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Autophagy is a highly conserved cellular process responsible for recycling of intracellular material. It is induced
by different stress signals, including starvation, cytokines, and pathogens. Type I interferons (IFN) are proteins
with pleiotropic functions, such as antiviral, antiproliferative, and immunomodulatory activities. Several recent
studies showed type I IFN-induced autophagy in multiple cancer cell lines as evidenced by autophagic markers,
for example, the conversion of microtubule-associated protein 1 light chain 3 beta (MAP1LC3B, also known as
LC3-I) to LC3-II and the formation of autophagosomes by electron microscopy. In addition, studies suggest the
involvement of Janus kinase ( JAK)/signal transducer and activator of transcription (STAT) and phosphatidy-
linositol-4,5-bisphosphate 3-kinase (PI3K)/v-akt murine thymoma viral oncogene homolog (AKT) and mech-
anistic target of rapamycin, serine/threonine kinase (mTOR) pathways in the induction of autophagy. This
review highlights a new function of type I IFN as an inducer of autophagy. This new function of type I IFN may
play an important role in viral clearance, antigen presentation, inhibition of proliferation, as well as a positive
feedback loop for the production of type I IFN.

Introduction

Autophagy is a cellular catabolic process governing the
degradation and recycling of intracellular material.

This process is evolutionarily conserved in eukaryotic
cells. There are 3 distinct autophagic pathways: chaperone-
mediated autophagy, microautophagy, and macroautophagy
(hereafter referred to as autophagy) (Chen and Klionsky
2011). The process of autophagy includes the formation
of pre-autophagosomal structures known as phagophores,
which elongate and mature to form double-membraned au-
tophagosomes that contain cytosol as well as organelles.
The autophagosome fuses with a lysosome to generate an
autolysosome, the internal contents of which are degraded to
generate nutrients for the cell (Deretic 2006; Schmid and
Munz 2007) (Fig. 1). Autophagy is continuously occurring
at a basal level in all cells and increases under stress con-
ditions, such as starvation, the presence of intracellular
pathogens, or inflammation (Deretic 2006; Chen and
Klionsky 2011). Autophagy is generally believed to have the
primary role in the maintenance of cell homeostasis and
survival (Kroemer and Levine 2008).

Induction of Autophagy by Cytokines

Different cytokines can alter autophagy levels in cells
(Chang and others 2010; Heaton and Randall 2010; Chen
and Klionsky 2011). It was shown that interleukins (IL)-1,
IL-2, IL-6, tumor necrosis factor (TNF) alpha, transforming

growth factor beta, and interferon (IFN)-g are autophagy
inducers, whereas IL-4, IL-10, and IL-13 can block autop-
hagy (Harris 2011). The proinflammatory cytokine IFN-g
promotes autophagy to eradicate intracellular bacterial
pathogens, such as mycobacteria and chlamydia (Gutierrez
and others 2004; Al-Zeer and others 2009). Although the
mechanism of IFN-g-induced autophagy is unclear, it was
demonstrated that immunity-related GTPases, such as the
immunity-related GTPase family M protein (Irgm1) and IFN-
inducible member of the immunity-related GTPase family M
protein (Irga6), as well as members of the 65-kDa guanylate
binding protein family, help to facilitate IFN-g-induced au-
tophagy (Singh and others 2006; Al Zee and others 2009;
Kim and others 2011). In contrast, IFN-g-induced autophagy
has been recently described in Irgm1 - / - primary macro-
phages as signal transducer and activator of transcription
(STAT)1 independent, but mitogen-activated protein kinase
14 (MAPK14, also known as p38 MAPK alpha) dependent
(Matsuzawa and others 2012). Additionally, a role of inter-
feron regulatory factor-1 (IRF1) and IRF8 in IFN-gamma
activated autophagy has also been described (Li and others
2012; Ozato and others 2013). In the study by Li and others
(2012), it was shown that induction of autophagy by IFN-g
may contribute to growth inhibition and cell death in human
liver cancer cells. Although the primary role of autophagy is
to protect cells against death, depending on specific circum-
stances, it can actually lead to cell death through a process
called autophagic or programmed cell death II (PCDII),
specifically if cells are defective in an apoptotic pathway
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(Yu and others 2004; Maiuri and others 2007). The ability of
IFN-g to induce PCDII in HeLa cells was demonstrated
for the first time by Inbal and others (2002). Taken together,
these studies point to the complexity and importance of au-
tophagy regulation by cytokines in immune responses and
inflammation.

