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in mammalian cells, than the simplistic view that autopha-

gosomes provide carriers for unconventional secretion of 

cytosolic proteins.  Copyright © 2013 S. Karger AG, Basel 

 Introduction: Secretory Autophagy 

 Our current view of protein secretion from eukaryotic 
cells is dominated by the well-established classic para-
digm of conventional secretion ( fig. 1 , right). This para-
digm rests on the extensively characterized biosynthetic 
pathway utilized by proteins endowed with sorting sig-
nals (leader peptides) authorizing them to enter the lu-
men of the endoplasmic reticulum (ER). From there, they 
undergo modifications and transport through the Golgi 
apparatus (G), and are finally secreted upon fusion of 
post-Golgi carriers with the plasma membrane (PM). A 
new protein secretion paradigm has been recently de-
fined in yeast  [1–3]  as autophagy-based unconventional 
secretion in eukaryotic cells. In principle, this phenome-
non (secretory autophagy;  fig. 1 , left) may enable any cy-
tosolic protein to be exported from the cell where it may 
exert either its primary or a cryptic biological function. A 
direct function of autophagy in unconventional secretion 
by providing carriers for secretion ( fig. 1 , left) has been 
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 Abstract 

 Autophagy (macroautophagy) is often defined as a degra-

dative process and a tributary of the lysosomal pathway. In 

this context, autophagy carries out cytoplasmic quality con-

trol and nutritional functions by removing defunct or dis-

used organelles, particulate targets and invading microbes, 

and by bulk digestion of the cytoplasm. However, recent 

studies indicate that autophagy surprisingly affects multi-

ple secretory pathways. Autophagy participates in extracel-

lular delivery of a number of cytosolic proteins that do not 

enter the conventional secretory pathway via the Golgi ap-

paratus but are instead unconventionally secreted directly 

from the cytosol. In mammalian cells, a prototypical exam-

ple of this manifestation of autophagy is the unconvention-

al secretion of a major proinflammatory cytokine, IL-1β. This 

review examines the concept of secretory autophagy and 

compares and contrasts the role of autophagy in the secre-

tion of IL-1α and IL-1β. Although IL-1α and IL-1β have close-

ly related extracellular inflammatory functions, they differ 

in intracellular activation, secretory mechanisms and how 

they are affected by autophagy. This example indicates that 

the role of autophagy in secretion is more complex, at least 
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described in yeast, using a combination of genetic and cell 
biological tools  [1–3] . Secretory autophagy has also been 
implicated in mammalian cells  [4–6] . At present, there 
are two principal features defining secretory autophagy: 
(1) participation of Atg factors and contribution of au-
tophagy as a pathway, and (2) dependence on Golgi re-
assembly and stacking protein (GRASP;  fig.  2 ) known 
as GRASP55 and GRASP65 in mammalian cells  [7] , 
dGRASP in  Drosophila , GrpA in  Dictyostelium  and Grh1 
in yeast  [6, 8–11] .

  Degradative Autophagy 

 Autophagy is currently best known for its role in me-
tabolism as well as a form of organelle and protein turn-
over and quality control  [12, 13] . Canonical degradative 
autophagy (macroautophagy) allows cells to digest their 
cytoplasmic components as an endogenous source of nu-
trients and energy at times of starvation or as a mecha-
nism for the clearance of defective organelles and toxic 
intracellular aggregates  [14] . The canonical autophagy 
pathway depends on a suite of autophagy-specific factors 
(termed Atg and followed by a number) responsive to up-
stream signaling by TOR, AMPK and other inputs  [12, 
15, 16] . The Atg factors are responsible for the execution 
of autophagy and the formation of specialized double 
membrane organelles, termed autophagosomes. The Atg 
factors organize in several subcomplexes, including the 
Atg5-Atg12/Atg16 complex that acts as a conceptual 
equivalent of E3 ligases in the ubiquitin system. It regu-
lates C-terminal lipidation of Atg8 (or its mammalian 
equivalents LC3s and GABARAPs) with phosphatidyl-
ethanolamine essential for autophagosomal membrane 
growth  [12] . Atg8-phosphatidylethanolamine can effect 
membrane tethering and fusion  [17, 18] , albeit autopha-
gic organelles are also subject to conventional membrane 
fusion via SNAREs, the canonical regulators of mem-
brane fusion in most compartments of the eukaryotic cell 
 [19] . The membrane precursors for the formation of au-
tophagosomes originate from transient domains on the 
ER, termed omegasomes. There are also potential contri-
butions from other compartments such as the plasma 
membrane, mitochondria and Golgi. To carry out degra-
dative functions, autophagosomes fuse with lysosomes to 
form autolysosomes where the captured cargo is eventu-
ally degraded.

