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REVIEW
Targeted approaches to induce immune tolerance

for Pompe disease therapy

Phillip A Doerfler!, Sushrusha Nayak?, Manuela Corti', Laurence Morel?, Roland W Herzog' and Barry J Byrne'

Enzyme and gene replacement strategies have developed into viable therapeutic approaches for the treatment of Pompe disease
(acid a-glucosidase (GAA) deficiency). Unfortunately, the introduction of GAA and viral vectors encoding the enzyme can lead to
detrimental immune responses that attenuate treatment benefits and can impact patient safety. Preclinical and clinical experience
in addressing humoral responses toward enzyme and gene therapy for Pompe disease have provided greater understanding of
the immunological consequences of the provided therapy. B- and T-cell modulation has been shown to be effective in preventing
infusion-associated reactions during enzyme replacement therapy in patients and has shown similar success in the context of gene
therapy. Additional techniques to induce humoral tolerance for Pompe disease have been the targeted expression or delivery of
GAA to discrete cell types or tissues such as the gut-associated lymphoid tissues, red blood cells, hematopoietic stem cells, and the
liver. Research into overcoming preexisting immunity through immunomodulation and gene transfer are becoming increasingly
important to achieve long-term efficacy. This review highlights the advances in therapies as well as the improved understand-

ing of the molecular mechanisms involved in the humoral immune response with emphasis on methods employed to overcome
responses associated with enzyme and gene therapies for Pompe disease.
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INTRODUCTION

Protein replacement and gene therapy for recessive diseases have
been shown to be safe and effective in preclinical and clinical
studies. As new treatments begin advancing more toward clinical
application, the importance of preventing immune responses has
become clear. Experience in the treatment of allergic, autoimmune,
lysosomal storage, and blood-clotting disorders has provided an
expanded view on immune function. Molecular mechanisms driv-
ing humoral immune responses to enzyme replacement therapy
(ERT) and gene therapy are now better understood. Although
immune responses present with considerable variability across dis-
eases, most show some degree of antibody-mediated neutralization
that diminish efficacy. Antibodies directed against the therapeutic
protein, viral proteins, or transgene products represent significant
hurdles for translation of novel therapies to the clinic.' Innate and
cytotoxic responses directed against proteins and nucleic acids as
a result of protein or gene therapy play an important role as well.
Innate and cytotoxic responses have previously been reviewed.*”
Over the past 15 years, better understanding and management
of B- and T-cell responses to facilitate protein and gene therapies
have profoundly increased our knowledge on humoral immune
responses. This review provides an overview of current practices
in the treatment of Pompe disease, the latest understanding of
humoral immune responses and their management, as well as
future implications for protein and gene replacement therapies.

OVERVIEW OF THERAPIES FOR POMPE DISEASE

Protein replacement therapies have been used to treat human
diseases for nearly a century. The first treatment described was
the use of insulin for the treatment of diabetes mellitus in 1922
(ref. 8). Although individually rare, the lysosomal storage disor-
ders encompass ~70 discrete genetic diseases, several of which
are now managed with protein replacement therapies provided
by an intravenous infusion of the deficient protein."*'® ERT has
developed into an effective treatment for several of these disor-
ders, particularly for the multisystem disorder Pompe disease.'"
The only lysosomal storage disorder that is also a glycogen storage
disorder (glycogen storage disease type Il), Pompe disease, results
from a deficiency in acid o-glucosidase (GAA), a hydrolase respon-
sible for the breakdown of lysosomal glycogen.” The result of GAA
deficiency is extensive glycogen accumulation in all tissues. Tissues
particularly affected are striated muscle, smooth muscle, and neu-
ral tissues." ' GAA mutation type influences disease severity and
the age of onset. Symptoms include profound cardiac hypertro-
phy, feeding problems, macroglossia, respiratory insufficiency, and
skeletal muscle weakness. Early-onset Pompe disease is often fatal
before the second year of life if ERT is not initiated.'*'>'”8 Patients
have benefited from ERT provided as recombinant human GAA
(rhGAA). ERT reduces the cardiomegaly associated with the disorder
and prolongs life, although generalized weakness and respiratory
insufficiency persists.'"'?
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GAA is synthesized as a 110kDa precursor that is proteolytically
cleaved into the mature 70kDa isoform which breaks down the
o-1,4-and o-1,6-glycosidic linkages of lysosomal glycogen into glu-
cose."” After synthesis, GAA traffics from the trans-Golgi network
to early endosomes in a mannose-6-phosphate (M6P)-dependent
pathway which can also direct the protein for secretion. The
secretion-reuptake pathway that naturally occurs serves as the
mechanism for ERT efficacy. When rhGAA is provided exogenously,
the cation-independent-M6P receptors (CI-MPR) on the cell surface
internalize circulating rhGAA into clathrin-coated pits which fuse to
early endosomes transporting GAA to the lysosome.

