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Abstract
Lysosome (L), a hydrolytic compartment of the endo-lysosomal system (ELS), plays a central role in the metabolic regulation 
of eukaryotic cells. Furthermore, it has a central role in the cytopathology of several diseases, primarily in lysosomal storage 
diseases (LSDs). Mucopolysaccharidosis II (MPS II, Hunter disease) is a rare LSD caused by idunorate-2-sulphatase (IDS) 
enzyme deficiency. To provide a new platform for drug development and clarifying the background of the clinically observed 
cytopathology, we established a human in vitro model, which recapitulates all cellular hallmarks of the disease. Some of our 
results query the traditional concept by which the storage vacuoles originate from the endosomal system and suggest a new 
concept, in which endoplasmic reticulum-Golgi intermediate compartment (ERGIC) and RAB2/LAMP positive Golgi (G) 
vesicles play an initiative role in the vesicle formation. In this hypothesis, Golgi is not only an indirectly affected organelle 
but enforced to be the main support of vacuole formation. The purposes of this minireview are to give a simple guide for 
understanding the main relationships in ELS, to present the storage vacuoles and their relation to ELS compartments, to 
recommend an alternative model for vacuole formation, and to place the Golgi in spotlight of MPS II cytopathology.

Keywords  Endo-lysosomal system · Lysosomal storage disease · ERGIC · Golgi · RAB2 · LAMP

Introduction

Lysosome, as a membrane-bound organelle, in collabora-
tion with the endosomal system (ES), is a component of 
the ELS. Due to its membrane composition and hydrolytic 
enzyme content, the lysosome is able to degrade extra- and 
intracellular proteins and lipids. Besides being the site of 
degradation, its cytoplasmic membrane surface served as a 
hub for regulation of anabolic (secretory-biosynthetic) and 
catabolic (hetero- and autophagic) pathways. In addition, 

lysosomes seem to be key organelles in the pathogenesis of 
several disorders such as storage disorders (Platt et al. 2012) 
and neurodegenerative diseases (Nixon & Cataldo, 2006, 
Laszlo et al. 1992). Lysosome, as autonomous organelle, 
was discovered by Christian de Duve and colleagues during 
rat liver tissue fractionation experiments in 1955. The name 
of the lysosome (lysis— digestive or loose, soma— body) 
emphasizes the presence of hydrolytic enzymes being active 
in an acidic environment (Appelmans et al. 1995). Besides 
the originally discovered ribonuclease, deoxyribonuclease, 
cathepsin, and acid phosphatase, until now more than 60 
lysosomal enzymes have been described (Rigon et al. 2021). 
The pH-dependent enzyme activities guarantee the assign-
ment of catabolized reactions to the well-defined compart-
ment of ELS. Lysosomal acidic pH is provided by vacuolar 
proton-translocating ATPases (V-ATPases, de Araujo et al. 
2020).

Extra- or intracellular origin of lysosomal content is 
defined by mTORC1 (mammalian target of rapamycin com-
plex 1), the master regulator protein of energy metabolism. 
Under physiological conditions, when nutrients are ready 
to uptake and amino acids are available due to lysosomal 
hydrolysis, subunits of mTORC1 (mTOR, Raptor, Pras40, 

 *	 Kinga Molnár 
	 kinga.molnar@ttk.elte.hu

1	 Department of Anatomy, Cell and Developmental Biology, 
ELTE, Eötvös Loránd University, Pázmány Péter stny. 1/C, 
Budapest 1117, Hungary

2	 Department of Aquaculture, Institute of Aquaculture 
and Environmental Safety, Hungarian University 
of Agriculture and Life Sciences, Gödöllő 2100, Hungary

3	 BioTalentum Ltd, Gödöllő 2100, Hungary
4	 Department of Physiology and Animal Health, Institute 

of Physiology and Animal Health, Hungarian University 
of Agriculture and Life Sciences, Gödöllő 2100, Hungary

http://orcid.org/0000-0002-7196-5331
http://orcid.org/0000-0002-0986-9517
http://orcid.org/0000-0003-3791-2583
http://crossmark.crossref.org/dialog/?doi=10.1007/s42977-021-00107-y&domain=pdf


32	 Biologia Futura (2022) 73:31–42

1 3

mLST8; Yip et al. 2010) are recruited to the lysosomal mem-
brane. Active mTORC1 limits the extend of the lysosomal 
compartment in two ways. On the one hand, mTORC1 phos-
phorylates and hereby inhibits the transcription factor EB 
(TFEB) responsible for lysosomal biogenesis via stimulat-
ing transcription of several lysosomal genes. On the other 
hand, mTORC1 limits the substrates targeted to lysosomes 
by inhibiting autophagy. Amino acids liberated by lysosomes 
influence mTORC1 activity. Under starvation conditions 
mTORC1 complex dissociates, unphosphorylated TFEB 
translocates from the cytoplasm to the nucleus to initiate 
lysosomal biogenesis, and autophagy also activated (Puer-
tollano, 2014). Extracellular substrates are transported to 
lysosomes by the ES, while intracellular substrates by the 
autophagy.

