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In addition to their roles in normal cell physiology, endocytic processes play a key role in
many diseases. In this review, three diseases are discussed as examples of the role of endo-
cytic processes in disease. The uptake of cholesterol via LDL is central to our understanding
of atherosclerosis, and the study of this disease led to many of the key breakthroughs in
understanding receptor-mediated endocytosis. Alzheimer’s disease is a growing burden as
the population ages. Endosomes and lysosomes play important but only partially understood
roles in both the formation and the degradation of the amyloid fibrils that are associated with
Alzheimer’s disease. Inherited lysosomal storage diseases are individually rare, but collec-
tively they affect many individuals. Recent advances are leading to improved enzyme re-
placement therapy and are also leading to small-molecule drugs to treat some of these
diseases.

Endocytosis plays many vital roles in normal
cell physiology, and as described in this arti-

cle, endocytic processes can also play significant
roles in pathology. Nutrient uptake is one of the
essential functions of endocytosis. Two of the
best-characterized examples of this are the up-
take of cholesterol via the low-density lipopro-
tein (LDL) receptor (Goldstein and Brown 2009)
and the uptake of iron via transferrin and the
transferrin receptor (Aisen et al. 2001). Another
important role for endocytosis is the regula-
tion of cell-surface expression of membrane
proteins, especially receptors and transporters.
The balance between recycling or trafficking
to storage organelles or to late endosomes and
lysosomes (LE/Ly) is often a determining fac-
tor in regulating surface expression levels of
membrane proteins. Thus, the membrane sort-

ing that occurs in endosomes is important for
regulating cell physiology. The pH levels in en-
dosomes play an important role in many func-
tions of endocytosis, including release of iron
from transferrin, release of LDL and other li-
gands from their receptors, and activation of ly-
sosomal hydrolases. As discussed herein, many
of these same processes can also play a role in
human diseases. A few specific diseases—ath-
erosclerosis, Alzheimer’s disease, and lysosomal
storage diseases—are used to illustrate this.

ROLE OF ENDOSOME AND LYSOSOME
ACIDIFICATION

A schematic diagram of typical endocytic path-
ways in a nonpolarized mammalian cell is shown
in Figure 1. After internalization by clathrin-
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mediated endocytosis, membrane proteins are
delivered to early sorting endosomes, which
are tubulovesicular organelles (Geuze et al.
1984; Gruenberg and Maxfield 1995). Other cla-
thrin-independent endocytic processes also de-
liver membrane proteins into early sorting en-
dosomes (Mayor and Pagano 2007; Howes et al.
2010). The pH in endosomes has been measured
using pH-sensitive fluorescent dyes coupled to
ligands that are delivered to these organelles
(Dunn et al. 1994). The early sorting endosomes
have a pH of �5.6–6.0 (Maxfield and Yama-
shiro 1987). This low pH causes transferrin to
release its bound iron, which is then transported
out of the endosomes (Aisen et al. 2001). The
mildly acidic pH also causes many ligands, in-
cluding LDL (Rudenko et al. 2002) and insulin
(Borden et al. 1990), to dissociate from their

receptors, thus uncoupling the trafficking fate
of the ligands and receptors (Geuze et al. 1984).

A portion of the membrane in early sorting
endosomes returns directly to the plasma mem-
brane by a fast recycling route (Hao and Max-
field 2000; Shah et al. 2013). Most of the re-
mainder of the membrane is removed from
the sorting endosome via narrow-diameter tu-
bules and is delivered to the endocytic recycling
compartment (ERC), which is also slightly acid-
ic (Yamashiro et al. 1984; Dunn et al. 1989).
Inclusion or exclusion of membrane proteins
and lipids in these tubules is a major determi-
nant of the efficiency of recycling these mem-
brane components. During the lifetime of a
sorting endosome, there are many rounds of
removal of membrane, which can lead to highly
efficient sorting of membrane constituents on
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Figure 1. Receptor-mediated endocytic pathway in nonpolarized mammalian cells. The main pathways follow-
ing clathrin-mediated endocytosis are illustrated. The pH of various organelles and the kinetics of passage
between organelles are shown. LDL and transferrin and their receptors are shown as examples. (Inset) Choles-
terol, produced by hydrolysis of cholesteryl esters by lysosomal acid lipase, binds to NPC2 and then NPC1 as part
of the mechanism to facilitate cholesterol exit from the digestive organelles.
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a recycling pathway (Dunn et al. 1989; Mukher-
jee et al. 1997). The narrow diameter of the
tubules helps to reduce removal of soluble con-
tents from the sorting endosomes.