The necessity of the CI-MPR for ERT efficacy has been highlighted
in Pompe disease. Conditional CI-MPR knockout mice, under the
control of a muscle-specific cre/loxP element, crossed with Pompe
disease mice demonstrated persistent GAA deficiency and glycogen
accumulation despite treatment with ERT.?'?? Conversely, overex-
pression of the CI-MPR provided by the _-agonist clenbuterol pro-
moted increased efficacy with ERT.?'2 This suggests pharmacologi-
cal compounds that increase CI-MPR expression may be a potent
concomitant medication to ERT. 3,-Agonists were also reported to
decrease glycogen accumulation in CI-MPR-deficient Pompe dis-
ease mice treated with ERT.” These results suggest that [3,-agonists
act through a CI-MPR-independent mechanism to clear glycogen.
Adeno-associated viral (AAV) vector-mediated expression of GAA
also results in the secretion of GAA capable of cross-correcting
neighboring cells. Clenbuterol treatment improved the efficacy of
gene therapy after AAV vector delivery of GAA.2 The synergy of cell
autonomous and cross-correction using gene therapy is a distinct
advantage over ERT. This suggests that cell-autonomous correction,
rather than cross-correction provided by CI-MPR-mediated uptake
of exogenous GAA, is the most efficient approach for Pompe dis-
ease therapy. Neuronal tissues in particular require cell autonomous
correction as ERT cannot cross the blood-brain barrier.”® Although
ERT has improved symptoms of Pompe disease, reliance on the
secretion/reuptake mechanism to traffic to the lysosome requires
very high doses of enzyme. Also, -agonists may not be effective
in the long term.?** Receptor recycling and trafficking is impaired
in Pompe disease, adding to the inefficiencies.’*®* Combinatorial
therapies may prove necessary although cell autonomous correc-
tion would be ideal.®s ERT is currently the standard of care to treat
Pompe disease, and a variety of adjunctive therapies are being pro-
duced to enhance the therapeutic effect.

Inherited metabolic diseases such as Pompe disease are model
candidates for gene therapy.?’-?° Several viral vectors have been
utilized but the most success has been with AAV and lentiviral vec-
tors. Many serotypes of AAV have been used to achieve efficacy for
Pompe disease: AAV1 (refs. 30-33) AAV2 (ref. 34), AAVS5 (refs. 35,36),
AAV8 (refs. 36-39), and AAV9 (refs. 15,33,40-44). Initial evidence
of efficacy resulting from intramuscular injections of AAV vectors
indicated correction of the local pathology and function in Pompe
disease mouse models.32344° Systemic delivery of AAV vectors has
imparted significant improvement in skeletal muscle force output
as well as cardiac and respiratory function most recently in a direct
comparison of AAV9-mediated gene therapy and ERT in a mouse
model.** Observations from these and related studies show the abil-
ity of AAV to transduce the peripheral and central nervous system
by retrograde transduction to a degree that prevents the functional
decline of the neuromuscular junction, at least until the degree of
pathology is not at a more severe stage of disease.’**-*2 Adequate
transduction of the peripheral and central nervous system has
been difficult, but the many routes of delivery and serotypes of
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AAV have provided compelling evidence for successful restora-
tion of physiologic functions superior to ERT.33%404243 Evidence
from these preclinical studies has led to a successful clinical trial for
intradiaphragmatic injections of AAV1-CMV-hGAA in Pompe dis-
ease patients.* In this study, both safety and data suggestive of
efficacy were observed highlighting the therapeutic advantages of
AAV gene therapy for Pompe disease.*-4

Lentiviral vectors also show promise in treating Pompe disease.
In vitro,*#* in vivo,*® and ex vivo®'*? routes of transgene delivery have
been investigated in patient cell lines and mouse models. Advances
in lentiviral vector design to produce self-inactivating vectors have
substantially improved the safety and efficacy of the vectors.>**
Importantly, a growing body of evidence for in vivo delivery of len-
tiviral vectors in small and large animal models supports the use of
lentiviral vectors for multiple indications.>*=>® Glycogen reduction
and prevention of Pompe disease-specific cellular changes was
evident using in vitro®** and in vivo* approaches for lentiviral vec-
tor delivery, but concerns on integration-induced dysregulation of
proto-oncogenes exists. The potential for insertional mutagenesis
has prompted a shift toward ex vivo gene transfer into hematopoi-
etic stem cells (HSC).?? Insertional mutagenesis cannot be avoided,
however, by focusing on ex vivo gene transfer since not every HSC
can be analyzed prior to administration and insertional mutagen-
esis with global transcriptomic changes has been observed in
ex vivo transduced HSCs.>® Self-inactivating vectors with a more ran-
dom integration pattern, improved vector design, and lower vector
doses are strategies that have shown success in reducing the risk
of insertional mutagenesis while remaining efficacious in models of
metabolic disease and immunodeficiencies.>'%°-%3 Lentiviral trans-
duced HSCs were effective in glycogen reduction in a Pompe dis-
ease mouse model, ameliorating the significant cardiac, respiratory,
and skeletal muscle pathology.**> One hypothesis for the effect is
cross-correction of neighboring cells. Transduced HSCs differentiate
through erythroid, lymphoid, and myeloid lineages with the inte-
grated transgene cassette passed on after each cell division. The
differentiated cells secrete GAA which enters neighboring cells via
the CI-MPR. Another possible mechanism, recently demonstrated
in a model of cystinosis (another multisystem lysosomal storage
disease), is tunneling nanotubes produced by transduced stem
cell-derived macrophages that promote vesicular cross-correction.®