Lysosomal storage disorders are rare diseases with mul-
tiorgan involvement, in which undigested material accu-
mulates in ELS compartments due to missing or impaired 
lysosomal functions. Accumulated organelles, named stor-
age vacuoles (vesicles), have characteristic morphology with 
diagnostic relevance. The high diversity and complexity of 
LSDs clearly indicate the central role of lysosomal functions 
in eukaryotic cell metabolism and raise demand for disease, 
or even patient-specific therapies.

This minireview provides a brief overview of ELS path-
ways, gives an insight into the nomenclature of lysosomal 
organelles, and introduces the main cytopathological hall-
marks of MPS II. Finally, it proposes a refined in vitro model 
for the development of MPS II cytopathology, in which 
Golgi and ERGIC, as the anteroom of Golgi, play a central 
role.

Membrane traffic routes to lysosomes

In eukaryotic cells, endocytosed cargoes (nutrients, recep-
tor–ligand and plasma membrane complexes, extracellu-
lar matrix components, lipids, cell-debris, pathogens) are 
internalized by invagination of the plasma membrane (PM) 
and formation of vesicles through membrane fission. Sev-
eral endocytic pathways were identified and classified by 
their morphology and molecular features (see for details in 
Doherty & McMahon, 2009).

The classical pathway is composed of a recycling circuit 
back to the PM and a feeder pathway for delivering selected 
membrane components and intake from recycled circuit to 
the degradative system (Huotari & Helenius, 2011). Endo-
cytic material is received by common early endosomes 
(EEs) located just beneath the PM. Individual EEs are able 
to undergo homotypic fusion and form a tubulo-cisternal 
network that exhibits a highly reticular morphology in some 
cell types. This pleiomorphic organelle is the recycling 
endosome (RE). EE sub-regions and RE are responsible for 

sorting membrane components and proteins accordingly its 
destination back to the cell surface or towards the feeder 
pathway for degradation (Scott et al. 2014). During the lat-
ter process, the membrane of EE vesicular region expands 
and becomes suitable for cargo transport because of its high 
surface area–volume ratio. This domain produces intralumi-
nal vesicles (ILV) and becomes multivesicular endosome, 
which detaches from EE as free endosomal carrier vesicle or 
multivesicular body (ECV/MVB, Scott et al. 2014, Huotari 
& Helenius, 2011). After forming, the spherical ECV/MVB 
is delivered towards the central cytoplasmic region, while its 
inner pH drops to 5.5.

ECV/MVBs are not prone to homotypic fusion but are 
able to fuse with late endosomes (LEs). LE has pleiomor-
phic morphology with membrane-rich multilamellar and/or 
multivesicular content. Unlike ECV/MVB, LE has a predis-
position to homotypic fusion (Scott et al. 2014). However, 
it has the ability to fuse with an autophagic vacuole (AP) to 
form a hybrid organelle amphisome (AS). Amphisome is 
integrated both in the autophagic and endocytic pathway; 
thus, it contains substrates with extra- and intracellular ori-
gin as well (Klionsky et al. 2014). LE and AS become the 
active degradation site of ELS due to fusing ability with 
hydrolytic lysosomes.

Which endosome compartment can be 
considered as lysosome?

The question is not unnecessary because the embarrassingly 
many names and synonyms that are in use for endo-lysoso-
mal compartments are all reflecting different perspectives. 
Definition of lysosome must refer to its hydrolytic enzyme 
content synthetized by the secretory pathway (rough endo-
plasmic reticulum, RER, and Golgi). In the trans-Golgi 
network (TGN), the newly synthesized hydrolases with 
mannose-6-phosphate residues are packaged into small 
vesicles. These complete “mini organelles” were termed 
primary lysosomes, which is also called the true, pure, or 
original lysosome. The primary lysosome hypothesis focuses 
on the vesicular content and pH: primary lysosome delivers 
hydrolytic enzymes without substrates (Ghadially, 1988), 
and pH is above 6. In contrast, a secondary lysosome is a 
substrate containing digestive organelle characterised by 
pH < 6. The primary lysosome can fuse with LE, (hetero)
phagosome, and autophagosome (AP); thus, endolysosome 
(EL), phagolysosome, and auto(phago)lysosome (AL) are 
formed, respectively (term heterolysosome incorporates 
phago- and autolysosome populations; Ghadially, 1988). 
Organelle given by fusion of amphisome (AS) and lysosome 
is regarded as endolysosome.