The early sorting endosomes stop fusing
with newly formed endocytic vesicles after 5–
10 min (Dunn et al. 1989; Dunn and Maxfield
1992), and this begins a process of maturation
into late endosomes, which have a somewhat
lower internal pH (5.0–5.5) (Maxfield and Ya-
mashiro 1987; Yamashiro and Maxfield 1987).
The late endosomes also receive material de-
livered from the trans-Golgi network (TGN),
including newly synthesized lysosomal hydro-
lases bound to mannose-6-phosphate recep-
tors (Ghosh et al. 2003; Braulke and Bonifacino
2009). The hydrolases, with their mannose-6-
phosphate glycoconjugates, are released from
the receptors because of the low pH in the late
endosomes, and the empty receptors can recycle
back to the TGN. Lysosomal hydrolases gener-
ally require an acidic pH for activity, and the low
pH in the late endosomes activates their enzy-
matic activity.

Endocytic organelles are acidified through
the action of a vacuolar ATPase (V-ATPase),
which is a large multimeric protein complex
(Toei et al. 2010). The V-ATPase is an electro-
genic proton pump, which means that the pos-
itive charge from the proton is not balanced by a
counter-ion as the proton is transported into
the endosomes. This positive charge inside the
endosomes will limit the further acidification of
the endosomes unless there is transport of an-
other ion to balance the charge transfer of the
proton. This counter-ion transport could be ac-
complished by efflux of cations out of the endo-
somes and lysosomes (Steinberg et al. 2010) or
by transport of anions into the organelles (Ishi-
da et al. 2013). There is evidence that both pro-
cesses occur, and the pH of the various endo-
somes is determined in large part by the activity
of these counter-ion transport processes.

ROLE OF ENDOSOMES AND LYSOSOMES
IN ATHEROSCLEROSIS

Most mammalian cells derive cholesterol by a
combination of synthesis and uptake via li-

poproteins. Dietary cholesterol is absorbed by
intestinal epithelia and secreted as chylomi-
crons, large lipoproteins filled with cholesteryl
esters and triglycerides. As the chylomicrons
pass through the blood vessels, they are catabo-
lized by lipoprotein lipase, an enzyme that is
on the surface of endothelial cells—especially
in adipose tissues (Young and Zechner 2013).
The released fatty acids are then taken up by
cells in the underlying tissue. The chylomi-
cron remnants are cleared from the circulation
by hepatocytes, which use the cholesterol and
fatty acids to produce very-low-density lipo-
proteins (VLDLs), which are secreted as large
lipoproteins filled with cholesteryl esters and
triglycerides. (The chylomicrons contain apo-
lipoprotein B-48, whereas the VLDLs contain
apolipoprotein B-100. Both types of particles
also have several apoE proteins reversibly asso-
ciated with them.) Like chylomicrons, VLDL is
catabolized by lipoprotein lipase on the surface
of endothelial cells. The remaining apoB100-
containing LDL particles are 22–24 nm in di-
ameter and have a core that is mainly cholesteryl
esters. LDL is the major lipoprotein in human
serum, and its role is to deliver cholesterol to
peripheral cells. The abundance of LDL in se-
rum is determined in large part by the balance
between VLDL secretion from the liver and the
uptake of LDL by the liver. Formation of bile
salts from cholesterol and secretion from the
liver into the digestive tract is the major pathway
for elimination of cholesterol from the body.

The synthesis of cholesterol and the expres-
sion of LDL receptors are both controlled by the
Insig-SCAP-SREBP2 proteins that reside in the
endoplasmic reticulum (ER) (Brown and Gold-
stein 1999). When cholesterol levels in the ER
are low, SCAP and SREBP2 are released from
Insig, and they enter COPII vesicles for trans-
port to the Golgi. Two proteases in the Golgi
cleave the SREBP2 protein, producing a soluble
fragment, which is a transcription factor that
enters the nucleus and increases the transcrip-
tion of the enzymes in the cholesterol biosyn-
thetic pathway as well as the expression of LDL
receptors. This system is shut off when choles-
terol levels are high, leading to a reduction in
cholesterol synthesis and uptake.
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LDL provides a source of cholesterol and
fatty acids that cells throughout the body can
use for growth of their membranes, and the fatty
acids are an energy source. (LDL does not cross
the blood–brain barrier, so all cholesterol in
the CNS must be synthesized there.) In the clas-
sical work of Brown and Goldstein, it was shown
that LDL binds to the LDL receptor, which is
endocytosed via clathrin-mediated endocytosis
(Goldstein and Brown 2009). In late endosomes
and lysosomes, cholesteryl esters in the core of
the LDL are digested by lysosomal acid lipase,
releasing cholesterol and fatty acids. The choles-
terol, which is very poorly soluble in water, is
transported out of LE/Ly through the action
of two proteins (NPC1 and NPC2) that were
identified through their association with Nie-
mann Pick disease type C (NPC), an inherited
lysosomal storage disease (Carstea et al. 1997;
Xu et al. 2007). The NPC2 protein is a soluble
cholesterol-binding protein that is targeted
to LE/Ly by a mannose-6-phosphate modifica-
tion (Liou et al. 2006). The NPC1 protein is a
polytopic membrane protein with a cholesterol-
binding site in its lumenal amino-terminal do-
main (Kwon et al. 2009). A current model is
that NPC2 binds cholesterol that is produced
in LE/Ly by hydrolysis of cholesteryl esters in
the core of the internalized LDL. The NPC2
then hands off the cholesterol to the NPC1 ami-
no-terminal domain (Wang et al. 2010; Deffieu
and Pfeffer 2011). The cholesterol is then able
to leave the LE/Ly, perhaps by insertion into
the limiting membrane of the LE/Ly followed
by transfer to a cytoplasmic cholesterol-binding
protein.