HUMORAL RESPONSES TO GAA

ERT and gene therapy are two therapeutic strategies for Pompe
disease, yet, deleterious immune responses against GAA are a sub-
stantial roadblock for success."”®>¢” The magnitude of the immune
response is somewhat related to the severity of the GAA muta-
tion.®% The presence of cross-reactive immunological material
(CRIM) is determined in part by the expression and functionality of
GAA in a Pompe disease patient.”” During the development of the
immune system, immune cells are exposed to antigens expressed
within the body and autoreactive B- and T-cells are eliminated to
prevent autoimmunity. In the periphery, antibody generation
results from interactions between professional antigen-presenting
cells (APCs) such as dendritic cells, CD4* T helper cells, and B-cells.
Presentation of processed antigens by myeloid APCs and B-cells
on major histocompatibility complex Il (MHCII), with appropri-
ate cytokine signaling and co-stimulation, results in CD4* T-cell
activation. The cross-talk between B and T-cells ultimately drives
B-cell activation and antibody production, thereby establishing
a humoral response and antigen-specific plasma cells (Figure 1).
MHCI presentation by APCs to CD8* T-cells can cause a cytotoxic
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T-cell response.”’ Persistent high-titer anti-GAA IgG is the pri-
mary immunoglobulin that complicates ERT and gene therapy
for Pompe disease. Since CRIM-negative Pompe disease patients
have a complete deficiency of GAA, the immune system is naive
to the therapeutic protein, perceives GAA as foreign, and develops
anti-GAA B- and T-cells.”? Antibodies produced against GAA, via a
MyD88-dependent pathway in mice, render the therapy ineffec-
tive and potentially dangerous.”*”* Anti-GAA antibodies sequester
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circulating GAA to a staggering degree. Over 80% of rhGAA can be
bound to anti-GAA antibodies.” Antibody-antigen complexes have
the potential to induce immunotoxicities such as anaphylaxis and
disseminated intravascular coagulation in mouse models of Pompe
disease.”>”® Importantly, neutralization of GAA by antibodies is not
as relevant in the context of gene therapy. Exogenous delivery of
rhGAA provided as ERT can be neutralized almost completely,” but
cell autonomous correction imparts the natural trafficking of GAA
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Figure1 Generation of a humoral immune response. CD4* T-cells engage MHCII loaded with antigen (GAA) on APCs or naive B-cells via TCR. The CD4
coreceptor also binds and facilitates the appropriate signaling through CD3. During the immune response, additional cytokines and costimulatory
molecules drive the generation of memory B-cells which undergo Ig class switching from immature IgM to affinity matured IgGs directed against the
antigen. Memory B-cells then migrate into the bone marrow and develop into antigen-specific plasma cells which perpetually produce antibodies. APC,
antigen-presenting cell; GAA, acid a-glucosidase; Ig, immunoglobulin; MHCII, major histocompatibility complex Il; TCR, T-cell receptor.
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Figure2 Trafficking and neutralization of GAA. (a) Exogenous rhGAA (red) provided as ERT binds to the CI-MPR which is endocytosed via clathrin-
coated pits. GAA is then trafficked to early endosomes which subsequently undergo fusion with lysosomes, delivering the enzyme to the proper
intracellular location. (b) ERT initiates an immune response that results in high-titer anti-GAA antibodies that bind and inhibit rhGAA uptake. (c) Cell
autonomous correction resulting from gene therapy (AAV-GAA; black) allows for proper production of GAA and trafficking from the trans-Golgi network
to lysosomes, representing the more efficient, endogenous pathway, which is protected from antibody-mediated neutralization. (d) GAA trafficking
from the trans-Golgi network may escape and exocytose into the circulation (cross-correction), which may be sequestered by anti-GAA antibodies.
AAV, adeno-associated virus; CI-MPR, cation-independent mannose-6-phosphate receptor; EE, early endosome; GAA, acid a-glucosidase; L, lysosome;
TGN, trans-Golgi network.
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to the lysosome, making the protein less accessible to antibodies
from within cells (Figure 2). Gene therapy-derived GAA does initi-
ate an immune response due to secreted GAA trafficking from the
trans-Golgi network to the cell surface. Antibodies generated after
gene therapy could affect cross-correction and potentially lead to
cytotoxic effects. Cytotoxic and antibody responses against the
AAV capsid and transgene have occurred in clinical trials for hemo-
philia B.”” Antibody responses against the capsid and transgene
were observed in Pompe disease patients after intradiaphragm
injection of AAV1-CMV-hGAA, but no cytotoxic responses were
observed.* Although CRIM-negative patients most readily produce
anti-GAA antibodies, CRIM-positive patients can also produce high-
titer anti-GAA antibodies leading to difficult decisions in the use of
immune suppression strategies.®’’ Early administration of ERT has
potential benefits, but determination of CRIM status is an impor-
tant consideration for successful ERT and gene therapy.5 707981
Due to the multiple components involved in mounting an immune
response, many potential targets have been identified for interven-
tion. The following sections will highlight efforts in overcoming
humoral responses resulting from Pompe disease therapies.

