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ABSTRACT

Tumor-associated inflammation is predictive of poor prognosis and drives a variety of tumorigenic phenotypes,
including tumor proliferation and survival, angiogenesis, invasiveness, and metastasis. Here, we review
mammalian data addressing the interaction of macroautophagy/autophagy with key signaling cascades
associated with tumor inflammation. Although our understanding of this area remains incomplete, certain
inflammatory pathways have emerged as important mediators of the crosstalk between autophagy and
inflammation in tumors. Consistent with the multifaceted roles for autophagy in tumor cells, results to date
support the hypothesis that inflammatory pathways can suppress or induce autophagy in a context-dependent
manner; in turn, autophagy suppresses or promotes inflammation in cancers. Furthermore, emerging data
suggest that autophagy may influence cytokine production and secretion via diverse mechanisms, which has
implications for the immune and inflammatory microenvironment in tumors.

Introduction

Inflammation is viewed as an important promoter of both tumor
initiation and progression. Chronic inflammation due to infection
is sufficient to drive formation of cancers, such as in gastric carci-
noma and cervical carcinoma.! Furthermore, solid tumors them-
selves have been described as “wounds that do not heal,” due to the
activation of inflammatory related signaling, and the suppression
of antitumor immunity."” Inflammatory signaling can endorse
multiple hallmarks of cancer,” including evasion of apoptosis,
introduction of DNA damage, crosstalk with oxidative stress path-
ways, tumor growth/proliferation, and metastasis. Interestingly,
many of the signaling pathways that control inflammation during
tumorigenesis are also known regulators of autophagy, a conserved
lysosomal degradation process in which cells catabolize organelles
and proteins in response to starvation or stress.

Although the cell autonomous functions of autophagy in tumor
cells have been demonstrated to promote survival and metabolic
adaptation by recycling essential metabolites and amino acids, it is
now well recognized that autophagy can both impede and promote
tumorigenesis.* Notably, how this cellular self-eating pathway
influences the inflammatory tumor microenvironment remains
unclear; given the reciprocal interconnections between autophagy
and inflammation, it is likely that autophagy influences the inflam-
matory response in cancer in diverse, multifaceted ways. Here, we
focus on the regulation of autophagy via critical inflammatory sig-
naling cascades, and autophagy during tumorigenesis.

Inflammatory cytokine signaling and autophagy
in tumorigenesis

Cytokine signaling is involved in tumor-associated inflamma-
tion and has been implicated in promoting TIC (tumor
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initiating cell) self-renewal, tumor growth, angiogenesis, and
metastasis.” In tumors, some of the critical inflammatory cyto-
kines include IL1 (interleukin 1), IL6 (interleukin 6), CXCL8/
IL8 (C-X-C motif chemokine ligand 8), IL10 (interleukin 10),
and INFG (interferon gamma), which function through con-
served signaling cascades, including: 1) the activation of the
JAK (Janus kinase), resulting in the phosphorylation-induced
activation of STAT (signal transducer and activator of tran-
scription)-dependent transcription; and 2) secondary effects,
such as increased transcription of IRF1 (interferon regulatory
factor 1), and increased IRF1-dependent transcription.*’

