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Some  of  the  most  prevalent  human  degenerative  diseases  appear  as  a  result  of the  misfolding  and  aggre-
gation  of proteins.  Compelling  evidence  suggest  that  misfolded  protein  aggregates  play  an  important  role
in cell  dysfunction  and  tissue  damage,  leading  to the  disease.  Prion  protein  (Prion  diseases),  amyloid-beta
(Alzheimer’s  disease),  alpha-synuclein  (Parkinson’s  disease),  Huntingtin  (Huntington’s  disease),  serum
amyloid A  (AA  amyloidosis)  and  islet  amyloid  polypeptide  (type  2 diabetes)  are  some  of the  proteins
rotein misfolding
ransmission
rion-like propagation
nfectious proteins

that  trigger  disease  when  they  get  misfolded.  The  recent  understanding  of  the  crucial  role  of  misfolded
proteins  as  well  as  the  structural  requirements  and  mechanism  of  protein  misfolding  have  raised  the  pos-
sibility  that  these  diseases  may  be  transmissible  by  self-propagation  of  the  protein  misfolding  process  in
a similar  way  as  the  infamous  prions  transmit  prion  diseases.  Future  research  in this  field  should  aim to
clarify this  possibility  and  translate  the  knowledge  of  the  basic  disease  mechanisms  into  development  of
novel strategies  for early  diagnosis  and  efficient  treatment.
© 2011 Elsevier Ltd. All rights reserved.
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. Introduction

It is well established that protein misfolding diseases (PMDs),
lso known as “conformational diseases”, are caused by the
isfolding of proteins into �-sheet aggregated structures. This con-

ormation is stabilized by intermolecular interactions, leading to
he formation of oligomers, proto-fibrils and fibrils, which then
ccumulate as amyloid deposits in affected tissues [1,2]. Aggregates
f prion protein (PrPSc) in prion diseases (also known as transmis-

late intracellularly, such as alpha-synuclein (�-syn) in Parkinson’s
disease (PD), superoxide dismutase (SOD) in amyotrophic lateral
sclerosis (ALS), tau in Tauopathies or AD, and huntingtin (Htt) in
Huntington disease (HD) [1].

2. The role of misfolded proteins in disease

Although the presence of misfolded protein aggregates in
affected tissues was recognized long ago, their role in the dis-
ible spongiform encephalopathies or TSEs), amyloid-beta (A�)  in
lzheimer’s disease (AD), islet amyloid polypeptide (IAPP) in type 2
iabetes (T2D) or serum amyloid A (SAA) in secondary amyloidosis
ccumulate extracellularly. Other misfolded aggregates accumu-

∗ Corresponding author. Tel.: +1 713 5007086.
E-mail address: Claudio.Soto@uth.tmc.edu (C. Soto).

084-9521/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.semcdb.2011.04.002
ease etiology remained controversial. Only in the past 10 years
misfolded proteins have been widely considered to be the trig-
gering factors in the disease. Perhaps the most compelling pieces
of evidence in favor of this view came from genetic studies. Most

PMDs mainly arise sporadically, without detectable genetic origins;
however, a portion (usually small) of the cases can be inherited.
Interestingly, mutations in the genes encoding the protein compo-
nent of the misfolded aggregates have been shown to be genetically

dx.doi.org/10.1016/j.semcdb.2011.04.002
http://www.sciencedirect.com/science/journal/10849521
http://www.elsevier.com/locate/semcdb
mailto:Claudio.Soto@uth.tmc.edu
dx.doi.org/10.1016/j.semcdb.2011.04.002
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ssociated with inherited forms of the disease [3–6]. The familial
orms usually have an earlier onset and higher severity than spo-
adic cases. Mutations in the respective misfolded proteins have
een associated with familial forms of many diseases, including AD,
SEs, HD, PD, T2D, ALS and various rarer amyloid-related diseases
uch as familial amyloid polyneuropathy, cardiac amyloidosis, vis-
eral amyloidosis, cerebral haemorrhage with amyloidosis of the
utch and Icelandic type, and cerebral amyloidosis of the British
nd Danish type [3–6].  The fact that mutations in the gene encod-
ng the misfolded proteins produce inheritable disease is by itself a
ery strong argument for a crucial role of protein misfolding in the
isease.

