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Cell homeostasis requires the concerted action of cellular pathways involved in degradation, traf-
ficking and intercellular communication, which are interlinked to satisfy the cell’s needs upon 
demand. Defects in these pathways instigate the development of several age-related pathologies, 
such as neurodegenerative and chronic inflammatory diseases. Autophagy is an evolutionarily 
conserved and tightly regulated process of degrading cellular constituents. The endosomal and 
vesicular trafficking pathways contribute to this regulation and share common features with the 
autophagic process. Recently, autophagy has been implicated in the endosome/exosome secre-
tory pathway. Importantly, current technological advances allow the manipulation of exosomes as 
drug nanocarriers in pharmaceutical intervention strategies. Here, we survey emerging findings 
relevant to the crosstalk between autophagy and the endo/exosomal vesicular trafficking path-
ways. In addition, we discuss novel methodologies that have recently been developed, which allow 
the utilization of these pathways for targeted drug delivery in disease.
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1  Introduction

1.1    Autophagy

Autophagy, from the Greek words ‘auto’, self, and ‘phagy’, 
eating, is a vital cellular process shared by all eukaryotic 
organisms. It involves the degradation of a cell’s constitu-
ents such as proteins and organelles. Although the tradi-
tional notion was that autophagy is a bulk degradation 
pathway, pioneering studies in the past decade have 
revealed its highly selective nature which involves dis-
tinct steps and intricate relationships and a fine balance. 
Autophagy is a general term for a cellular lysosomal deg-
radation process which can be subdivided to macroau-
tophagy, chaperone-mediated autophagy and microau-
tophagy.

Macroautophagy, from now on referred to as auto
phagy, initiates with a ‘crescent-shaped’ phagophore 
followed by the formation of a double-membrane vesicle, 
the autophagosome, which encloses the autophagic sub-
strates for sequestration. Subsequent trafficking of the 
autophagosomes for fusion to the lysosomes, forms the 
autophagolysosome, where the autophagosome inner 
components are degraded by hydrolytic enzymes. This 
catabolic process, as previously mentioned, invariably 
occurs at basal levels (basal autophagy) depending on the 
cell type/tissue. However, it can be induced under nutri-
ent scarcity or starvation or other autophagy triggering 
conditions (induced autophagy) [1]. The end products of 
degradation can be used for anabolism in the cell. During 
high autophagic flux, the measure of autophagic degrada-
tion activity, there is a large requirement for membrane 
recycling and endosome contribution.

1.2    The endocytic pathway

Endosomes modulate intracellular trafficking and provide 
material from outside the cell. Endocytosis regulates 
internalization of cell surface receptors and their ligands 
for cell growth, proliferation and cell-to-cell communica-
tion. Material could include fluid solutes, membrane com-
partments, large macromolecules which are enclosed by 
synaptic vesicles which later fuse with endosomes. It 
initiates after binding of ligands on plasma membrane 
receptors which then are internalized into early endosomes 
transformed to multi-vesicular bodies which are degrad-
ed in the lysosome. Synthesis of endosomal membrane 
and luminal compartments as well as continuous recy-
cling of the membrane is required for endosome mainte-
nance.

Proteins and complexes of the endocytic pathway 
involve Rab proteins, clathrin coats and ESCRTs (endoso-
mal sorting complex required for transport). Endocytosis 
initiates at the plasma membrane, where Rab5 becomes 
localized. After plasma membrane invagination and vesi-
cle formation, Rab5 is incorporated in vesicles and early 

endosomes together with EEA1 [2]. Rab5-containing 
early endosomes are converted to Rab7-containing 
endosomes which then (i) return back to the membrane 
as Rab11-recycling endosomes or (ii) are transported to 
the Golgi by the retromer and (iii) are transported and 
mature into late endosomes, multivesicular bodies with 
intraluminal vesicles [3]. Late endosomes and multive-
sicular bodies fuse with lysosomes or mature themselves 
into lysosomes, incorporating lysosome associated mem-
brane proteins (LAMPs), vacuolar H+-ATPases for acidifi-
cation, and hydrolases for degradation. Exocytosis of  
proteins destined for conventional secretion are synthe-
sized in the ER and are usually acetylated in the ER, are 
delivered via secretory vesicles budding off the Golgi to 
the plasma membrane for fusion and secretion. Extracel-
lular vesicles are called exosomes and are key players in 
intercellular communication.

2    Autophagy and the endosomal pathway

2.1    Autophagy initiation and endosomes

Regulation of autophagy and its interplay with the endo-
somal and exosomal pathways can occur at different 
stages of this multifaceted pathway, thus a detailed 
analysis of this intricate communication is required. 
Autophagy initiation occurs by the ULK-1-ATG13-FIP200 
induction complex. Core autophagic proteins which par-
ticipate in autophagosome assembly and elongation 
machinery are mainly divided into two conjugation sys-
tems. The first conjugation system involves ATG3, ATG4, 
ATG7 and the ubiquitin-like modifiers MAP-LC3A,B,C 
(microtubule-associated protein light chain) along with 
GABARAP and GATE-16 and the second conjugation 
system, ATG5, ATG12, ATG16, all of which colocalize 
with early autophagic structures.

Importantly, autophagosomes are highly dynamic 
structures, the origin and source of which should be con-
sidered at the level of the phagophore, a half-moon 
shaped membrane which surrounds the material to be 
degraded and then closes to form the autophagosome. 
Although in yeast the formation of the phagophore has 
been described at the phagophore assembly site (PAS) 
where autophagic machinery colocalizes, in mammals 
there are multiple sites of autophagosome assembly such 
as the ER, Golgi, endosomes, mitochondria, mitochon-
dria-associated membranes and the plasma membrane 
[4]. Initially, early structures were observed named 
omegasomes derived from PtdIns(3)P, which interact 
with the ER and colocalize with autophagosomes. 
Autophagosomes have been shown to arise from omegas-
omes, however there is a possibility for different 
autophagosomes being generated from other sources as 
well [5]. There is more recent substantial evidence indi-
cating that autophagosomes form at ER-mitochondria 
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contact sites where ATG14 is recruited by the ER SNARE 
protein syntaxin 17 and upon autophagy induction relo-
calizes together with ATG5 [6]. This has been further 
characterized, as ER subdomains which interact with 
mitochondria, the MAMs, mitochondria associated mem-
branes, contain lipid raft components such as GD3 which 
associate with the core initiator proteins AMBRA1 and 
WIPI1 [7]. Moreover, origins of the pre-autophagosomal 
membranes have been identified at the plasma mem-
brane as well. After endocytosis, clathrin adaptor AP2-
coated vesicles, which are early endosomes containing 
ATG16L1 and ATG9, undergo homotypic fusion mediat-
ed by V-SNARE, VAMP7, which is usually contained in 
late endosomes, to generate autophagosome precursor 
membranes [8]. The differential origin of autophagosomes 
suggests that autophagosome subtypes with distinct 
enclosed material may be destined for different sub-cellu-
lar or even extracellular compartments.

