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ABSTRACT

Traditionally, macroautophagy (autophagy) is viewed
as a pathway of cell survival. Autophagy ensures the
elimination of damaged or unwanted cytosolic compo-
nents and provides a source of cellular nutrients during
periods of stress. Interestingly, autophagy can also
directly intersect with, and impact, other major path-
ways of cellular function. Here, we will review the con-
tribution of autophagy to pathways of antigen presen-
tation. The autophagy machinery acts to modulate both
MHCI and MHCII antigen presentation. As such auto-
phagy is an important participant in pathways that elicit
host cell immunity and the elimination of infectious
pathogens.
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AUTOPHAGY

Macroautophagy, hereafter referred to as autophagy, de-
scribes a process of cellular self-digestion conserved in eu-
karyotic cells (Yang and Klionsky, 2010). Autophagosomes,
double-membrane bound vesicles, envelope components of
the cytoplasm (Yang and Klionsky, 2010), such as misfolded
proteins and damaged organelles. Autophagosomes fuse
with lysosomes, resulting in the degradation of auto-
phagosomal contents. Autophagy serves several important
cellular functions. It removes unwanted proteins from the
cytosol, preventing their accumulation and also provides cells
with additional nutrients upon release of amino acids after
proteolysis. In addition, autophagy establishes a trafficking
pathway from the cytosol to the endolysosomal compart-
ments. Thus autophagy has been shown to be crucial to the
maintenance and survival of cells. It is therefore not surpris-

ing that autophagy has been associated with several impor-
tant biological processes and diseases (Levine and Kroemer,
2008). Autophagy plays a major role in generating robust
immunity (Mintern and Villadangos, 2012) with participation in
the clearance of pathogens, survival of immune cells and
importantly in pathways of antigen presentation, the focus of
this review.

To date, approximately thirty autophagy related genes
(Atg) have been discovered through Saccharomyces cere-
visiae yeast studies that have aided the identification of their
mammalian orthologs (Klionsky et al., 2003; Suzuki and
Ohsumi, 2007). During normal cellular conditions, autophagy
occurs at a basal level and is regulated by a network of stress
sensors, sensitive to alterations in the cellular environment.
The mammalian target of rapamycin complex 1 (mTORC1),
is the major regulator of autophagy, and when active, sup-
presses autophagosome formation. Cues such as nutrient
deprivation or damaged organelles allow upstream stress
sensors to phosphorylate components of mTORC1, inhibiting
its regulatory actions and upregulating autophagy (Jung et al.,
2010). In brief, the autophagy pathway involves three major
steps: initiation of the autophagosome, elongation of the
double membrane, maturation and fusion of the auto-
phagosome with the lysosome to form an autolysosome.
Initiating autophagy, mTORC1 inhibition causes dephos-
phorylation and activation of unc-51 like kinase (ULK) 1 and 2.
An ULK complex is formed that interacts with the isolation
membrane, the enveloping membrane that develops from the
pre-autophagosomal structure (PAS) (Hara et al., 2008; Jung
et al., 2009). Atg9, a transmembrane protein, is also a critical
protein recruited to the site of autophagosome synthesis (Orsi
et al., 2012). In addition to mTORC1, autophagy is also reg-
ulated by vacuolar protein sorting 34 (Vps34), the class llI
phosphatidylinositol 3-kinase (PI3K) that localizes to the iso-
lation membrane where it synthesizes phosphatidylinositol
3-phosphatate (PI3P) (Burman and Ktistakis, 2010). The
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origin of the PAS is currently a point of contention. While de
novo membrane synthesis in the cytosol has been hypothe-
sized to initiate autophagosome formation, several studies
suggest it can originate from other sites including the endo-
plasmic reticulum (ER), mitochondria and plasma membrane
(Weidberg et al., 2011). Ubiquitin ligase-like systems permit
the elongation and formation of an autophagosome. Atg12 is
conjugated to Atg5 by Atg7 (an E1-like ligase) and Atg10 (an
E2-like ligase) (Mizushima et al., 1998; Shintani et al., 1999).
Atg16L1 is then conjugated to Atg5 and together this complex
mediates the elongation of the autophagosomal membrane
(Ohsumi, 2001). In addition, microtubule-associated protein
light chain 3 (LC3) is cleaved by cysteine protease Atg4 to
become LC3-l. Subsequently, Atg7 and Atg3, also an E2-like
ligase, conjugate free cytosolic LC3-l to phosphatidyletha-
nolamine (PE) to become LC3-II-PE that associates with
autophagosomes (Tanida et al.,, 2004). Finally, auto-
phagosomes travel to the endolysosomal compartment,
whereupon fusion with lysosomes, the autophagosomal
contents are degraded.