Other evidence for the important role of protein misfolding
ame from studies aiming to generate transgenic animal models
or PMDs. Insertion of human genes encoding mutant proteins with

 high propensity to misfold and aggregate leads to emergence
f several pathological and clinical hallmarks of the different dis-
ases. Over-expression of human prion protein transgene in mice
enerates spontaneous neurodegeneration accompanied by brain
acuolization as happens in natural TSEs [7].  In the AD field, the
ost common transgenic models over-express the amyloid pre-

ursor protein (APP) and/or the presenilin 1 (PS1), both genes
ssociated to familial forms of AD [3].  Transgenic mice expressing
uman mutated APP show amyloid plaques, cognitive impairment,
ell death and related inflammatory processes [8].  Although PS1
ransgenic animals do not develop amyloid plaques or related alter-
tions, the presence of this gene accelerates disease alterations in
he presence of the APP gene through increasing the concentra-
ion or amyloidogenicity of A� [8].  Over-expression of human IAPP
ransgene in rodent models leads to beta-cell death and diabetes
ecause of accumulation of oligomeric IAPP, which is toxic for beta-
ells [9].  Transgenic mice of HD, expressing human Htt gene with
xpanded poly-glu repeats show intracellular deposits of Htt, neu-
onal impairment and motor dysfunction [10]. Human �-syn gene
xpression in transgenic mice induces some of the hallmarks of PD,
s dopaminergic cell loss, Lewy bodies accumulation and motor
ysfunction [11]. All these findings suggest that misfolding and
ggregation of amyloid proteins play a critical role in the pathology
nd could be the main cause of conformational diseases.

. The mechanisms and intermediates of protein
isfolding

Misfolding is produced by an incorrect folding process that
esults in the formation of a protein with a different conformation
rom its native fold. Protein misfolding can occur by several rea-
ons [6,12]:  (i) somatic mutations in the gene sequence leading to
he production of a protein unable to adopt the native folding; (ii)
rrors on the processes of transcription or translation leading to the
roduction of modified proteins unable to properly fold; (iii) failure
f the folding and chaperone machinery; (iv) mistakes on the post-
ranslational modifications or trafficking of proteins; (v) structural

odification produced by environmental changes or (vi) induction
f protein misfolding by seeding and cross-seeding mechanisms.

The most frequent destiny for misfolded proteins is self-
ggregation, because the mistaken exposure of fragments to the
olvent that are normally buried inside the protein, lead to a high
egree of stickiness. The �-sheet structural motif offers the most
avorable organization for these intermolecular aggregates and can
ccommodate an almost unlimited number of polypeptide chains
12,13]. As a result, misfolded proteins exist as a large and heteroge-
ous continuum of polymeric sizes, which are usually classified
n broad and not very well defined categories, such as oligomers,
rotofibrils and fibrils [14–16].  Soluble oligomers are small assem-
lies of misfolded proteins that are present in the buffer soluble
raction of tissue extracts and usually include structures rang-
evelopmental Biology 22 (2011) 482– 487 483