Depending on the cancer model, cytokines have been found
to either inhibit or enhance autophagy in tumors. For example,
in lung carcinoma cell lines exposed to arsenic, oncogenic
transformation correlates with sustained upregulation of IL6
and reduced autophagy.® Furthermore, IL6-dependent trans-
formation requires the inhibition of a BECN1/Beclin 1-BCL2
(B cell leukemia/lymphoma 2) complex, which is dependent on
STATS3 signaling; accordingly, the enhancement of autophagy
via BECNI overexpression is sufficient to block transforma-
tion.® In human melanoma cells, blocking IL1 via siRNA or a
function-blocking antibody increases autophagic flux, while
concomitantly decreasing melanoma cell growth, suggesting
that IL1 may inhibit autophagy.” In this model, IL1 inhibition
also attenuates pro-inflammatory signaling including reactive
oxygen species (ROS), reactive nitrogen species, phospho-
NFKBIB/I«Bf (nuclear factor of kappa light polypeptide gene
enhancer in B cells inhibitor, B8; a marker of active NFKB
[nuclear factor of kappa light polypeptide gene enhancer in B
cells]), and MAPKS/c-Jun kinase activation; however, the pre-
cise role of autophagy in suppressing these pro-inflammatory
signals remains an important question for future study.’
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In contrast, another inflammatory cytokine, IFNG, may
stimulate autophagy during tumorigenesis. Mice overexpress-
ing Ifng in the stomach mucosa exhibit reduced gastric dyspla-
sia and tumorigenesis driven by Helicobacter infection or
overexpression of the cytokine IL1B.'" IFNG upregulates
BECNI, which stimulates autophagy in the gastric epithelium
as evidenced by increased autophagic flux and punctate GFP-
LC3 (microtubule-associated protein 1 light chain 3/LC3)."°
IFNG-induced autophagy in the gastric epithelium suppresses
epithelial cell apoptosis, which is proposed to reduce the need
for cell replacement; this leads to both reduced inflammation
and decreased gastric progenitor cell proliferation and expan-
sion."” Similarly, IFNG treatment induces autophagy in both
primary hepatocellular carcinoma (HCC) and HUH7 cells,
which inhibits cell growth and promotes nonapoptotic cell
death of HUH7 cells; accordingly, inhibiting autophagy by
RNAi-mediated depletion of Becnl or Atg5 (autophagy-related
5) reverses both of these phenotypes.'' Remarkably, IRF1
induced by cytokine signaling promotes autophagy, because
shIRE-1 decreases autophagic flux."'

In contrast to the aforementioned studies in HCC, reciprocal
connections between ATGs and IRF1 signaling have been
implicated in the sensitivity to anti-estrogen therapies in hor-
mone receptor-positive breast cancers. Nuclear IRF1 expression
is associated with improved response to anti-estrogen therapies
and prolonged survival, while ATG7 (autophagy-related 7),
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which inversely correlates with IRF1 expression in human
tumor samples, is associated with anti-estrogen resistance.'?
The inhibition of autophagy via siATG7 or siBECNI induces
the nuclear localization of IRF1 and promotes apoptosis in
breast cancer cells.'> Conversely, silencing IRF1 is sufficient to
stimulate autophagy.'?

Autophagy may also modulate inflammatory cytokine release
and secretion via diverse mechanisms (Fig. 1). For example, in
murine peripheral blood monocytes, pharmacological inhibition
of autophagy using 3-methyladenine (3-MA) increases IL1B
(interleukin 1 B) release, while attenuating TNF/TNFo (tumor
necrosis factor) release; here, the effects of autophagy on cyto-
kines appear to be secondary to changes in cytokine gene tran-
scription.”” A more direct role of autophagy in secretion has
been observed in HRAS (HRas proto-oncogene, GTPase)-trans-
formed mammary epithelial cells grown in 3-dimensional orga-
notypic cultures. In these models, autophagy promotes invasive
phenotypes, which requires the secretion of pro-migratory cyto-
kines, including IL6."* The inhibition of autophagy via ATG7 or
ATGI2 (autophagy related 12) shRNA reduces invasion in vitro
and decreases lung metastasis in vivo in metastasis assays.'*
Remarkably, autophagy inhibition in these models does not have
an impact on either IL6 transcription or translation; rather, it
leads to the diminished secretion of IL6 into the conditioned
media.'* Finally, during RAS-mediated oncogene senescence,
autophagy supports the protein translation of key inflammatory
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Figure 1. Autophagy can mediate pro-inflammatory cytokine production. HSPA/HSP70 overexpression (left) can induce BECNT and MAPK8-dependent HMGB1 release,
which promotes tumor cell invasiveness;* this is present with NFKB activation.** Similarly, targeted cell death of tumor cells induces ATG5-, ATG7-, and ATG12-dependent

HMGBT1 release, which is correlated with increased tumor cell survival.** In monocytes,

stimulation of the inflammasome elicits Atg5-dependent HMGB1 release as well.*

RAS transformation (center) can increase IL6 secretion dependent on ATG7 and ATG12."* Activation of this signaling elicits increased invasion.' Additionally, RAS onco-
gene-induced senescence (right) leads to inhibition of MTOR, increased ULK3 expression and increased LC3-Il accumulation, which enhances /L6 and CXCL8 translation as

part of the senescence-associated secretory phenotype.'®
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cytokines, such as IL6 and CXCLS8, both of which are required
for the senescence-associated secretory phenotype (SASP)."”
Overall, these results suggest that autophagy can support the
production and secretion of pro-inflammatory cytokines in
tumor cells via diverse mechanisms.