Role of Autophagy in Induction of Type I IFN
and Viral Replication

Type I IFNs are pleiotropic cytokines that induce antiviral,
antiproliferative, and immunomodulatory effects in cells. The
major human type I IFNs include the IFN-a subtypes, IFN-b,
and IFN-o. The role of autophagy in viral recognition and
induction of type I IFN has been shown (Lee and others
2007). The authors of that study demonstrated the require-
ment for autophagy in the production of type I IFN by
plasmacytoid dendritic cells (pDC) following infection of
VSV via TLR7. A similar observation was reported after
infection of pDC with HIV-1 (Zhou and others 2012). Viral
DNA derived from HSV-1 has also been shown to trigger
autophagy and type I IFN production through a mechanism
dependent on stimulator of IFN gene protein (STING)
(Rasmussen and others 2011). On the other hand, the nucle-
otide-binding domain leucine-rich repeat containing protein
X1 (NLRX1) and Tu translation elongation factor (TUFM)
reduced type I IFN production but enhanced autophagy, re-
sulting in an increase of VSV titer in mouse embryonic fi-
broblast (MEFs) (Lei and others 2012). Importantly, the role
of IFN-inducible protein kinase PKR and IFN-regulated 2¢,5¢-
oligoadenylate synthetase (OAS)/RNase pathway in induc-
tion of autophagy and suppression of virus replication has
been described (Talloczy and others 2006; Chakrabarti and
others 2012). Several viruses (e.g. dengue virus, hepatitis C
virus, encephalomyocarditis virus, chikungunya virus, polio-
virus, and coxsackievirus B3) use autophagy to enhance their
replication (Heaton and Randall 2010; Sun and others 2011;
Lei and others 2013). Because those viruses can induce type I
IFN (Iwasaki 2012), crosstalk between the IFN response and
autophagic machinery likely impacts viral replication.

Induction of Autophagy by Type I IFN
and Role of JAK/STAT Pathway in Induction
of Autophagy by Type I IFN

As discussed in the previous section, a role for autophagy
in induction of type I IFN has been reported. Our group first

reported that human type I IFN has the ability to induce
autophagy in a concentration-dependent manner, starting at
24 to 48 h post-treatment in a number of different cancer cell
lines, including Daudi, HeLa, MDA-MB-231, T98G, and
A549 (Fey and others 2007; Schmeisser and others 2013).
These observations were also confirmed by other groups
(Ambjørn and others 2013; Li and others 2013; Zhu and
others 2013).

Type I IFN mediates signaling primarily through the Ja-
nus kinase ( JAK)/STAT pathway (Schindler and others
1992). IFN binds to its receptor IFNAR1/2, which leads to
the phosphorylation of STAT1 and STAT2 via tyrosine ki-
nase (TYK) 2 and JAK1. The phosphorylated STATs then
associate with IRF9 to form a transcriptional activator
complex known as ISGF3 (Fig. 2). The ISGF3 complex
translocates to the nucleus, binds to the promoter regions of
IFN-stimulated genes (ISGs), and activates their transcrip-
tion (Kessler and others 1990; Levy and Darnell 1990) (Fig.
2). In addition to STAT1 and STAT2, type I IFN can
phosphorylate STAT3, 4, 5, and 6 in a cell type-specific
manner (Darnell 1997; Stark and others 1998).