Mechanistically, autophagy initiation is mainly 
induced under nutrient starvation by ULK-1 activation. 
VPS34 is activated after interaction with the early endo-
somal protein Rab5 followed by Beclin-1 interaction and 
ATG5-ATG12 conjugation. Moreover, activation of the 
class III phosphatidylinositol 3-kinase complex causes the 
production of PtdIns(3)P by Beclin-1 and VPS34 which is 
then recognized by PtdIns(3)P autophagic effector mole-
cules DFCP1, double FYVE-containing protein, WIPI1/2 
[5]. DFCP1 and ATG14L are both peripheral ER proteins 
which together with WIPI2 colocalize in distinct puncta 
after starvation. VAMP1 is a multispanning transmem-
brane protein of the ER and Golgi and interacts with 
Beclin-1 to dissociate it from BCL-2 indicating the impor-
tance of the ER in autophagy regulation [4]. Rab5 syner-
gizes with VPS34 to induce autophagy upon virus infec-
tion [9]. The role of Rab5 in autophagy induction has been 
questioned due to the fact that in Caenorhabditis elegans 
genetic disruption of Rab5 has actually been reported to 
induce autophagy [10, 11]. Nevertheless, starvation-
induced upregulation of the miRNA miR-101 which 
reduces Rab5 expression, most probably serving as a 
negative feedback loop to keep autophagy induction 
under control [11]. These findings further demonstrate the 
modulatory effects of the endocytic pathway on auto
phagy.

ULK1 and Atg9 are found on recycling endosomes 
albeit on different subdomains. Upon starvation, transfer-
rin and the transferrin receptor together with ULK1 are 
recruited to Rab-11 positive endosomes. This process is 
negatively modulated by Rab-11 effector TBC1D14, a 
RabGAP, which tubulates ULK1 and Atg9-positive recy-
cling endosomes by directly binding to Rab11 [12]. Anoth-
er RabGAP, TBC1D5, performs both retrograde transport 
from the endosomes to the trans-Golgi and regulates the 
autophagic rate or autophagic flux.

2.2  �  Autophagosome maturation, autophago
lysosome generation and endosomes

Autophagosome maturation includes autophagosome 
elongation, trafficking and autophagosome/lysosome 
fusion. Trafficking of autophagosomes is particularly 
important in large highly specialized cells such as neu-
rons where the autophagosome needs to be transported 
to the soma for lysosomal degradation. Mature lysosomes 
are found at the perinuclear region and autophagosomes 
are generated at distal tips. Late endosomes loaded with 
dynein-snapin motor complexes fuse with autophago-
somes and drive autophagic vacuole retrograde transport 
back to the soma. Dysregulation of this type of transport 
retains autophagosomes at neurites and synaptic termi-
nals [13]. Syntaxin 17 genetic inhibition causes autophago-
somal stalling in axons. Syntaxin 17 is also important at 
later steps of autophagy, that of autophagosome-endolys-
osome fusion when SNAREs syntaxin 17 and SNAP29 
associate with ATG14 for stabilization on the autophago-
somal membrane and concomitantly preparation for inter-
action with endosomal VAMP8 [14]. SNAP29 mutations 
cause autophagic degradation, endocytic and secretion 
deficits which could potentially contribute to neuropa-
thies [15]. In ALS, equivalent trafficking defects have 
been detected where mitochondria-containing auto
phagosomes are stalled in motor neuron axons [16]. 
Moreover, the endosomal Rab7 GTPase is required for 
both autophagosomal and endosomal maturation and 
trafficking to lysosomes [17]. The Rab7 effector ORP1L, 
which is a cholesterol sensor localized on autophago-
somes, orchestrates late trafficking of autophagosomes 
towards lysosomes. When cholesterol levels are low, 
ORPL1 associates with the ER protein VAP-A and forms 
contact sites between autophagosomes and the ER, pre-
venting minus-end-transport by the Rab7-RILP-dynein 
complex [18]. Upon increase of cholesterol levels, this 
contact site is lost, and ORPL1 mediates the assembly of 
two Rab7 molecules with PLEKHM1 and RILP, which in 
turn recruit the HOPS complex (homotypic fusion and 
vacuole protein sorting). The HOPS complex, which asso-
ciates with the autophagosomes via Syntaxin 17, SNAREs 
SNAP29, VAMP8 and ATG14, mediates the final fusion of 
autophagosomes with late endosomes to form amphisomes 
and lysosomes to form autophagolysosomes. Therefore, 
endosomes are actively involved in autophagosomal 
transport and maturation.

Rab11 localizes both in early recycling endosomes, as 
described above, as well as in late endosomes or multi-
vesicular bodies which carry LAMPs or lysosomal hydro-
lases. Upon starvation, autophagosomes can also fuse 
with Rab11-decorated multi-vesicular bodies to form 
enlarged hybrid organelles, the amphisomes [19]. Other 
Rab family proteins are also involved in autophagic regu-
lation, such as Rab9A, Rab32, Rab33B for autophagosome 
formation as well as Rab8b and Rab24 for autophagosome 
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maturation. It is of particular interest how basal and 
induced autophagy are differentially regulated, perhaps 
through the involvement of different endosomal compart-
ments. Under normal conditions, ATG12-ATG3 along 
with the ESCRT-associated protein PDCD6IP/Alix con-
tribute to basal autophagy and endolysosomal trafficking 
as well as late endosome distribution, exosome secretion, 
and viral budding, intertwining autophagy, endocytosis 
and secretion [20].

Interestingly, whole exome analysis has revealed a 
causative mutation for leukoencephalopathy in Vps11, a 
core component of HOPS and CORVET (class C core 
vacuole/endosome tethering) protein complexes regulat-
ing autophagy as well [21]. Other v-SNAREs, such as 
VAMP7, are usually located to late endosomes and con-
tribute to the formation of trans-Golgi-derived LAMP-1 
vesicles called LAMP protein carriers which are essential 
for lysosomal stability and function [22]. Furthermore, 
endosome biogenesis itself regulates autophagy. In par-
ticular, intraluminal vesicles (ILV) are generated by the 
four complexes of the ESCRT machinery (0–III). Genetic 
inhibition of components of these complexes causes 
reduction in the endosome-autophagosome fusion sig-
nificantly increasing the amount of immature autophago-
somes. Moreover, late endosomes, the multivesicular 
bodies, are formed by the ESCRT machinery. Most neu-
rons highly express Snf7-2, an ESCRT-III component, the 
absence of which causes dendritic retraction and cell 
death. In a similar fashion, a rare dominant negative 
mutation of CHMP2B, an ESCRT-III component, is linked 
to frontotemportal dementia and ALS [23]. Genetic abla-
tion of one or the other ESCRT-III components causes 
autophagosome accumulation and neurodegeneration 
potentially because of defective trafficking and resulting 
inefficient clearance of protein aggregates and organelles. 
Other examples include Vps4 ATPase required for endo-
somal trafficking and autophagolysosome generation and 
PtdIns(3)P 5-kinase Fab1 which is critical for autophago-
some maturation [24].

