because of the time-dependent nature of the analysis it was ndbl@pdssestimate the
additional years of life gained under ERT. However, we have rfaati@oc’ calculations
assuming the adjusted HR can be interpreted as a relative rislagw®ximately 4 years
median and 8 years maximum follow-up (from start of treatméigjng the overall raw
death rate as an estimate of the raw death rate of thedieapulation (16%, 46/283), eight
years of ERT would result in 1 year of life gained.

Our estimate should be conservative as many patients in our cartetl steatment late in
their disease course and ERT was not registered until 2006s beemn hypothesized that
starting treatment early in the disease course resultdbeatter clinical outcome [9-11,13].
Indeed, all patients (with one exception) in the ERT group who subseguied were
dependent on a wheelchair and/or a ventilator and thus had a veryedigtage of disease
when they first received ERT. The effect of ERT on survivay rierefore be greater if
treatment is initiated earlier. In addition, the positive eftddERT observed in this analysis
overall suggests that patients with advanced disease mayealsfit irom treatment. Further
research is required to investigate the association betweeamseliseverity and treatment
effect.

Collecting sufficient data to demonstrate treatment effigacy challenge in rare diseases.
Demonstrating improved survival is particularly difficult inlavely progressive disease such
as adult Pompe disease. The opportunity to compare the natural course of Poaggendibe
the disease course following ERT highlights the importance otioigue database. In this
cohort, the majority of patients switched from being untreated tqglkegated with ERT
during follow-up. Therefore, we conducted Cox regression analyses usinga&ERTtime-
dependent variable, which was considered the most suitable methadsédt prevents
“immortal time” bias. Immortal time bias refers to a peraddollow-up or observation time
during which death cannot occur, [21] which in our study would be the timlke ERT
became available for the patients who survived to that time pothtreceived treatment
afterward.

Our study was observational and did not have the scientific rigprafdomized controlled
trial, which is generally considered the most appropriate methambfoparing the effects of
(alternative) treatments. However, a placebo-controlled randomip@dak trial over as



many years as in our observational study is not possible norethically acceptable to
conduct; our prospective follow-up study provided a valid alterna@g. In addition, a
clinical trial requires very strict inclusion and exclusion criterid may not be representative
of the entire adult Pompe patient population. Recruitment through a patgantization
could also result in more or less severely affected patientsy excluded. However,
demographic and clinical characteristics of our study population shatvpatients were
included across the entire disease spectrum and were reptigseotathe whole patient
population. A number of confounders were adjusted for in the analysis, inchgingender
and disease severity, as well as country of residence to captuney specific differences
such as variation in approaches to care. Selection bias wasr fomithienized through the
time dependent nature of the analysis, as the same patient coultbutento both the
untreated and treated period.

Our results were robust across the different models, strengtheainconclusion that ERT
positively influences patient survival. We used the equivalent ofitentito-treat approach,
because this is the standard method of analysis used to ass@seimt effects in clinical
trials. This cohort included 19 patients who stopped treatment dwliogvfup, and it may
be perceived as unfair to include their time after discontinuatioERT as “time on
treatment”. An additional analysis in which patients who disooetl treatment were
followed only until the end of treatment provided similar resultsti® intent-to-treat
analyses, but with greater statistical significance.

Conclusions

Enzyme replacement therapy with alglucosidase alfa is clyttyet only approved disease-
specific therapy for Pompe disease. Although not curative, it hasgethapatients’
perspectives through demonstrated improvements in muscle strengtiognpey function,
and other clinical parameters. Our novel findings reported here shawt&RIso have a
positive impact on survival of adult patients with Pompe disease.nfdysbe considered an
important and clinically meaningful observation, which is particularly relewéh respect to
the recent discussion concerning the reimbursement of ultra-orphan drugs.
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