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Abstract

Purpose—Enzyme replacement therapy (ERT) with recombinant human GAA (rhGAA)
prolongs survival in infantile Pompe disease (IPD). However, the majority of cross reactive
immunologic material (CRIM)-negative (CN) patients have immune responses with significant
clinical decline despite continued ERT. We aimed to characterize immune responses in CN IPD
patients receiving ERT monotherapy.

Methods—A chart review identified 20 CN IPD patients treated with ERT monotherapy for =6
months. Patients were stratified by anti-rhGAA antibody titers: high sustained antibody titers
(HSAT) =51,200 at least twice; low titers (LT) <6,400 throughout treatment; or sustained
intermediate titers (SIT) 6,400-25,600.

Results—Despite early initiation of treatment, the majority (85%) of CN patients developed
significant antibody titers, most with HSAT associated with invasive ventilation and death. Nearly
all patients with HSAT had at least one nonsense GAA mutation, while the LT group exclusively
carried splice site or frameshift mutations. Only one patient in the HSAT group is currently alive
after successful immune modulation in the entrenched setting.

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms
"Corresponding Author: Priya S. Kishnani, MD, Duke University Medical Center, GSRB1 Box 103856, 4th floor, 905 S. LaSalle
?treet, Durham, North Carolina 27710 USA, Telephone: (919) 684-2036 | Fax: (919) 668-8944, priya.kishnani@duke.edu.

Co-first authors

Supplementary information is available at the Genetics in Medicine website.


http://www.nature.com/authors/editorial_policies/license.html#terms

1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Berrier et al.

Page 2

Conclusion—Immunological responses are a significant risk in CN IPD; thus, immune tolerance
induction in the naive setting should strongly be considered. Further exploration of factors
influencing immune responses is required, particularly with the advent of newborn screening for
Pompe disease.
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INTRODUCTION

In Pompe disease (OMIM 232300; acid maltase deficiency, glycogen storage disease type
I1), a deficiency of lysosomal acid alpha-glucosidase (GAA) leads to the accumulation of
glycogen in skeletal, cardiac and smooth muscle, resulting in progressive, debilitating
muscle weakness. If left untreated, infants with the classic infantile form of Pompe disease
typically succumb to the disease by cardiopulmonary failure within the first two years of
life. However, intravenous enzyme replacement therapy (ERT) with recombinant human
GAA (rhGAA), or alglucosidase alfa (Lumizyme®), has improved clinical outcomes and
prolonged survival in patients with infantile Pompe disease (IPD).

Despite improved clinical outcomes including prolonged overall and ventilator-free survival
in IPD patients14, the efficacy of ERT is diminished for some patients who mount an
immune response against rhGAA. Previous studies have demonstrated that cross reactive
immunologic material (CRIM) status is highly correlated with clinical response to
treatment®®. CRIM-positive (CP) patients generally respond well to ERT due to the
presence of residual GAA expression. On the other hand, patients with no residual protein
expression are categorized as CRIM-negative (CN). In general, when compared to CP
patients who tolerize to ERT over time, CN patients mount an immune response against
rhGAA resulting in significant clinical decline and ultimately ventilator dependence or death
by 27.1 months despite continuation of ERT®.

Physicians caring for patients treated with a therapeutic protein such as rhGAA in IPD are
thus charged with the challenge of also managing significant immune responses. Our group
has demonstrated the success of immune tolerance induction (ITI) protocols along with ERT
in both the naiive setting, to prevent the development of high antibody titers’~9, and also in
the entrenched setting, to suppress an immune response once high antibody titers have
already developed®19, However, ITI has proved to be most successful in the naive setting,
which requires a short 5-week regimen of immune modulation initiated at the start of ERT
compared to a significantly longer, multipronged approach for treating patients with an
entrenched immune response to the rhGAAS:10,

Current literature reflects how clinical outcomes of CN patients treated with ERT+ITI
surpass those on ERT monotherapy®. However, three cases have been reported in which CN
patients have done relatively well, clinically, in the absence of high sustained antibody titers
(HSAT) without the use of ITI11:12 Yet, it is important to note that one of these patients
received omalizumab, an IgG monoclonal antibody which binds IgE, for severe allergic

Genet Med. Author manuscript; available in PMC 2016 May 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Berrier et al. Page 3

reaction to alglucosidase alfa infusion!!. The role of this drug in immunomodulation is yet
to be reported.

