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Hereditary galactosemias is a group of rare inherited disorders of galactose metabolism.
Prevalences range from 1:10,000 — 1:60,000 in type 1 (classic galactosemia (CG)?),
1:1,000,000 in type 2 (galactokinase (GALK1) deficiency?), 1:6,700 — 1:60,000 in non-
generalized galactose epimerase (GALE) deficiency and a ultrarare prevalence in
generalized GALE deficiency®. Depending on the affected step in the galactose metabolism,
patients have a broad phenotypic spectrum and experience a high burden of disease.
Galactosemia type I, also known as CG, is the most well-studied type of the galactosemias.
However, despite decades of research, the exact mechanism of disease remains
challenging and the occurrence of long-term complications in the majority of CG patients
require novel treatment options. On the other hand, galactosemia type Il and llI,
respectively known as GALK1 and GALE deficiency, are not well characterized entities due
to scarce data. There is need for more evidence-based guidelines to improve the

standardized practice.

The first aim of this dissertation was to describe the natural history of galactosemia type Il
and lll. Therefore, patients’ data from different countries included through the
galactosemia network (GalNet) and GalNet registry was used. For rare diseases, such as
galactosemia, the implementation of an international web-based registry is key to acquire
more data. Registries are powerful tools that fulfills multiple important purposes, such as
better delineation of the natural history and phenotypic spectrum, investigating the
impact of early diagnosis and treatment, as well as evaluating the current practices®. The
GalNet registry enabled expansion of the existing knowledge on the phenotypic spectrum
of GALK1 deficiency and GALE deficiency, allowing us to develop recommendations
regarding diagnosis, treatment and follow-up. Initially, GALK1 deficiency was considered
as a mild type of galactosemia, with bilateral cataract as the only consistent finding®.
However, based on our gathered data from 53 GALK1 deficient patients from the GalNet
registry, we found that in addition to cataract the phenotypic spectrum of GALK1
deficiency can include neonatal illness, such as elevation of transaminases (25.5%),
bleeding diathesis (8.1%), and encephalopathy (2.0%). Moreover, in the majority of
patients, periodical surveys to examine potential complications and additional work-up to

exclude other genetic diseases, were not systematically performed. Therefore, we
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recommended to include additional testing to exclude other genetic diseases in patients
with complications beyond the neonatal period, as well as periodic clinical follow-up to
examine the patients’ symptoms. This is crucial to end the controversy that there are more
symptoms than neonatal illness and bilateral cataract, which are most likely due to the

presence of consanguinity in the described families.

In addition, the GalNet network and registry enabled us to describe the phenotypic
spectrum of 22 patients with GALE deficiency, of whom 6 were classified as generalized.
Since only 9 patients from 5 families were reported in the literature so far®’, the
description of 6 more generalized GALE deficient patients is very valuable for further
elaboration of the phenotypic spectrum of this entity. Moreover, due to lack of facilities to
measure GALE enzyme activities in other cell types rather than red blood cells, we noticed
that additional enzymatic or genetic testing to better classify the deficiency is not part of
common practice in many centers. The implementation of GALE deficiency in the newborn
screening (NBS) program for galactosemia urges a better classification into the different
types and delineation of the phenotypes. In addition, better classification is important to
decide whether or not to start with dietary restrictions and to provide proper clinical
guidance. Currently, the malpractice of not categorizing the patient in ‘generalized’,
‘intermediate’ or ‘peripheral’ GALE deficiency leads to overtreatment, because even
peripheral GALE deficient patients will be set on a galactose-restricted diet. In addition to
genetic and enzymatic testing, the clinical picture should be more taken into account to
classify the patient. Moreover, due to the lack of facilities, we suggested serum transferrin
as diagnostic tool to help in the decision for dietary intervention. Thus, the GalNet registry
allowed us to advance the knowledge of the existing gaps in the phenotypic spectrum as
well as to gain insight in current non-standardized practices and allowed us to make
recommendations for diagnosis, treatment and follow-up for galactosemia type Il and llI.

This brings us one step closer to improving the standardized care for these patients.

The second objective of this dissertation was to review and identify pathophysiological
mechanisms involved in primary ovarian insufficiency (POI) in CG. POl is considered as one
of the most burdensome complication in CG2. This high burden of disease emphasizes the