MONITORING AUTOPHAGY

Autophagy is a dynamic process that is not simple to meas-
ure. As such, there are several methods and tools that have
been described to measure autophagy. Identification of au-
tophagosomes within cells is a useful strategy to determine
whether cells are undergoing autophagy. Autophagosomes
are double-membraned structures that can be visualised by
electron microscopy (Baba et al.,, 1994) (Klionsky and
Ohsumi, 1999). A widely utilised marker of autophagy is mi-
crotubule-associated protein light chain 3 (LC3) (Tanida et al.,
2004). As mentioned, this protein exists in two isoforms,
LC3-l and LC3-Il. Notably, LC3-Il associates with both the
internal and external autophagosomal membranes and upon
autophagosome-lysosome fusion, LC3-Il is degraded
(Kabeya et al., 2000). Consequently, LC3-Il is a useful mark-
er for measuring autophagy-mediated degradation. Upon
treatment of cells with pharmacological inhibitors of
lysosomal proteolysis (which prevents LC3-Il degradation
following autolysosome formation), LC3-Il accumulation can
be detected. Comparison of LC3-Il accumulation between
cells that can and cannot undertake lysosomal proteolysis
permits a relative quantification of autophagy-mediated deg-
radation.

To determine the impact of autophagy on cellular proc-
esses, prevention of the autophagy pathway, via either inhibi-
tion or knockdown, is required. Wortmannin and 3-methylad-
enine (3-MA) inhibit PI3Ks (Blommaart et al., 1997) (Seglen
and Gordon, 1982) that are essential for autophagosome
formation. However, PI3Ks are not exclusive to the auto-
phagy pathway and so conclusions about the role of auto-
phagy upon PI3K inhibition should be treated with caution. A
more comprehensive approach to studying autophagy is by

the knock down of an Atg family member. Many studies use
siRNA and shRNA knockdowns of Atg genes. Atg deficient
mice are available either as knockout or loxp flanked genes
including Atg3 (Sou et al., 2008; Jia and He, 2011), Atg9a
(Saitoh et al., 2009), Atg76L1 (Saitoh et al., 2008), Atgb
(Kuma et al., 2004) and Atg7 (Komatsu et al., 2005). In addi-
tion, Vps 34 conditional knockout mice have been generated
(McLeod et al., 2011) (Willinger and Flavell, 2012). Finally,
green fluorescent protein (GFP)-LC3 reporter mice can be
used to monitor autophagy in vivo (Mizushima et al., 2004). In
summary, the complexity of the autophagy pathway requires
that several of the outlined methods be utilised to carefully
evaluate autophagy in any given cell type.

ANTIGEN PRESENTATION

To combat infectious pathogens, T cells recognise antigen
presented in the context of major histocompatibility complex
(MHC) molecules. Antigen presentation refers to the path-
ways by which antigen is loaded into MHC molecules. Anti-
gen presentation is critical to initiating an immune response
that will ensure robust pathogen clearance from the infected
host. Cells express MHC class | (MHCI) and MHC class |
(MHCII) molecules. MHCI molecules are expressed by all cell
types and are recognised by CD8" T lymphocytes. In contrast,
MHCII molecules are limited in their expression to B cells,
macrophages and dendritic cells, cell types that are collec-
tively known as antigen presenting cells (APC). MHCII loaded
with antigen is recognised by CD4" T cells. There are three
major pathways of antigen presentation. The classical
pathway of MHCI presentation involves presenting intracel-
lular antigen that is synthesised by the cell itself. In this case,
antigen is degraded into peptides by the proteasome, with
further trimming provided by various peptidases. Peptides
are transported into the endoplasmic reticulum and loaded
into newly synthesised MHCI molecules for surface display.
All cell types can present antigen via the classical MHCI
antigen presentation pathway. Interestingly, exogenous
antigen acquired from outside the cell can also be pre-
sented by MHCI. This pathway is known as
“cross-presentation” and can only be performed by special-
ised APC. Finally, MHCII antigen presentation involves the
presentation of exogenous antigen that is captured by APC.
In this case antigen loading occurs in the endolysosomal
compartments where antigens are degraded by lysosomal
proteases and loaded into MHCII molecules that have been
trafficked there from the ER. Here, we will review the con-
tribution of autophagy to classical MHCI, MHCII and MHCI
cross-presentation pathways (Fig. 1).

AUTOPHAGY IN MHC CLASS Il ANTIGEN
PRESENTATION

CD4" T cells recognise antigen presented by MHCII mole-
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Figure 1.