Polyglutamine disease symptoms are aggravated in a 
Huntington’s disease model after ESCRT component 
genetic inhibition. Moreover, ESCRT-0 dysfunction has 
been recently shown to compromise autophagic degrada-
tion of the major autophagic receptor and substrate p62, 
α-synuclein, huntigtin or TDP-43 which ultimately causes 
ER stress-induced neurodegeneration [25]. Endosomes 
are also required for selective autophagy. HOPS is also 
involved in selective autophagy of mitochondria, namely 
mitophagy, as it is recruited by TBC1D15 which is 
responsible for late endosome trafficking and associates 
with mitochondria via fission protein Fis [26]. ESCRT-
mediated selective microautophagy in yeast occurs with-
out the involvement of core autophagic proteins, but 
instead with the autophagic receptor also found in mam-
mals, Nbr1. The ESCRT machinery colocalizes with Nbr1-
mediated vacuolar targeting components which are ubiq-

uitinated. This molecular pathway is highly selective for 
degradation of two cytosolic hydrolases [27]. Selective 
degradation of plasma membrane proteins also occurs via 
their ubiquitination and ubiquitin-binding protein recep-
tor recognition for both endolysosomal and autophagoso-
mal degradation. An interesting case of endocytosis or 
phagocytosis is that of an LC3-positive phagosome con-
taining bacteria entering the plasma membrane which 
later fuses with the lysosome for degradation [26].

A question which remains to be determined is the 
mechanism by which autophagosomes obtain proteins 
found in multivesicular bodies, late endosomes and lys-
osomes. On the one hand, one model supports that 
LAMPs and the V-ATPase are delivered by vesicles on the 
outer autophagosomal membrane shortly after autophago-
somal formation. On the other hand, it has been proposed 
that autophagosomes become acidic prior to enzyme 
delivery causing rapid hydrolase activation and inner 
autophagosomal membrane degradation, transforming it 
into an amphisome. In order to become an autophago-
lysosome, the amphisome can either mature into one or 
fuse with another lysosome. There is strong evidence that 
it is the latter case, as disruption of trafficking of either 
early endosomes by COPI or trafficking and fusion of late 
endosomes to lysosomes by the ESCRT machinery causes 
autophagosome and amphisome accumulation [28].

Importantly, one process which is often overlooked is 
how the lysosomal pool is maintained especially under 
high autophagic flux. TFEB is the master regulator of 
lysosomal biogenesis, however, under high autophagic 
flux conditions reformation of the lysosome from the 
amphisome or the autophagolysosome is necessary. Spe-
cifically, under basal autophagy lysosome reformation is 
detected after 30 min, while under induced autophagy, 
where mTORC1 is required, reformation is first detected 
after 4 h [29]. This reformation necessitates removal of 
endosomal, autophagosomal membrane components and 
especially Rab7 after sustained starvation [29].

3    Autophagy and secretion

3.1    Secretory autophagy

The interplay between selective autophagy and the secre-
tory pathway is quite intriguing as autophagy can medi-
ate secretion while the secretory machinery can initiate 
autophagy. This intricate mechanistic relationship as 
well as the outcome of its dysregulation in multiple set-
tings is discussed below.

An apparent paradox has recently emerged implicat-
ing autophagy-dependent secretion. How and why would 
a self-digestive process modulate secretion and how 
would it select between degradation of cellular constitu-
ents and secretion to the extracellular environment? In 
yeast, a novel structure has been uncovered which acts 
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as scaffold under starvation to promote secretion of pro-
teins lacking the classic secretory signal sequence. This 
structure comprises of the orthologue of Golgi associated 
(stacking) proteins GRASP-65 and GRASP-66, Grh1 which 
is relocalized near ER exit sites where a compartment is 
assembled, that of unconventional protein secretion 
(CUPS). This structure is devoid of endosomal proteins 
but contains Vps23 which is a member of the ESCRT 
machinery, specifically ESCRT-I as well as the core 
autophagic components Atg8 and Atg9. CUPS is required 
for the subsequent secretion of Acyl-CoA binding protein, 
Acbp1, under starvation, which conversely requires the 
involvement of the endosomal pathway [30, 31]. Thus, 
CUPS is the site of biogenesis of secretory autophago-
somes which is reminiscent of omegasome formation in 
mammals as it contains PtdIns(3)P, Atg8 and localizes 
near the ER [26]. These observations indicate that distinct 
autophagosome types arise depending on content and 
destination.

Conversely, Ral GTPases mainly regulate the exocyst 
complex for secretory vesicle trafficking and tethering. 
Active form of Ralb and Exo84 (EXO8) sub-complex has 
been shown to be essential for autophagosome formation 
under starvation or pathogen induced autophagy. Exo84 
acts as a scaffold to assemble the ULK1-Beclin1-VPS34 
complex [32]. Moreover, Sab1 and Rab1 are GTPases also 
involved in autophagosome formation. Sab1 is required 
for vesicle formation from the ER for secretion from the 
cell. Interestingly enough, Sab1 mutants also reduce 
autophagosome formation and exhibit a diffuse cytoplas-
mic and nuclear LC3B pattern instead of LC3B puncta as 
well as reduced LC3B-I conversion to LC3B-II [33]. Moreo-
ver, Rab1b controls anterograde transport from the ER to 
the Golgi, downstream of Sab1. Mutation or over-expres-
sion of Rab1b decreases or increases autophagosome 
formation respectively [33].

The coordinated action between the exosomal path-
way and autophagic components regulates major devel-
opmental and homeostatic responses. Secretory auto
phagy is a pivotal homeostatic mechanism in the bone, 
contributing to bone resorption by osteoclasts. Secretory 
lysosomes generate the folds of the ruffled border, the site 
where bone is resorbed by osteoclasts. LC3B, ATG4B, 
ATG5, ATG7 are core autophagic players required for 
polarized lysosomal trafficking [34]. There is therefore 
speculation about autophagy negatively affecting post-
menopausal osteoporosis during aging. Thus, potential 
therapeutic drugs for pathological bone loss could be 
autophagy inhibitors. Autophagy is necessary for otoco-
nial protein secretion which occurs during ear develop-
ment [35]. In the pancreas, β-cell specific deletion of ATG7 
decreased serum insulin levels as a result of defective 
insulin secretion [36]. More recently, there is additional 
evidence concerning insulin secretion and autophagy 
indicating that VAMP7, a SNARE protein responsible for 
membrane fusion in intracellular trafficking, regulates 

autophagosome formation to ultimately mediate insulin 
secretion in pancreatic β-cells [37].

The interplay between autophagy and secretion has 
recently been accentuated in the context of immunity. 
Interleukin-1 secretion is inhibited under basal autophagy 
and activated when autophagy is induced in macrophag-
es [38]. Specifically, Beclin-1 and LC3B negatively regu-
late caspase-1-mediated immune responses under basal 
autophagic conditions. Under starvation, IL-1β secretion, 
which again lacks the signal peptide sequence to follow 
the conventional ER-regulated secretion pathway, dra-
matically increases by the coordinated action of ATG5, 
the inflammasome, GRASP and Rab8a and is referred to 
as autophagy-based unconventional secretion [39]. While 
conventional autophagy is implemented during viral 
infection to clear out the pathogen, recent evidence has 
revealed that non-lytic viruses can spread by potentially 
hijacking secretory autophagy [40].