need and importance of adequate counseling and information on fertility preservation
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options and unmet need of novel therapeutic strategies to prevent disease progression. In
order to offer adequate fertility counseling and to develop new therapeutic strategies for
POI, the exact underlying pathophysiological mechanisms need to be better elucidated.
Therefore, we reviewed the current insights on the clinical picture, counseling paradigm,
knowledge on the involved pathophysiological mechanisms, and current treatment
options. We emphasized the significant psychological burden of POl and the need for
adequate counseling and timely discussion of fertility preservation options. Clinicians
should be aware of this high psychological burden and should emphasize the occurrence
of spontaneous pregnancies in women with CG, so that patients feel supported in sharing
their psychological distress and uncertainties concerning their desire to have children.
Current insights on the underlying pathophysiological mechanisms of POl in CG at the
molecular level in cellular models and a mouse model points to dysregulation of pathways
crucial for normal folliculogenesis including phosphatidylinositol 3-kinase/protein kinase B
(PI3K/AKT), inositol pathway, mitogen-activated protein kinase, insulin-like growth factor-
1 and transforming growth factor-B signaling. Impaired folliculogenesis leading to
decreased ovarian function and severe POl seems essential in the development of POl in
CG. We aimed to reproduce these findings in our zebrafish model by using new techniques
available nowadays, such as transcriptomics. By analyzing the transcriptomic profile of
female gonads of galt knockout (KO) and wildtype (WT) zebrafish, we were able to identify
pathways involved in the pathogenesis of POl that are altered in galt KO zebrafish
compared to WT zebrafish. We found two perturbed pathways in galt KO zebrafish,
namely insulin signaling pathway and ubiquitin mediated proteolysis, both involved in
proper folliculogenesis and oocyte maturation. These results support the hypothesis of
impaired folliculogenesis as important pathophysiological mechanism in the development
of POl in CG. However, the results of our transcriptomic pilot study are currently repeated
in a larger study population of zebrafish and at different age stadia. Unraveling the
underlying pathophysiological mechanisms are fundamental to develop diagnostic tools to
predict disease progression and to find biomarkers that could open novel treatment

avenues.
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Because CG is the most well studied type of the different galactosemias, the third and last
objective of this thesis was to explore new treatment options for CG. As described above,
due to the high psychological burden and impaired quality of life, there is a need for new
treatment options in CG. New treatment options could either be directed to the
genetic/enzymatic defect directly, influence the cascade of events or focus on the clinical
picture of patients with CG. In this dissertation, we investigated treatment strategies that
either directly affect the enzymatic GALT deficiency (arginine) and that influence the
clinical picture of CG patients (transcranial Alternating Current Stimulation (tACS)).
Arginine, a chemical chaperone, showed a beneficial effect as protein stabilizer in a
prokaryotic model of galactose sensitivity®. Therefore we investigated the therapeutic
potential of arginine as chaperone in CG patients homozygous for c.563A>G (p.GIn188Arg).
In our small study population of four patients, we did not find a significant therapeutic
effect of arginine in these patients. Despite the negative outcome, these results are
important in the journey to find new treatment options for CG patients. We have learned
that CG patients homozygous for c.563A>G (p.GIn188Arg) will not benefit from arginine as
chaperone, but this does not rule out that CG patients with other pathogenic GALT variants
will. The pathogenic variant c.563A>G (p.GIn188Arg) is closely located to the active site
and also affects the catalytic activity!®!l. Pathogenic variants causing purely
conformational changes may be more amenable to arginine. Moreover, the results could
indicate that CG patients homozygous for c.563A>G (p.GIn188Arg) might benefit from
other treatment strategies, such as mRNA therapy. There are promising results for mRNA

therapy in CG2, but further research is necessary to bring it to the patient.

In addition to arginine, we also explored therapeutic approaches that ameliorate the
clinical consequences of CG. The brain is one of the major organs affected in CG, namely
85% of the patients suffer from cognitive and neurological complications including
language and speech disorders!3. Previous research has related these cognitive and
language deficits to anatomical'**® and functional differences!®?° in brains of CG patients
compared to healthy controls. Studies using electroencephalograms (EEG) in CG patients
and healthy controls during language production, found differences in the morphology of

the event-related potential (ERP) components P100, P200 and P300'°. Since theta
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frequency plays an essential role in working memory?! and executive control during
language production??, we conducted a case-control pilot study to investigate the effect
of tACS in theta frequency on the language performance in CG patients compared to
healthy controls. Our study showed promising results with a very specific impact of theta-
tACS on accuracy and ERP amplitude in CG patients compared to healthy controls. Further
research to stimulate other brain areas with other frequencies relevant for language
production should be conducted by our research group. Currently, the duration of the
stimulation effect and thus the practical use of this treatment option is still unknown, but
the results seem promising. TACS could be a potential therapy to improve the language

problems in CG patients, which are experienced as a high burden of disease?.

In conclusion, the studies in this dissertation add to the existing knowledge of the different
types of galactosemia. We elaborated the clinical phenotype and made recommendations
for diagnosis, treatment and follow-up for galactosemia type Il and IIl. In addition, our
review will be of great value in understanding the perturbed signaling pathways in POl in
CG. Awareness of the existing knowledge gaps is essential to develop new therapeutic
strategies and to improve the current practices. The chemical chaperone arginine was not
effective in CG patients homozygous for c.563A>G (p.GIn188Arg) but might be for other
variants On the other hand, tACS could be a promising therapy for the language problems
in CG patients. The studies presented in this dissertation bring us one step closer to better
fundamental understanding and toward the development of better treatment, resulting in

higher quality of life for this patient group.
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