ing in size from dimers to 24-mers [15,16].  Recent compelling
evidence coming from several independent studies of different
proteins indicates that oligomers might be the most toxic species
in the misfolding and aggregation pathway [14–16].  Indeed, both
synthetic and natural oligomers have been shown to induce apo-
ptosis in cell cultures at very low concentrations [17–19],  block long
term potentiation in brain slice cultures [20], and impair synaptic
plasticity and memory in animals [21,22].  Protofibrils are larger
aggregates that can be seen using electron microscopy as curvi-
linear structures of 4–11 nm diameter and <200 nm long [14,23].
Protofibrils increase in size with increased time and protein con-
centration, and are elongated by growth on their ends [24]. Annular
protofibrils are pore-like assemblies that accumulate in the cell
membrane and may  contribute to cell death [25,26].  Protofibrils
and annular protofibrils have also been shown to be highly toxic
in various in vitro studies [26,27]. Amyloid fibrils are long, straight
and unbranched structures of around 10 nm diameter and usually
several micrometers lengths [13]. They bind the dies Congo red
and thioflavin and show a typical “cross-�” X-ray diffraction pat-
tern consisting of two major reflections at 4.7 Å and 10 Å found
on orthogonal axes [13]. Fibrils can also elicit toxicity in cultured
cells, but usually at much higher concentrations than oligomers and
protofibrils [14].

The mechanism of protein misfolding and aggregation follows
the so-called “seeding-nucleation” model [28,29].  In this process,
the initial steps of misfolding are thermodynamically unfavorable
and progress slowly, until the minimum stable oligomeric unit is
formed that then grows exponentially at a fast speed. There is
two  kinetic phases in the seeding-nucleation model of polymer-
ization. Firstly, during the lag phase, a low amount of misfolded
and oligomeric structures are produced in a slow process, generat-
ing seeds for the next step. Once nuclei are formed, the elongation
phase takes place and results in fast growing of the polymers. The
addition of pre-formed seeds can reduce the length of the lag phase,
accelerating the exponential phase. Oligomers are perhaps the best
seeds to propagate the misfolding process in an exponential man-
ner. However, larger structures as fibrils could be as well important
to propagate this event in vivo, due to their higher resistance to
biological clearance than smaller aggregates.

4. When misfolded proteins behave as pathogens: the case
of prion diseases

Among PMDs, prion diseases are unique because the pathology
can be transmitted by an infectious process. The widely accepted
prion hypothesis proposes that PrPSc is the sole component of
the infectious agent, which propagates by auto-catalytically con-
verting the native protein (PrPC) into more of the misfolded form
[30,31]. Compelling evidence has accumulated over the years to
support this hypothesis. An important proof for this theory is the
fact that inoculation of animals with ultrapure PrPSc causes prion
disease and that infectivity titer is directly proportional to the PrPSc

concentration. As mentioned above, transgenic animals express-
ing human misfolded protein transgene develop some clinical and
neuropathological features of the human disease, whereas PrP
knock-out mice are resistant to prion infection [32], showing that
misfolded proteins are intimately implicated in the malady. Indeed,
all inherited cases of prion diseases are linked with mutations in
the prion protein gene, which usually have an earlier onset and
more severe phenotype than the sporadic forms [30]. Moreover,
low concentrations of PrPSc produce neurotoxicity and induce apo-
ptosis, which demonstrate their neurodegenerative capability [33].

Furthermore, PrPSc is able to induce misfolding of PrPC in vitro by
cyclic amplification of protein misfolding (PMCA), resulting in gen-
eration of prion infectious material in the test tube in the absence
of living cells [34]. In addition, prions themselves encode many
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henotypic TSE variants, termed prion strains. Prion strains, after
noculation into distinct hosts, cause infection with typical features,
uch as incubation period, clinical signs, characteristic pattern of
europathological lesions, and specific PrPSc biochemical features
35]. These prion strains, as well as the associated phenomena of
pecies barrier and strain adaptation, are exclusive features of the
isfolded prion protein and can be reproduced during in vitro repli-

ation by PMCA [31].
The molecular basis for prion infectivity is the ability of PrPSc to

fficiently induce the transformation of PrPC into PrPSc. This conver-
ion process follows the seeding-nucleation model with infectious
rPSc acting as a seed to capture PrPC into the polymer [28]. New
olecules of PrPC added to the edges of PrPSc aggregates acquire

he same conformation of the PrPSc template to be able to incor-
orate stably into the polymer. In this way, PrPSc aggregates grow
nd at certain stage polymers breakdown into smaller pieces mul-
iplying the number of oligomeric seeds to further propagate prion
eplication. We  still do not understand how this key fragmenta-
ion process occurs in vivo, but is likely to be mostly a mechanical
isruption when polymers become too large.