In the context of autoimmunity, autophagy has been 
reported to cause exacerbated immune responses in sev-
eral instances. Secretory granules in mast cells are deco-
rated with LC3B-II under basal autophagic conditions and 
are required for mast degranulation. However, if autophagy 
is over-activated then this could cause major allergic 
reactions, that is why under autophagy hindering condi-
tions, passive cutaneous anaphylaxis reactions are 
impaired [41]. In macrophages, a very recent report has 
highlighted that autophagic induction by starvation 
restricts mitochondrial ROS production thus inhibiting 
release of MIF (macrophage migration inhibitory factor) 
which has been linked to increased inflammation and 
tumorigenesis [42]. Moreover, ATG5, ATG7, ATG16L1 
have been shown to regulate secretion of granule con-
tents of Paneth cells. In complex heterogeneous inflam-
matory bowel diseases such as Crohn’s disease, auto
phagy-dependent secretion appears to be dysregulated. 
This has been nicely demonstrated in an ATG16L1 mutant 
mouse model in combination with virus infection as 
Crohn’s disease is triggered by the combinatorial effects 
of a genetic and an environmental factor otherwise 
referred to as ‘virus-plus-susceptibility gene’ interaction 
[43]. One of the genetic factors is a variant of the ATG16L1 
gene which is apparently important in secretory functions 
for epithelial cell immunity in Paneth cells. Thus secretory 
autophagy may either protect against disease or contrib-
ute to disease via uncontrolled secretion.

Aberrant autophagy is a common denominator of sev-
eral neurodegenerative diseases. In Alzheimer’s disease 
autophagosomes accumulate in dystrophic neurites [44]. 
This indicates that autophagosomal maturation, transport 
or end-stage degradation is impaired. Beyond conventional 
degradation, autophagy has been shown to regulate amy-
loid beta secretion and plaque formation, two major hall-
marks of the disease [45]. Although the exact mechanism 
has not been outlined, Alzheimer’s patients’ blood samples 
contain exosomes derived from the brain containing lysoso-
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mal proteins such as cathepsin-D, LAMP-1 [46]. Further-
more, astrocytes normally secrete an insulin-degrading 
enzyme (IDE) extracellularly in the brain, one of the major 
proteases of the amyloid-β peptide which prevents its accu-
mulation, a major hallmark of Alzheimer’s disease. IDE is 
secreted into the cerebrospinal fluid by RAB8A and 
GORASP (Golgi reassembly stacking protein) while genetic 
inhibition of core autophagic components reduced IDE in 
the cerebrospinal fluid [47]. A-synuclein degradation is per-
formed by autophagy, however recently α-synuclein secre-
tion and propagation in a prion disease-like manner has 
been suggested in a Parkinson’s disease model further 
accentuating the interplay between autophagy and secre-
tion [48]. Moreover, in Parkinson’s disease, mutations have 
been identified in components of the retromer, a protein 
assembly of the endosomal trafficking network, and other 
endosomal components, such as VPS35 [49].

Even in the context of cancer, there is a notable exam-
ple where exosomes derived from irradiated cancer cells 
induce autophagy in paracrine cells. During radiation 
therapy there is a phenomenon called radiation-induced 
bystander effect, which refers to effects on non-targeted 
cells caused by signals from irradiated cells [50]. Irradiat-
ed human bronchial cells secrete exosomes containing 
miR-7-5p, which in turn induces autophagy in non-target-
ed recipient cells. The paracrine effects of secretory 
autophagy have recently been highlighted in pancreatic 
stellate cells which contribute to tumor metabolism by 
secreting alanine. Indeed, cancer cells stimulate neigh-
boring pancreatic stellate cells to secrete alanine via 
autophagy [51]. Disease-associated genes which regulate 
autophagy and the endosomal and exosomal pathway are 
reviewed in Table 1.

Table 1.  Associations of autophagy and the endo/exosomal pathway with disease

Molecular pathway Protein factors Pathological condition Reference

Autophagy induction Rab5, Vps34 Virus infection [9]
Autophagosome trafficking SNAP29, syntaxin 17 Neurodegeneration [15]
Endosome generation / Autophagosome trafficking ESCRT-0 Neurodegeneration [25]
Endosome generation / Autophagosome trafficking Snf7-2 (ESCRT – III) Neurodegeneration [23]
Endosome generation / Autophagosome trafficking CHMP2B (ESCRT – III) Dementia, ALS [23]
Autophagosome – endosome trafficking Dynein ALS [13]
Autophagosome – endosome – lysosome tethering Vps11 Leukoencephalopathy [21]
Autophagic secretion ATG7 Insulin secretion defects [36]
Autophagic secretion LC3B, ATG4B, ATG5, ATG7 Osteoporosis [35]
Autophagic secretion LC3 Allergies [41]
Autophagic secretion ATG16L1 + virus Crohn’s disease [43]

Figure 1.  Schematic diagram of the interplay between 
autophagy, endosomes and secretion. Autophagosomes (AP) 
can be generated from endoplasmic reticulum-mitochondria 
contact sites or the plasma membrane where they internalize 
cell surface receptors and their ligands. Endosomes are gener-
ated by endocytosis of the plasma membrane and fuse with 
APs to form amphisomes, which are ultimately degraded into 
lysosomes. Secretory autophagosomes originated from 
omegasome-like structures, potentially from the ER, fuse with 
the plasma membrane, for secretion of their content. Dashed 
red arrows indicate processes amenable to bioengineering 
interventions that can be implemented for exosomal drug 
delivery or for exogenous interference with and manipulation 
of intercellular communication.
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3.2    Exosomes as novel delivery vehicles

Cells which physiologically produce exosomes can be 
transfected to overexpress a specific gene such as an 
miRNA, water-soluble proteins or plasma membrane pro-
teins which will then be contained in the exosome [52]. In 
a similar fashion, the exosome surface can itself be modi-
fied to be visualized and tracked in vivo after intravenous 
injection [53]. Moreover, cells can be engineered to pack-
age hydrophobic compounds into membrane vesicles by 
synthetic membrane fusogenic liposomes, which are 
efficiently incorporated into intracellular vesicles which 
are then secreted into the extracellular fluid [44]. This is of 
particular significance in the case of malignancy where 
chemotherapeutics cannot penetrate barriers in solid 
tumors. Recently, exosomes have been exploited for 
development of nanocarriers for drug delivery [52] . These 
exosomes are hybrids of exosomal membranes and 
liposomes. Genetically modified cells have been used to 
isolate exosomes embedded with specific membrane 
proteins which are then fused with liposome bio-
nanotransporters. Whether specific autophagy inducing 
conditions could be implemented to trigger exosomal 
secretion for paracrine effects on neighboring cells 
remains to be tested.

4    Concluding remarks

In essence, autophagy is a highly dynamic process which 
demands trafficking and membrane components, much of 
which is ‘delivered’ from the endocytic pathway. Thus, 
they are converging pathways with many common play-
ers and their interplay is essential for the continuous 
changing needs of the cell, which is illustrated in Fig. 1. 
Autophagy can regulate endosomal secretion to form 
extracellular vesicles, which can in turn also regulate 
autophagy in a paracrine manner.