Intersection of autophagy with MHCI and MHCII antigen presentation pathways. For MHCII antigen presentation, autophagy

traffics cytosolic antigen to MIIC loading compartments. For MHCI antigen presentation, antigen may escape the autophagosome for access
to the classical MHCI presentation pathway or MHCI molecules may be loaded with antigen in an autolysosome compartment. For MHCI
cross-presentation, autophagosomes or the autophagy machinery may intersect with phagosomes containing exogenous antigen.

cules. Interestingly, numerous examples exist of self and
foreign intracellular antigens that are presented by MHCII
molecules (Nimmerjahn et al., 2003; Dorfel et al., 2005;
Paludan et al., 2005; Schmid et al., 2007; Riedel et al., 2008;
Jagannath et al., 2009). How do these antigens access en-
dosomal MHCII loading compartments (termed MIIC)? Given
the trafficking route of autophagosomes from cytosol to ly-
sosomes, autophagy is implicated in the delivery of cytosolic
antigen to the MIIC. Indeed, immature and mature human
monocyte-derived dendritic cells (DC) undergo constitutive
autophagy with the majority of autophagosomes fusing with
MIIC (Schmid et al., 2007). For several antigens, a direct role
for autophagy in MHCII antigen presentation has been dem-
onstrated. MHCII presentation of cytosolic neomycin phos-
photransferase (NeoR) antigen in Epstein Barr virus (EBV)
transformed B cell lines is greatly reduced in the presence of
autophagy inhibitors 3-MA and wortmannin (Nimmerjahn et
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al., 2003). In addition, siRNA knockdown of Afg712 impairs
NeoR specific CD4" T cell proliferation in response to nu-
clear-located NeoR (Riedel et al., 2008). Inhibition of auto-
phagy via 3-MA treatment or siRNA knockdown of Afg12 also
reduces MHCII antigen presentation of Epstein-Barr nuclear
antigen 1 (EBNA-1) to CD4" T cells (Paludan et al., 2005).
Another example of a cytosolic antigen presented by MHCII
is the tumour antigen mucin 1. When mucin 1 is introduced
into the cytosol of human monocyte-derived DC, mucin 1-
specific CD4" T cell proliferation is induced (Dorfel et al.,
2005). Mucin 1-specific CD4" T cells do not proliferate as
efficiently following 3-MA or wortmannin treatment of mucin
1-expressing DC, suggesting a requirement for auto-
phagosomes in the presentation of cytosolic mucin 1 by
MHCIl molecules (Dorfel et al., 2005). Finally, starva-
tion-induced autophagy shifts MHCII ligand selection to in-
crease the display of resident intracellular peptides (Dengjel
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et al., 2005). Therefore, autophagy contributes to the pres-
entation of antigen by MHCII and consequently impacts CD4"
T cell immunity.

Interestingly, there is evidence to suggest that enhance-
ment of autophagy, or the targeting of antigen to auto-
phagosomes, can enhance MHCII antigen presentation.
Fusing influenza matrix protein 1 (MP1) to LC3 targets MP1
to autophagosomes and improves MP1 presentation to, and
activation of, antigen-specific CD4* T cells (Schmid et al,,
2007). Furthermore, upregulation of autophagy with rapamy-
cin in murine macrophages and CD11c” conventional DC
(cDC) infected with Mycobacterium tuberculosis (MTb) in-
creases MHCII antigen presentation of the MTb secreted
antigen, Ag85B (Jagannath et al., 2009). Vaccination of mice
with rapamycin-treated, MTb-infected cDC enhances primary
antigen-specific CD4" T cell responses and upon challenge
with MTb, recipients from the rapamycin-treated group mount
superior CD4" T cell responses and have lower bacterial
loads compared to the untreated controls (Jagannath et al.,
2009). Together, these results demonstrate that access to,
and enhancement of, the autophagy pathway upon infection
can improve immune responses. As such, the autophagy
pathway represents a new and exciting route for vaccination.

In addition to its role in endogenous MHCII antigen pres-
entation, the autophagy machinery is also implicated in ex-
ogenous MHCII antigen presentation. CD11¢” ¢DC from
Atg5-deficient foetal liver reconstituted mice infected with
either ovalbumin-herpes simplex virus-2 (OVA-HSV-2) or
OVA-Listeria monocytogenes, are unable to efficiently prime
adoptively transferred OVA-specific CD4" OT-Il T cells and
induce OT-Il T cell proliferation in vivo (Lee et al., 2010).
Furthermore, protective immune responses require Atg5
expression by cDC. The authors rule out a role for Atg5 in
surface expression of MHCII, CD40 and CD86, the produc-
tion of inflammatory cytokines or DC migration (Lee et al,,
2010). The absence of Atg5 does not affect lysosome func-
tion, instead Afg5-deficient cDC are unable to present antigen
on MHCII molecules due to the reduced ability of phago-
somes to fuse with lysosomes (Lee et al., 2010). Of note,
double-membrane bound autophagosomes are not observed
during this process and the authors hypothesise involvement
of Atg5 in a non-canonical autophagy pathway. Together, this
suggests that the Atg protein Atg5, but not canonical auto-
phagy, is required for exogenous antigen processing and
presentation by MHCII molecules (Lee et al., 2010).