Characteristic functions of EE (receptor-cargo disso-
ciation), ECV/MVB, and LE/lysosome (hydrolysis) are 
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governed by intraluminal pH (EE: pH ~ 6.5, ECV/MVB: pH 
5.5; Scott et al. 2014, LE: pH 6.0–4.9; Huotari  & Helenius, 
2011). Only acidic pH provides the optimal environment 
for lysosomal hydrolases. By definition, endolysosomes and 
autolysosomes should be regarded as secondary lysosomes 
due to be the active degradation site. It should be mentioned 
here that hydrolytic enzymes and their substrates can get into 
common vesicle not only by above-mentioned fusion pro-
cesses, but transient “kiss-and-run” contacts as well (Luzio 
et al. 2007). Through acidification, V-ATPases control not 
only intraluminal functions but the formation of multivesicu-
lar transport intermediate MVBs and the size of the LEs by 
fission and fusion events (de Araujo et al. 2020).

ELS organelles are dispersed and undergo continuous 
maturation and cyclic fusion and fission events. An exam-
ple of the latter is the process of autophagic lysosome ref-
ormation (ALR), in which the so-called reformation tubule 
(tubular subdomain of autolysosome membrane; Rong et al. 
2012) forms small newly formed proto-lysosomes (de Araujo 
et al. 2020). ALR is thought to restore the level of free, recy-
clable lysosomes (Chen  & Yu, 2018) because they mature 
into functional lysosomes (Chen  Yu, 2017). Whether proto-
lysosomes are primary lysosomes? If it is a lysosome formed 
for the purpose of recycling, why would it be primary? In 
point of function, naming inactive and active seems to be 
more practicable. And what about the name lysosome and 
what route do lysosomal enzymes and membrane compo-
nents take before they form a “ready to use” organelle? 
Getting to know the ultrastructural events and molecular 
background better, terms primary and secondary lysosomes 
became questionable.

For clarity look at the simplest molecular approach. 
Molecular characterization of the endomembrane system 
of mammalian cells has been detailed by several compre-
hensive reviews elsewhere (Scott et al. 2014, Wandinger-
Ness  & Zerial, 2014, Langemeyer et al. 2018, Henne, 2016, 
Li et al. 2020, Mellman  & Nelson, 2008). This summary 
is confined to some often-used markers for immunocyto-
chemical identification. ELS and the secretory-biosynthetic 
pathway are related to each other through several routes. 
GM130 (130 kDa cis-Golgi matrix protein or Goga2, Golgin 
subfamily A 2 or Golgin2A) is one of the best-studied Gol-
gin, which mediates RER-Golgi and intra-Golgi transport. 
Additionally, GM130 is involved in ribbon formation: its 
phosphorylation (before cell division) or functional absence 
(e.g. in GM130 knockout mouse) causes Golgi fragmenta-
tion (Liu et al. 2017). Traffic between RER and Golgi is 
mediated by RAB2 (small GTPase Ras-related protein 2) as 
well (Lund et al. 2018), where GM130 is a subunit of RAB2 
effector complex on the Golgi membrane (Liu  & Storrie, 
2012). Whereas RAB2 localises on RER, ERGIC, and Golgi 
membranes, GM130 can be identified only in ERGIC and 
Golgi compartments. ERGIC is a stationary compartment 

for anterograde and retrograde sorting, concentration, fold-
ing, and quality control of newly synthesized proteins. The 
possibility of RAB2 function in retrograde vesicle transport 
from Golgi to ERGIC was also formulated (Appenzeller-
Herzog  & Hauri, 2006).

EE membrane recruits RAB5 and EEA1 (early endosome 
antigen 1), while the recycling route to the PM is mediated 
by RAB4 and RAB11. Characteristic RAB of ECV/MVB, 
LE, and lysosome is the RAB7 protein. RAB7 positive orga-
nelles can fuse with each other. ELS compartments compose 
a dynamic and adaptable continuum, in which RABs and 
their occasional combinations give clear cues for identifica-
tion of compartments, enables sorting and exact targeting of 
membrane components and cargo. Besides RABs, SNAREs 
(soluble N-ethylmaleimide-sensitive fusion protein (NSF) 
attachment protein receptors) and multi-subunit tethering 
complexes (HOPS, homotypic fusion and protein sorting, 
CORVET, class C core vacuole/endosome tethering and 
CHEVI, class C homologs in endosome-vesicle interaction) 
control homo- and heterotypic membrane fusion (see more 
details in van der Beek et al. 2019 and Jiang et al. 2014).

