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Inherited deficiency of phosphomannomutase 2 (PMM2) (aka PMM2-CDG) is the most common congenital
disorders of glycosylation (CDG) and has no cure. With debilitating morbidity and significant mortality, it is
imperative to explore novel, safe, and effective therapies for the disease. Our Proof-of-Concept study showed that
AAV9-PMM2 infection of patient fibroblasts augmented PMM2 expression and improved glycosylation. Thus,
AAV9-PMM2 gene replacement is a promising therapeutic strategy for PMM2-CDG patients.

1. Introduction

Congenital disorders of glycosylation (CDG) are a group of inherited
metabolic disorders characterized by glycoprotein and glycolipid
hypoglycosylation [1]. Phosphomannomutase 2 (PMM2) deficiency
(aka PMM2-CDG, MIM# 212065), the most common CDG, is caused by
recessive pathogenic mutations in the PMM2 gene [2], which effectively
and significantly diminished cellular PMM2 activity, thereby reducing
the conversion rate of mannose 6-phosphate into mannose 1-phosphate.
The latter is used to synthesize GDP-mannose, a crucial mannose donor
for glycan synthesis [3] (Fig. 1A). Patients with PMM2-CDG present with
variable features ranging from isolated neurologic involvement to se-
vere multi-organ dysfunction and early death [4,5].

In the absence of curative treatments and a high mortality before two
years of age, not to mention the severe morbidity throughout life, it is
imperative to explore safe and effective therapeutic strategies [6]. We
hypothesized that AAV9-based PMM2 gene replacement could restore
significant PMM2 expression in patient cells and improve the long-term
outcome of this disease.

2. Materials and methods
2.1. Cell culture

PMM2-CDG patient-derived fibroblasts (GM27226, GM27386) were
obtained from the Coriell Institute for Medical Research. De-identified
control fibroblasts were derived from normal healthy individuals.
Cells were maintained in Dulbecco’s Modified Eagle Medium supple-
mented with 10% fetal bovine serum and 1% penicillin-streptomycin
solution.

2.2. AAV9-PMM2 infection

AAV9-PMM2 expression vector was designed by the Lai Lab and
synthesized by VectorBuilder Inc. (IL, U.S.A.). Infection of fibroblasts
was performed using VectorBuilder’s recommended protocol.

2.3. PMM?2 activity assay

Fibroblasts were assayed for PMM2 activity as previously described

[7].
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2.4. Immunoblot analysis

PMM2 protein abundance in fibroblasts was evaluated with primary
antibody against PMM2 (Proteintech, #10666-1-AP) using our labo-
ratory’s published protocol [8]. Assessment of the abundances of gly-
coproteins ICAM-1 and LAMP1 was performed using primary antibodies
against ICAM-1(Santa Cruz Biotechnology, #sc-8439) and LAMP1(Cell
Signaling Technology, #3243), respectively. p-actin detected by anti-
B-actin antibody (Cell Signaling Technology, #CST-3700) was used as
loading control.

3. Results

We conducted in vitro studies by infecting patient fibroblasts with
AAV9-based vector expressing the human PMM2 gene. The patient 1
fibroblast strain was compound heterozygous for R141H and N2161
mutations, while patient 2 fibroblast strain was compound heterozygous
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for R141H and E139K mutations. Patient 1 presented with a range of
symptoms, including global developmental delay, oculomotor apraxia,
cerebellar hypoplasia, feeding difficulties, abnormal coagulation,
muscular weakness, ataxia, strabismus, growth hormone deficiency,
eczema, hypothyroidism, iron deficiency, transaminitis, weekly epi-
sodes of epistaxis and mild myopia. Patient 2 had developmental delay,
muscle weakness, noticeable mild plagiocephaly, dysarthria, stra-
bismus, difficulty chewing and swallowing, severe central sleep apnea
with mild hypoxemia. Both patient fibroblast strains expressed residual
PMM2 activity (9.22% and 6.85%, respectively of Control) (Fig. 1 B3)
and residual immunoreactive PMM2 protein (37.43% and 11.37%,
respectively of control) (Fig. 1 B1, 2). Infection of the AAV9-PMM2 at
multiplicity of infection (MOI) of 10,000 augmented PMM2 protein
levels by 2.87 and 2.60-fold, respectively (Fig. 1 C1, 2). This was
accompanied by an increase in activity 2.50 and 1.67-fold, respectively
(Fig. 1 C3). Additionally, augmentation of PMM2 activity in the patient
fibroblast strain increased ICAM-1 and LAMP1 expression (Fig. 1D).
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Fig. 1. Pharmacokinetic and Pharmacodynamic studies of AAV9-PMM?2 in patient-derived fibroblast cell models.