The notion that autophagy, endosomes and secretion 
are three distinct pathways which share components 
should be reconsidered as they are intertwined in a 
highly intricate manner and there are no clear-cut borders 
between these processes. A more spherical comprehen-
sion of their coordinated modulation should be performed 
by new technological advances, high throughput meth-
ods, imaging techniques and genetic engineering. This is 
of particular significance especially in the field of neuro-
science, where most emerging age-related multifactorial 
diseases of this century involve abnormal protein aggre-
gation, trafficking and secretion defects, the source of 
which could be common. The interaction between 
autophagy and the endosomal pathway targeted for 
either degradation or secretion will potentially permit 
novel bioengineering tools for various biomedical applica-
tions combining membrane engineering methods with 
endogenous inducers or genetic modification techniques.

Work in the authors’ laboratory is funded by grants from 
the European Research Council (ERC), the European 
Commission Framework Programmes, and the Greek 
Ministry of Education. Margarita Elena Papandreou is 
supported by the European Commission Marie Curie Ini-
tial Training Network (ITN) CODAGE.

The authors declare no financial or commercial conflict of 
interest.

5    References
	 [1]	 Xie, Z., Klionsky, D. J., Autophagosome formation: Core machinery 

and adaptations. Nat. Cell Biol. 2007, 9, 1102–1109.
	 [2]	 Ohbayashi, N., Fukuda, M., Role of Rab family GTPases and their 

effectors in melanosomal logistics. J. Biochem. 2012, 151, 343–351.
	 [3]	 Hanson, P. I., Cashikar, A., Multivesicular body morphogenesis. 

Annu. Rev. Cell Dev. Biol. 2012, 28, 337–362.

Nektarios Tavernarakis is a Research 

Director at the Institute of Molecular 

Biology and Biotechnology, and Profes-

sor of Molecular Systems Biology at the 

Medical School of the University of 

Crete in Heraklion, Greece. He earned 

his PhD at the University of Crete, 

studying gene expression in yeast, and 

trained in Caenorhabditis elegans biolo-

gy at Rutgers University, New Jersey, USA. His research focuses on the 

molecular mechanisms of necrotic cell death and neurodegeneration, 

the mechanisms of sensory transduction and integration by the ner-

vous system, the interplay between cellular metabolism and ageing, 

and the development of genetic tools for C. elegans research. He is a 

member of the ERC Scientific Council, EMBO, and Academia Euro-

paea. He is the recipient of two ERC Advanced Investigator Grants, the 

EMBO Young Investigator award, the Alexander von Humboldt Foun-

dation, Friedrich Wilhelm Bessel research award, and the BioMedical 

Research Award of the Academy of Athens.

Margarita Elena Papandreou is a Marie 

Curie PhD student in the laboratory of 

Nektarios Tavernarakis, at the Institute 

of Molecular Biology and Biotechnolo-

gy in Crete, Greece. She obtained her 

BSc from Imperial College London in 

Biology with a Year in Research in 2012 

and her MRes in Biomedical Research, 

personalized healthcare, with an MRC 

fellowship. Her main objectives are to combine C. elegans genetics and 

mouse studies to discern the conserved mechanisms of neurodegen-

eration.



1600175  (8 of 9)	 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.biotechnology-journal.com www.advancedsciencenews.com

Biotechnology
Journal

Biotechnol. J. 2017, 12, 1600175

	 [4]	 Lamb, C. A., Yoshimori, T., Tooze, S. A., The autophagosome: Ori-
gins unknown, biogenesis complex. Nat. Rev. Mol. Cell Biol. 2013, 14, 
759–774.

	 [5]	 Axe, E. L., Walker, S. A., Manifava, M., Chandra, P. et al., Autophago-
some formation from membrane compartments enriched in phos-
phatidylinositol 3-phosphate and dynamically connected to the 
endoplasmic reticulum. J. Cell Biol. 2008, 182, 685–701.

	 [6]	 Hamasaki, M., Furuta, N., Matsuda, A., Nezu, A. et al., Autophago-
somes form at ER-mitochondria contact sites. Nature 2013, 495, 
389–393.

	 [7]	 Garofalo, T., Matarrese, P., Manganelli, V., Marconi, M. et al., Evi-
dence for the involvement of lipid rafts localized at the ER-mitochon-
dria associated membranes in autophagosome formation. 
Autophagy 2016, 12, 917–935.

	 [8]	 Moreau, K., Ravikumar, B., Renna, M., Puri, C., Rubinsztein, D. C., 
Autophagosome precursor maturation requires homotypic fusion. 
Cell 2011, 146, 303–317.

	 [9]	 Su, W. C., Chao, T. C., Huang, Y. L., Weng, S. C. et al., Rab5 and class 
III phosphoinositide 3-kinase Vps34 are involved in hepatitis C virus 
NS4B-induced autophagy. J. Virol. 2011, 85, 10561–10571.

[10]	 Dwivedi, M., Sung, H., Shen, H., Park, B. J., Lee, S., Disruption of 
endocytic pathway regulatory genes activates autophagy in C. ele-
gans. Mol. Cells 2011, 31, 477–481.

[11]	 Lamb, C. A., Dooley, H. C., Tooze, S. A., Endocytosis and autophagy: 
Shared machinery for degradation. Bioessays 2013, 35, 34–45.

[12]	 Longatti, A., Lamb, C. A., Razi, M., Yoshimura, S. et al., TBC1D14 
regulates autophagosome formation via Rab11- and ULK1-positive 
recycling endosomes. J. Cell Biol. 2012, 197, 659–675.

[13]	 Cheng, X. T., Zhou, B., Lin, M. Y., Cai, Q., Sheng, Z. H., Axonal 
autophagosomes recruit dynein for retrograde transport through 
fusion with late endosomes. J. Cell Biol. 2015, 209, 377–386.

[14]	 Diao, J., Liu, R., Rong, Y., Zhao, M. et al., ATG14 promotes mem-
brane tethering and fusion of autophagosomes to endolysosomes. 
Nature 2015, 520, 563–566.

[15]	 Morelli, E., Ginefra, P., Mastrodonato, V., Beznoussenko, G. V. et al., 
Multiple functions of the SNARE protein Snap29 in autophagy, 
endocytic, and exocytic trafficking during epithelial formation in 
Drosophila. Autophagy 2014, 10, 2251–2268.

[16]	 Xie, Y., Zhou, B., Lin, M. Y., Wang, S. et al., Endolysosomal deficits 
augment mitochondria pathology in spinal motor neurons of asymp-
tomatic fALS mice. Neuron 2015, 87, 355–370.

[17]	 Ganley, I. G., Wong, P. M., Gammoh, N., Jiang, X., Distinct 
autophagosomal-lysosomal fusion mechanism revealed by thapsi-
gargin-induced autophagy arrest. Mol. Cell 2011, 42, 731–743.