The lysosomal membrane can be identified by its LAMP 
(lysosome-associated membrane glycoprotein) positivity 
(Platt et al. 2012) LAMP-1 and LAMP-2, which are esti-
mated to contribute to about 50% of all proteins of the lyso-
some membrane. The highly glycosylated luminal domain 
of LAMPs forms a glycocalyx-like layer on the inner surface 
of the vesicle; therefore, both LAMPs were thought to pro-
tect the lysosomal membrane against hydrolytic enzymes 
(Eskelinen, 2006).

Lysosomes receive substrates both via endosomal and 
autophagic pathways. LC3 (microtubule-associated pro-
tein 1A/1B-light chain 3) is a widely used autophagosome 
marker (Mizushima  & Yoshimori, 2007). It is recruited 
to the isolating membrane during phagophore formation 
and accompanies the sequestered material to the end of its 
degradation; therefore, LC3 is detectable on AP, AS, and 
AL (Tanida et al. 2004). AL formed proto-lysosomes are 
LAMP1 positive but LC3 negative small vesicles (de Araujo 
et al. 2020). Figure 1 gives an overview of the above.

The terminal event of the degradative process is forming 
an organelle that contains only undigested waste materials. 
This residual body is often mentioned as tertiary, residual- 
or telolysosome (Lazarus et al. 1975). Telolysosomes are 
exocytosed or accumulated in the cell (a typical exam-
ple of the latter is lipofuscin granules; Terman  & Brunk, 
1998). It is worth mentioning that not only telolysosomes, 
but MVBs, LEs, AS, ELs, and ALs also are able to emit 
their content via exocytosis (Fig. 1). Lysosomal exocytosis 
is a non-conventional type of exocytosis that seems to be 
the major output pathway of lysosomes in healthy cells 
(Buratta et al. 2020). Deficit of this clearance mechanism 
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leads to cytopathological consequences via accumulation 
of undigested substrates (Samie  & Xu, 2014); therefore, 
experimental results that lysosomal exocytosis can be 
stimulated transcriptionally by TFEB (Palmieri et al. 2011, 
Medina et al. 2011, Spampanato et al. 2013) give a prom-
ising possibility for therapies in lysosomal impairment.

Mucopolysaccharidosis II and lysosomal 
storage diseases

MPS II is an LSD caused by sulfuric ester hydrolase, 
idunorate-2-sulphatase (IDS) enzyme deficiency. It is an 
X-linked disorder with recessive heredity (manifests almost 

Fig. 1   Routes and identity of organelles composed of the endo-lyso-
somal system. Primary endocytic vesicles are received by the early 
endosome (EE and number 1). In the RAB5 positive recycling cir-
cuit, some cargo is sorted back to the plasma membrane (PM) via the 
recycling endosome (RE and numbers 2–3). In the degradative path-
way, the vesicular region of the early endosome forms the irrespec-
tive endosomal carrier vesicle/multivesicular body (ECV/MVB and 
number 4) which becomes RAB7 positive late endosome (LE) dur-
ing its maturation. When the late endosome fuses with LC3 positive 
autophagic vacuole (AP), an amphisome (AS) is generated (number 
5). AS and late endosomes are able to receive hydrolytic lysosomal 
enzymes from the trans-Golgi network (TGN). In this way (num-
ber 6), autolysosome (AL) and endolysosome (EL) are formed as a 