Results of our study suggested a role for STAT2 in type I
IFN-induced autophagy, as IFN-a was unable to induce
autophagy in STAT2-deficient Daudi cells (Schmeisser and
others 2013). Interestingly, Orvedahl and others (2011) used
an image-based genome-wide siRNA screen to identify
members of JAK/STAT signaling pathway (e.g. STAT2,
TYK2) as candidates important for the destruction of viral
components via autophagy (viral autophagy, virophagy)
(Orvedahl and others 2011). Moreover, Zhu and others
(2013) showed that leukocyte IFN was unable to increase
the conversion of microtubule-associated protein 1 light
chain 3 beta (MAP1LC3B, also known as LC3-I) to LC3-II
after knockdown of JAK1 or STAT1 in K562 cells. Results
of this study also highlighted the influence of STAT1 and
nuclear factor of kappa light polypeptide gene enhancer in
B-cells (NF-kB) on beclin 1 (BECN1) expression and
BECN1-PtdIns3K (class II phosphatidylinositol 3-kinase,
also known as PI3K-III) complex formation. Although a role
of this complex in induction of autophagy had been previ-
ously suggested (Kang and others 2011), its role in type I
IFN-induced autophagy and a detailed mechanism of in-
volvement of STAT1 and NF-kB in complex formation
remain to be explored. In this context, it is important to
point out that type I IFN may promote cell survival by ac-
tivation of NF-kB through the PI3K/AKT pathway (Yang
and others 2001). Based on that study, the activation of

FIG. 1. The process of autophagy. During autophagy, cytoplasmic and organelle material is sequestered by expanded
double membranes to form the autophagosome. The autophagosome then fuses with a lysosome to form an autolysosome,
the internal material of which is then degraded.
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NF-kB requires STAT3, which acts as an adapter for PI3K.
Recently, Vogt and Hart (2011) suggested that there may be
a functional link between PI3K/mTOR and STAT3, but the
mechanism of this interdependence as well as its role in type
I IFN-induced autophagy have yet to be explored. Thus,
STAT3 could be an important component that links different
signaling pathways. Ambjørn and others (2013) observed an

effect of STAT1 silencing on increasing the levels of
SQSTM1 (sequestosome 1, also known as p62) but not LC3-
II in MCF-7 cells treated with STAT1 siRNA following the
treatment with type I IFN. When examined together, the
results from the above-mentioned studies provide first evi-
dence that JAK/STAT pathway plays an important role in
induction of autophagy by type I IFN.

FIG. 2. Activation of JAK/STAT and PI3K/AKT/mTOR pathways by type I interferons (IFNs). Type I IFNs bind to type I
IFN receptor, which comprises 2 subunits on the cell surface, interferon receptor subunit 1 (IFNAR1) and 2 (IFNAR2). Two
kinases associate with the IFN receptor: Janus kinase 1 ( JAK1) and tyrosine kinase 2 (TYK2). The binding of type I IFN to
its receptor leads to the activation of JAK1 and TYK2, which subsequently mediate phosphorylation of signal transducer
and activator of transcription 1 (STAT1) and STAT2, which in turn is necessary for the formation of a complex with IRF9
(ISGF3). This complex translocates to the nucleus, where it binds to IFN-stimulated response elements (ISREs), resulting in
the transcription of interferon-stimulated genes (ISGs). Additionally, IFN activates the PI3K/AKT/mTOR pathway. Acti-
vation of this pathway is dependent on JAK1/TYK2, which phosphorylate insulin receptor substrate 1 (IRS1) and 2 (IRS2).
Phosphorylation of IRS1 and IRS2 leads to the activation of PI3K, which subsequently activates mammalian target of
rapamycin complex 1 (mTORC1). MTORC1 activates ribosomal protein S6 kinase (RPS6KB, also known as p70S6 kinase),
which then phosphorylates ribosomal protein S6 (RPS6), leading to initiation of mRNA translation. Additionally, mTORC1
also regulates phosphorylation of eukaryotic translation initiation factor 4E binding protein 1 (EIF4EBP1, also known as
translation repressor 4EBP1). Phosphorylation of EIF4EBP1 causes inactivation of EIF4EBP1, which then dissociates from
eukaryotic translation–initiation factor E (EIF4E), leading to initiation of cap-dependent mRNA translation. Type I IFN also
activates rapamycin-insensitive complex (mTORC2), which is required for phosphorylation of RPS6KB, RPS6, and
EIF4BP1. Although upstream signals leading to the activation of mTORC2 complex by type I IFN remain unclear,
mTORC2 can activate AKT (Ser437), which plays a role in cell survival and has multiple targets, for example, forkhead box
transcription factors (FOXO3). Interestingly, FOXO3 is considered a regulator of the transcription of some IFN-stimulated
and autophagy genes. Inhibition of mTORC1 leads to the induction of autophagy. Ubiquitin-like conjugation systems
composed of a variety of autophagy-related proteins (Atg) are involved in the process of vesicle expansion and completion.
Bafilomycin A1 blocks fusion between autophagosomes and lysosomes.
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Role of PI3K-mTOR Pathway in Induction
of Autophagy by Type I IFN