High levels of dietary fat and cholesterol,
which are now typical in most economically
advanced societies, appear to place this ho-
meostatic mechanism outside of its functional
range. Excess cholesterol entering the liver from
chylomicron remnants leads to down-regula-
tion of LDL receptors on the surface of hepato-
cytes. This leads to a reduction in the endocytic
clearance of LDL from the circulation, leading
to elevated levels of LDL in the blood. Cardio-
vascular disease, for which elevated LDL is a
major risk factor, is the most frequent cause of
death in the United States (Minino 2013).

Although metabolism of cholesterol and
lipoproteins has been studied intensely for
many years, there is still much that we do not
understand about these processes. For example,
PCSK9, a novel regulator of the surface expres-
sion of LDL receptors in hepatocytes, has been
identified recently, and its mechanism of action
is only partially understood (Horton et al. 2009;
Cohen and Hobbs 2013). PCSK9 is a soluble
protein that is secreted from hepatocytes. It
binds to extracellular domains on the LDL re-
ceptor and reduces the efficiency of recycling
of the LDL receptor in hepatocytes. This leads
to lysosomal degradation of the LDL receptors.
PCSK9 was discovered in a screen for people
with low levels of LDL. An individual with
LDL levels �10% of typical values was found
to have homozygous mutations in PCSK9 and
no detectable circulating PCSK9. Heterozygotes
had reduced levels of PCSK9 and reduced levels
of LDL. This finding is leading to attempts to
reduce PCSK9 levels as a method to increase
LDL clearance by the liver and reduced circulat-
ing LDL (Cohen and Hobbs 2013).

LDL can percolate through the endothelial
lining, and these lipoproteins are then exposed
to lipases and other factors that lead to their ag-
gregation, oxidation, and retention in the blood
vessel wall (Moore and Tabas 2011). These lipo-
proteins can be recognized by various receptors
on the surface of macrophages, including scav-
enger receptors that recognize oxidized lipo-
proteins (Moore and Tabas 2011). Normally,
macrophages would internalize these lipopro-
teins and digest them in late endosomes and
lysosomes. The cholesterol can then be stored
in the macrophages as cholesteryl esters in lipid
droplets or effluxed to HDL particles that are
able to carry cholesterol back to the liver (Max-
field and Tabas 2005).

When LDL cholesterol levels are too high,
the macrophages become overwhelmed by the
excessive uptake of cholesterol. The cells be-
come enlarged, and their cytoplasm becomes
filled with cholesteryl ester lipid droplets, giv-
ing them a foamy appearance. Eventually, these
foam cells undergo ER stress, which leads to cell
death (Maxfield and Tabas 2005; Moore and Ta-
bas 2011). The cellular deposits of cholesteryl

F.R. Maxfield

4 Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016931



esters are left behind, and additional macro-
phages are converted to foam cells as they try
to clear the remnants of these dead macrophag-
es. The macrophages secrete cytokines that at-
tract additional macrophages into the area, and
this inflammatory milieu also leads to prolifer-
ation of smooth muscle cells. Progression of
this process leads to growth of the atheroscle-
rotic plaque, which bulges into the vessel wall,
restricting blood flow. In the worst case, a grow-
ing plaque can rupture, leading to formation of
a blood clot that fully closes the blood vessel,
causing a heart attack or stroke.

The cellular mechanisms for the uptake of
LDL-derived cholesterol by macrophages in the
vessel wall are under investigation. Because the
retained and aggregated LDL is tightly bound to
the extracellular matrix, it cannot be taken up by
the typical mechanism of binding to a mobile
receptor on the cell surface and then entering
via coated pits. Even for phagocytosis, the ag-
gregated LDL (agLDL) would need to be re-
leased from the extracellular matrix—perhaps
by proteolysis of the matrix proteins. An alter-
native model is that the agLDL is actually digest-
ed by lysosomal enzymes outside the cell. When
macrophages in a cell culture model contact
agLDL, a unique set of cell responses is triggered
(Grosheva et al. 2009; Haka et al. 2009, 2013).
This results in the formation of an extracellular,