In contrast, there are examples where autophagy does not
contribute to MHCII antigen presentation of intracellular an-
tigen. Comber et. al. have demonstrated that while autophagy
is upregulated in influenza A virus infected cells, autophagy
does not enhance MHCII antigen presentation of the site 1
(S1) epitope of hemagglutinin (HA) (Comber et al., 2011).
The targeting of S1 to autophagosomes, either via S1 con-
jugation to LC3 or to NeoR, a model antigen, shown previ-
ously to be presented by MHCII molecules (Nimmerjahn et al.,

2003), does not enhance S1-specific CD4" T cell responses
(Comber et al., 2011). In addition, shRNA knockdown of Atg7
in bone marrow-derived DC does not affect CD4+ T cell in-
terferon-y (IFNy) secretion in response to S1 (Comber et al.,
2011). Chaperone-mediated autophagy (CMA) is a potential
alternative route that may deliver antigen to the MHCII anti-
gen presentation pathway. CMA describes the selective de-
livery of cytoplasmic peptides and proteins directly into the
lumen of the lysosome (Orenstein and Cuervo, 2010; Li et al.,
2011b). The CMA machinery, including heat shock cognate
protein of 70 kDa (hsc70) that selects peptide substrates, and
multimeric lysosomal-associated membrane protein 2A
(LAMP-2A) complex, facilitates the entry of peptide into the
lysosome (Orenstein and Cuervo, 2010; Li et al., 2011b).
MHCII antigen presentation of cytosolic glutamate decar-
boxylase in human B lymphoblastoid cells is reduced follow-
ing knockdown of LAMP-2 or hsc70 (Zhou et al., 2005). In
addition, overexpression of LAMP-2A or hsc70 increases
MHCII presentation of cytosolic glutamate decarboxylate.
Therefore, while autophagy is a viable route for delivering
intracellular antigen to MHCII loading compartments, it is not
the only pathway by which to do so.

AUTOPHAGY IN CLASSICAL MHC CLASS |
ANTIGEN PRESENTATION

CD8" T cells recognise antigen presented by MHCI mole-
cules. Autophagy participation in classical MHCI antigen
presentation is not obvious, given that the endogenous MHCI
antigen presentation pathway does not intersect with the
autophagosomal route. As described, for classical MHCI
antigen presentation, antigen is degraded in the cytosol by
the proteasome and transported into the ER where it is
loaded on newly synthesized MHCI molecules. Therefore, for
most antigens, autophagy plays little to no role in their pres-
entation by MHC class |. For example, siRNA knockdown of
Afg12 in an EBV-transformed bone marrow-derived lym-
phoblastoid cell line does not impair antigen-specific CD8" T
cell responses (Paludan et al.,, 2005). Autophagy inhibition
with 3-MA or wortmannin has no effect on tyrosinase antigen
presentation by HLA (Nimmerjahn et al., 2003), and targeting
the influenza matrix protein 1 (MP1) to autophagosomes
does not enhance IFNy secretion by antigen-specific CD8" T
cells (Schmid et al., 2007).