In addition to the JAK/STAT pathway, type I IFN also
activates the PI3K/AKT/mTORC1 signaling pathway,
which is required for transcription and/or mRNA translation
of ISGs (Nguyen and others 2001; Platanias 2005; Kaur and
others 2008) and promotes cell survival (Ruuth and others
2001; Barca and others 2003). This pathway is also im-
portant in regulating autophagy (Chen and Klionsky 2011).
A wide range of extracellular signals activate PI3K. For
example, PI3K is activated after phosphorylation of insulin
receptor substrate 1 (IRS1). Interestingly, type I IFN can
induce phosphorylation of IRS1, which provides the dock-
ing site for PI3K (Uddin 1995). Active ribosomal protein S6
kinase (RPS6KB, also known as p70S6 kinase) is a negative
regulator of IRS1. Thus, feedback inhibition of IRS1 leads
to the repression of upstream signaling through PI3K
(Tremblay and Marette 2001; Ma and Blenis 2009). A role
for PI3K in type I IFN-induced autophagy has been shown
by Li and others (2013) in human glioma cells using the
chemical inhibitor 3-methyladenine (3-MA), where treat-
ment of glioma cells with 3-MA impaired the induction of
autophagy by IFN-b. We showed that nonsaturating con-
centrations of the PI3K inhibitor LY294002 can augment an
increase of LC3-II levels stimulated by IFN-a treatment
(Schmeisser and others 2013). The discrepancy between
these results could possibly be explained by the activation of
RPS6KB-IRS1-PI3K feedback loop in T98G cells, which
may lead to the activation of PI3K and thus inhibition of
mTORC1. Although the role of RPS6KB-IRS1-PI3K in type
I IFN-induced autophagy remains to be explored, results of
both studies underscore the importance of PI3K in regulat-
ing type I IFN-induced autophagy.

AKT is a downstream substrate of PI3K and had been
discovered as a viral proto-oncogene capable of transforming
certain cells (Brazil and Hemming 2001). It has been shown
that AKT activity is required for the replication of para-
myxoviruses (Sun and others 2008). Phosphorylation of AKT
(Ser473) occurs shortly after cells are infected with flavi-
viruses (Lee and others 2005; Das and others 2010). Ad-
ditionally, influenza viruses also activate the PI3K/AKT
pathway (Ehrhardt 2007; Zhirnov and Klenk 2007; Jackson
and others 2010). Although the biological significance of this
process remains unknown, it has been hypothesized that PI3K/
AKT activation may delay virus-induced apoptosis. Thus,
these studies suggest that viruses may influence the balance of
apoptosis and autophagy to maximize viral replication. The
elucidation of this balance is paramount for understanding
viral replication and its connection to the cell cycle.

Role of the MAPK Pathway in Induction
of Autophagy by Type I IFN

There is increasing evidence that MAPK signaling plays
an important role in complementing JAK/STAT signaling
pathway for optimal transcription of ISGs (Katsoulidis and
others 2005). Matsuzawa and others (2012) suggested a role
for MAPK14 (also known as p38) in induction of autophagy
by IFN-g in primary mice macrophages. Our recent study
showed that MAPK signaling pathways may also play a role
in regulating type I IFN-induced autophagy. Although we
observed a correlation between the induction of autophagy

and inhibition of phosphorylation at residues Thr202 and
Tyr204 of MAPK1 and 3 (also known as ERK1 and 2), the
presence of nonsaturating concentrations of PD98059 (in-
hibitor of MEK1 and 2, upstream regulators of ERK) and
IFN-a in Daudi cells did not increase the levels of LC3-II
(Schmeisser and others 2013). Interestingly, the use of a
different MEK1 and 2 inhibitor (U0126) in both U251 and
U87MG cells abrogated the induction of autophagy by IFN-
b (Li and others 2013). Taken together, these results em-
phasize the need to further explore the role of MAP kinases
in the induction of autophagy by type I IFN.