acidic compartment, called a surface-connected
compartment (Zhang et al. 1997) or a lysosom-
al synapse, into which lysosomal contents are
secreted (Fig. 2). A tight seal is formed between
the cell and the agLDL by an actin-dependent
process that forms a highly convoluted surface
of the cell in the region of contact. Protons are
secreted into the lysosomal synapse by the V-
ATPase, and the diffusion of the protons is hin-
dered sufficiently within regions of this com-
partment to allow acidification below pH 6
(Haka et al. 2009). This activates the secreted
lysosomal hydrolases, including lysosomal acid
lipase, which hydrolyzes the cholesteryl esters,
leading to delivery of cholesterol into the mac-
rophage. Eventually, the hydrolases break up the
agLDL into small pieces that can be endocy-
tosed and delivered to LE/Ly inside the cell for
complete digestion. A macrophage in contact
with agLDL can take up a large amount of cho-
lesterol in a short period of time, and the excess
cholesterol is rapidly re-esterified and stored as
cholesteryl esters in cytoplasmic lipid droplets.

In vivo studies show that the LDL in ath-
erosclerotic lesions is aggregated and tightly as-
sociated with the extracellular matrix. There
are abundant extracellular lysosomal hydrolases
in these lesions as well. However, it has not
yet been demonstrated that the hydrolysis of
agLDL cholesteryl esters occurs by the same
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Figure 2. A lysosomal synapse. When a macrophage encounters aggregated LDL in the blood vessel wall, it forms
a tight seal using actin-dependent membrane rearrangements. The sealed area is acidified by V-ATPase proton
pumps in the plasma membrane, and lysosomes fuse in the contact area. This creates an extracellular, acidic,
hydrolytic compartment in which cholesteryl esters in the LDL are digested, and the cholesterol can then be
taken up by the macrophage.
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process that has been demonstrated in cell cul-
ture models.

ROLE OF ENDOSOMES AND LYSOSOMES
IN ALZHEIMER’S DISEASE

As life expectancy has increased, Alzheimer’s
disease (AD) has emerged as a major cause of
disability in the elderly. A rough estimate is
that there were 26 million people with AD in
2006, and that the number will quadruple by
2050 (Brookmeyer et al. 2007). Aside from the
human cost to those suffering from the disease
and their families, the projected financial costs
of caring for AD patients is anticipated to have
enormous economic consequences if effective
treatments are not developed. A major cause
of AD is various oligomeric and polymeric
forms of Ab, a 38- to 43-residue peptide that
is formed by two sequential proteolytic cleavag-
es of a transmembrane protein called the amy-
loid precursor protein (APP) (Thinakaran and
Koo 2008).

Newly synthesized APP is a glycoprotein
that passes through the ER and the Golgi and
is transported to the plasma membrane. At
steady state, only a small fraction of APP is
found on the surface because it is internalized
by clathrin-mediated endocytosis attributed to
a YENPTY internalization motif near the car-
boxyl terminus. Some internalized APP is de-
graded in LE/Ly. More importantly, three selec-
tive proteases can cleave APP, leading to various
products. An a-secretase cleaves APP at the cell
surface within the Ab peptide sequence. This
releases the amino-terminal domain into the
extracellular space, and it prevents further pro-
cessing to form the amyloidogenic Ab peptide.
Neurons express high levels of a b-secretase that
is a transmembrane aspartyl protease called
BACE1. BACE1 cleaves APP in the lumenal/
extracellular domain, exposing the amino ter-
minus of Ab. The g-secretase cleaves at several
sites within the transmembrane domain of APP,
releasing Ab peptides 38–43 residues in length
and a carboxy-terminal fragment. The pre-
dominant species released by neurons is Ab40
with a smaller amount of Ab42 and very small
amounts of the other peptides.

It has been challenging to determine which
compartments are responsible for generation
of Ab peptides. APP, BACE1, and the g-secre-
tase complex are found throughout the secre-
tory and endocytic pathways (Fig. 3). It is clear
that BACE1 cleavage precedes processing by the
g-secretase, and there is strong evidence that
BACE1 cleavage occurs in the early endosome
system (sorting endosomes and the ERC), pre-
sumably after endocytosis (Huse et al. 2000).
The site of g-secretase cleavage is somewhat
more uncertain. When APP is expressed in
HEK293 cells, a series of shRNA knockdown
experiments shows that the retromer complex
is required for the most efficient cleavage by g-
secretase, and knockdowns that increase deliv-
ery of APP to the TGN increase formation of Ab
peptides (Choy et al. 2012). This would be con-
sistent with most g-secretase processing occur-
ring in the TGN after the BACE1-cleaved APP
passes from the ERC to the TGN. Other models
support a role for the AP4 adaptor complex in
g-secretase processing in endosomes en route
from the TGN to the cell surface (Burgos et al.
2010). It is possible that g-secretase processing
can occur in more than one organelle.