LAMP positive compartment. AL is a platform of lysosome reforma-
tion (number 7), while the multivesicular body, late endosome, AS, 
AL, and endolysosomes can empty their accumulated content via lys-
osomal exocytosis (number 8). Trans-Golgi network (TGN) has recip-
rocal connections with each compartment of EL system. Routes of 
the recycling circuit, degradative pathway, and lysosomal biogenesis 
are indicated by green, red, and blue arrows, respectively. LC3 posi-
tive membrane is orange. Note overlapping RAB and LAMP domains 
that indicate the continuum between successive components. Associa-
tion of GM130 to Golgi (G) and ERGIC membranes is indicated by 
superscription. Possibility of RAB2 involvement in ERGIC to RER 
retrograde traffic is indicated by number 9
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exclusively in males). Impaired or absent IDS activity results 
in disturbed glycosaminoglycan (GAG) metabolism; there-
fore, the main cytopathological feature of MPS II is the 
accumulation of undigested heparan and dermatan sulphate 
in storage vacuoles. Formally, LSDs can be sorted into two 
groups. The primary storage disorders (classic LSDs) are 
caused by an enzyme deficiency. In this case, the homo- 
and heterotypic fusions of ELS organelles are not affected, 
but for lack of degradation, ELs and ALs accumulate, but 
residual bodies are not formed. In secondary storage disor-
ders, the lysosomal hydrolytic function is intact, and fusion 
processes are damaged by lysosomal protein dysfunction. 
In primary disorders, such as MPS II, secondary substrate 
accumulation in the lysosomal compartment is generated 
by impairment of intact enzyme and permease functions by 
stored material. These led to disturbance of not only deg-
radative but biosynthetic secretory pathways (RER, Golgi) 
through perturbed calcium homeostasis. RER and Golgi 
stress are common in LSDs (Platt et al. 2012). Knowing the 
involvement of all organelles (don’t forget mitochondria) the 
wide range of clinical symptoms of MPS II (musculoskeletal 
deformities, organomegaly, disorder of sensory organs, thick 
skin, profound neurological dysfunctions) is not surprising. 
Symptoms manifest between 1,5 – 4 years of age and lead 
to a dramatic premature death (Platt et al. 2012; Kobolák 
et al. 2019).

Described more than 500 mutations of IDS make it dif-
ficult to find the common cytopathologic events. Some 
patients have residual IDS activity, whereas in most serious 
cases, enzyme activity is entirely missing. When truncated 
protein is expressed, it is eliminated by ER-associated deg-
radation mechanism (ERAD) induced by misfolding and 
protein accumulation in RER. By inhibition of ERAD in 
HeLa cells, Osaki and colleagues were succeeded in par-
tially recovering lysosomal transport and enzyme activity of 
IDS (Osaki et al. 2018). Standard treatments of MPS II are 
enzyme replacement therapy (ERT) and hematopoietic stem 
cell (bone marrow) transplantation. The limitation of the 
most successful ERT is that the recombinant human enzyme 
is not able to penetrate the blood–brain barrier (BBB), so 
ERT cannot ameliorate the central nervous system (CNS) 
dysfunctions.

Cytopathological hallmarks of MPS II

We established and defined (Kobolák et al. 2019) a human 
in vitro MPS II model based on induced pluripotent stem 
cell (iPSC) technique to study MPS II cytopathology, thus 
providing a human-relevant translational platform for 
the development of new therapies. In this model, MPS II 
patient-derived blood cells (Varga et al. 2016a, Varga et al. 
2016b, Varga et al. 2016c, Varga et al. 2016d) served as a 

source of iPSC establishment, and then, neural cells (neu-
ral progenitor cells, NPC), and terminally differentiated 2D 
and 3D cultures were produced. The appearance of storage 
vacuoles as the cytopathologic hallmarks of the disease was 
detected in every MPS II affected cell line. By its ultras-
tructure, storage vacuoles can be sorted into four groups 
(Parkinson-Lawrence et al. 2010, Lemmonier et al. 2011). 
Primary vesicles (Pr) contain exclusively or predominantly 
floccular or fibrillar-granular material. Globular (Glo) type 
and multilamellar (ML) type enclose intraluminal vesicles 
or membrane whirls, respectively. Additionally, sequestered 
(Sq) vacuoles contain incorporated cytoplasmic remnants. 
Glo, ML, and Sq are considered as matured types (Fig. 2). 
All these vesicle types were detected in the in vitro (Lem-
monier et al. 2011) and in vivo (Vitry et al. 2010) models of 
MPS III (San Filippo disease), as well.

Immunocytochemical labelling is a conventional tech-
nique to identify ELR components, which makes it a useful 
method to clarify the relationship of storage vacuoles and 
lysosomal organelles. In our study, RAB5 and EEA1 as EE 
marker, RAB7 as LE marker, Cathepsin D (CATD), and 
LAMPs as lysosomal markers were studied. On the ultra-
structural level, some Glo, ML, and Sq vacuoles proved to 
belong to the LE compartment: not all but many of them 
showed RAB7 and CATD immunopositivity. The appear-
ance of early endosomal markers was documented only 
inside of them. However, primary vesicles showed neither 
RAB5, nor RAB7/CATD immunopositivity (Kobolák et al. 
2019).