As the use of ITI protocols is becoming more prevalent, it is important to understand the
factors influencing immune responses in the CN IPD population, as such knowledge is
essential for guiding further implementation of ITI protocols. However, a fundamental
understanding of the long-term clinical outcomes of CN IPD patients treated with ERT alone
(ERT monotherapy) is missing. In this study we aimed to retrospectively assess the immune
responses in our cohort of CN IPD patients receiving rhGAA, which we believe is the
largest in the world. We did this in order to determine what proportion of CN patients
develop significant immune responses, which negatively affect clinical outcomes, and to
consider the influence of potentially modifying factors in the development of an immune
response, such as GAA genotype or age at which ERT is initiated. This cohort represents an
invaluable set of data with a unique opportunity to examine responses to ERT alone,
especially as the treatment paradigm for CN IPD patients continues to shift toward the
implementation of ITI in the naive setting.

PATIENTS AND METHODS

This was a retrospective chart review of our large cohort of 183 total IPD patients from our
previously published cohort® and enrolled in Duke Institutional Review Board (IRB)-
approved protocol 00001562 [LDNG6709 Site 206; Clinicaltrials.gov Identifier:
NCT01665326] for CRIM determination and longitudinal follow-up. Of those, we identified
58 patients who were determined to be CN, 20 of whom were treated with alglucosidase alfa
ERT monotherapy for at least 6 months at cumulative doses of 20 to 40 milligrams per
kilogram every two weeks. We included patients who had been on ITI regimens that were
unsuccessful in preventing the development of HSAT. We also included one patient (Patient
10; HSAT group) who was successfully treated with ITI in the entrenched setting; data were
used until ITI was initiated at week 87. Patients were excluded from data analysis if there
was administration of ITI in the naive setting.

Laboratory Methods

CN status was first determined based on reactivity of a pool of monoclonal and/or
polyclonal anti-rhGAA antibodies capable of recognizing both native and recombinant GAA
protein bands, using western blot analysis on skin fibroblast cell extracts. If none of the
GAA protein forms (unprocessed precursor band at 110 kDa or processed forms bands at 95,
76 and 70 kDa) were detected, the patient is categorized as CN®. In one case, CN status was
determined using western blot analysis of amniocytes following the prior diagnosis of the
proband sibling12. For all patients, final CN status was assigned once the results of western
blot analysis were correlated with GAA mutation genotypel3.

Anti-rhGAA IgG Antibodies

Anti-rhGAA 1gG antibodies were ascertained using enzyme-linked immunosorbent assays
and confirmed using radioimmunoprecipitation as described previously? and assessed by
Genzyme Corporation (Framingham, MA) at baseline and at regular intervals throughout
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treatment. CN IPD patients were further divided into three groups based on anti-rhGAA
antibody titer levels and the need for further clinical intervention6-14:

e HSAT group: Anti-rhGAA IgG antibodies measured =51,200 on two or more
occasions after six months on ERT;

»  Low titer (LT) group: IgG antibodies remained <6,400 throughout the course of
ERT; and

»  Sustained intermediate titer (SIT) group: IgG antibodies ranged 6,400-25,600.

Clinical Parameters

Baseline and follow-up data were obtained to assess treatment outcomes in these three
groups including age at diagnosis, age at initiation of ERT, invasive ventilator-free survival,
overall survival and left ventricular mass index (LVMI).

Statistical Analysis

Survival data were analyzed using the Kaplan—Meier method with two-tailed P values
generated using the log-rank test!®. Analyses were performed with STATA version 13.1
(StataCorp LP, College Station, Texas). Due to small sample size, descriptive data are
presented as medians.

RESULTS

Of our total IPD cohort, established between 1999 through February 1, 2014 (n=183), 58
were identified as CN, which to our knowledge represents the largest CN IPD cohort in
current literature. From this group, 23 CN IPD were excluded from analysis because ITI
treatment was administered in the naive setting; for 15 other CN IPD patients, death
occurred before six months on ERT or there was insufficient follow-up data; thus, the
resulting data analysis included 20 CN IPD patients (Figure 1).

Anti-rhGAA antibody titers

The majority (85%) of CN patients (17/20) developed clinically significant 1gG antibody
titers to rhGAA. Thirteen mounted HSAT with median peak titers of 204,800 by 24 weeks
on ERT (Table 1). Four patients had SIT with peak titers of 25,600 and 51,200. Three
patients had LT peaking at 200 (n=2) and 800 (n=1).