IMPROVING THE SAFETY AND EFFICACY OF ERT
A unique feature of the CI-MPR is that it is both a M6P receptor
and it binds a separate ligand, insulin-like growth factor Il (IGFIl).*
Investigators have capitalized on this feature for lysosomal storage
diseases and found that inclusion of IGFIl signal peptides improved
efficacy. LeBowitz et al. first described glycosylation-independent
lysosomal targeting (GILT) for treating mouse models of muco-
polysaccharidosis type VII (MPS VII; Sly syndrome), Pompe disease,
and MPS llIB (Sanfilippo syndrome).#3¢ GILT technology makes
use of IGFll-tagged proteins for improved uptake via the CI-MPR
without the necessity of M6P residues. The production methods
and enzyme activity of GILT-GAA are similar to that of rhGAA from
Chinese hamster ovary cell lines which is used for ERT.8# Of signifi-
cance, the trafficking of the therapeutic protein is improved with the
GILT-tag.® With a higher affinity for the CI-MPR compared to rhGAA,
the uptake kinetics and glycogen reduction mediated by GILT-GAA
not only make it superior to traditional ERT in animal models, but
could necessitate decreased doses from 20-40mg/kg to as low as
5mg/kg.BThe duration of infusions and burden on the immune sys-
tem would be significantly reduced if the required doses of enzyme
could be lowered to 5mg/kg or less. Based on preclinical studies,
a multicenter phase 1/2 trial using GILT-GAA as a replacement for
traditional ERT is underway. However, cross-correction mediated by
secreted GAA is a slow and inefficient process requiring very high
circulating enzyme concentrations. The IGFIl peptide may also trig-
ger hypoglycemia, but initial clinical data suggests that the drug
is safe, and changes in diet can control hypoglycemia.?® Although
GILT-GAA is more efficient than rhGAA alone, inclusion of other
pharmacological interventions may further improve its efficacy.
Cell autonomous correction provided via gene therapy delivered
GILT-GAA is expected to be the most efficient therapy.
Investigations into improving traditional ERT for Pompe disease
are actively underway. One modality is the inclusion of pharma-
cological chaperones. As reversible allosteric inhibitors, pharma-
cological chaperones stabilize the conformation of GAA, allowing
for proper folding and trafficking, leading to an enhancement in
activity and bioavailability in Pompe disease patients and mouse
models.?# The chaperones are commonly glucose analogues, the
imino sugars 1-deoxynojirimycin and N-butyldeoxynojirimycin.2-°2
Investigations on the benefit of including chaperones have revealed
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improved pharmacokinetics and pharmacodynamics of circulat-
ing GAA bolstering glycogen substrate reduction.®*'* The pre-
clinical evidence has also been predictive of the clinical outcomes.
Coadministration of chaperones with ERT have improved circulat-
ing GAA levels and GAA activity in Pompe disease patients.”**
Additional benefit was observed in lowering hypersensitivity
reactions and antibody production in patients.** By ensuring the
appropriate folding, increased stability, and uptake of ERT, chaper-
ones may prevent both nonspecific and specific antibody binding.
Limiting epitope exposure to APCs, while exposing the glycosyl-
ation and phosphorylation moieties in an improved manner, may
lead to more efficient CI-MPR-mediated uptake. By diminishing
the immunogenicity of native, unfolded GAA, the stimulus to the
immune system might be less severe which may be the reason
decreased antibody titers were observed. The fact that the patients
in the clinical trial were CRIM positive may also be a factor.

IMMUNOTHERAPIES FOR POMPE DISEASE

Recent advances preventing IgG-production have proven effective
in both preclinical and clinical settings (Figure 3).°> As a means for
generalimmune suppression, the drugs methotrexate, mycopheno-
late mofetil, and cyclophosphamide have been successfully used to
prevent responses to ERT through inhibition of folicacid metabolism
(which blocks de novo DNA synthesis) or as DNA alkylating agents
(blocking DNA replication). These agents have prevented anti-GAA
antibody formation both in mice and Pompe disease patients.®-®
Using low-dose methotrexate, antigen-specific immune tolerance
induction is believed to have been achieved through generat-
ing the specific induction of IL-10 and TGF-B-producing B-cells, or
regulatory B-cells, in a mouse model of Pompe disease.®® Evidence
of T-cell elimination by low-dose methotrexate would support that
suppressive activity may be an effect of regulatory B-cell responses
rather than regulatory T-cell (Treg) responses.”® In a related approach,
patients have been placed on a combination of rituximab (a mono-
clonal anti-CD20 that globally depletes B-cells), methotrexate,
and intravenous immunoglobulin.®® This global immune suppres-
sion regimen has been effective in the elimination of pathogenic
anti-GAA antibodies and has allowed for increased doses of ERT.
However, such a protocol would also deplete regulatory B-cells.
Some evidence has been provided that it may be possible to dis-
continue immune suppression with tolerance to GAA maintained.'®
Stably induced tolerance after immune suppression in patients
awaits verification in more patients under better controlled study
conditions.

Immune modulatory regimens that do not include chemothera-
peutics have also been investigated. Blocking survival factors that
do not ablate the immune system have proven effective in inhib-
iting antibody formation. The inhibition of B-cell activating factor
(BAFF) and mammalian target of rapamycin have been evaluated
in Pompe disease mice and patients. BAFF is a pleiotropic cytokine
responsible for the maturation of B-cells.'® In a preclinical model
of Pompe disease, anti-BAFF treatment (using an antimouse ortho-
log of the clinical drug, belimumab) promoted an immunologically
naive environment such that anti-GAA antibodies were not formed,
resulting in improved GAA activity in affected tissues and prevent-
ing acute anaphylactic responses.’® To maintain a naive environ-
ment, the continuation of belimumab treatment was necessary.
Nonetheless, the effect of preventing the formation of GAA-specific
plasma cells from maturing and migrating to the bone marrow rep-
resents a novel means to address antibody-related immunotoxici-
ties that does not necessitate ablation of the immune system.'®
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Figure3 Targets forimmunotherapy. Multiple targets to prevent humoral immune responses or establish immune tolerance have been pursued for
Pompe disease ERT and gene therapy. (a) Targeting of BAFF prevents binding to BAFF-R, which inhibits the maturation of antigen-specific memory
B-cells. DNA-damaging agents such as CP, MMF, and MTX result in B-cell depletion. Treatment with anti-CD20 also results in B-cell depletion. Low-dose
MTX has recently been shown to induce regulatory B-cells, which allowed for successful immune tolerance induction in a mouse model of Pompe
disease. Blocking mTOR signaling through rapamycin treatment inhibits B-cell proliferation. Proteasome inhibitors, such as bortezomib, inhibit the
recycling of proteins that would be used to generate antibodies in plasma cells, inducing senescence. (b) T-cell targets, such as CD3 or CD4, induce the
depletion of T-cells or prevent the activation of B-cells to produce antibodies, respectively. Treatment with rapamycin induces a signaling cascade that
skews T-cells into a regulatory phenotype capable of antigen-specific immune suppression. BAFF, B-cell activating factor; BAFF-R, BAFF receptor; CP,

cyclophosphamide; MMF, mycophenolate mofetil; MTOR, mammalian target of rapamycin; MTX, methotrexate.