In summary, recent studies of autophagy induction by type
I IFN implicate the involvement of JAK/STAT and MAPK
signaling, as well as the PI3K/AKT/mTOR signaling axis.
Considering that STAT1 and STAT2 are critical factors in
autophagy induction and that mTORC1 is inhibited by type I
IFN at later time points in different cancer cell lines, these
data would suggest the involvement of yet unknown functions
of ISGs in the induction of autophagy. Our current model of
induction of autophagy by type I IFN is presented in Fig. 3.

mTORC1 Activity and Induction
of Autophagy by Type I IFN

An important component of the PI3K/AKT/mTOR path-
way is the mammalian target of rapamycin complex 1
(mTORC1) (Wullschleger and others 2006). Rapamycin in-
hibits the ability of mTORC1 to phosphorylate downstream
substrates, such as RPS6KB and eukaryotic translation initi-
ation factor 4E binding protein 1 (EIF4EBP1, also known as
translation repressor 4EBP1) (Zoncu and others 2011). The
mTORC1 complex is composed of serine/threonine protein
kinase (mTOR), mLST8 (mTOR-associate protein, LST8
homolog Saccharomyces cerevisiae), Raptor (regulatory as-
sociated protein of mTOR, complex 1), and Pras40 (proline-
rich AKT1 substrate). mTOR and mLST8 are also part of
the mTORC2 complex, which differs from mTORC1 by
containing Rictor (rapamycin-insensitive companion of
mTOR) and Sin1 (MAPK-associated protein 1) instead of

FIG. 3. Proposed model of induction of autophagy by type
I IFN. Type I IFNs activate the JAK/STAT pathway, which
results in the production of ISGs. Additionally, type I IFNs
activate PI3K/AKT/mTOR signaling pathway. We propose
that at later time points, negative regulators of PI3K/AKT/
mTOR pathway are induced, which inhibit mTORC1 ac-
tivity and lead to induction of autophagy.
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Raptor and Pras40. While mTORC1 governs protein and lipid
synthesis as well as mitochondrial metabolism, mTORC2 is a
key regulator in cell cycle progression, anabolism, and cell
survival. The activity of mTORC1 is regulated by growth
factors, nutrients, energy, and stress. One way of inducing
mTORC1 is through AKT-mediated phosphorylation of tu-
berous sclerosis protein 2 (TSC2) (Manning and others
2005). However, AMP-activated kinase (AMPK) can inhibit
mTORC1 upon nutrient deprivation (Zoncu and others
2011).

Recently published results by our group (Schmeisser and
others 2013) and others (Ambjørn and others 2013; Li and
others 2013) suggest that type I IFN may block the function of
mTORC1, which leads to the induction of autophagy. To this
end, we showed that the treatment of Daudi and T98G cells
with nonsaturating concentrations of rapamycin (mTORC1
inhibitor) and IFN-a had an additive effect for autophagy
induction, increasing the levels of LC3-II generation.
Similarly, the knockdown of mTOR (catalytic subunit of
mTORC1) using MTOR siRNA in T98G cells enhanced the
ability of IFN-a to increase LC3-II levels. Similar to our re-
sults, Ambjørn and others (2013) showed that combinatory
treatment of MCF-7 cells with IFN-b and nonsaturating
concentrations of rapamycin had an additive effect on the
decrease in the level of autophagy marker SQSTM1, sup-
porting the concept that mTORC1 activation opposes pro-
autophagy signals conveyed by type I IFN. RPS6KB kinase
and translation repressor protein EIF4EBP1 (Fig. 3) are pro-
teins located downstream of mTORC1. We observed that the
induction of autophagy by IFN-a correlated with changes in
the phosphorylation state of mTORC1 target proteins
RPS6KB (Thr389) and EIF4EBP1 (Thr37/Thr46) in Daudi
cells starting at 24 h (Schmeisser and others 2013). Both of
these proteins play a key role in protein synthesis (Platanias
2005). Ambjørn and others (2013) observed a decrease in
phosphorylation of EIF4EBP1 (Thr37/Thr46) in MCF-7 cells
starting 12 h after IFN-b treatment, and Li and others (2013)
reported that IFN-b may decrease the phosphorylation of AKT
(Ser473), mTOR (Ser2448), as well as RPS6KB (Ser371) in
U251MG and U87MG cells at 48 h. Taken together, these
results suggest that type I IFN-mediated autophagy may pro-
ceed with the concomitant inactivation of mTORC1 signaling.