Despite the large body of evidence that suggests auto-
phagy does not play a role in MHCI antigen presentation,
there are some reports to the contrary. The autophagy
pathway can impact MHCI antigen presentation under spe-
cific circumstances. A pertinent example is the role of auto-
phagy in facilitating MHCI presentation by herpes simplex
virus 1 (HSV-1) infected macrophages, 8—12 h after infection
(English et al., 2009). At these time points, treatment of
HSV-1 infected macrophages with bafilomycin A (an inhibitor
of lysosomal acidification), 3-MA or knockdown of Atg5, im-
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pairs HSV-1 glycoprotein B (gB)-specific CD8" T cell activa-
tion, indicating that at this stage of infection both auto-
phagosomes and lysosomal degradation are required for gB
MHCI antigen presentation (English et al., 2009). Using fluo-
rescence and electron microscopy, LC3+ autophagosomes
are observed to originate from the nuclear envelope contain-
ing HSV-1 particles (English et al., 2009). The authors sug-
gest that gB processing begins in the autophagosome after
which gB peptides escape to the cytosol for further process-
ing by the proteasome and entry into the MHCI antigen
presentation pathway. Another example of a viral protein that
requires autophagy for MHCI presentation is human cy-
tomegalovirus (HCMV) latency associated protein pUL138
(Tey and Khanna, 2012). In this case, MHCI presentation is
independent of the transporter associated with antigen proc-
essing (TAP). Inhibition of the proteasome with lactacystin or
epoxomicin, or inhibition of ER aminopeptidases, does not
affect pUL138-specific CD8" T cell responses. In contrast,
chloroquine treatment, utilised to reduce lysosomal protease
activity, does impair pUL138-specific CD8" T cell responses.
Knockdown of autophagy with either 3-MA or Afg72 siRNA
reduces pUL138-specific CD8" T cell responses, while heat
shock induced upregulation of autophagy enhances these
responses (Tey and Khanna, 2012). Interestingly, unlike
HSV-1 gB, Tey et al. hypothesize that pUL138 degradation
and subsequent generation and loading of the peptide into
MHCI occurs in the autophagolysosome, where antigen does
not access to the cytosol. A similar pathway of MHCI antigen
presentation has also been described for an epitope derived
from respiratory syncytial virus, where MHCI antigen pres-
entation was abrogated in the presence of 3-MA treatment
(Johnstone et al.,, 2012). Therefore autophagy-mediated
MHCI presentation is a relevant pathway of antigen presen-
tation for several virus-associated antigens and may, or may
not, involve the classical MHCI antigen presentation route.
Whether autophagy also participates in MHCI presentation of
endogenous antigens or epitopes derived from non-viral
sources remains to be determined.

Finally, autophagy may also participate in MHCI surface
turnover. Pharmacological inhibition of autophagy with 3-MA,
bafilomycin A, chloroquine or wortmannin, or siRNA knock-
down of beclin 1, Atg5 or Atg7 in murine macrophages, in-
creases surface expression of MHCI molecules (Li et al.,
2010). Rapamycin treatment of B16 tumour cells promotes
the localisation of MHCI molecules with autophagosomes
and reduces MHCI cell surface expression (Li et al., 2010). In
contrast, IFNy, in combination with rapamycin, prevents
MHCI co-localization with autophagosomes and enhances
surface expression of MHCI molecules. IFNy and rapamycin
treatment of B16 tumour cells enhances antigen-specific
cytotoxic T lymphocyte (CTL) killing of tumour cells, with the
siRNA knockdown of beclin 1 in B16 tumour cells significantly
reducing this effect (Li et al., 2010). Therefore, it is postulated
that surface MHCI levels can be regulated via auto-

phagy-mediated degradation.
MHCI CROSS-PRESENTATION AND AUTOPHAGY

Cross-presentation describes the presentation of exogenous
antigen by MHCI molecules (Bevan, 1976). It is essential for
inducing CTL responses against pathogens that do not di-
rectly infect professional APC. During cross-presentation,
exogenous antigen is phagocytosed by DC and enters the
MHCI antigen processing pathway. The exact mechanism or
mechanisms of how this occurs is unknown. Proposed mod-
els of cross-presentation include the delivery of exogenous
antigen from the phagosome into the cytosol and the subse-
quent entry of antigen into the classical MHCI processing
pathway, or recycling MHCI molecules from the cell surface
to endosomes/late endosomes for peptide loading (Segura
and Villadangos, 2011; Joffre et al., 2012).

A role for autophagy in efficient cross-presentation is con-
troversial. Experiments by Lee et. al. suggest that autophagy
does not affect MHCI cross-presentation in murine DC (Lee
et al., 2010). To investigate cross-presentation, the ability of
wildtype DC versus Atg5-deficient DC to cross-present either
soluble OVA, or lethally irradiated OVA-pulsed MHCI-defici-
ent splenocytes, to CD8" OVA-specific OT-I T cells was ex-
amined. Atg5-deficient DC display no apparent defects in
cross-presentation of either soluble or cell-associated OVA
(Lee et al., 2010). In contrast to this finding, autophagy par-
ticipates in the cross-presentation of nanoparticle-associated
OVA. 0Al,O3; nanoparticles act as adjuvants with their con-
jugation to OVA (aAl,03-OVA) increasing MHCI cross-prese-
ntation of OVA by bone marrow-derived DC (Li et al., 2011a).
This is evidenced by enhanced OT-I T cell responses in vitro
and in vivo compared to DC cultured with OVA alone. Deliv-
ery of aAl,Os-coated autophagosomes to tumour-bearing
mice improves OT-I T cell responses, and unlike the admini-
stration of OVA with Alum (a widely used adjuvant), abro-
gates tumour growth (Li et al., 2011a). Notably, aAl,O3-OVA
nanoparticles co-localise with LC3+ autophagosomes in DC,
while OVA alone does not. Inhibiting autophagy with 3-MA,
wortmannin or siRNA knockdown of beclin 1, prevents
cross-presentation of OVA when conjugated to aAl,Os. The
authors propose a direct role for the autophagosome itself as
a compartment for cross-presentation (Li et al., 2011a). The
notion that autophagy facilitates cross-presentation is sup-
ported by the observation that the autophagy machinery
promotes the transit of Aspergillus conidia associated antigen
from the early endosome to a Rab14+ cross-presenting
compartment (De Luca et al.,, 2012). Therefore, the role of
autophagy in cross-presentation remains to be further ex-
plored in detail.