Rapamycin, commonly used as a T-cell modulator, has also been
investigated to treat humoral and hypersensitivity reactions in CRIM-
negative and CRIM-positive early-onset Pompe disease patients.'*
Rapamycin targets mammalian target of rapamycin, which is
responsible for regulating cell survival, growth, and proliferation of
lymphocytes.’® Despite the well-documented effects on T-cell func-
tion, rapamycin is also a potent suppressor of B-cell proliferation.'®
Although the mechanism involved in rapamycin-mediated B-cell
suppression is not fully understood, the potent effects rapamycin
has on lymphocyte survival produces a profound effect in prevent-
ing unwanted antibody responses.'® Rapamycin, in combination
with rituximab-mediated B-cell depletion, addressed both B- and
T-cell responses, was effective in preventing hypersensitivity reac-
tions associated with ERT infusions, and facilitated some functional
benefit in clinical outcomes.'* Inclusion of rapamycin increases the
capacity to induce immune tolerance as well. Blocking mammalian
target of rapamycin signaling with rapamycin in mouse models of
hemophilia A and B has shown promise in the induction of toler-
ance through an expansion of factor VIlI- or IX-specific L capable
of suppressing inhibitory antibody production.’-'"!

Targeting of T-cell co-receptors has similarly been effective. The
CD3 co-receptor is required for the signal transduction cascade
following TCR and CD4 engagement to MHCIL""? Targeting CD3
has been shown to be effective in prevented immune responses
in Pompe disease.””"* Mice treated with anti-CD3 antibody
showed marked reduction in CD4* and CD8* T-cells yet the ratio
between effector and regulatory cell types was skewed toward Tege
Dependence of tolerance on T g Was demonstrated by elimination
of CD25* cells, which eliminated tolerance. Anti-CD3 treatment also
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suppressed anti-GAA antibody formation in the context of preexist-
ing immunity, which would be more indicative of the clinical situa-
tion as prophylactic immune suppression is not often in place prior
to the initiation of ERT. The mechanism of suppression may then be
adirectinteraction ofTregswith anti-GAA antibody producing plasma
cells. In clinical studies, the inclusion of proteasome inhibitors was
necessary to induce senescence of plasma cells."* Plasma cells are a
difficult subset of B-cells to suppress as antibody production is not
inhibited with anti-CD20 or anti-BAFF therapy. Once established
within the bone marrow, plasma cells no longer express CD20 or
require BAFF to the same degree as circulating B-cells and plasma-
blasts, which are immature plasma cells.®"¢117 Recently, however,
it has been shown in mouse models that T CAN specifically sup-
press antibody production in refractory plasma cells.''®

Although not as advanced as the developments for ERT, some
of the immune modulatory strategies are now also being tested
to block humoral responses in the context of gene therapy. In a
preclinical model of Pompe disease, CD4 co-receptor blockade
adequately prevented the formation of anti-GAA antibodies fol-
lowing infusion of AAV9-CBA-hGAA by limiting CD4* T-cell helper
functions.""® Similar to anti-BAFF therapy, which does not glob-
ally ablate B-cell immunity,'®'% the anti-CD4 antibody was found
to be nondepleting of T-cells while preventing hypersensitivity
reactions and mortality associated with ERT. Interestingly, only
short-course anti-CD4 treatment was effective as prolonged anti-
CD4 treatment after gene transfer had no impact on preventing
mortality. Prophylactic treatment with anti-CD4 in mice injected
with AAV displayed decreased anti-capsid antibody titers which
allowed for greater liver transduction provided by an additional
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vector that targeted GFP expression to the liver.'” These results
led to the conclusion that anti-CD4 treatment similarly prevented
the development of neutralizing anticapsid antibodies in addi-
tion to blocking anti-GAA antibodies.

Recent gene therapy clinical studies have shown that it is pos-
sible to use immune suppression regimens to prevent responses
to GAA as well as to the vector. A CRIM-negative child with Pompe
disease treated with ERT while on B- and T-cell immunomodula-
tion'® was enrolled in a gene therapy clinical trial for intramus-
cular AAV1-CMV-hGAA administration.'® Children not receiving
immune suppression in the study showed the expected increase
in anti-AAV1 capsid antibodies. In sharp contrast, the child under
immune suppression remained seronegative for both anticapsid
and anti-GAA antibodies through 1 year post-dosing with func-
tional improvements in respiratory outcome measures.’”® These
results laid the groundwork for management of immune responses
in the event of readministration of gene therapy.'' Particularly for
pediatric patients, multiple doses of gene therapy may prove neces-
sary as the individual develops. As evidenced by an AAV clinical trial
for Leber’s congenital amaurosis (an inherited form of blindness),
the 5 years post gene transfer functional decline of vision, indicated
by progressive deterioration in the initially improved area of vision,
suggests that additional exposure or early delivery of gene therapy
may be necessary to achieve a sustained effect.'?? As it pertains to
Pompe disease, maintaining a stable, high level of GAA systemically
as a child matures may be a challenge. Addressing preexisting neu-
tralizing antibodies, which would allow patients to be permissive to
multiple administrations of gene therapy throughout the course of
their life, will likely be the most effective course of treatment.