Spectrum of GAA Mutations

We identified GAA mutations in our cohort (Table 2) and assessed the types of mutations
seen in each titer group (Figure S1). Ten of 13 patients in the HSAT group carried at least
one nonsense mutation. Total nonsense mutations frequency observed in HSAT group was
18 /26 total alleles (69%), frameshift mutation allele frequency was 7/26 alleles (27%) and
splice site mutation allele frequency was 1/26 alleles (4%). Three of eight alleles (38%) in
the SIT group were frameshift mutations, two (25%) were missense initiator codon
mutations, two (25%) were nonsense mutations and one (13%) was a splice site mutation.
Three out of six alleles (50%) observed in the LT group were splice site mutations and three
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(50%) were frameshift mutations. All patients were unrelated with the exception of one sib-
pair (Patient 14 of the SIT group and Patient 18 of the LT group) who were compound
heterozygotes for the ¢.546+2_+5delTGGG splice site mutation and ¢.1650dupG frameshift
mutation, as first reported by Al Khallaf et al'2. Unlike the SIT and HSAT groups, no
patient in the LT group carried a nonsense mutation.

Clinical Parameters

Table 3 provides demographic and clinical parameters for this international cohort of CN
IPD on ERT monotherapy. Four patients started ERT before one month of age with variable
clinical outcomes: while two have not developed an immune response against rhGAA
(Patient 18 and 20), two others responded poorly with death at 18 and 45 months of age
(Patient 9 and 16). Thus, it appears that early initiation of ERT does not necessarily prevent
development of an antibody response to ERT.

Invasive Ventilator-Free and Overall Survival

No patients required invasive ventilator support at baseline; however, 55% required invasive
ventilation by a median age of 13.8 months (range: 8.2-33.6 months, n=11) (Figure 2A).
Four patients (20%) died (median age of death: 23.1 months; range: 18.0-45.0 months) prior
to requiring invasive ventilation and the remaining five patients (25%) are alive and invasive
ventilator free. Among the patients who died during the study period, the median age of
death was 32.5 months (range: 14.7-50.2 months, n=14) (Figure 2B). For the HSAT group,
the median age of death was also 32.5 months (range: 14.7 to 50.2 months, n=12) and 13.8
months for ventilator-dependence (range: 8.2 to 33.6 months, n=11), similar to previously
published data®. Only one patient from the HSAT group is currently alive; this patient
received ITI treatment in the entrenched setting™0.

Left Ventricular Mass Index

In this study, all groups had an elevated LVMI at baseline compared to the normal upper
limit of 64 g/m? for infants without Pompe diseasel8. The median LVMI for the HSAT
group was 180.5 g/m? at baseline (range: 89.0 to 253.0 g/m?; n=10). A net decrease was
observed at 26 weeks on ERT (median=95.0 g/m?; range: 56.7 to 269.0 g/m?; n=11)
followed by a net increase at 52 weeks on ERT (median=124.8 g/m?; range: 63.3 to 178.0
g/m2 n=8). For the HSAT group, the median LVVMI continued to increase after week 52 of
ERT (n=3; data not shown). Patient 18 of the LT group had an LVMI of 128.3 g/m? and
50.8 g/m? at baseline and week 111, respectively, not demonstrating a worsening in LVMI
after week 52 as was seen in the HSAT group. Patient 20 in the LT group had an LVMI of
68 g/m?, 65 g/m? and 58 g/m? at baseline, week 30 and week 60, respectively. One patient
with SIT (Patient 15) had LVMI measurements behaving similar to those seen in the HSAT
group (203 g/m? at baseline, 138 g/m? at week 26 and 200 g/m? at week 52), while another
SIT patient’s baseline LVMI of 141.5 g/m? normalized after 9 months of treatment (Patient
16)—consistent with those in the LT group.
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DISCUSSION

Similar to what has been previously noted, approximately 32% of our IPD cohort were
determined to be CN—a clinical factor predicting reduced survival and poor clinical
outcomes compared to CP patients®, specifically related to the development of HSAT in
response to rhGAAS. The use of ITI protocols has changed the natural history of CN IPD
with a significant difference in survival compared to CN IPD treated with ERT
monotherapy?. Interestingly, only three CN cases have been reported in the literature to date
that have not developed a significant immune response against rhGAA without the use of
ITI11.12 which suggests the presence of other modifying or protective factors influencing
treatment outcomes in these cases.