Autophagosomes can serve as immunogenic compart-
ments that have efficient access to the cross-presentation
pathway. Dying cells from bax/bak-deficient mouse embry-
onic fibroblasts (MEFs) display enhanced autophagy. Infec-
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tion of these cells with influenza A virus facilitates enhanced
cross-presentation of influenza A virus-derived antigen to
CD8" T cells (Uhl et al., 2009). siRNA knockdown of Atg5 in
bax/bak-deficient MEFs abrogates this response (Uhl et al.,
2009). In addition, rapamycin treatment of the human mela-
noma cell line FEMX enhances cross presentation of tumour
antigen gp100, while this is abrogated by preventing auto-
phagy with 3-MA or wortmannin, beclin 1 shRNA and Atg12
siRNA knockdown (Li et al., 2008). LC3+ autophagosomes
purified from OVA-expressing fibroblasts also elicit cross-
presentation when cultured with DC (Li et al., 2008). Collec-
tively, these observations suggest that autophagosomes
serve as effective vehicles for the delivery of exogenous an-
tigen for the cross-presentation pathway. These observations
may stem from the finding that autophagy is required for the
engulfment of dying cells (Qu et al., 2007). Atg5 and beclin
1-deficient embryos are not phagocytosed as efficiently as
autophagy competent cells. Autophagy deficient cells do not
readily express cell surface membrane-bound phosphatidyl-
serine, and secreted lysophosphotidylcholine, which entice
and attract APC for phagocytosis (Qu et al., 2007). Therefore,
autophagy may enhance cross-presentation by promoting
efficient phagocytosis of exogenous antigen.

AUTOPHAGY IN THE THYMUS

In the thymus, antigen presentation pathways play a critical
role in the selection of CD4" and CD8" T lymphocytes. Cor-
tical (cTEC) and medullary (mTEC) thymic epithelial cells
present MHCII restricted self antigen for the positive and
negative selection of CD4" T cells, respectively. These cells
have poor phagocytic capabilities, and therefore it was hy-
pothesised that self antigen presented to CD4 single positive
thymocytes was largely of endogenous origin. How antigen
accessed the MHCII antigen presentation pathway in TEC
was until recently, largely unknown. Notably, cTEC and ma-
ture mTEC constitutively undergo high levels of autophagy
(Nedjic et al., 2008; Kasai et al., 2009; Sukseree et al., 2012).
In addition, LC3-1l co-localizes with MHCII, MHCII with class
ll-associated invariant chain peptide, H2-DM and LAMP-1 in
IFNy treated cTEC and mTEC (Kasai et al., 2009), suggest-
ing that autophagosomes fuse with MIIC. Quantitative analy-
sis of peptides presented in MHCII molecules by Atg5-defic-
ient cTEC reveals a skewed distribution of peptide-loaded
MHC ligands compared to wildtype controls (Nedjic et al.,
2008). This supports a role for autophagy in the delivery of
some, but not all, self peptides for MHCII antigen presenta-
tion in cTEC. Furthermore, CD4" T cell tolerance induction by
Atg5b-deficient mTEC is impaired, with autoimmunity elicited
in peripheral tissues (Nedjic et al., 2008). Collectively, these
findings demonstrate the in vivo requirement of autophagy in
the positive and negative selection of CD4" T cells. In con-
trast, Sukseree et. al. demonstrate that knockdown of Atg7 in
TEC does not promote autoimmunity in peripheral organs

(Sukseree et al., 2012). Whether this contradicts the role of
autophagy in CD4" T cell selection in the thymus or simply
endorses the finding that some but not all peripheral antigen
access the autophagy pathway for MHCII antigen presenta-
tion remains to be determined. While autophagy is primarily
thought to participate in CD4" T cell selection, its role, if any,
in CD8" T cell selection remains to be defined.