The Ab peptide is very prone to aggrega-
tion, oligomerization, and formation ofb-sheet
fibrils. Although there is a clear association be-
tween the excess net formation of Ab peptide
and Alzheimer’s dementia in people with some
inherited forms of early onset AD, the form
of Ab peptide that is responsible for neurotox-
icity remains uncertain (Mucke and Selkoe
2012). Ab fibrils can associate with each other
to form the large amyloid plaques that are one
of the hallmarks of the disease, but there is only
a partial correlation between plaque abundance
at autopsy and dementia in AD patients. This
has led to the hypothesis that it is smaller units
of Ab peptide oligomerization or short fibrils
that are the main toxic agent (Selkoe 2012).
These small Ab oligomers or fibrils may begin
to form inside neurons (Capetillo-Zarate et al.
2012), but the main site of Ab fibril accumula-
tion is extracellular.

Ab peptides are formed in the brain
throughout life, so the net accumulation of
the neurotoxic forms of Ab must represent a
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balance between production and degradation
(Hardy and Selkoe 2002; Blennow et al. 2012).
Several enzymes have been identified that can
cleave monomeric forms of Ab. The fibrillar
forms of Ab and amyloid plaques are resistant
to proteolysis, and it was thought that these
might be essentially permanent once formed.
However, experiments in mice showed that after
immunization against Ab peptides, AD model
mice could clear previously formed Ab plaques
(Bard et al. 2000). Microglia, which are found
in close proximity to plaques, were proposed to
play an important role in the clearance of Ab

fibrils and amyloid plaques (Koenigsknecht-
Talboo et al. 2008).

Microglia can bind fibrillar forms of Ab
through specific receptors (e.g., scavenger re-
ceptor type A) on their surface (Paresce et al.
1996). Small fibrils (average size �100 nm in
length) can be internalized by receptor-mediat-
ed endocytosis and delivered to LE/Ly. In mac-
rophages and other cell types, the fibrillar Ab is
degraded in these organelles (Majumdar et al.
2008). However, in microglia, which are the cells
in the brain that clear dead cells and denatured
extracellular proteins, the digestion of fibrillar

APP

AICD

Aβ 42 β-Secretase

α-Secretase γ-Secretase

Clathrin-coated pitPlasma membrane

Sorting
endosome
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Golgi

Lysosome
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Late
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Figure 3. Processing of APP to form Ab peptide. APP is secreted by a constitutive secretory pathway from the
Golgi. While on the plasma membrane, APP can be cleaved by a-secretases in the middle of the Ab peptide
region, thus preventing formation of Ab peptide. APP is internalized by clathrin-mediated endocytosis. In the
early endosome system, probably in the ERC, APP can be cleaved by BACE1 to release the amino-terminal
domain into the lumen of the endosome. The carboxy-terminal transmembrane fragment can be cleaved by the
g-secretase within the transmembrane segment, perhaps after retrograde transport back to the TGN. The
amyloidogenic Ab peptide is released into the lumen of the organelles. As discussed in the text, these various
steps of proteolytic processing may take place in several different organelles because APP and the various
enzymes are found throughout the secretory and endocytic pathways.
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Ab is very slow, with only partial digestion 12 d
after internalization by cultured microglia
(Chung et al. 1999). When compared with mac-
rophages, which digest fibrillar Ab effectively,
microglia were found to have equal or greater
levels of several key lysosomal proteases when
assayed in cell extracts in acidic buffers (Majum-
dar et al. 2007). However, the average lysosomal
pH in microglia was �6.0 as compared with 5.0
in the macrophages (Majumdar et al. 2007).
Because many lysosomal hydrolases require a
low pH for activation and for maximal enzy-
matic activity, the high pH in the lysosomes
would be expected to dramatically reduce the
hydrolytic capabilities in microglia. The cause
for the poor acidification of microglial lyso-
somes is low abundance of a chloride transport-
er, ClC-7 (Fig. 4). In quiescent cultured micro-
glia, expression of ClC-7 and its heterodimeric
partner Ostm1 are very low as compared with

other cell types (Majumdar et al. 2011). Over-
expression of ClC-7 and Ostm1 allows further
acidification of the lysosomes in microglia, and
this is associated with an increased ability to
degrade fibrillar Ab that has been internalized
into lysosomes.