Given the advent of newborn screening for Pompe disease, we sought to determine if early
initiation of ERT prevents the development of an immune response. As previously noted,
despite early initiation of treatment, the majority of CN IPD patients developed sustained
antibodies against rhGAA, many of whom mounted HSAT associated with subsequent
clinical decline and ultimately death, including some patients who started ERT before one
month of agel®. Therefore, in contrast to previous claims2, early initiation of ERT does not
protect against the development of an immune response against rhGAAZ0,

While two CN patients with early initiation of ERT did not develop a clinically significant
immune response, both carried splice site mutations. As such, the patients may have been
exposed to GAA epitopes similar to rhGAA if these mutations allowed for residual GAA
production, yet at a level below detection by traditional western blot analysis. A closer look
at the types of GAA mutations in our cohort showed that most of the patients with HSAT had
at least one nonsense GAA mutation. In contrast, CN patients in the LT group exclusively
carried splicing or frameshift GAA mutations, none of which were nonsense mutations.

Leaky splice site mutations or premature stop codons which occur toward the end of the
GAA coding region may possibly result in some residual enzyme activity, which in turn
helps prevent the development of an immune response to ERT. The current understanding of
CRIM status is based on results from western blot; however, without correlation of GAA
mutations, western blot may not provide the entire picture. Utilization of additional
technologies, such as an “omics” approach, may be warranted to identify potential
modifying or protective factors and reach a more complete understanding of immune
responses in IPD. Additionally, the definitive role of various GAA mutations in the protein
expression as well as the possibility of variable tissue expression needs further exploration.

In conclusion, very few CN patients have been reported with no immune response; however,
these patients have unique genotypes frequently with splicing mutations, whose various
degrees of immunogenicity needs to be further explored. This study confirms that CN status
yields an overall poor clinical response, as the majority of CN IPD patients treated with ERT
monotherapy develop an immune response and experience subsequent clinical decline or
death. On the contrary, development of anti-rhGAA antibody titers appears to be dictated by
the presence of GAA mutations known to severely affect protein expression; thus, results of
western blot analysis should be correlated with GAA genotype for the confirmation of CRIM
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status in IPD. While early diagnosis and treatment is significant in improving overall clinical
outcomes in IPD, early diagnosis and initiation of treatment by itself does not prevent the
development of antibodies against rhGAA. ITI in the naive setting has proven to be
successful in preventing the development of antibody titers in CN IPD, which validates the
use of ITI therapies in the ERT-naive setting. Because immunological responses
accompanied with clinical decline poses a significant risk for the CN IPD population,
implementation of ITI in the naive setting should be considered standard of care in treating
these patients at risk to develop HSAT. Further investigation surrounding immune responses
and management of IPD, irrespective of CRIM status, is required and warrants attention,
particularly in the setting of newborn screening for Pompe disease.

Supplementary Material
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IPD cohort (n=183)

Y
v v

CN IPD (n=58) CPIPD (n=125)
On ERT monotherapy  Received ITI in Deceased within 6
for >6 naive setting or <6 months on ERT or
months (n=207) months (n=23) limited data (n=15)

Figure 1. Cohort of infantile Pompe disease patients
T n=1 rescued with an ITI protocol in the entrenched setting after six months on ERT;

therefore, data for this patient was included up until the initiation of ITI19; n=2 included as
ITI regimen was unsuccessful with persistence of antibody titers16:17

IPD, infantile Pompe disease; CN, CRIM, cross reactive immunologic material (CRIM);
CN, CRIM-negative; CP, CRIM-positive; ERT, enzyme replacement therapy; ITI, immune
tolerance induction
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40
Months

——— HSAT (n=12)
— —-- LT (n=3)

Figure 2. Kaplan-Meier Curves* for (A) overall survival and (B) ventilator-free survival for
HSAT, SIT, and LT groups

(A) Overall survival for HSAT, SIT, and LT groups

(B) Invasive ventilator-free survival for HSAT, SIT, and LT groups

* Patient 10 was successfully rescued using ITI at 86 weeks and was excluded in these
calculations

HSAT, high sustained antibody titers; LT, low titers; SIT, sustained intermediate titers
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