Autophagy and cytokine signaling in stromal constituents
can also participate in feedback loops regulating tumorigenesis.
Fibroblasts co-cultured with MCF-7 breast cancer cells produce
increased levels of IL6, CXCL8, IL10, and IFNG, which are pro-
posed to induce autophagic flux.'® In addition, murine mam-
mary fat pads that display increased autophagy due the genetic
loss of Cavl (caveolin 1, caveolae protein) show an increase in
CD3" T cells, ADGRE1/F4/80" macrophages, and PTPRC/
CD45" myeloid cells.'® Thus, autophagy may mediate a feed-
forward inflammatory response between fibroblasts and tumor
cells. However, autophagy may prevent inflammatory cytokine
production in other cell types; for example, dendritic cells
exposed to Kaposi sarcoma-associated herpes virus exhibit
reduced autophagic flux along with a concomitant increase in
the production of multiple inflammatory cytokines, including
IL6, IL10, and IL23 (interleukin 23)."”

The studies described above provide emerging insight into
how cytokine signaling and autophagy pathways affect one
another. Similar to its dual roles in cancer cell fate, autophagy
appears to be a double-edged sword with respect to cytokine
signaling, promoting cell death and suppressing tumor progres-
sion in certain instances, while enhancing pro-tumorigenic
inflammatory-associated phenotypes in others.

Inflammatory ROS and autophagy in tumorigenesis

Reactive oxygen species include superoxide, hydroxyl, alkoxyl,
and peroxyl free radicals, and oxides that are readily converted
into radicals (i.e., hydrogen peroxide). ROS can produce DNA
adducts and therefore mutations, damage proteins and mito-
chondria, recruit myeloid and lymphoid cells, act as second
messengers to promote inflammation, and function as antimi-
crobial agents.'®'” In the tumor microenvironment or during
chronic inflammation, ROS have been proposed to contribute
to tumorigenesis by inducing mutations in tumor cells and pro-
moting the recruitment of myeloid cells that contribute to an
inflammatory tumor microenvironment." Notably, in solid
tumors, ROS are frequently produced by infiltrating myeloid
cells, which have been proposed to activate pro-inflammatory
transcription via the NFKB pathway.'

Accordingly, ROS produced by both tumor cells and associ-
ated host inflammatory cells can interact with autophagy to
promote cancer cell survival in response to chemotherapy or
oncogenic and microenvironmental stresses. In non-small lung
cancer cells, blocking autophagy increases ROS and mitochon-
drial oxidative stress in response to the cytotoxic chemothera-
pies cisplatin and etoposide, resulting in increased cell death
and reduced proliferation.”® Furthermore, ROS induced by
hypoxia can stimulate autophagy to promote the survival of
breast, colon, melanoma, and ovarian cancer cells in vitro.*'
Ras-driven tumors require autophagy to combat ROS and oxi-
dative stress, maintain intact mitochondria and oxidative
metabolism, and promote survival.*? It is unknown whether
inflammation-associated ROS promote autophagy in these

tumors. In HeLa cells, autophagy activation induces NOX
(NADPH oxidase) and ROS production, resulting in increased
pro-inflammatory STAT3 and IL6 transcription.>®

Conversely, data link ROS to the induction of autophagic
cell death, most notably in response to chemotherapy. Induc-
tion of NOX and ROS induces autophagy via MAPK8/JNK1
activation, which promotes necrosis in breast cancer cells.** In
this case, autophagy inhibits NFKB, part of a key inflammatory
signaling pathway.** The chemotherapeutic gemcitabine acti-
vates NFKB signaling and increases ROS levels, which synergize
to induce autophagy-dependent cell death in pancreatic ductal
adenocarcinoma (PDAC) cells.”® Currently, it remains unclear
whether ROS associated with tumor inflammation in the
absence of a chemotherapeutic stress can similarly stimulate
autophagy-dependent cell death.