These results raised the question of whether primary vesi-
cles are part of the endosomal system? To find the answer, 
we incubated control and disease-affected neuronal NPC 3D 
cultures with TMA (11-Mercaptoundecyl-N,N,N-trimethyl-
ammonium bromide)-coated 5 nm gold particles (Peter et al. 
2018, Kobolák et. al. 2019). After treatment, colloid was 
identified on the cell surface and Glo, ML, and Sq vacuoles 
but not in Pr vesicles (Fig. 2).

This observation suggested the hypothesis that the 
original content of storage vacuoles thus the material of 
Pr vesicles does not originate from the extracellular matrix 
(ECM). The endosomal system independent origin of pri-
mary storage vacuoles was suggested previously by Vitry 
and colleagues after identification of GM130 and RAB7 
double-positive storage vesicles in cortical neurons of 
MPS IIIB mouse model (Vitry et al. 2010). Short Golgi 
stacks and cistern deformation were documented in our 
iPSC-derived cultures as well, and therefore, we exam-
ined Golgi-associated GM130 and RAB2 distribution in 
MPS II neuronal cells. (All methods were described earlier 
(Kobolák et al. 2019), except 1:25 dilution of anti-GM130 
antibody (BD Biosciences, 610,823) for ultrastructural 
detection.) After immunogold labelling, gold particles 
were observed on Golgi cisterns and neighbouring ERGIC 
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tubules and vesicles in the case of both Golgi markers, but 
never in the case of ER stress markers Calreticulin and 
GRP78 (78 kDa glucose-regulated protein). GM130 and 
RAB2 positive vesicles seemed to be able to fuse with 
storage vacuoles (Fig. 3).

In 2017, Lőrincz and colleagues showed that RAB2 pro-
motes endocytic and autophagic lysosomal degradation in 

Drosophila and human breast cancer cells. They suggest a 
model in which RAB2 on Golgi-derived vesicles and RAB7 
on LE, AL, and lysosome may bind indirectly via HOPS 
complex (Lőrincz et al. 2017). We cannot rule out the pos-
sibility of similar events in MPS II affected neuronal cells 
because of the appearance of Golgi markers and RAB7 on 
some storage vacuoles.

Fig. 2   Route of endocytosed TMA-coated gold particles in MPS II 
NPC cells. TMA colloid is indicated by a black arrow. a Shape and 
distribution of endocytosed TMA functionalised gold particles on 
high magnification. b Colloid on the cell surface. c Nanogold par-
ticles in globular type storage vacuoles (Glo). d Colloid enclosed 
in a multilamellar storage vacuole (ML). e Nanogold particles in 
sequestered type storage vacuole (Sq) in the very moment of lysoso-

mal exocytosis (double-headed arrows show the site of invagination 
of plasma membrane; Glo — globular type storage vacuole, ILV — 
intraluminal vesicle, ML — multilamellar type of storage vacuole, 
Nu — nucleus, Pr — primary storage vesicle with floccular content, 
Sq — sequestered type storage vacuole; 5  min treatment: A, D, E; 
10 min treatment: B, C; Scale bars: A, B, C: 100 nm; D, E: 200 nm)
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What is the origin of primary storage 
vesicles?

Routes of lysosomal biogenesis are not as simple as we ear-
lier thought. The original primary lysosomal hypothesis said 
that newly formed lysosomes originate from TGN via bud-
ding as complete, miniature organelles.

Biosynthetic delivery of lysosomal proteins follows two 
routes. Soluble proteins are transported in clathrin-coated 
vesicles from TGN to PM, EE, MVB, or LE. If primary 
storage vesicles would be the same as one of the latter, its 

limiting membrane should be RAB5 or RAB7 positive. 
However, such primary vesicles were not observed in MPS II 
cells. The second route is followed by lysosomal membrane-
bound proteins, like LAMPs. It is direct way from TGN 
which is mediated by non-clathrin coated, biosynthetic/
lysosomal membrane protein (LMP) carrier (Lund et al. 
2018). LMP carriers are expected to be RAB2 and LAMP 
positive but RAB7 negative vesicles. Except that LAMP car-
riers have no clathrin coat, this route is most in line with the 
original primary lysosome hypothesis.