[18]	 Wijdeven, R. H., Janssen, H., Nahidiazar, L., Janssen, L. et al., Cho-
lesterol and ORP1L-mediated ER contact sites control autophago-
some transport and fusion with the endocytic pathway. Nat. Com-
mun. 2016, 7, 11808.

[19]	 Morvan, J., Kochl, R., Watson, R., Collinson, L. M. et al., In vitro 
reconstitution of fusion between immature autophagosomes and 
endosomes. Autophagy 2009, 5, 676–689.

[20]	 Murrow, L., Malhotra, R., Debnath, J., ATG12-ATG3 interacts with 
Alix to promote basal autophagic flux and late endosome function. 
Nat. Cell Biol. 2015, 17, 300–310.

[21]	 Zhang, J., Lachance, V., Schaffner, A., Li, X. et al., A founder muta-
tion in VPS11 causes an autosomal recessive leukoencephalopathy 
linked to autophagic defects. PLoS Genetics 2016, 12, e1005848.

[22]	 Pols, M. S., van Meel, E., Oorschot, V., ten Brink, C. et al., hVps41 
and VAMP7 function in direct TGN to late endosome transport of 
lysosomal membrane proteins. Nat. Commun. 2013, 4, 1361.

[23]	 Lee, J. A., Beigneux, A., Ahmad, S. T., Young, S. G., Gao, F. B., 
ESCRT-III dysfunction causes autophagosome accumulation and 
neurodegeneration. Curr. Biol. 2007, 17, 1561–1567.

[24]	 Rusten, T. E., Vaccari, T., Lindmo, K., Rodahl, L. M. et al., ESCRTs 
and Fab1 regulate distinct steps of autophagy. Curr. Biol. 2007, 17, 
1817–1825.

[25]	 Oshima, R., Hasegawa, T., Tamai, K., Sugeno, N. et al., ESCRT-0 
dysfunction compromises autophagic degradation of protein aggre-
gates and facilitates ER stress-mediated neurodegeneration via 
apoptotic and necroptotic pathways. Sci. Rep. 2016, 6, 24997.

[26]	 Stolz, A., Ernst, A., Dikic, I., Cargo recognition and trafficking in 
selective autophagy. Nat. Cell Biol. 2014, 16, 495–501.

[27]	 Liu, X. M., Sun, L. L., Hu, W., Ding, Y. H. et al., ESCRTs Cooperate 
with a selective autophagy receptor to mediate vacuolar targeting 
of soluble cargos. Mol. Cell 2015, 59, 1035–1042.

[28]	 Tooze, S. A., Abada, A., Elazar, Z., Endocytosis and autophagy: 
Exploitation or cooperation? Cold Spring Harbor Perspect. Biol. 2014, 
6, a018358.

[29]	 Yu, L., McPhee, C. K., Zheng, L., Mardones, G. A. et al., Termination 
of autophagy and reformation of lysosomes regulated by mTOR. 
Nature 2010, 465, 942–946.

[30]	 Bruns, C., McCaffery, J. M., Curwin, A. J., Duran, J. M., Malhotra, V., 
Biogenesis of a novel compartment for autophagosome-mediated 
unconventional protein secretion. J. Cell Biol. 2011, 195, 979–992.

[31]	 Duran, J. M., Anjard, C., Stefan, C., Loomis, W. F., Malhotra, V., 
Unconventional secretion of Acb1 is mediated by autophagosomes. 
J. Cell Biol. 2010, 188, 527–536.

[32]	 Bodemann, B. O., Orvedahl, A., Cheng, T., Ram, R. R. et al., RalB and 
the exocyst mediate the cellular starvation response by direct acti-
vation of autophagosome assembly. Cell 2011, 144, 253–267.

[33]	 Zoppino, F. C., Militello, R. D., Slavin, I., Alvarez, C., Colombo, M. I., 
Autophagosome formation depends on the small GTPase Rab1 and 
functional ER exit sites. Traffic 2010, 11, 1246–1261.

[34]	 DeSelm, C. J., Miller, B. C., Zou, W., Beatty, W. L. et al., Autophagy 
proteins regulate the secretory component of osteoclastic bone 
resorption. Dev. Cell 2011, 21, 966–974.

[35]	 Marino, G., Fernandez, A. F., Cabrera, S., Lundberg, Y. W. et al., 
Autophagy is essential for mouse sense of balance. J. Clin. Invest. 
2010, 120, 2331–2344.

[36]	 Jung, H. S., Chung, K. W., Won Kim, J., Kim, J. et al., Loss of 
autophagy diminishes pancreatic beta cell mass and function with 
resultant hyperglycemia. Cell Metabol. 2008, 8, 318–324.

[37]	 Aoyagi, K., Ohara-Imaizumi, M., Itakura, M., Torii, S. et al., VAMP7 
Regulates Autophagy to Maintain Mitochondrial Homeostasis and 
to Control Insulin Secretion in Pancreatic beta-Cells. Diabetes 2016, 
65, 1648–1659.

[38]	 Nakahira, K., Haspel, J. A., Rathinam, V. A., Lee, S. J. et al., 
Autophagy proteins regulate innate immune responses by inhibit-
ing the release of mitochondrial DNA mediated by the NALP3 
inflammasome. Nat. Immunol. 2011, 12, 222–230.

[39]	 Dupont, N., Jiang, S., Pilli, M., Ornatowski, W. et al., Autophagy-
based unconventional secretory pathway for extracellular delivery of 
IL-1beta. EMBO J. 2011, 30, 4701–4711.

[40]	 Bird, S. W., Maynard, N. D., Covert, M. W., Kirkegaard, K., Nonlytic 
viral spread enhanced by autophagy components. Proc. Natl. Acad. 
Sci. U.S.A. 2014, 111, 13081–13086.

[41]	 Ushio, H., Ueno, T., Kojima, Y., Komatsu, M. et al., Crucial role for 
autophagy in degranulation of mast cells. J. Allergy Clinical Immu-
nol. 2011, 127, 1267–1276 e1266.

[42]	 Lee, J. P., Foote, A., Fan, H., Peral de Castro, C. et al., Loss of 
autophagy enhances MIF/macrophage migration inhibitory factor 
release by macrophages. Autophagy 2016, 12, 907–916.

[43]	 Cadwell, K., Patel, K. K., Maloney, N. S., Liu, T. C. et al., Virus-plus-
susceptibility gene interaction determines Crohn’s disease gene 
Atg16L1 phenotypes in intestine. Cell 2010, 141, 1135–1145.

[44]	 Nixon, R. A., Wegiel, J., Kumar, A., Yu, W. H. et al., Extensive 
involvement of autophagy in Alzheimer disease: An immuno-elec-



© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim (9 of 9)  1600175 

www.biotechnology-journal.com

Biotechnology
Journal

www.advancedsciencenews.com

Biotechnol. J. 2017, 12, 1600175

tron microscopy study. J.f Neuropathol. Exp. Neurol. 2005, 64, 113–
122.

[45]	 Nilsson, P., Loganathan, K., Sekiguchi, M., Matsuba, Y. et al., Abeta 
secretion and plaque formation depend on autophagy. Cell Rep. 
2013, 5, 61–69.