REGULATION OF AUTOPHAGY

Autophagy is regulated in APC by various stimuli that are
provided during immune responses. These stimuli include
cytokines and ligands that are recognised by pattern recogni-
tion receptors (PRR), such as Toll like receptors (TLRs) and
nucleotide oligomerization domain (NOD) like receptors
(NLRs). TLRs are a family of transmembrane proteins located
either at the cell surface or contained within endosomes.
Together, the TLR family recognises a wide array of patho-
gen associated molecular patterns (PAMPs) (Takeda et al.,
2003). One example of a TLR that regulates autophagy is
TLR2. Infection of murine macrophages with L. monocyto-
genes enhances autophagy, however, this is not evident
following infection of Tir2-deficient murine macrophages
(Anand et al., 2011). LC3 co-localization with phagocytosed
zymosan also requires TLR2 signalling, where LC3 does not
co-localize with zymosan in Tir2-deficient macrophages
(Sanjuan et al., 2007). LPS treatment of the RAW264.7
macrophage cell line increases GFP-LC3 puncta when visu-
alised by fluorescence microscopy, suggesting autophagy
induction (Xu et al., 2007). In this case, initiation of autophagy
is dependent on LPS recognition by TLR4, as determined by
Tir4 siRNA knockdown or transfection with a mutant domi-
nant-negative TLR4 (Xu et al., 2007). Other examples also
demonstrate autophagy induction upon TLR agonist recogni-
tion. RAW264.7 macrophages undergo autophagy upon
TLR3, 4 and 7 triggering with cognate ligands, as detected by
the presence of GFP-LC3 puncta (Delgado et al., 2008). In
addition, LC3-II conversion increases upon TLR7 signalling
(Delgado et al., 2008). Therefore several TLRs modulate
autophagy regulation upon danger signalling.

NLRs recognise bacterial components such as flagellin
and peptidoglycan in the cytosol of cells (Benko et al., 2008).
NLR triggering can enhance autophagy. NOD2 recognition of
muramyldipeptide (a component of peptidoglycan) in human
monocyte-derived DC enhances autophagy, as determined
by fluorescence microscopy and LC3-l to LC3-Il conversion
(Cooney et al., 2010). In addition, triggering NOD1 in HelLa
cells, and NOD2 in bone marrow-derived macrophages, en-
hances GFP-LC3 puncta, an observation suggestive of au-
tophagy induction (Travassos et al., 2010). The authors also
demonstrate that NOD1 and NOD2 co-immunoprecipitate
with Atg16L1, and that NOD-Atg16L1 complexes can be
found at the cell surface. The recruitment of NOD-Atg16L1 to
the cell surface localises to sites of Shigella flexnari entry into
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into cells, suggesting autophagy may be initiated at sites of
pathogen uptake (Travassos et al., 2010). Finally, infection of
macrophages with L. monocytogenes, upregulates auto-
phagy as evidenced by LC3-Il conversion and increases in
GFP-LC3 puncta, but this effect is not apparent in
Nod2-deficient L. monocytogenes infected macrophages
(Anand et al., 2011). Interestingly, some NLR act to inhibit
autophagy. The NLR family protein Ipaf, along with Cas-
pase-1 (a downstream target of Ipaf) (Poyet et al., 2001)
negatively regulates autophagy induction in bone mar-
row-derived macrophages upon S. flexnari infection (Suzuki
et al., 2007). Macrophages from ipaf- or caspase-1-deficient
mice infected with S. flexnari exhibit greater levels of auto-
phagy, as measured by LC3-I to LC3-ll conversion. Auto-
phagy shutdown with 3-MA in ipaf or caspase-1-deficient
macrophages accelerates cell death (Suzuki et al., 2007).
The authors propose that in this scenario, NLRs inhibit the
pro-survival effects of autophagy in S. flexnari-infected cells
to promote cell death and thereby enhance inflammation at
the site of infection (Suzuki et al., 2007). Therefore, the data
to date suggests that signalling through the NOD receptors
regulates autophagy, but that this can occur in both stimula-
tory and inhibitory contexts with both outcomes acting to
promote pathogen clearance.