Altogether these notions underlie the importance of manag-
ing the immune response to gene or ERT for long-term success.
Interventions such as pharmacological chaperones and immune

suppression allow for immediate application in a clinical situation.
Induction of antigen-specific immune tolerance capable of damp-
ening or preventing immune responses stands as the most sought
after goal to ultimately achieve in the efforts to overcome humoral
immune responses for Pompe disease.

ANTIGEN-SPECIFIC IMMUNE TOLERANCE INDUCTION
STRATEGIES

Many approaches to immunomodulation have developed for con-
trolling immune responses toward ERT, and there have been many
effective developments in the establishment of immune tolerance
toward GAA for Pompe disease therapy (Figure 4). The specifically
targeted expression or exposure of GAA to discrete cell types and
tissues has allowed for the development of functional T___ capable
of attenuating immune responses. As critical regulators of toler-
ance, CD4*CD25*FoxP3* L and type 1 regulatory T-cells (T,1;
CD4*CD25FoxP3:CD49b*LAG-3*) use both cell contact-dependent
(via CTLA-4 and PD-1) as well as cytokine-dependent (via IL-10, IL-13,
IL-14, IL-35, and TGF-3) mechanisms forimmune suppression. 81212
Ablation of T results in severe autoimmunity as evidenced by
Foxp3 knockout (scurfy) mice which exhibit a lymphoproliferative
disease as a result of a lack of T-cell tolerance. Similarly, defects in
FOXP3 in humans lead to the autoimmune disease, immunodys-
regulation polyendocrinopathy enteropathy X-linked syndrome. As
critical as Tregs are for central tolerance during development and pre-
vention of autoimmunity, they are similarly instrumental for induc-
ing tolerance toward exogenous antigens, such as therapeutic pro-
teins like GAA. To achieve induced or central tolerance, studies into
targeting the mucosal immune system, red blood cells (RBCs), HSCs,
and liver-directed gene therapy have all shown promise in prevent-
ing the substantial immune responses that occur during treatment
for Pompe disease.

Targeted Required
tissue Cell type involved factors
RA
F4/80* DO
GALT CD103*
Plasmacytoid DCs L5y
Y TGF-B
n PD-1; CTLA-4
Jagged1/Notch
F4/80* PD-L1
RBC cD11b* GITR-L . / Cell contact-
Liver-specific cells IL-10 FOXP3 Treg dependent
TGF-p LAP* T g suppression
TR
— SIRTUIN{ ——
HSC Cortical thymic epithelial AIRE
Medullary thymic epithelial IL-2 Cytokine-
TGF-B dependent
/ Hepatocytes \ suppression
Endothelial Jagged1/Notch
Liver sinusoidal endothelial PD-L1 IL-10; 1L-13; IL-14;
Liver Stellate GITR-L IL-35; TGF-B
Resident lymphocytes IL-10
DCs TGF-B
Kupffer cells

Figure4 Generation of antigen-specific T T

can be generated from CD4* T-cells through multiple pathways conducive to gene transfer for

immune tolerance induction. Targeting of the GATTthrough oral tolerance results in antigen uptake by macrophages and dendritic cells that facilitate

both CD25*FoxP3*LAP and CD25FoxP3LAP*T

induction through an RA-, IDO-, IL-10-, and TGF-B-dependent mechanism. Targeting HSCs allows

for induction of central tolerance by exposing deegveloping lymphoid precursors to autoantigens through the coordinated activities of SIRTUIN1 and
AIRE. Autoreactive T-cells are eliminated, and the antigen provided by gene transfer is recognized as self, which will not initiate an immune response.
RBC delivery of the antigen and hepatic gene transfer result in identical mechanisms as the antigen-loaded RBCs are cleared by the liver. Through
interactions of multiple liver-specific cells and high concentrations of immunosuppressive signals, antigen-specific CD25*FoxP3* Tese and CD25FoxP3-
CD49b*LAG-3*T,1 cells are produced. After induction, these cells circulate and inhibit areas undergoing an antigen-specific response through cell
contact- and cytokine-dependent mechanisms. AIRE, autoimmune regulator; GALT, gut-associated lymphoid tissue; HSC, hematopoietic stem cell;
RBC, red blood cell.
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The gut-associated lymphoid tissue (GALT) has developed a
sophisticated series of highly specialized cells that, under normal
conditions, promote an anti-inflammatory environment capable of
inducing oral tolerance.'?® In efforts to expose neo-antigens to the
GALT and induce oral tolerance, feeding of rhGAA to C57BL/6 and
BALB/c mice was performed with immunizations with rhGAA."? It
was observed that the mice that were fed rhGAA every other day for
5 days did not produce GAA-specific IgG or IgE. This seminal study
on oral tolerance for Pompe disease has since progressed to using
bioencapsulated GAA for oral delivery. Tobacco transplastomic
plant lines expressing a cholera-toxin B subunit (CTB) GAA fusion
protein produced similar results in preventing anti-GAA 1gG1 and
IgG2a at a greater than 10-fold lower dose compared to feeding
with nonencapsulated rhGAA."*® Inclusion of CTB-GAA within plant
cells allows for lower doses due to improved CTB-mediated uptake
across the mucosal lining and protection from stomach enzymes
and acids when encased in cellulose. This is an important consid-
eration, uptake of CTB-fusion proteins by dendritic and F4/80* cells
within the GALT leads to the induction of antigen-specific regula-
tory CD4*CD25LAP* T-cells and conventional CD4*CD25*FoxP3*
T during plant-based oral tolerance induction.”™' The interactions
between CD103* and plasmacytoid dendritic cells with CD4* T-cells
after oral GAA delivery initiates a cascade of secondary signals,
namely, retinoic acid, indoleamine-2,3-dioxygenase, TGF-$, and
IL-10, which promote GAA-specific oral tolerance.” Plant-based
oral tolerance stands as an attractive option for managing immune
responses as transgenic plants can be produced in mass quanti-
ties that can be easily administered to patients with relatively little
cost.'??