. The prion phenomenon in other PMDs

As discussed before, protein misfolding and aggregation in other
MDs also follows a seeding-nucleation model involving the forma-
ion of similar intermediates and end-products as in TSEs [28,29].
ndeed, acceleration of protein aggregation by addition of seeds has
een convincingly reported in vitro for several proteins implicated

n diverse diseases [36,37]. These findings suggest that protein
isfolding processes have the inherent ability to be transmissi-

le [28]. Strikingly, a series of recent and exciting reports, using
ellular and/or animal models, have provided evidence suggest-
ng that the transmission of protein misfolding by a prion-like

echanism might be at the heart of the most common PMDs,
ncluding Alzheimer’s, Parkinson’s, Huntington’s diseases and var-
ous systemic amyloidosis [38–42].  A possible transmissible origin
y infectious proteins could clarify the unknown etiology of many
f these spontaneous age-related degenerative diseases.

The prion-like phenomenon could contribute to the trans-
ission/spread/propagation of the pathological misfolded confor-
ation between proteins, within cells and tissues and among

ndividuals (Fig. 1). Thus, transmission by infectious proteins can
e regarded at different stages. At molecular level, misfolded pro-
eins can propagate the conformational changes into the native
roteins, modifying their function and inducing cellular stress
nd damage. Protein misfolding can be transmitted also from
ne cell to another to propagate the pathology throughout the
ffected tissue. Several subcelullar pathways and cellular con-
ections may  participate in the spreading process, allowing that
isfolded aggregates get in contact with the native protein in the

eighboring cells. Misfolded protein aggregates can accumulate
ntra- or extra-cellularly [1].  Cytoplasmic aggregates are usually
ncapsulated in so-called aggresomes, which are microtubule-
ependent cytoplasmatic inclusion bodies that are produced in the
ell when its capacity to degrade misfolded proteins is overstepped
43,44]. Aggresomes formation could help in the recruitment of
rotein aggregates which are then targeted to elimination by
acroautophagy and degradation into lysosomes. In most PMDs,

he autophagy–lysosome pathway is dysregulated or inhibited, as
ccurs in HD, AD, PD and ALS [45,46].  Both autophagosomal and
ysosomal vesicles can spread aggregates within the cell and act

s a reservoir for misfolded proteins. Moreover, lysosomal pro-
eolysis could be an important source of fragmentation of large
olymers leading to multiplication of seeds. In neurodegenerative
MDs, axonal transport of misfolded aggregates, both anterograde
evelopmental Biology 22 (2011) 482– 487