When cultured microglia are activated with
the inflammatory cytokine macrophage colony
stimulating factor (MCSF), they increase the
synthesis of ClC-7 and Ostm1 (Majumdar et
al. 2011). ClC-7 can then be detected in the ly-
sosomes of the microglia, and the lysosomal pH
drops to an average value of 5.0. These MCSF-
activated microglia are now able to digest fibril-
lar Ab. RNAi knockdown of ClC-7 during the
activation process impairs the acidification of
lysosomes and reduces the ability of the acti-
vated microglia to degrade fibrillar Ab. These
data show that microglia regulate their lysosom-
al pH to a higher level than other cells by restrict-
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Figure 4. Regulation of lysosomal pH in microglia. Unlike most cells, quiescent microglia (left) maintain a pH of
�6.0 in their lysosomes. This limits the hydrolytic activity of the lysosomal acid hydrolases, and there is very little
degradation of fibrillar forms of Ab in these weakly acidic lysosomes. The ClC-7 chloride transporter plays an
important role in dissipating the electrical gradient produced by the proton-pumping V-ATPase. In quiescent
microglia, only low levels of ClC-7 and its heterodimeric partner, Ostm1, are expressed, and most of the ClC-7 is
degraded by an ER-associated degradation. When microglia are activated by MCSF, expression of both CLC-7
and Ostm1 is increased, and ClC-7 is delivered to lysosomes. This allows full acidification to pH 5.0, and
internalized fibrillar Ab can be digested efficiently.
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ing the expression of ClC-7 and its delivery to
lysosomes. This indicates that in these cells, ClC-
7-dependent chloride transport is required to
counterbalance the charge transfer by the elec-
trogenic V-ATPase.

It is unclear what purpose is served by in-
complete lysosomal acidification in quiescent
microglia. The average pH of 6.0 is sufficient
to allow degradation of many other internalized
proteins, although degradation is presumably
slower than in other cell types. The protease-
resistant b-sheets of the Ab fibrils seem to be
particularly resistant to degradation when the
pH is not optimal. Microglia are the main an-
tigen-presenting cells of the central nervous
system (CNS), and it is possible that a slower
lysosomal degradation process is useful for pre-
serving potential antigens as has been proposed
for dendritic cells (Trombetta et al. 2003; Jancic
et al. 2007). Upon inflammatory activation, the
microglia can fully acidify their lysosomes and
degrade fibrillar Ab effectively (Majumdar et al.
2011), and this may account for the degradation
of amyloid plaques following immunization
(Koenigsknecht-Talboo et al. 2008).

In AD model mice, it has been shown that
inflammatory stimuli in the brain lead to clear-
ance of amyloid plaque, and there is evidence
that this is associated with cognitive improve-
ments (Boissonneault et al. 2009; Yong and
Rivest 2009). Much more work is required to
determine how lysosomal degradation affects
the balance between production and removal
of Ab and how this relates to the neuropathol-
ogy of AD. However, it is possible that non-in-
flammatory activation of lysosomal functions
could be beneficial.

LYSOSOMAL STORAGE DISEASES AND
MEMBRANE TRAFFIC

The lysosomal storage diseases are the classic
example of a disease of the endosome/lysosome
system (Walkley 1998). Most of these disorders
are due to mutations in a gene coding for an
individual lysosomal hydrolase or another pro-
tein that participates in the hydrolytic mecha-
nism (e.g., a saposin) (Kolter and Sandhoff
2005). The substrate for the defective enzyme

then accumulates in the lysosomes. The diseases
are generally recessive, and heterozygotes are
typically asymptomatic. Individually, these dis-
eases are quite rare, but as a class the lysosomal
storage diseases have been estimated to affect
one in 7700 live births among people of Euro-
pean ancestry (Meikle et al. 1999). More recent
studies suggest that this is a serious underesti-
mate because four diseases (Fabry, Gaucher,
Pompe, and Niemann Pick A and B) showed
an incidence of 1:2315 in an Austrian popula-
tion based on enzyme assays followed by se-
quencing studies (Mechtler et al. 2012).

It is often not clear precisely why the accu-
mulated substrates for the missing enzymes
cause pathology. Additionally, the most severe
effects of the storage defects can affect only cer-
tain organs or even specific regions of the brain
while leaving other tissues or brain regions
largely unaffected even if the storage is readily
apparent (Walkley 1998). It is often noted that
the storage defects are associated with changes
in other aspects of membrane trafficking and
cell physiology for which the connection to sub-
strate accumulation in LE/Ly is not obvious.

A fraction of the mannose-6-phosphate re-
ceptors are found on the plasma membrane,
and these receptors can bind mannose-6-phos-
phate modified proteins and endocytose them
via clathrin-mediated endocytosis. The ligands
are released upon exposure to the low pH in
endosomes, and the receptors can recycle back
to the plasma membrane or be returned to the
TGN (Tortorella et al. 2007). This surface pool
may normally serve to capture enzymes that are
secreted rather than being delivered via the pre-
dominant intracellular route to LE. Therapeu-
tically, this uptake of extracellular mannose-6-
phosphate ligands allows the uptake of enzymes
to correct enzyme deficiencies. Following dem-
onstration of the effectiveness of this strategy
in cell culture (Rome et al. 1979) and animal
models, there have now been several successful
implementations of this strategy in human
patients. These include enzyme replacement
therapy for b-glucocerebrosidase (Gaucher dis-
ease) (Mistry et al. 2011), some forms of muco-
polysaccharidosis (de Ru et al. 2011), a-galac-
tosidase A (Fabry disease) (Pisani et al. 2011),
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acid a-glucosidase (Pompe disease) (Angelini
and Semplicini 2012), and others that are being
tested (e.g., acid sphingomyelinase deficiency)
(Schuchman 2009).