[46]	 Goetzl, E. J., Boxer, A., Schwartz, J. B., Abner, E. L. et al., Altered 
lysosomal proteins in neural-derived plasma exosomes in preclinical 
Alzheimer disease. Neurology 2015, 85, 40–47.

[47]	 Son, S. M., Cha, M. Y., Choi, H., Kang, S. et al., Insulin-degrading 
enzyme secretion from astrocytes is mediated by an autophagy-
based unconventional secretory pathway in Alzheimer disease. 
Autophagy 2016, 12, 784–800.

[48]	 Poehler, A. M., Xiang, W., Spitzer, P., May, V. E. et al., Autophagy 
modulates SNCA/alpha-synuclein release, thereby generating a 
hostile microenvironment. Autophagy 2014, 10, 2171–2192.

[49]	 Small, S. A., Petsko, G. A., Retromer in Alzheimer disease, Parkinson 
disease and other neurological disorders. Nat. Rev. Neurosci.e 2015, 
16, 126–132.

[50]	 Song, M., Wang, Y., Shang, Z. F., Liu, X. D. et al., Bystander 
autophagy mediated by radiation-induced exosomal miR-7-5p in 
non-targeted human bronchial epithelial cells. Sci. Rep. 2016, 6, 
30165.

[51]	 Sousa, C. M., Biancur, D. E., Wang, X., Halbrook, C. J. et al., Pancre-
atic stellate cells support tumour metabolism through autophagic 
alanine secretion. Nature 2016, 536, 479–483.

[52]	 Montecalvo, A., Larregina, A. T., Shufesky, W. J., Stolz, D. B. et al., 
Mechanism of transfer of functional microRNAs between mouse 
dendritic cells via exosomes. Blood 2012, 119, 756–766.

[53]	 Takahashi, Y., Nishikawa, M., Shinotsuka, H., Matsui, Y. et al., Visu-
alization and in vivo tracking of the exosomes of murine melanoma 
B16-BL6 cells in mice after intravenous injection. J. Biotechnol. 2013, 
165, 77–84.



© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.biotechnology-journal.com

Editorial
Methods and advances for systems and synthetic biology, 
nanobiotech and medicine
Jing Zhu and Uta Goebel

http://dx.doi.org/10.1002/biot.201600691

Commentary
Unveiling the 30-year mystery of polyhydroxyalkanoate (PHA) 
synthase 
George Guo-Qiang Chen

http://dx.doi.org/10.1002/biot.201600659

Commentary
Raman microspectroscopy for the development and screening 
of recombinant cell lines
Eva Brauchle and Katja Schenke-Layland

http://dx.doi.org/10.1002/biot.201600412

Review
Cellular engineering for therapeutic protein production:  
product quality, host modification, and process improvement
Evan A. Wells, Anne Skaja Robinson

http://dx.doi.org/10.1002/biot.201600105

Review 
Targeted modification of plant genomes for precision  
crop breeding
Julia Hilscher, Hermann Bürstmayr and Eva Stoger

http://dx.doi.org/10.1002/biot.201600173

Review
Tools of pathway reconstruction and production of 
economically relevant plant secondary metabolites in 
recombinant microorganisms
Clarissa Dziggel, Holger Schäfer and Michael Wink

http://dx.doi.org/10.1002/biot.201600145

Review
Controlled release and intracellular protein delivery  
from mesoporous silica nanoparticles
Gauri V Deodhar, Marisa L Adams and Brian G Trewyn

http://dx.doi.org/10.1002/biot.201600408

Mini-review
Systems biology for understanding and engineering  
of heterotrophic oleaginous microorganisms
Beom Gi Park, Minsuk Kim, Joonwon Kim, Heewang Yoo  
and Byung-Gee Kim

http://dx.doi.org/10.1002/biot.201600104

Mini-Review
Autophagy and the endo/exosomal pathways in health  
and disease
Margarita-Elena Papandreou and Nektarios Tavernarakis

http://dx.doi.org/10.1002/biot.201600175

Perspective 
Drug screening in 3D in vitro tumor models:  
overcoming current pitfalls of efficacy read-outs
Vítor E. Santo, Sofia P. Rebelo, Marta F. Estrada,  
Paula M. Alves, Erwin Boghaert and Catarina Brito

http://dx.doi.org/10.1002/biot.201600505

Research Article 
Crystal structure of Ralstonia eutropha polyhydroxyalkanoate 
synthase C-terminal domain and reaction mechanisms
Jieun Kim, Yeo-Jin Kim, So Young Choi, Sang Yup Lee  
and Kyung-Jin Kim

http://dx.doi.org/10.1002/biot.201600648

Biotechnology Journal – list of articles published in the January 2017 issue.

Cover illustration
Each year Biotechnology Journal kicks off with the special Methods and Advances issue which includes a 
series of Reviews and Methods on systems and synthetic biology, nanobiotech and medicine. The cover was 
provided by the authors of two back-to-back papers which unveil the 30-year mystery of polyhydroxyalkanoate 
(PHA) synthase from the groups of Professors Kyung-Jin Kim and Sang Yup Lee. The cover shows a cartoon 
of Ralstonia eutropha PHA synthase (shown in yellow, red and blue at the center and small ones around the 
granule) working on polymerization of hydroxyalkanoate substrates into PHA together with a PHA granule 
being formed (http://dx.doi.org/10.1002/biot.201600648; (http://dx.doi.org/10.1002/biot.201600649).  
The cover image was created by So Young Choi and Kyung-Jin Kim.