Type I IFN may also regulate the activity of mTORC2.
mTORC2-dependent activation of AKT (Ser473) in MEFs
by type I IFN has been reported (Kaur and others 2012). The
authors of that study showed that mTORC2 plays an im-
portant role in driving the expression of ISGs and therefore
the generation of the IFN biological response. Interestingly,
the transcription factor FOXO3 is a downstream substrate of
AKT (Ser473) (Cybulski and Hall 2009). It has been re-
ported that the inactivation of the PI3K/AKT pathway by
type I IFN in mice monocytes leads to the degradation of
FOXO3 (a repressor of IRF7) and thus feed-forward in-
duction of IFN-b (Litvak and others 2012). Additionally,
FOXO3 is also a direct transcription regulator of autophagy
genes (Warr and others 2013). Thus, mTORC2/AKT acti-
vation by type I IFN may support autophagy induction
through FOXO3 regulation (Fig. 2).

Effect of Autophagy on Tumor Growth

An altered level of autophagy has been observed in tumor
cells. A rise in the level of autophagy may temporarily en-

hance the survival of cancer cells but can eventually trigger
cell death, especially if cells are apoptosis-defective (Maiuri
and others 2007). Increased autophagy was detected in
malignant melanoma (Lazova and others 2009) as well as in
various gastrointestinal tumors (Yoshioka 2008), human
pancreatic cancer cell lines, and tumor specimens (Yang and
others 2011). This increase in autophagy may contribute to
the resistance of cancer cells to environmental stress or cy-
totoxic drugs. For example, tumor suppressor phosphatase
and tensin homolog (PTEN) is a positive regulator of au-
tophagy, whereas Rat sarcoma (Ras), which activates the
catalytic subunit (p110 alpha) of PI3K class I (Rodriguez-
Viciana and others 1994), is involved in negative regulation
of autophagy. Loss of PTEN or Ras functions could affect the
regulation of autophagy and lead to tumor progression (Arico
2001; Furuta and others 2004). Thus, it is possible that type I
IFN augments autophagy by interfering with Ras signaling.

Malignant cell development is often associated with ab-
normalities of the PI3K/AKT/mTOR signaling pathway
(Yuan and Cantley 2008). AKT has many downstream tar-
gets. One of them is B-cell lymphoma 2 protein (Bcl-2), an
anti-apoptotic protein that directly opposes autophagy in
MCF-7 cells (Akar and others 2008; Oh and others 2011).
The PI3K/AKT/mTOR pathway is a target for breast cancer
and malignant glioma therapy (Fan and others 2010; Cidado
and Park 2012). In this context, single inhibitors targeting
either PI3K (LY294002, wortmannin) or mTOR (rapamy-
cin), as well as dual PI3K/mTOR inhibitors (PI 103), were
developed (Fan and others 2010). Rapamycin (sirolimus),
the only drug commonly used as an autophagy inducer, and
rapamycin analogues, temsirolimus and everolimus, are
mTOR inhibitors approved by the U.S. Food and Drug
Administration for the treatment of renal cell carcinoma,
and are currently evaluated in Phase III studies in combi-
nation with type I IFN (Fasolo and others 2012). Although
their mechanism of action is not known, it would be inter-
esting to explore the role of PCDII in this treatment. Despite
the extensive study of autophagy in cancer treatment, further
studies will be required to find the mechanism(s) that can
regulate autophagy and induction of apoptosis or PCDII.
Such mechanism(s) would have a significant impact on the
treatment of cancer.