Cytokines are signalling molecules that can be generated
by both immune and non-immune cells for the modulation of
immune responses. Like, PPR, cytokines also regulate
autophagy. One example of a cytokine that regulates auto-
phagy is IFNy, a pro-inflammatory cytokine. IFNy treatment of
RAW?264.7 macrophages infected with MTb increases auto-
phagy (Gutierrez et al., 2004; Harris et al., 2007). IFNy
treatment increases GFP-LC3 puncta (Gutierrez et al., 2004;
Harris et al., 2007) and co-localization of GFP-LC3 with MTb
(Gutierrez et al., 2004). MTb survival is reduced following
IFNy treatment (Harris et al., 2007), an effect that can be
reversed if autophagy is inhibited (Gutierrez et al., 2004).
Therefore, autophagy and consequently mycobacterial
clearance is enhanced by IFNy. Notably, a stimulatory role for
IFNy in autophagy regulation is not always the case. Treat-
ment of HSV-1 infected macrophages with interleukin 18
(IL-1B), but not IFNy, increases autophagy and improves
gB-specific CD8" T cell responses (English et al., 2009).
Some cytokines can act as inhibitors of autophagy. Culturing
MTb infected RAW264.7 macrophages with interleukin-4
(IL-4) or interleukin 13 (IL-13) inhibits IFNy-mediated auto-
phagy induction, where GFP-LC3 puncta fail to be generated
(Harris et al., 2007). IL-4 or IL-13 treatment of infected
macrophages also prevents MTb killing (Harris et al., 2007).
Therefore, the autophagy pathway is subject to both positive
and negative regulation by various stimuli in APC.

CONCLUSIONS

Autophagy is a major cellular pathway that ensures intracel-

lular protein and organelle homeostasis. In undertaking this
role, the autophagy machinery intersects with pathways of
MHCI and MHCII antigen presentation that are required to
initiate T cell immunity to pathogen and the selection of T
cells in the thymus. Autophagy is therefore a major pathway
of host defence and facilitates immune protection from infec-
tious disease. For MHCII antigen presentation, this intersec-
tion largely results from the trafficking of autophagosomes to
compartments where MHCII molecules are loaded with anti-
gen. The contribution of autophagy to MHCII antigen pres-
entation is well established with many examples of antigens
being presented by MHCIlI in an autophagy-dependent
manner. How, or indeed whether, there is a selection
mechanism for determining antigen access to the auto-
phagy-dependent route of MHCII antigen presentation is
unknown. For MHCI antigen presentation, a major contribu-
tion for autophagy is less clear, although there are some
examples of this occurring for specific viral proteins. Whether
this is a relevant pathway of MHCI presentation for other
non-viral antigens or during steady state MHCI antigen
presentation is of interest. How autophagy participates in the
presentation of some antigens by MHCI, but not others, re-
mains to be further elucidated. In addition, the putative role of
autophagy in MHCI cross-presentation is intriguing but also
requires further investigation. Finally, while it is known that
autophagy can be regulated by inflammatory stimuli in APC,
the exact signalling mechanisms involved in either sup-
pressing or enhancing autophagy need to be examined in
detail. In summary, autophagy is a pathway that clearly in-
tersects with, and contributes to, presentation of antigen via
MHCI and MHCII. As such, pharmacological manipulation of
autophagy is a useful strategy to manipulate the presentation
of antigen and the induction of robust immunity to fight infec-
tion.
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ABBREVIATIONS

3-MA, 3-Methyladenine; APC, antigen presenting cell; Atg, auto-
phagy related gene; cDC, conventional dendritic cell; CLIP, class
ll-associated invariant chain peptide; CMA, chaperone-mediated
autophagy; cTEC, cortical thymic epithelial cells; CTL, cytotoxic T
lymphocyte; DC, dendritic cell; EBNA-1, Epstein-Barr nuclear antigen
1; EBV, Epstein-Barr virus; ER, endoplasmic reticulum; gB, glyco-
protein B; GFP, green fluorescent protein; HA, hemagglutinin; HCMV,
human cytomegalovirus; HLA, human leukocyte antigen; Hsc70, heat
shock cognate protein of 70 kDa; HSV, herpes simplex virus; IFNy,
interferon gamma; IL, interleukin; LAMP, lysosomal-associated
membrane protein ; LC3, microtubule-associated protein light chain 3;
MEF, mouse embryonic fibroblast; MHCI, major histocompatibility
complex class |; MHCII, major histocompatibility complex class II;
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MIIC, major histocompatibility complex class Il loading compartments;
MP1, matrix protein 1; MTb, Mycobacterium tuberculosis; mTEC,
medullary thymic epithelial cells; mMTORC, mammalian target of ra-
pamycin complex; NLR, nucleotide oligomerization domain-like re-
ceptor; NOD, nucleotide oligomerization domain; OT-I, CD8" OVA-
specific T cells; OT-Il, CD4" OVA-specific T cells; OVA, ovalbumin;
PAMP, pattern associated molecular pattern; PAS, pre-autophagos-
omal structure; PE, phosphatidylethanolamine; PI3K, phosphatidy-
linositol 3-kinase; PRR, pattern recognition receptor; S1, site 1;
shRNA, short hairpin RNA; siRNA, small interfering RNA; TAP,
transporter associated with antigen processing; TEC, thymic epithe-
lial cells; TLR, Toll like receptor; ULK, unc-51 like kinase; Vps,
vacuolar protein sorting
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