http://dx.doi.org/10.1002/biot.201600691
http://dx.doi.org/10.1002/biot.201600691
http://dx.doi.org/10.1002/biot.201600691
http://dx.doi.org/10.1002/biot.201600691
http://dx.doi.org/10.1002/biot.201600691
http://dx.doi.org/10.1002/biot.201600659
http://dx.doi.org/10.1002/biot.201600659
http://dx.doi.org/10.1002/biot.201600659
http://dx.doi.org/10.1002/biot.201600659
http://dx.doi.org/10.1002/biot.201600659
http://dx.doi.org/10.1002/biot.201600412
http://dx.doi.org/10.1002/biot.201600412
http://dx.doi.org/10.1002/biot.201600412
http://dx.doi.org/10.1002/biot.201600412
http://dx.doi.org/10.1002/biot.201600412
http://dx.doi.org/10.1002/biot.201600105
http://dx.doi.org/10.1002/biot.201600105
http://dx.doi.org/10.1002/biot.201600105
http://dx.doi.org/10.1002/biot.201600105
http://dx.doi.org/10.1002/biot.201600105
http://dx.doi.org/10.1002/biot.201600173
http://dx.doi.org/10.1002/biot.201600173
http://dx.doi.org/10.1002/biot.201600173
http://dx.doi.org/10.1002/biot.201600173
http://dx.doi.org/10.1002/biot.201600173
http://dx.doi.org/10.1002/biot.201600145
http://dx.doi.org/10.1002/biot.201600145
http://dx.doi.org/10.1002/biot.201600145
http://dx.doi.org/10.1002/biot.201600145
http://dx.doi.org/10.1002/biot.201600145
http://dx.doi.org/10.1002/biot.201600145
http://dx.doi.org/10.1002/biot.201600408
http://dx.doi.org/10.1002/biot.201600408
http://dx.doi.org/10.1002/biot.201600408
http://dx.doi.org/10.1002/biot.201600408
http://dx.doi.org/10.1002/biot.201600408
http://dx.doi.org/10.1002/biot.201600104
http://dx.doi.org/10.1002/biot.201600104
http://dx.doi.org/10.1002/biot.201600104
http://dx.doi.org/10.1002/biot.201600104
http://dx.doi.org/10.1002/biot.201600104
http://dx.doi.org/10.1002/biot.201600104
http://dx.doi.org/10.1002/biot.201600175
http://dx.doi.org/10.1002/biot.201600175
http://dx.doi.org/10.1002/biot.201600175
http://dx.doi.org/10.1002/biot.201600175
http://dx.doi.org/10.1002/biot.201600175
http://dx.doi.org/10.1002/biot.201600505
http://dx.doi.org/10.1002/biot.201600505
http://dx.doi.org/10.1002/biot.201600505
http://dx.doi.org/10.1002/biot.201600505
http://dx.doi.org/10.1002/biot.201600505
http://dx.doi.org/10.1002/biot.201600505
http://dx.doi.org/10.1002/biot.201600648
http://dx.doi.org/10.1002/biot.201600648
http://dx.doi.org/10.1002/biot.201600648
http://dx.doi.org/10.1002/biot.201600648
http://dx.doi.org/10.1002/biot.201600648
http://dx.doi.org/10.1002/biot.201600648


Research Article 
Structure and function of the N-terminal domain of Ralstonia 
eutropha polyhydroxyalkanoate synthase, and the proposed 
structure and mechanisms of the whole enzyme
Yeo-Jin Kim, So Young Choi, Jieun Kim, Kyeong Sik Jin,  
Sang Yup Lee and Kyung-Jin Kim

http://dx.doi.org/10.1002/biot.201600649

Research Article 
Reconstruction of biological pathways and metabolic networks 
from in silico labeled metabolites
Noushin Hadadi, Jasmin Hafner, Keng Cher Soh  
and Vassily Hatzimanikatis

http://dx.doi.org/10.1002/biot.201600464

Research Article
Protease substrate profiling using bacterial display  
of self-blocking affinity proteins and flow-cytometric sorting
Lisa Sandersjöö, Andreas Jonsson and John Löfblom

http://dx.doi.org/10.1002/biot.201600365

Biotech Method
Label-free live cell imaging by confocal Raman microscopy 
identifies CHO host and producer cell lines 
Batirtze Prats Mateu, Eva Harreither, Markus Schosserer, 
Verena Puxbaum, Elisabeth Gludovacz, Nicole Borth, 
Notburga Gierlinger and Johannes Grillari

http://dx.doi.org/10.1002/biot.201600037

Biotech Method
Quantitative analysis of aromatics for synthetic biology  
using liquid chromatography
Bin Lai, Manuel R. Plan, Nils J. H. Averesch, Shiqin Yu, 
Frauke Kracke, Nicolas Lekieffre, Sarah Bydder,  
Mark P. Hodson, Gal Winter and Jens O. Krömer

http://dx.doi.org/10.1002/biot.201600269

Biotech Method
Fluorescence colocalization microscopy analysis can be 
improved by combining object-recognition with pixel-intensity-
correlation
Bernhard Moser, Bernhard Hochreiter, Ruth Herbst  
and Johannes A. Schmid

http://dx.doi.org/10.1002/biot.201600332

Biotech Method
Flow-cytometric screening of aggregation-inhibitors using  
a fluorescence-assisted intracellular method
Hanna Lindberg, Lisa Sandersjöö, Sebastian W. Meister, 
Mathias Uhlén, John Löfblom and Stefan Ståhl

http://dx.doi.org/10.1002/biot.201600364

Biotech Method 
Choosing the right protein A affinity chromatography media  
can remove aggregates efficiently
Tomokazu Yada, Koichi Nonaka, Masayuki Yabuta,  
Noriko Yoshimoto and Shuichi Yamamoto

http://dx.doi.org/10.1002/biot.201600427

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.biotechnology-journal.com

http://dx.doi.org/10.1002/biot.201600649
http://dx.doi.org/10.1002/biot.201600649
http://dx.doi.org/10.1002/biot.201600649
http://dx.doi.org/10.1002/biot.201600649
http://dx.doi.org/10.1002/biot.201600649
http://dx.doi.org/10.1002/biot.201600649
http://dx.doi.org/10.1002/biot.201600649
http://dx.doi.org/10.1002/biot.201600464
http://dx.doi.org/10.1002/biot.201600464
http://dx.doi.org/10.1002/biot.201600464
http://dx.doi.org/10.1002/biot.201600464
http://dx.doi.org/10.1002/biot.201600464
http://dx.doi.org/10.1002/biot.201600464
http://dx.doi.org/10.1002/biot.201600365
http://dx.doi.org/10.1002/biot.201600365
http://dx.doi.org/10.1002/biot.201600365
http://dx.doi.org/10.1002/biot.201600365
http://dx.doi.org/10.1002/biot.201600365
http://dx.doi.org/10.1002/biot.201600037
http://dx.doi.org/10.1002/biot.201600037
http://dx.doi.org/10.1002/biot.201600037
http://dx.doi.org/10.1002/biot.201600037
http://dx.doi.org/10.1002/biot.201600037
http://dx.doi.org/10.1002/biot.201600037
http://dx.doi.org/10.1002/biot.201600037
http://dx.doi.org/10.1002/biot.201600269
http://dx.doi.org/10.1002/biot.201600269
http://dx.doi.org/10.1002/biot.201600269
http://dx.doi.org/10.1002/biot.201600269
http://dx.doi.org/10.1002/biot.201600269
http://dx.doi.org/10.1002/biot.201600269
http://dx.doi.org/10.1002/biot.201600269
http://dx.doi.org/10.1002/biot.201600332
http://dx.doi.org/10.1002/biot.201600332
http://dx.doi.org/10.1002/biot.201600332
http://dx.doi.org/10.1002/biot.201600332
http://dx.doi.org/10.1002/biot.201600332
http://dx.doi.org/10.1002/biot.201600332
http://dx.doi.org/10.1002/biot.201600332
http://dx.doi.org/10.1002/biot.201600364
http://dx.doi.org/10.1002/biot.201600364
http://dx.doi.org/10.1002/biot.201600364
http://dx.doi.org/10.1002/biot.201600364
http://dx.doi.org/10.1002/biot.201600364
http://dx.doi.org/10.1002/biot.201600364
http://dx.doi.org/10.1002/biot.201600427
http://dx.doi.org/10.1002/biot.201600427
http://dx.doi.org/10.1002/biot.201600427
http://dx.doi.org/10.1002/biot.201600427
http://dx.doi.org/10.1002/biot.201600427
http://dx.doi.org/10.1002/biot.201600427