Autophagy-dependent regulation of ROS has also been
implicated in the epithelial-mesenchymal transition (EMT),
which is associated with invasive phenotypes in tumor cells.
Autophagy-deficient ovarian cancer cells display increased
ROS relative to ovarian cancer cells with higher basal auto-
phagy.”® ATG7 depletion in ovarian cancer cells increases EMT
marker expression, including VIM (vimentin) and ZEB1 (zinc
finger E-box binding homeobox 1) proteins, as well as enhances
motility and invasion in transwell assays; moreover, increased
ROS correlates with EMT marker upregulation.”® Furthermore,
reduced autophagy due to the knockdown of BECNI increases
ROS, NFKB activation, anchorage-independent growth, and
EMT in gastric cancer cells; these phenotypes are blocked upon
treatment with the anti-oxidant N-acetylcysteine, suggesting a
critical functional role for ROS downstream of autophagy inhi-
bition.”” Future studies are needed to evaluate how autophagy
functions in relation to inflammation-associated ROS to pro-
mote EMT during carcinoma progression.

NFKB regulation of autophagy in cancer

NFKB is a master regulator of the inflammatory response.
Many inflammatory cascades drive NFKB-dependent-tran-
scription; NFKB-dependent transcription in turn promotes
inflammatory programs and myeloid cell recruitment. Briefly,
activation of this pathway elicits enhanced IKKs/inhibitory
kappa kinases, i.e. CHUK and IKBKB activity, and phosphory-
lation, ubiquitination, and degradation of the inhibitory pro-
teins NFKBIA/IkBa (nuclear factor of kappa light polypeptide
gene enhancer in B cells inhibitor, o) and NFKBIB/IxBS
(nuclear factor of kappa light polypeptide gene enhancer in B
cells inhibitor, B), which enables NFKB1 (nuclear factor kappa
B subunit 1/p50-RELA/p65 (RELA proto-oncogene, NF-kB
subunit) translocation to the nucleus and transcription (Fig. 2).
With respect to tumorigenesis, NFKB signaling has context-
dependent effects to inhibit antitumor immunity, increase pro-
tumorigenic inflammation, and enhance tumor proliferation,
TIC function, and angiogenesis.”® Additionally, NFKB interacts
with autophagy to alter tumor cell survival and apoptosis.
Autophagy can modulate NFKB signaling in both the stro-
mal microenvironment constituents and in tumor cells. Condi-
tioned media from mouse hepatoma cells induces TLR2 (toll-
like receptor 2) signaling and NFKB transcriptional activity in
macrophages.”” In this model, autophagy opposes NFKB
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Figure 2. Interactions between autophagy and NFKB signaling in tumors. NFKB
signaling is classically initiated by the phosphorylation and ubiquitination of
NFKBIA/IxBo and NFKBIB/I«Bg via the IKKs (i.e., CHUK and IKBKB). The proteasomal
degradation of NFKBIA and NFKBIB alleviates the inhibition of NFKB1/p50 and
RELA/p65, leading to the transcription of pro-inflammatory genes as well as effec-
tors of tumor cell survival. Autophagy and the cargo receptor SQSTM1 can stimu-
late IKK, and IKK can stimulate autophagy.>"3? Autophagy can also promote NFKB
activation by contributing to NFKBIA degradation.?® In addition, SQSTM1 can
inhibit or promote nuclear import of NFKB1/pS0-RELA/p65 of NFKB.**** Auto-
phagy may also directly contribute to NFKB1-RELA degradation.?

activation by degrading RELA/p65 aggregates in tumor-associ-
ated macrophages in vivo, leading to reduced IL6 and IL12
(interleukin 12) secretion and promoting an M2 phenotype.*’
In addition, HeLa cells undergoing ER stress display increased
autophagy, which stimulates STAT3 phosphorylation and syn-
ergizes with NFKB to augment IL6 release.”® IL6 release pro-
motes both cancer cell survival and endothelial cell
migration.”® Genetic inhibition of autophagy via either
SshBECNI or shATGS5 attenuates both STAT3 and NFKB path-
way activation, thereby abrogating IL6 expression.”® Taken
together, these results indicate that autophagy can elicit both
anti- and pro-inflammatory effects in the tumor microenviron-
ment via its cell-specific effects on NFKB signaling.