and retrograde, could contribute to their propagation along neu-
ronal processes, as it has been demonstrated for prion proteins [47].
Cell-to-cell transmission of intracellular aggregates requires their
release to the extracellular space, the recruitment of the aggre-
gates by other cells and, finally, the nucleation process in the host
cell (Fig. 1). Exit of misfolded protein aggregates from a cell can
occur upon cell death or be mediated by exocytosis. It has been
reported that exosomes are used by prion protein as vehicles for
their dissemination [48–50] and a small fraction of A� peptides
can be secreted from the cells associated with exosomes [51]. Exo-
somes are membranous vesicles mainly implicated in sorting and
release of membrane proteins, but can also harbor cytosolic con-
tent. Therefore, exosomes and microvesicles – plasma membrane
evaginations –, by exocytosis/endocytosis can be exchanged to
deliver their content, contributing to the spreading of protein mis-
folding. Exosomes have been found in plasma and other body fluids
[52] and could contribute to systemic spread of PMDs. Microvesi-
cles can also participate in horizontal transfer of material among
cells. For example, PrPSc is released from infected neurons in asso-
ciation with microvesicles that are infectious both in vitro and
in vivo [53]. Another possible mechanism for cellular spreading
of misfolded aggregates is the use of tunneling nanotubes. These
structures are membrane bridges between cells for intercellu-
lar long distance communication to transfer organelles, vesicles,
plasma membrane and cytoplasmic molecules [54]. Tunneling nan-
otubes have been implicated in propagation of endogenous PrP
between dendritic cells and uninfected neurons [55,56] and could
be a spreading pathway for other misfolded proteins, such as A�
and �-syn [56]. Once misfolded aggregates are in the extracellular
space, they are internalized by other cells through diffusion, endo-
somes, receptor-mediated transport or fusion of the transporting
vesicles with the plasma membrane. The amyloidogenic proteins
A�, tau and �-syn have been shown to be internalized by cells
through receptor-mediated transport and packed by endocytosis
[42,57–59]. Once internalized, misfolded protein aggregates can act
as seeds to propagate protein misfolding in the new host cell. The
cellular spreading and propagation of protein misfolding have been
already reported for various proteins, such as �-syn, Tau, Htt and
PrP [41,42,60].  In the case of proteins sitting on the cell surface, such
as PrP, cell-to-cell spreading could simply occur by direct contact
between the misfolded protein in one cell with the natively folded
protein in the neighboring cells.

Most neurodegenerative PMDs spreads progressively from a
rather small initial affected region to other distant areas of the
brain in an organized, stepwise and specific manner. This has been
described in AD, PD, HD and frontotemporal dementia [40,61]. It is
likely that prion-like transmission of protein misfolding in these
diseases plays an important role on the tissue spreading of the
pathology. Several studies shown that �-syn aggregates can be
transmitted from host cells to grafted neuronal cells in PD patients
[62,63]. In the same way, soluble A� in host transgenic AD ani-
mals can be transferred to grafted cells and induce amyloid plaque
formation [64]. Furthermore, misfolded aggregates can be dissem-
inated beyond the tissue where they are produced and spread
through the entire organism in a peripheral and systemic trans-
mission thanks to immune system cells, peripheral nerves and
bloodstream. It has been reported that PrPSc-loaded dendritic cells
and peripheral nerve fibers can initiate and spread prion neuroin-
vasion [65]. Most of the disease-associated misfolded proteins are
found circulating in the CSF and plasma, which could facilitate their
spread through the body [66–70].

The recent developments in the field have demonstrated that

misfolded proteins associated with various PMDs can initiate the
conversion of the normal form of the protein into the misfolded
form and propagate these changes to neighboring cells in exper-
imental models. However, prions not only do that, but also can



I. Moreno-Gonzalez, C. Soto / Seminars in Cell & Developmental Biology 22 (2011) 482– 487 485

F ls. Prio
m  confo
a

t
fi
e
c
s
s
d
a
w
d
a
[
t
e
c
t
c
m
m
t
b
s
m
a

ig. 1. Transmission of protein misfolding between molecules, cells and individua
olecule-to-molecule, cell-to-cell and host-to-host. Propagation of the pathological

ppears to be a universal property of misfolded protein aggregates.

ransfer the disease from individual to individual, acting as bona
de infectious agents [35,52]. A series of recent studies have shown
xperimental evidences for prion-like mechanisms of pathologi-
al transmission among individuals under defined experimental
ettings. Transgenic mice expressing the human amyloid precur-
or protein were injected intra-cerebrally with brain homogenate
erived from AD patients [38,71].  Inoculated animals exhibited
ccelerated A�-deposition in the brain. Injection of material in
hich A� aggregates were priorly immunodepleted did not pro-
uce acceleration of the pathology, indicating that pre-formed A�
ggregates were required to induce amyloid deposition in vivo
38]. In a more recent study from the same group, it was  shown
hat intra-peritoneal inoculation with AD brain homogenate accel-
rates AD pathology in animal models, indicating that the seeds
an be administered peripherally and be able to reach the brain
o induce the pathology in the target organ [72]. Similarly, intra-
erebral injection of brain extract containing Tau aggregates into
ice without aggregates induced the assembly of native Tau into
isfolded aggregate filaments in recipient mice [39]. Interestingly,