  As stated above, autophagy is assumed to represent 
primarily a catabolic, lysosomal degradative pathway. 
The notion of autophagy as a purely degradative pathway 
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  Fig. 1.  Protein secretion: conventional biosynthetic pathway ver-
sus unconventional secretion through secretory autophagy. The 
well-developed paradigm of conventional protein secretion 
through the ER, Golgi and post-Golgi trafficking (right arrow) ver-
sus the process (left arrow) of autophagy-dependent unconven-
tional secretion of cytosolic proteins (secretory autophagy). The 
proteins destined for conventional secretion enter ER via signal 
peptides, whereas cytosolic proteins destined for secretory autoph-
agy are sequestered into autophagosomes to be exported from the 
cell. 

  Fig. 2.  GRASP domains and salient features. GRASP contains two 
PDZ domains, an internal protein sequence (‘internal ligand’) that 
binds to one of the PDZ domains allowing homo-oligomerization, 
N-terminal acylation that facilitates GRASP association with 
membranes, and a Ser-Pro-rich domain that is a substrate for 
 phosphorylation by Ser/Thr kinases. Phosphorylation modulates 
GRASP interactions and the oligomerization state. 
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was recently challenged by the emergence of three inde-
pendent reports on the role of autophagy in unconven-
tional secretion of Acb1 in yeast  [1–3]  and IL-1β and oth-
er cargo (e.g. HMGB1 and IL-18) in mammalian cells  [4, 
5] . These new insights assign a nondegradative function 
to autophagy manifested as unconventional protein se-
cretion ( fig. 1 ). Furthermore, it has become apparent that 
autophagy broadly intersects with protein trafficking and 
secretion to include effects on the constitutive biosyn-
thetic pathway  [20] , regulated exocytosis  [21]  and alter-
native sorting of integral membrane proteins to the plas-
ma membrane  [22] .

  Secretory Autophagy and Unconventional Secretion 

 The information regarding how autophagy promotes 
unconventional secretion comes, at present, from a 
handful of studies  [1–4, 22] . It is most completely de-
fined in yeast, using the yeast prototypical cargo for un-
conventional secretion, Acb1  [1–3] . The role of autoph-
agy in unconventional protein secretion and trafficking 
is a recently recognized function of the autophagic ma-
chinery. Not all unconventionally secreted proteins are 
secreted by the same mechanism. Unconventional se-
cretion is a catch-all term for a spectrum of diverse pro-
cesses  [10] . This collection of often unrelated secretory 
processes delivers, via unique mechanisms, specific pro-
tein cargo localized in the cytosol to the extracellular 
environment or assists in the trafficking of integral 
membrane proteins to the plasma membrane without 
having to pass through the ER-G-PM pathway  [10] . 
Only a subset of unconventional secretion is dependent 
on autophagy. When autophagy provides specific mem-
brane carriers to execute unconventional secretion, this 
subset is referred to as autosecretion  [5] , type III secre-
tion  [6]  or secretory autophagy, a term preferentially 
used in this review.