IKKs, NFKBIA/IxBa, and NFKBIB/IxBg, also interact with
the autophagy pathway in cancer cells (Fig. 2). For example, in
colorectal cancer cells, TNF treatment induces autophagic flux
and the formation of autophagosomes that colocalize with
NFKBIA.** NFKBIA protein levels increase upon 3-MA or pep-
statin A treatment to inhibit autophagy; additionally, 3-MA
inhibits upregulation of NFKB-dependent transcripts such as
118.°* Thus, autophagy may directly regulate NFKBIA degrada-
tion to sustain NFKB signaling. Conversely, activated IKK stim-
ulates autophagic flux and LC3 puncta during nutrient
starvation and matrix detachment in human cancer cell
lines.”** Interestingly, autophagy induction in these models
does not require RELA/p65 activity, suggesting that IKK com-
plex activation promotes autophagy via an NFKB-independent
mechanism; however, this does not exclude undefined feedback
regulating the NFKB network.”’ Exploring the significance of
these pathways in vivo, and evaluating the impact on tumor-
associated inflammation remain important issues for future
study.

Importantly, several studies imply that the autophagy cargo
receptor, SQSTM1/p62 (sequestosome 1), regulates NFKB sig-
naling activation in cancer (Fig. 2). In a murine model of lung
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adenocarcinoma, genetic loss of Sgstml abrogates Ras-driven
tumorigenesis.”> This is likely due to Sgstml loss inhibiting
RELA/p65 nuclear localization and prosurvival NFKB activa-
tion, which inhibits pro-apoptotic ROS.>> Data suggest that
RAS-dependent transcriptional upregulation of SQSTM1 is
required for IKK phosphorylation and other ubiquitination
events which promote NFKB activation.”” In addition, distinct
interactions between SQSTM1 and NFKB have been delineated
in cells following autophagy inhibition. The genetic loss of
autophagy (Becnl or Atg5) with SQSTMI1 overexpression
increases tumorigenesis in an immortalized baby mouse kidney
cell model.** The resulting increase in SQSTM1 protein levels
is linked to the inhibition of NFKB signaling; indeed, Becnl =
tumors with high SQSTMI protein expression show reduced
nuclear RELA/p65.** Furthermore, SQSTMI1-overexpressing
tumors display downregulation of inflammatory gene signa-
tures by microarray analysis, including altered toll-like receptor
signaling, antigen presentation, and cytokine signaling.** Simi-
larly, IL6 luciferase reporter activity is reduced with SQSTM1
overexpression, and TNF/TNF« protein levels are upregulated
as monitored by immunohistochemistry.>* In summary, it
seems that SQSTMI1 accumulation secondary to autophagy
inhibition attenuates NFKB signaling.

Further defining the interactions between autophagy and
NFKB signaling remains an important issue for further scru-
tiny, given the role of NFKB as a master regulator of inflamma-
tion. The data discussed here show that that NFKB signaling
network members can modulate autophagy, while autophagy
can alter NFKB signaling. To date, the interpretation of data
with respect to the crosstalk of autophagy, NFKB, and tumor
phenotypes has been challenging, since NFKB signaling can
directly alter tumor proliferation and apoptosis. Future studies
may benefit from more careful dissection of autophagy in
genetically engineered tumor models.

TLRs and autophagy in tumorigenesis

TLRs act in the inflammatory response by binding microbe-
associated particles (also referred to as pathogen-associated
molecular patterns), and damage-associated molecular patterns
(DAMPs), which are released in necrosis.> Binding of TLRs
activates pro-inflammatory transcriptional programs, such as
NFKB- and IRF-dependent transcription, or signals through
MAPK14/p38 (mitogen-activated protein kinase 14) and
MAPKS/JNKI to induce other transcription. In tumors, high
TLR expression is correlated with poor patient prognosis,
which could be due to TLR signaling blunting immune surveil-
lance and increasing angiogenesis.”> Conversely, TLR activation
can have antitumor properties in some contexts.>