(A) Role of phosphomannomutase 2 (PMM2) in glycan biosynthesis.

(B) Characterization of PMM2 expression in PMM2-CDG patient-derived and control fibroblasts.

(1) Assessment of PMM2 protein expression through immunoblot analysis.

(2) Comparative quantification of PMM2 protein levels normalized to p -actin protein abundance.
(3) Evaluation of PMM2 enzymatic activity. Each sample represents three independent replicates of the experiment. ***, P < 0.001. **** P < 0.0001.
(C) Evaluation of PMM2 expression in AAV-treated and untreated PMM2-CDG patient-derived fibroblasts.

(1) Assessment of PMM2 protein expression through immunoblot analysis.

(2) Comparative quantification of PMM2 protein levels normalized to B -actin protein abundance.
(3) Evaluation of PMM2 enzymatic activity post-infection. Each sample represents pooled extracts prepared from three separate 10-cm plates of cells treated

independently in the specified manners.

(D) Evaluation of glycosylation in AAV-treated and untreated PMM2-CDG patient-derived fibroblasts.

(1) Assessment of ICAM-1 protein expression through immunoblot analysis.

(2) Comparative quantification of ICAM-1 protein levels normalized to B-actin protein abundance.

(3) Assessment of LAMP1 protein expression through immunoblot analysis.

(4) Comparative quantification of LAMP1 protein levels normalized to p-actin protein abundance. Each sample represents pooled extracts prepared from three

separate 10-cm plates of cells treated independently in the specified manners.
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Interestingly, supplementation of the patient cells with 1 mM D (+)
mannose did not appear to improve the infection efficiency (data not
shown).

4. Discussion

With an estimated prevalence of 1:20,000 in some studies [9],
PMM2-CDG is the most prevalent CDG. Therefore, it is not surprising
that different therapeutic strategies have been tested to address the great
unmet needs of patients. These approaches include, but are not limited
to, the use of phosphomannose isomerase inhibitors [10], aldose
reductase inhibitors [11], pharmacological chaperones [12], and acet-
azolamide supplementation [13]. None of these approaches restore
near-normal PMM2 activity in patient cells. The recent Food and Drug
Administration (FDA)-approved gene-based therapies like Zolgen-
sma®'“and Hemgenix® [15] indicated that AAV-mediated gene
replacement therapy could be a promising modality for PMM2-CDG.
Although gene-based therapy like Zolgenma® is an intuitively sound
approach for many recessive genetic disorders, we were originally
concerned if it would work for CDG because cell receptors for AAV
vectors are glycoproteins that could be so severely altered due to
hypoglycosylation in PMM2-CDG that AAV infection is no longer
feasible. Consequently, it is crucial to test the viability of such approach
in pilot Proof-of-Concepts (POC) studies in patient cells early in the
therapeutic development programs. Our results shown here are not only
reassuring, but they also demonstrate that AAV9-mediated PMM2
replacement augmented PMM?2 expression and improved glycosylation
in the patient cells (Fig. 1), thus paving the way for in vivo preclinical
studies.

Yet, we are aware that patients with PMM2-CDG sulffer liver disease
and neurological deficits, which could not be fully modeled in patient
fibroblasts. However, we believe that construction of immortalized pa-
tient cell lines of liver and central nervous system (CNS) origins is
outside the scope of this study, not to mention how achievability it will
be. Moreover, we would like to emphasize that the focus this Short
Communication is to test whether any residual PMM2 activity in patient
cells will be sufficient for AAV9 infection. As we now demonstrate that it
is feasible, we will proceed to in vivo testing in animal models of the
disorder in the future, so that we can address the tissue-specific phe-
notypes more effectively. Furthermore, we have chosen in this study the
AAV9 serotype because of its documented ability to cross the blood-
brain barrier, which has led to successful, non-invasive intravascular
delivery in animal models of several diseases [16,17]. In fact, the Zol-
gensma® [14] gene therapy approved by FDA to treat Spinal Muscular
Atropy (SMA), a neurological disease, also employed AAV9 as the de-
livery agent. Therefore, we are confident that the AAV9-PMM2 vector
we designed and tested in this pilot study will allow us to further eval-
uate the efficacy of this modality in alleviating the neurological disease
of PMM2-CDG in our ongoing studies.

5. Conclusion

AAV9-based PMM2 gene replacement is a promising therapeutic
strategy to tackle the unmet medical needs for the patients with PMM2-
CDG.
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