  Secretory versus Degradative Autophagy Precursors 

 Are the precursors for secretory and degradative au-
tophagy related? A membrane structure in yeast, termed 
compartment for unconventional protein secretion 
(CUPS)  [2]  has been identified as the source of organelles 
or trafficking intermediates for autophagy-based uncon-
ventional secretion. CUPS, the term used in yeast, may 
be related (although this has still to be established) to the 
mammalian cell omegasome, which acts as a cradle for 

generating nascent autophagosomes normally associated 
with degradative autophagy  [23] . CUPS forms in the 
general vicinity of but does not completely coincide with 
the ER exit sites marked by Sec13  [2] . The organizers of 
the ER exit sites (Sec12 and Sec16) and COPII compo-
nents (Sec23 and Sec24, but not Sec13 and Sec31) are 
required for the canonical autophagosome formation in 
yeast  [24] . Participation of the regulators of the early se-
cretory pathway in autophagy has also been noted in 
mammalian cells  [25, 26] . Starvation induces both CUPS 
 [2]  and omegasomes  [23] . These structures are morpho-
logically similar, PI3P-positive, and are decorated by au-
tophagy (Atg) factors. As CUPS is reportedly not in-
duced by rapamycin, it has been proposed to be distinct 
from omegasomes  [2] . However, the original description 
of the omegasome and its role in autophagy along with 
its PI3P positivity did not report the use of rapamycin 
and was based solely on the starvation-dependent induc-
tion of autophagy  [23] . The relationship of CUPS to the 
well-known preautophagosomal structure (PAS) in yeast 
also needs to be clarified since Sec23 of COPII is required 
for autophagy via PAS  [24] , but its mutation does not 
interrupt unconventional secretion of Acb1. Similarly, 
Sec12 matters for autophagy  [24]  but appears to be dis-
pensable for CUPS formation in yeast  [2] . The subtle dif-
ferences outlined above may be technical but could indi-
cate some subcompartmentalization of domains within 
precursor for autophagosomal organelles (CUPS, PAS 
and omegasomes) destined for degradative or secretory 
autophagy.

  Secretory versus Degradative Autophagy: Cargo 

Selection 

 How is the cargo destined for secretory autophagy se-
lected and separated from degradative autophagy cargo? 
Thus far, this has not been explored. Of potential rele-
vance is that CUPS contains Vps23  [2] . Vps23, in mam-
malian systems known as TSG101, is a member of the 
endosomal sorting complex required for transport 
(ESCRT)-I complex associated with multivesicular endo-
somal sorting but also participating in a number of other 
trafficking processes. ESCRT components other than 
Vps23 are however not found in CUPS  [2]  and Vps23 it-
self is not necessary for CUPS formation, indicating that 
Vps23 may be a component of sorting elements asso-
ciated with CUPS. Of further interest is that VPS23/
TSG101, in its sorting function, can bind to ubiquitinated 
cargo, a typical recognition tag for autophagic adaptors 
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 [27] . A role in secretory autophagy for conventional au-
tophagy adaptors, e.g. p62, NBR1, NDP52 and optineu-
rin, remains to be addressed.

  GRASP in Unconventional Secretion and Secretory 

and Canonical Autophagy 

 The protein named GRASP ( fig. 2 ), with orthologs in 
yeast  [2, 3, 8] , metazoans  [28]  and mammalian cells  [29–
31] , is the only specific marker thus far known to be es-
sential for unconventional protein secretion  [10] . How-
ever, how it functions in autophagy-based unconvention-
al secretion is not understood. A recently published study 
 [4, 5]  indicates that GRASP55 (one of the two mamma-
lian GRASPs) is also necessary for canonical, degradative 
autophagy  [4] . Thus, the early secretory and degradative 
autophagosomes may originate from the common ances-
tral membrane domains, with subsequent divergence and 
specialization for the secretion or digestion of captured 
substrates.