There are several challenges associated with
enzyme replacement therapy. One is that the
enzymes have a lifetime of only about a day
or two in the LE/Ly, so the process must be
repeated frequently enough to prevent toxic ac-
cumulation of substrates. There can be immune
responses to the enzymes (Angelini and Sem-
plicini 2012), but in some cases, patients can
become immune-tolerant to the enzymes (Ka-
kavanos et al. 2003). A major challenge is deliv-
ering enzyme to the CNS when the disease in-
volves neuropathology—as it often does. There
are examples of intrathecal injections to deliver
enzymes, and delivery to the brain is being ex-
plored (Lachmann 2011). Because the effects of
these diseases can be so devastating, these ex-
pensive and difficult therapeutic approaches are
approved by regulatory agencies and tolerated
by patients and their families.

An alternative to injection of enzymes is
gene therapy in which a fraction of cells are
transfected, but these cells can produce large
amounts of enzyme that is secreted (Sondhi et
al. 2012). The secreted enzyme can then be in-
ternalized by other cells, so transfection of only
a small fraction of cells can be sufficient for
effective therapy.

For some lysosomal storage disorders,
small-molecule therapies are being developed.
One such strategy involves reduction in the
abundance of the substrate for the defective en-
zyme. An example of this is Miglustat (N-butyl-
deoxynojirimycin), which is an imino sugar
that inhibits glucosylceramide synthase, the first
committed step in glycosphingolipid synthe-
sis. Miglustat has been used for treatment of
Gaucher disease (Kuter et al. 2013).

In some cases, the mutation in lysosomal
enzymes leads to production of a protein that
contains a point mutation that impairs its fold-
ing but would not block function if the protein
could be delivered to the LE/Ly. These mutant
proteins fail to pass through the ER quality con-
trol and are degraded by an endoplasmic retic-
ulum–associated degradation (ERAD) process.

Reversible competitive enzyme inhibitors that
bind to the active site of the enzyme can stabilize
the correctly folded form of the protein so that
it can escape the ER and be delivered to LE/Ly.
These chemical chaperones have been shown to
be effective in cell culture, and in some cases in
patients (Suzuki 2013). These small-molecule
chaperone therapies are particularly appealing
for enzyme deficiencies with neuropathology
because of the difficulty of enzyme replacement
therapy in the CNS.

Niemann Pick C Disease

Niemann Pick disease type C (NPC) leads to
abnormal accumulation of cholesterol in LE/
Ly, and other lipids also accumulate in the stor-
age organelles—apparently as a response to the
increased concentration of cholesterol in the
internal membranes of these organelles (Vanier
2010). Mutations in NPC1 and NPC2 have been
associated with NPC disease, and �95% of pa-
tients have mutations in NPC1. The role of
NPC1 and NPC2 has been described in a pre-
ceding section.

Miglustat has been used therapeutically for
NPC disease, and it slows the progression of the
disease (Patterson et al. 2007). The proposed
mechanism is that in the brain, gangliosides ac-
cumulate to very high levels in the storage or-
ganelles. Miglustat reduces synthesis of gangli-
osides, so it can reduce this lipid accumulation.
Because cholesterol has thermodynamically fa-
vorable interactions with glycosphingolipids,
reducing the ganglioside levels may also reduce
the cholesterol storage in these organelles. Con-
sistent with this mechanism, increased acid
sphingomyelinase activity decreases the choles-
terol accumulation in cultured NPC cells (Dev-
lin et al. 2010). Miglustat has been approved
for treatment of NPC disease in the European
Union and several other countries but not in the
United States.

Most of the mutations in the NPC1 protein
are missense mutations leading to single ami-
no acid substitutions (Vanier 2010). In fibro-
blasts expressing the most frequent mutation,
NPC1I1061T, nearly all of the mutant protein is
degraded by an ERAD process (Gelsthorpe et al.
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2008). (A high fraction of the wild-type protein
is also degraded rapidly.) Overexpression of the
mutant protein could partially restore normal
cholesterol trafficking, suggesting that the mu-
tant protein retained some function (Gels-
thorpe et al. 2008).