A novel approach to induce immune tolerance for Pompe disease,
that also employs bioencapsulation, has recently been developed
using RBCs."* Encapsulation of rhGAA into RBCs through dialysis
allowed for a very high concentration of rhGAA to be entrapped
within the RBCs without affecting the integrity of the cells.’33'3*
RBCs containing rhGAA transfused into C57BL/6 mice were cleared
by the liver in greatest abundance by F4/80* macrophages and to
a lesser extent by splenic CD11b* macrophages.'*® This clearance
resulted in antigen uptake and presentation by MHCII that, in the
liver, can skew CD4* T-cells to a regulatory phenotype. The trans-
fusions proved effective in dampening antigen-specific 1gG, 1gG1,
and IgG2c antibody production.’* The inhibition of antibody pro-
duction was maintained through the study duration of 2 months.'*
It will be interesting if these experiments are repeated in a Pompe
disease model as these results could have a profound impact in
the clinic. RBCs are easily accessed, and if preclinical evidence is
indicative of the clinical outcome, Pompe disease patients have an
increased hematocrit when ERT is chronically administered, mak-
ing RBCs an abundant and minimally invasive cell type to modify,
especially compared to HSCs.”® Reasonable turnaround time for
modified RBCs for a patient would be anticipated as the dialysis pro-
cedure to load rhGAA into the RBCs is straightforward, and the use
of autologous cells precludes safety concerns related to rejection.
Preexisting immunity was not addressed, but, like with immuno-
modulation, prophylactic intervention was effective in preventing
deleterious responses. Efficacy in reversing preexisting immunity
will be an important question to address in subsequent studies.
Whether through transplastomic plant lines or RBCs, bioencapsu-
lated delivery of GAA represents a promising and expanding area of
tolerance induction for Pompe disease.

Lentiviral transduction of HSCs has been shown to be capable
of correcting Pompe disease pathology in a mouse model.’' The
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targeted expression within HSCs was similarly shown to induce
GAA-specific tolerance. After sublethal irradiation, transplantation
of transduced HSCs was effective in reconstituting the immune
system and prevented antibody formation after rhGAA and adju-
vant immunizations. The development of immune tolerance in this
manner most closely resembles the process of central tolerance
as opposed to induced tolerance in the periphery. As thymocytes
develop from the lymphoid progenitors derived from transduced
HSCs, GAA is expressed within cortical and medullary thymic epi-
thelial cells orchestrated by SIRTUIN 1, a deacetylase, and autoim-
mune regulator, a master transcriptional regulator, to facilitate
central tolerance to autoantigens and negative selection of auto-
reactive T-cells.’**='¥” In a situation where GAA, the autoantigen, is
never expressed due to deletions or truncations within the gene,
SIRTUIN 1, autoimmune regulator and their downstream functions
cannot promote the negative selection of GAA-specific T-cells. By
facilitating GAA expression in the thymus through gene therapy,
central tolerance can be achieved. Of concern, however, is the con-
ditioning regimen that was used in the mouse study.>' A sublethal
total radiation dose of 6 Gy was performed on Pompe disease mice
to ablate the bone marrow to provide space for the transduced
HSCs to engraft. It is not known how well a Pompe disease patient
would tolerate total body irradiation. Although it is understood that
physical space must exist for HSC engraftment, pursuing less dev-
astating conditioning regimens, such as with busulfan with or with-
out fludarabine, has been shown to be a superior regimen in mice
and nonhuman primates compared to irradiation.’'* |n a clinical
trial using lentiviral vector transduced HSCs for the treatment of
B-thalassemia, a patient was exclusively conditioned with busulfan
and has since no longer required RBC transfusions. Busulfan con-
ditioning was also used in pediatric indications for metachromatic
leukodystrophy and Wiskott-Aldrich syndrome.®>¢* Fludarabine was
additionally provided in the Wiskott—Aldrich clinical trial.®* In both
instances, stable gene transfer occurred with disease-free survival.
Although long-term safety data are not currently available, the find-
ings are encouraging and suggest that total body irradiation is not
necessary. As lentiviral transduction of HSCs begins to move into
clinical trials for Pompe disease and other lysosomal storage dis-
orders,? the conditioning regimen should be carefully considered
with emphasis of using as mild of a regimen as possible considering
the fragility of Pompe disease patients.