  The yeast GRASP (Grh1) redistributes to CUPS. It is 
not known what signaling events regulate redistribution 
of the yeast GRASP orthologs to CUPS upon starvation. 
In mammalian cells, GRASP55 and GRASP65 localize to 
the Golgi ribbon, where they interact with Golgin-45 and 
GM130 ( fig. 3 ). GRASP translocation in mammalian cells 
has been detected  [4]  and it could mirror the events in 
yeast, although this has still to be established. There are 
two types of factors that could be expected to control 
GRASP55 localization during degradative and secretory 
autophagy: (1) kinase(s) that may affect the GRASP55 ho-
mo-oligomerization state and thus the tethering of adja-
cent membranes (as in the Golgi ribbon), and (2) com-
partment-specific interacting partners binding to the 
PDZ domains of GRASPs, thus tethering them to the ap-
propriate membranes that eventually coalesce. GRASPs 
have the ability to link membranes through their homo-
typic interactions between PDZ domains and internal 
PDZ-binding motifs (‘internal ligand’; see  fig. 2 ). This is 
morphologically best recognized in the formation, main-
tenance and disruption of Golgi ribbons, where GRASPs 
are known to play a role in the linking of Golgi cisternae 
 [30, 31]  ( fig. 3 ). The ability of GRASPs to undergo homo-
oligomerization depends on the phosphorylation state of 
their Ser-Pro-rich C-terminal domains and can be dis-
rupted, e.g. during mitosis (causing Golgi dispersal) fol-
lowing complex phosphorylation patterns by several ki-
nases including ERK, CDK1 and PLK1  [30, 31] . In ad-
dition to homo-oligomerization via the internal ligand, 

GRASP55 and GRASP65 interact in the Golgi with Gol-
gin-45 and GM130, respectively. Although phosphoryla-
tion of GRASPs can disrupt their homo-oligomerization 
(resulting in events such as Golgi disruption in mitosis), 
it is not known whether similar events could lead to 
GRASP translocation and modulation of interactions 
with other putative partners involved in secretory au-
tophagy and unconventional secretion in general.

  GRASP carries out its function in conventional autoph-
agy as well, at least in mammalian cells  [4] . The yeast 
GRASP equivalent is important for Atg9 relocalization 
upon starvation  [2] , mirroring Vps23 localization to CUPS. 
The effect of the yeast GRASP ortholog Grh1 on the sole 
integral membrane autophagy factor (Atg9) indirectly 
 corroborates with the reported role of the mammalian 
GRASPs (GRAPS55) in control of autophagy initiation  [4] .

  Regulation of Secretory versus Degradative 

Autophagy 

 In mammalian cells, there is an involvement in au-
tophagy of two closely related but distinct isoforms of the 
small GTPase Rab8: Rab8a and Rab8b  [4, 32] . There are 
indications of specialization between Rab8a and Rab8b 
in secretory versus degradative autophagy ( fig. 3 ). It has 
been shown that Rab8a, and potentially exocyst compo-
nents, play a role in secretory autophagy  [4] . In contrast, 
Rab8b affects the maturation stages of degradative au-
tophagy  [32] .

  Rab8b interacts with the Ser/Thr protein kinase TBK-1. 
TBK-1, in turn, phosphorylates two autophagy adaptors: 
optineurin  [33]  and the classic autophagy adaptor p62 (se-
questosome 1)  [32] . The latter is a key autophagy factor 
 [34]  and the founding member of a new subfamily of pat-
tern recognition receptors termed sequestosome-like re-
ceptors  [27] . This function of TBK-1 is likely superimposed 
on the tonic level of basal p62 phosphorylation carried out 
by casein kinase 2 at the same Ser-403 residue  [35] . Of note, 
TBK-1 is a member of the IKK family of kinases, the well-
known regulators of innate immunity  [36] . IKKs can be 
either canonical (IKK-α and IKK-β) or atypical/IKK-relat-
ed kinases (IKKε and TBK-1). IKKα and IKKβ play a role 
in the induction of autophagy  [16] . A role for TBK-1 in 
autophagy maturation indicates a sequential action in au-
tophagy of the canonical IKKs at the initiating stages and 
TBK-1 at the completion end of the process. Whether 
TBK-1 regulates autophagy at the point of divergence be-
tween secretory and degradative autophagy (by, for exam-
ple, promoting the latter) remains to be determined.

http://dx.doi.org/10.1159%2F000346707
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  Fig. 3.  Hypothetical model and the pro-
posed putative points of divergence be-
tween degradative and secretory autopha-
gy. The steps are discussed in the text. 
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  Autophagy Role in IL-1β Secretion and 