Fig. 3   ERGIC morphology and Golgi markers in storage vacuoles of 
MPS II NPC cells. a Extended and dilated ERGIC tubules, storage 
vacuoles (StV), and lysosomal exocytosis (double-headed arrow) in 
two adjacent cells. b–d 10  nm gold particles refer to Golgi marker 
GM130 and RAB2 localization in Golgi cistern (G) and vesicles 
are indicated by black arrowheads, while Golgi marker localization 

in storage vacuoles (StV) is pointed by white arrowheads. b GM130 
localization in Golgi cistern and surrounding vesicles. c GM130 in 
storage vacuole and ERGIC. d RAB2 positive membrane of storage 
vacuole and tiny vesicles (scale bars: A: 500  nm; B, C: 50  nm; D: 
100 nm)
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In their publication, Lund reported that in Drosophila 
garland cells, i) RAB2 is required for the delivery of LMP 
carriers to endosomes, in the absence of RAB2, ii) LMP 
carriers accumulate and fuse to each other, and iii) form 
LAMP positive non-degradative storage lysosomes (Lund 
et al. 2018). Despite lacking ultrastructural characteriza-
tion of fruit fly LMP carriers and functional examination of 
RAB2 compartment in iPSC-derived MPS II cell lines, these 
observations seem to be consistent with our results: enlarge-
ment of the LAMP positive compartment was one of the 
most prominent features of MPS II affected terminally differ-
entiated neuronal cells (Kobolák et al. 2019). We identified 
extended ERGIC both in NPC and TD cultures (Kobolák 
et al. 2019). The most notable observation was the physical 
contact of primary storage vesicles and cistern-like spaces 
(Fig. 4). However, we detected continuity between a wide, 
ribosome-free RER cistern and storage vesicle (Kobolák 

et al. 2019), which refers to the perturbation of vesicle trans-
port between RER and Golgi.

Based on all together, we can assume that RAB2/GM130 
vesicles and RAB2/LAMP positive LMP carriers seem to be 
the best candidates as a source of primary storage vesicles 
in MPS II. Consequently, these ERGIC and Golgi vesicles 
deliver floccular content and membranes into the matured 
storage vacuoles via fusion with RAB7 negative endolyso-
some/autolysosome-derived organelles. Impairment of 
RAB2 functions also can be assumed in MPS II. It may 
confuse the fusion of not only LPM carriers to LE compart-
ments but ERGIC-derived vesicles to RER cisterns. Besides 
RABs, bidirectional sorting of ERGIC may be mediated 
by the members of ARF (ADP ribosylation factor) small 
GTPase family. After knocking down of ARFs in different 
combinations, inhibition of vesicle budding, enlargement of 
the ERGIC compartment, and blocking of anterograde and 

Fig. 4   Golgi and ERGIC deformation in MPS II NPC cells. a 
Extended and dilated ERGIC (asterisk) with a long tubule stretching 
towards a storage vesicle (double-headed arrow) between deformed 
Golgi stacks (G). b Overview of an NPC cell with primary (Pr) and 

sequestered (Sq) storages vesicles. Framed part is shown by panel 
C. c A primary storage vesicle with cistern-like contact (arrowhead; 
scale bars: A, C: 200 nm, B: 2 µm)
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retrograde transport were observed (Appenzeller-Herzog  & 
Hauri, 2006). Almost the entire quantity of synthetized pro-
teins in RER passes through the ERGIC, and this amount is 
increased by TFEB induced lysosomal biogenesis in MPS 
II. We complemented our earlier model and raise the pos-
sibility that the floccular material of storage vesicles origin 
from the ERGIC (Fig. 5).

Autophagosome accumulation is thought to be com-
mon in many storage diseases. Elevated LC3-I expres-
sion, induced autophagosome formation but impaired LC3 
maturation was detected in our iPSC-derived TD neuronal 
cultures. However, NPC cells were successful in problem 

management by reducing their GAG uptake and stimu-
lating lysosomal exocytosis. In contrast, TD cultures are 
prone to accumulate GAG and enlarge the LAMP compart-
ment. Expansion of LAMP compartment was not accom-
panied by RAB7 compartment (Kobolák et al. 2019), as if 
LAMP positive-RAB7 negative organelles got outside the 
ELS (Fig. 5). In accordance with the literature (Rama Rao  
& Kielian, 2016), we found that astrocytes are responsible 
for elevated GAG accumulation of neural tissue. Massive 
accumulation leads to incremented Caspase3/7 activity 
and vulnerability for apoptotic cell death (Kobolák et al. 
2019).