One of the more often utilized and successful routes for induc-
ing immune tolerance has been liver-directed gene therapy using
AAV to generate antigen-specific Tregs.”&126 Although direct intra-
thymic delivery has been pursued to achieve central tolerance to
GAA, the ease of targeting the liver via injection of a peripheral vein
represents a more attractive and less invasive route of delivery for
inducing tolerance.’*' The liver is uniquely equipped to interact with
circulating antigens and is naturally immune tolerant expressing
high levels of IL-10, TGF-B, and PD-L1.'*2 The interactions between
hepatocytes, endothelial cells, liver sinusoidal endothelial cells,
hepatic stellate cells, tissue resident lymphocytes, dendritic cells,
and Kupffer cells surveying the antigens within the circulation act
discretely to promote a tolerogenic microenvironment similar to the
GALT.* It has been demonstrated that the restriction of transgene
expression to hepatocytes, as well as their interactions with APCs,
is necessary to prevent deleterious immune responses.'*'* Recent
evidence in mouse models has suggested that the immunoregula-
tory phenotype is initiated via the activation of the Jagged1/Notch
signaling pathway."*' It was shown that blocking Notch signal-
ing prevented IL-10 secretion by CD4* T-cells. After gene transfer,
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L

continuous T-cell receptor interactions with antigen, provided by
liver-restricted gene expression, stabilizes FoxP3 expression and
upregulates GITR, PD-1, and CTLA-4 on IL-10 producing CD4* T-cells,
imparting the regulatory phenotype.’>126147

Liver-directed gene therapy has had benefit for inducing immune
tolerance in Pompe disease mouse models. First, successful preven-
tion of antibody production was achieved when employing a liver-
specific promoter to express GAA.'*® AAV8 was the vector serotype
of choice, and it was shown that its natural propensity to target the
liver was not as essential as using a liver-specific promoter. Attempts
at inducing immune tolerance using an equivalent serotype deliv-
ering a constitutive chicken B-actin (CB) promoter-driven construct
initiated a deleterious response. As a means to impart increased
therapeutic benefit for ERT, liver-directed gene therapy was similarly
effective. Immune tolerance allowed for repeated infusions of ERT
without anaphylaxis and greater glycogen clearance in affected tis-
sues." In a follow-up study, it was shown suppression of antibody
production was Treg-dependent. Elimination of CD25* T-cells through
anti-CD25 antibody administration ablated T -mediated protection
from antibody responses.’® This conclusion is further supported
by specific elimination of FoxP3* cells."® Lastly, tolerance induc-
tion through liver gene transfer was effective, but incomplete, in
enhancing gene therapy provided by a separate vector. Although the
method of using two vectors in this study was effective in supersed-
ing immune responses from a CB-driven construct, challenge with
rhGAA initiated a response. The dose of rhGAA, its nonmurine origin,
as well as the tendency for CB-driven constructs to initiate substantial
immune responses were likely the causes of the immune response.’’
The inclusion of multiple vectors to treat Pompe disease will likely be
necessary as the immunogenicity of rhGAA, and the systemic nature
of the disease, will require a multifaceted approach to treat. Especially
considering benefit from liver-derived GAA may not be sufficient for
full body correction as secreted GAA behaves similarly to ERT and is
too large to cross the blood-brain barrier."® Therefore, utilizing a sero-
type that can cross this barrier, such as AAV9, which demonstrates a
more global transduction profile, may prove more appropriate *152153
Engineered or de-targeted AAV serotypes may also be considered
to specifically transduce tissues of interest.”®*'¢ A dual-vector AAV9
approach that targets gene expression specifically to the liver and
neuromuscular tissues has the potential to be superior in inducing
immune tolerance and correction of Pompe disease pathology.

CONCLUSIONS

In developing therapeutic strategies for Pompe disease, there has
been a need to understand and control immune responses against
GAA. The same challenges exist for all recessive diseases where lim-
ited endogenous protein is produced. Evading immune responses for
Pompe disease has been pursued through a variety of approaches.
Modifications in the dose and formulation of ERT have shown efficacy
when GILT-tags are included, but success with ERT is limited without
immunomodulation. Pharmacological interventions provided as
small-molecule chaperones or immunosuppressive agents have less-
ened the frequency of infusion-associated reactions and improved
the efficacy of ERT and gene therapy. Long-term immune suppression
can have lasting, negative consequences, however,"” and there is a
risk of de-sensitization to certain medications. Importantly, all of the
interventions discussed are at the experimental stage, and therefore,
no universally accepted standard for addressing immune responses
has been adopted. Targeted delivery of bioencapsulated GAA has
been very promising for inducing tolerance. Oral tolerance induc-
tion has proven an effective clinical intervention for severe allergic
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responses, most recently to peanuts.’*® An oral tolerance approach
for hemophilia A" B,’*"1%* and Pompe disease' has been shown to
be effective in preclinical models but has yet to be implemented in
the clinic. RBCs dialyzed with rhGAA is another approach to induce
tolerance that needs further testing in Pompe disease animal models.
Ex vivo lentiviral transduction of HSCs holds great promise in achiev-
ing central tolerance. As safer vectors and more sensitive assays to
ascertain insertional mutagenesis are developed, the likelihood of
a lentiviral-based therapy for Pompe disease improves. AAV gene
therapy is at the forefront of next-generation therapies for Pompe dis-
ease. AAV-mediated hepatic expression has proven effective but lim-
ited in corrected the neuromuscular pathology. Developing a clinical
product that improves physiologic outcomes and induces tolerance
will likely be the most successful intervention.

The most efficacious approaches to induce immune tolerance for
Pompe disease are predicated upon the induction of GAA-specific
Tregs or elimination of B- and T-cells to prevent antibody production.
Preclinical and clinical experience with these methods has warranted
enthusiasm for the future. In a naive setting, tolerance can be induced
to prevent the development of immune responses to GAA, yet, design-
ing therapies that address preexisting immunity has remained a chal-
lenge. The described approaches to overcome immune response
related to protein replacement and gene therapy have broad implica-
tions for many monogenic, allergic, and autoimmune disorders, trans-
lating to safer and more effective therapies for patients.
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