In a screen, it was found that histone deace-
tylase (HDAC) inhibitors could correct the
NPC phenotype in cells with the NPC1I1061T

mutant (Pipalia et al. 2011). It was also found
that this was accompanied by increased expres-
sion of the NPC1I1061T protein and by its correct
delivery to LE/Ly containing LDL. Further pre-
liminary studies have shown that HDAC in-
hibitors can restore cholesterol trafficking to a
varying degree in several different patient fibro-
blasts expressing several different NPC1 muta-
tions (Pipalia and Maxfield 2011). It appears
that the HDAC inhibitors are partially protect-
ing the mutations against degradation in the
ER, allowing some of these proteins to be tar-
geted correctly to the LE/Ly, where they main-
tain some function. Subsequently, it was found
that Gaucher fibroblasts with the N370S or
L444P mutations inb-glucocerebrosidase could
also be rescued by HDAC inhibition by assist-
ing folding in the ER (Lu et al. 2011), indicat-
ing that this may be a more general strategy for
restoring function for mutant lysosomal pro-
teins that could be at least partially functional
if delivered to the LE/Ly. It should be noted that
HDAC inhibitors were shown previously to be
able to rescue some mutants of the CFTR pro-
tein that also undergo ERAD as a consequence
of their mutations (Hutt et al. 2010).

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

This article has discussed three of the many dis-
eases that are associated with endocytosis. Each
of these has been studied intensely by many
investigators, and collectively we have made
enormous progress in our understanding. Nev-
ertheless, we have much more to learn even for
these well-studied diseases. Better understand-
ing of membrane trafficking has the potential to
lead to improved therapies for these and many
other disorders.

In the case of atherosclerosis, key early sup-
port for the benefits of controlling LDL choles-
terol came from the work of Michael Brown and
Joseph Goldstein on the endocytic uptake of
LDL in the 1970s. However, even with choles-
terol-lowering statin therapies, cardiovascular
disease remains a major cause of death in the
developed world. We are just starting to under-
stand the mechanisms by which PCSK9 regu-
lates hepatic LDL receptors, and we are just be-
ginning to understand how cholesterol is taken
up by macrophages in the walls of blood vessels.

Alzheimer’s disease is increasing dramati-
cally in prevalence as the world population
ages. We now understand key steps in the for-
mation of Ab peptides, but the mechanisms by
which multimeric forms of Ab cause neuropa-
thology are not clear. We understand some as-
pects of the clearance of fibrillar Ab by micro-
glia, but we don’t even know if enhancing such
clearance would be beneficial.

Lysosomal storage diseases are the prototyp-
ical example of a disease of endosomes and ly-
sosomes. With increased gene sequencing and
more sensitive tests, we are now recognizing that
these diseases are much more common than
previously believed. Fortunately, the endocytic
pathway provides a means of correcting some of
these disorders by enzyme replacement therapy.
The blood–brain barrier is a major obstacle to
these therapies, and devising methods to bring
proteins across the blood–brain barrier is a ma-
jor research goal. For many of these genetic dis-
eases, missense mutations lead to partially func-
tional proteins with reduced ability to fold in
the ER. Various strategies to allow these proteins
to avoid ER-associated degradation are being
developed and may lead to orally available ther-
apies that can correct defects in the brain and in
the peripheral organs.

In this brief review, only a few diseases re-
lated to endocytic processes could be discussed,
but many of the same endocytic mechanisms
play an important role in diseases discussed
in other articles in this collection. Membrane
trafficking and control of organelle pH play an
important role in the pathophysiology associat-
ed with the uptake of viruses and bacteria (see
Cossart and Helenius 2014). A fascinating re-
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cent discovery that links these fields is the dem-
onstration that NPC1 is an intracellular recep-
tor for the Ebola virus and helps to traffic it to
LE/Ly as part of the viral entry process (Miller
et al. 2012). We are just starting to appreciate
how defects in the basic endocytic machinery
are associated with numerous other diseases
through their effects on the cellular distribution
of lipids and proteins involved in signaling and
organelle identity (see Di Fiore and von Zastrow
2014).

We still need to know much more about the
basic cell biology of endocytic trafficking in or-
der to properly understand many diseases. For
example, trafficking from endosomes back to
the Golgi is important for processing of APP,
as discussed above, and it is also essential for
the activity of many bacterial toxins, which of-
ten must get back to the ER. However, we have
only a partial understanding of how this sorting
is achieved and how it is regulated. From the
beginning, research into membrane traffic has
been spurred by trying to understand disease
processes, and in many cases, this disease-relat-
ed research has led to fundamental cell biology
insights. In turn, the understanding of cellular
mechanisms has led to novel understanding of
disease processes and in some cases to new ther-
apies (see Mellman and Yarden 2013). We can
expect this dynamic interplay between basic sci-
ence and disease-targeted research to continue
to yield new discoveries and new therapies for
many years.
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