Fig. 5   Putative model for the generation of storage vacuoles in MPS 
II neuronal cells. Primary storage vesicles (Pr) are formed by the 
fusion of Golgi-derived LAMP positive-RAB7 negative lysosomal 
membrane protein (LMP) carrier vesicles (number 1) that are rather 
prone to fuse to each other than to RAB7 positive endolysosomes and 
autolysosomes (number 2). Because fusion with RAB7 compartment 
is impaired, primary storage vesicles transport LAMP positive mem-
branes to RAB7 negative organelles (3) origin from endolysosomes 
and autolysosomes (number 13). In this way, matured storage vacu-
oles (Glo — globular type, ML — multilamellar type, Sq — seques-
tered type) are produced. Putative ERGIC-derived vesicles also can 
fuse with storage vesicles (number 4) but are not able to recycle back 

to the RER (number 5, dashed line). The ability of matured storage 
vacuoles to re-enter the RAB7 compartment is also questionable 
(number 6, dashed line). Extracellular matrix components (ECM) 
such as GAGs and nanogold colloids achieve the matured storage 
vacuoles via the endocytic pathway (numbers 9–13). Autophagy 
(numbers 7–8, 12) terminates without degradation and increases the 
number of storage vacuoles (number 13). At the tissue level, TFEB 
induced lysosomal exocytosis caused the accumulation of undigested 
materials in ECM (number 14). Note the fragmented Golgi (G), the 
large dilatations at the end of ERGIC tubules filled with material of 
primary storage vesicle and shrunk (pale yellow) RAB2 compart-
ment. Dashed lines indicate impaired routes
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Golgi is a key player in MPS II cytopathology

Our hypothesis that ERGIC and Golgi-derived LMP car-
riers are responsible for the formation of primary storage 
vesicles, placing Golgi in the focus of MPS II cytopa-
thology. RER and Golgi stress-induced cytopathology are 
thought to be a consequence of lysosomal dysfunction 
generated by IDS mutations, but events behind the scenes 
are far from understood.

Whether truncated or missed IDS per se, is able to influ-
ence ERGIC and Golgi morphology? By a high throughput 
interactomics approach, Huttlin and colleagues raised the 
possibility of the existence of physical contact between 
IDS and ERGIC2 (Huttlin et al. 2015). ERGIC2 (endo-
plasmic reticulum-Golgi intermediate compartment pro-
tein 2, Erv41, Ptx1) is a transmembrane protein with 
localization in RER to Golgi route (RER, ERGIC, Golgi) 
and predicted function in vesicular transport (Gaudet 
et al. 2011). ERGIC2 and GM130 colocalise in ERGIC 
tubules and Golgi cisterns, and Ergic2 has the capability 
and possibility to bind a Golgin protein GM130 (Go et al. 
2021), which has a proven role in ER to Golgi transport 
and regulation Golgi morphology (Appenzeller-Herzog  & 
Hauri, 2006, Liu et al. 2017). We know multiple transcript 
variants (splice IDS mutants are a considerable source of 
MPS II pathophysiology) and more than 500 mutations of 
IDS (Alves et al. 2006). Can these variants be translated 
into peptides and proteins or exist as mRNAs? What are 
their interactions and what is their lifetime in the secre-
tory-biosynthetic pathway? Unknowing the answers we 
cannot exclude the possibility that any of them are able 
to influence the ERGIC and Golgi functions not only indi-
rectly but in a direct way as well. However, a recently 
described genetically modified Drosophila MPS II model 
in which IDS activity was impaired (but not abolished) 
by neural tissue-specific mRNA interference did not show 
GAG accumulation and LAMP compartment enlargement 
(Rigon et al. 2020). This result suggests that a more com-
plex approach in which all hypothetic primary and sec-
ondary consequences of IDS malfunctions are examined 
should be considered.

Conclusion

Features and consequences of Golgi stress are seldom 
addressed by LSD reviews. Our data suggest that assuma-
ble malfunctions of RAB2/GM130 compartment, the ratio 
of RAB2/RAB7, RAB2/LAMP compartments, involve-
ment of RAB1 functions in ERGIG to Golgi anterograde 
transport, fission defects, and fusion ability of ERGIC and 

Golgi-derived vesicles also should be considered and stud-
ied further. Considering the complexity of MPS II pathol-
ogy, IDS predisposition to generate splice variants, and the 
predicted pleiotropic effect of IDS on biosynthetic path-
ways, worthy of applying the less complex, in vitro model 
system to investigate the threads of disease. In exploring 
the key players of cytopathology, patient-derived human 
in vitro models may be more successful than in vivo ani-
mal models. Overall, experimental data discussed in the 
present study indicate that improvement of Golgi functions 
in MPS II may be a good target towards improvements of 
clinical pathologies of this disease in the future.
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