It has been reported that autophagy correlates with cell
cycle regulation, possibly through cyclin-dependent kinases,
as a higher level of autophagy was detected in G1 and S
phases of the cell cycle (Tasdemir and others 2007; Filippi-
Chiela and others 2011). We have shown that type I IFN-
induced autophagy correlates with cell cycle perturbation
and inhibition of cellular proliferation in several cancer cell
lines (Schmeisser and others 2013). Results of our study are
in agreement with results published by Ambjørn and others
(2013). Additionally, recent studies of type I IFN-induced
autophagy indicated that blocking autophagy increased the
pro-apoptotic effect of type I IFN (Ambjørn and others
2013; Li and others 2013; Zhu and others 2013). Zhu and
others (2013) showed that the knockdown of STAT1 and
NF-kB increased type I IFN-induced activation of Caspase 3
(CASP3) in K562 cells. They also showed that the knock-
down of BECN1 did not influence the induction of TNF
ligand (TNFSF10, also known as TRAIL) by type I IFN but
increased the activation of CASP8 and 9 and cleavage of BH3
interaction domain death agonist (BID), as well as a decrease
in mitochondrial membrane potential. In agreement with this
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observation, we previously reported type I IFN-induced
CASP8-dependent apoptosis in OVCAR-3 cells (Miyake and
others 2012; Tsuno and others 2012). Additionally, Li and
others (2013) showed that the inhibition of type I IFN-induced
autophagy by 3-MA or hydroxychloroquine can cause an
increase in CASP3 cleavage in U251MG and U87MG glioma
cells. Interestingly, treatment of glioma cells with pan-caspase
inhibitor z-VAD-fmk not only inhibited caspase-dependent
apoptosis but also impaired the levels of LC3-II and decreased
the levels of double-membrane structures 48 h after IFN-b
treatment, suggesting a dual function for caspases in regu-
lating autophagy. An increase in these apoptotic markers was
also observed by Ambjørn and others (2013) in MCF-7 cells
after IFN-b treatment. They observed results similar to those
published by Li and others (2013) in that the treatment of
MCF-7 cells with pan-caspase inhibitor z-VAD-fmk pre-
vented the induction of TUNEL-positive cells by IFN-b.
However, the effect of z-VAD-fmk inhibitor on type I IFN-
induced autophagy was not explored in this study. Silencing
of core autophagy-related proteins (ATG) 5, ATG7, and unc-
51-like autophagy activating kinase (ULK) 1/2 leads to robust
induction of TUNEL-positive cells after IFN-b treatment
(Ambjørn and others 2013). All the above-described obser-
vations are in contrast to data obtained by Buchser and others
(2012), which showed that depending on cell type, IFN-a had
either no significant effect (in pancreatic cell lines Panc 2.03
and T-24) or was able to inhibit autophagy (colon cancer cell
line HCT116). This inhibition was even more pronounced
when HCT116 cells were cocultured with lymphocytes in
the presence of IFN-a. Thus, the authors of this study
showed that type I IFN may play a role in regulation of
lymphocyte-induced cell-mediated autophagy. The com-
plexity of experimental approaches in this study could ex-
plain the discrepancies between observations made by
Buchser and others (2012) and other groups (Ambjørn and
others 2013; Li and others 2013; Schmeisser and others
2013; Zhu and others 2013). In summary, we would stress
that the induction of autophagy by type I IFN may not be an
unintended consequence of IFN signaling, or an attempt by
transformed cells to withstand the pro-apoptotic function of
IFN, but rather a new function for type I IFN, the biological
significance of which has to be explored. Considering that
type I IFN is clinically used for the treatment of viral in-
fections, autoimmune disorders and certain cancers, the
newly established connection between type I IFN and in-
duction of autophagy is of substantial clinical importance.

Conclusions

Several recent studies reported the induction of autophagy
by type I IFN in multiple cancer cell lines (Ambjørn and
others 2013; Li and others 2013; Schmeisser and others
2013; Zhu and others 2013). An important conclusion from
these studies is that autophagy may counteract the pro-
apoptotic functions of type I IFN in tumor cells. The ob-
servation of this phenomenon opens many questions: How
does type I IFN induce autophagy? What is the biological
significance of type I IFN-induced autophagy? Which ISGs
are involved in type I IFN-induced autophagy? What are the
key factors that control the switch between autophagy and
apoptosis? Does type I IFN-induced autophagy play a role in
the immunomodulatory function of IFN? Future studies will
be necessary to find the answers to those questions.
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