Inflammasome Activation 

 In mammalian cells, several cytosolic proteins are se-
creted through different pathways of unconventional se-
cretion  [6, 10] . The most prominent candidate to be un-
conventionally secreted via autophagy is the proinflam-
matory cytokine IL-1β, as proposed  [37]  immediately 
following the initial reports on the molecular machinery 
of secretory autophagy in yeast  [1, 3] . However, a number 
of converging reports focussing on IL-1β from the immu-
nological perspective have shown, through the observa-
tions in mice lacking Atg16L1  [38]  followed up by mech-
anistic ex vivo and in vivo analyses  [4, 39–42] , that au-
tophagy dampens IL-1β activation by the inflammasome. 
This negative effect of autophagy on IL-1β activation is a 
dominant effect of autophagy under steady-state condi-
tions. Nevertheless, a contribution of secretory autopha-
gy to the release of IL-1β from the cells has been detected 
as a transient autophagy-dependent secretion of IL-1β 
during the early, acute phase of inflammasome activation 
 [4] . The latter observation supports a role (albeit only 
transiently detectable) of secretory autophagy in the 
transport of cytosolic IL-1β from the cells via autophagy-
dependent processes.

  IL-1β is synthesized as a leaderless cytosolic protein 
secreted from cells via membranous organelles  [43, 44] . 
Secretory autophagy may assist in these unconventional 
secretion processes  [4] . Once secreted, IL-1β binds to the 
IL-1 receptor (IL-1RI) to initiate a number of inflamma-
tory processes that contribute to innate immunity but can 
also cause tissue damage  [45] . Pro-IL-1β is processed 
from its inactive cytosolic precursor by inflammasome, a 
multiprotein complex responding to microbial products 
referred to as PAMPs (pathogen-associated molecular 
patterns) and endogenous molecules signaling damage or 
danger termed alarmins or DAMPs (damage-associated 
molecular patterns)  [46] . An inflammasome typically 
consists of three parts: a PAMP- or DAMP-detecting 
module in the form of a Nod-like receptor (e.g. NLRP3) 
or an endogenous DNA (released from mitochondria)-
detecting module such as AIM2, the hub adaptor protein 
ASC and caspase-1 that, in turn, enzymatically processes 
substrates, e.g. pro-IL-1β into mature, biologically active 
products such as IL-1β. Autophagy inhibits IL-1β activa-
tion indirectly, by lowering the endogenous sources, such 
as reactive oxygen species (ROS) or DAMPs such as mi-
tochondrial DNA released by depolarized or otherwise 
unkempt mitochondria accumulating in autophagy-defi-
cient cells  [39, 40]  and recognized by the inflammasome 

components. Autophagy may also act via the proposed 
autophagic degradation of inflammasome constituents 
 [41, 42, 47] . In principle, the primary role of autophagy 
in the inflammasome context is to keep the cellular inte-
rior clean of endogenous DAMPs, lest these inflamma-
some agonists cause sterile inflammation and pathologi-
cal tissue damage. Autophagy also plays a membrane-
trafficking role contributing to acute unconventional 
secretion of IL-1β, but this contribution is masked under 
steady-state conditions  [4] . Secretory autophagy also 
contributes to the release of other cytosolic inflamma-
some substrates, e.g. IL-18 and other alarmins such as 
high-mobility group protein B1 (HMGB1)  [4] . Thus, au-
tophagy plays a dual role in inflammasome activation and 
secretion of IL-1β and the release of other alarmins from 
the cell. It is important to recognize this duality as follows: 
(1) the positive contribution of autophagy to acute deliv-
ery of IL-1α and alarmins from a cell is a manifestation of 
secretory autophagy as a membrane-trafficking process 
 [4] , and (2) the tonic suppression of inflammasome acti-
vation is a manifestation of degradative autophagy in its 
function as a quality control process in the cytoplasm.

  Is the Role of Autophagy in IL-1α Activation and 

Secretion Different from the Effects on IL-1β? 