he pathology spread beyond the site of injection to neighboring

rain regions. Even more striking results have been reported in two
ystemic amyloid diseases. In secondary reactive amyloidosis and
ouse senile amyloidosis, associated with deposition of amyloid-A

nd apolipoprotein AII, respectively, even tiny quantities of mis-
n-like transmission of protein misfolding may  operate at various levels, including
rmational changes and downstream effects to cells, tissues and the entire individual

folded aggregates can be transmitted between individuals and
cause disease by diverse routes, including blood transfusion and
oral administration [73,74].  In the case of amyloid-A amyloido-
sis, evidence also exists for natural transmission to captive cheetah
populations [75].

Individual to individual transmission can occur through verti-
cal (mother to offspring) or horizontal routes (Fig. 1). Horizontal
transmission may  involve exposure through contaminated surgical
tools, organ transplant, use of drugs from human origin or blood
transfusion. All these routes have been demonstrated to occur in
the transmission of prion diseases in humans [76]. Again in anal-
ogy to TSEs, seeds composed of the misfolded proteins could be
acquired from domestic or consumption animals. Although the
majority of PMDs have not been described in animals, little or no
studies have been done to assess whether misfolded proteins accu-
mulate in animals, even without obvious signs of the disease. It is
well established that Bovine spongiform encephalopathy (BSE) can
be transmitted to humans leading to the induction of the fatal vari-
ant Creutzfeldt-Jakob disease [77]. Since prions can be detected in
skeletal muscle, saliva, blood, urine and feces [78–82],  prion dis-

eases could be acquired through exposure or intake of these fluids
and consumption of infected foodstuff derived from afflicted ani-
mals. Likewise, AApoAII amyloidosis can be transmitted by oral
route, both by intake of feces or milk [74,75].  Oral transmission
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oute could have an important role in host-to-host infection if any of
he animals that we usually consume develop any of the PMDs typ-
cally seen in humans, as happens with BSE in cattle. Other route for
ost-to-host transmission to bear in mind is the vertical infection,

rom parents to their offspring [83]. In addition, a medically rele-
ant possible route for transmission of misfolded proteins might
e blood transfusion. Transmission of BSE, variant CJD, and scrapie
y blood has been proved in several animal models [84]. Epidemi-
logical data indicates that human vCJD blood is infectious during
oth incubation period and clinical phase, and can be transmit-
ed through transfusion route [85]. To our knowledge, besides of
rion diseases and systemic amyloidosis, no others PMDs has been
eported to be transmissible host-to-host by oral, vertical, blood
ransfusion or any other natural route, till now.

. Concluding remarks

Formation and accumulation of misfolded protein aggregates
s a central feature of several human diseases, most of which are
hronic, progressive and have no cure. Substantial progress has
een produced in understanding the molecular basis of these dis-
ases and the crucial role of protein misfolding. However, we  still
o not understand the origin of these diseases and the mechanism
y which misfolded aggregates lead to cell dysfunction and tis-
ue damage. Most of the misfolded protein aggregates that causes
MDs share the same misfolding mechanisms, structures and trans-
ission pathways with infectious prions, which provide them the

otential for disease transmission. These similarities may  underlie
he emergent concept that all misfolded protein aggregates could
ct as infectious agents using the same transmission mechanisms
s prion diseases. So, is transmissibility a common feature in all
MDs? Despite exciting recent reports supporting this possibility,
ore studies need to be carried out to provide a definitive answer

o this important question. Understanding the precise pathways
mplicated in the transmission process, from molecular to host
evel, will provide new diagnostic targets and powerful tools for
herapeutic approaches to fight against these devastating diseases.
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