 Another proinflammatory pathway, linked but distinct 
from inflammasome activation, is affected by autophagy. 
This pathway involves IL-1α, a proinflammatory cytokine 
that shares two features with IL-1β: they are both are cy-
toplasmic proteins and they both engage the same recep-
tors and downstream signaling following extracellular re-
lease and binding to IL-1RI. However, IL-1α is activated 
and secreted in a manner that differs from pro-IL-1β pro-
cessing and activation. IL-1α is produced as a cytosolic 
proform that can be processed by calpain or other prote-
ases  [48]  and actively exported out of the cell  [49, 50]  or 
be passively released upon cell death  [51] . IL-1α secretion 
has been reported to involve both caspase 1-independent 
and caspase 1-dependent pathways  [52] . Caspase 1 –/–  
macrophages stimulated with LPS show a 20–30% reduc-
tion in IL-1α secretion compared to controls  [53] , thus 
indicating that a major route of IL-1α secretion is inde-
pendent of caspase 1. Interestingly, despite this diver-
gence, autophagy-defective cells (e.g. Atg5 fl/fl  LysM-Cre +  
macrophages) also generate excess IL-1α. This is consis-
tent with the existence of another major, inflammasome-
independent activation pathway  [50]  that is also augment-
ed in the absence of the cytoplasmic housekeeping func-
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tions of autophagy  [4, 39–42] . This pathway shares with 
the inflammasome-IL-1β the very upstream triggers – e.g. 
ROS emanating from unkempt mitochondria in autoph-
agy-deficient cells. However, it differs in the lower, execu-
tion part of the pathway. ROS can activate calpain  [54, 55] , 
which in turn activates IL-1α  [50] .

  The findings with the ROS-calpain axis in IL-1α acti-
vation  [50]  and reports regarding the ROS-RLR signaling 
 [56]  expand proinflammatory phenomena to noninflam-
masome pathways downstream of the accumulation of 
dysfunctional mitochondria and ROS in autophagy-de-
ficient cells. Other changes with inflammatory conse-
quences have been noted in mice with Atg5-deficient 
macrophages  [57, 58] . It is not known whether IL-1α is a 
substrate for the alternative secretory pathway, as may be 
the case for IL-1β  [4] . Thus far, only the negative role of 
autophagy in activation processes upstream of the IL-1α 
secretion has been studied  [50] . Kinetic studies of IL-1α 
release may help discern a possible positive contribution 
of autophagy to the physical act of secretion of IL-1α ver-
sus the dominant role of autophagy in keeping the up-
stream activation triggers down.

  Concluding Remarks 

 Thus far, genetic studies support the existence of se-
cretory autophagy. It remains to be defined whether and 
how secretory autophagy provides specific membrane 
carriers to capture cytosolic proteins and secrete them 
outside of the cell. The precise cell biological mechanisms 
executing secretory autophagy, the adaptors for cargo se-
lection, the switches that separate degradative and secre-
tory autophagy as well as other aspects of vectorial mem-

brane transports and protein cargo sorting have still to be 
delineated. The intersections of this pathway with the role 
of GRASP need to be understood. The spectrum of cyto-
solic proteins externalized by secretory autophagy and 
the scope of their extracellular functions also remain to 
be catalogued, in order to appreciate in full the biological 
and medical significance of this potential pathway.

  We caution the reader that the models depicted in the 
figures of this review are hypothetical and should serve 
not as a firm summary of what is known but as a specula-
tive starting point and a platform to test and – if need 
be – disprove these models, in the hope that this will stim-
ulate further research. Regardless of the details, secretory 
autophagy is an area of investigation that is already ex-
panding the sphere of influence of autophagy from a 
purely intracytoplasmic domain to the extracellular 
space. Furthermore, the existence of secretory autophagy 
argues that autophagy is not only a lysosomal degradative 
process but may play important biogenesis roles in the 
extracellular delivery of bioactive molecules. Even if this 
expanded concept is accepted, a common denominator 
for both processes will still be the removal of macromol-
ecules and organelles from the cytoplasm, which can oc-
cur by degradation or secretion.
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