Data suggest that activation of TLR-dependent signaling can
stimulate autophagy. Pre-treatment of B16 melanoma cells
with a TLR4 (toll-like receptor 4) and TLR9 (toll-like receptor
9) agonist prolongs rodent survival, and reduces lung metasta-
sis which correlates with cleaved CASP3 (caspase 3) induction
within the metastatic lesions.”® TLR4-TLR9 activation is pres-
ent along with increased autophagic flux in tumors; further-
more, rapamycin treatment to induce autophagy elicits the
same anti-metastasis and increased TUNEL phenotypes in this
model, suggesting that autophagy promotes cell death.”® The



194 (&) T.MONKKONEN AND J. DEBNATH

stimulation of TLR4 and TLRY also increases the M1:M2 ratio
of the infiltrating macrophages, and reduces IFNG.*® Stimula-
tion of TLR4-TLRY also increase STAT1 phosphorylation,
which inhibits pro-inflammatory STAT3.>® These data suggest
that TLR-dependent autophagy synergizes with TLR stimula-
tion of antitumor immunity to control tumorigenesis and
metastasis in a time-dependent manner. It should also be con-
sidered that stimulation via lipid polysaccharide in these studies
represents acute TLR activation, which may be different from
prolonged TLR activation in a tumor. In contrast, human pros-
tate cancer cell lines treated with TLR3 (toll-like receptor 3)
agonists display increased prosurvival autophagy, together with
reduced PtdIns3P (phosphatidylinositol 3-kinase) activation.>’
SiTLR3, Baf-A, or chloroquine treatment reduce prostate can-
cer cell viability.”” However, given the pleiotropic effects of
TLR signaling in tumorigenesis, it is unknown whether the
TLR-induced autophagy-dependent cell death would represent
the major phenotype in vivo. While TLR signaling can stimu-
late autophagy in a few different models via an undetermined
mechanism, the interplay and relative significance of TLR-
dependent autophagy and TLR-dependent changes to the
tumor microenvironment remain open questions.

In addition to affecting tumor cell survival, TLR activation
of autophagy in lung cancer has been linked to tumor cell inva-
siveness. In lung cancer cells, TLR3-TLR4 stimulation increases
autophagic flux, which is present together with higher IL6 and
VEGFA (vascular endothelial growth factor A) expression.”®
Here, autophagy contributes to increased TLR-mediated migra-
tion in vitro in a wound scratch assay, which is blocked with
SIATG5 or siATG7.>® Whether TLR activation of autophagy
promotes invasion and metastasis in vivo remains an interest-
ing unanswered question.

Whereas data addressing interactions between autophagy
and TLR signaling in cancer models are nascent, it is striking
that these studies consistently report that stimulation of differ-
ent TLR receptors induces autophagy. Data suggest that this
signaling may regulate key aspects of tumor biology, including
tumor cell survival, invasiveness, and metastasis. Future studies
would benefit from elucidating mechanisms by which TLR sig-
naling regulates autophagy, and evaluating whether inflamma-
tory tumor microenvironments frequently drive TLR-
dependent autophagy and determining the physiological conse-
quences of this signaling.

HMGB1-AGER/RAGE and autophagy in tumors

HMGBI (high motility group box 1) is a DAMP, released pas-
sively by necrotic cells, and actively during inflammation
including by activated myeloid cells. It is a ligand for AGER/
RAGE (advanced glycosylation end product specific receptor),
TLR2, and TLR4. HMGB1-AGER can activate downstream tar-
gets including NFKB, to further promote inflammation. AGER
is associated with increased tumorigenesis in cancers driven by
chronic inflammation, such as gastric cancer. Additionally,
HMGBI can promote invasiveness by binding PLG (plasmino-
gen) and promoting plasmin production and invasion.>
Several studies link HMGBI-AGER to the induction of
autophagy. Targeted ablation of AGER in a Kras-driven murine
PDAC model decreases autophagy, delays tumorigenesis,

increases TUNEL, and decreases proliferation.*” AGER expres-
sion is required for induction of IL6 and STAT3 in pancreatic
cancer.”” HMGBI stimulates autophagic flux in leukemia cells;
HMGBI1-blocking antibodies increase chemotherapy sensitiv-
ity, similar to Baf-A or Becnl shRNA treatment.*' Data suggest
that dying leukemia cells produce HMGBI to stimulate pro-
survival autophagy.*' However, HMGB1 does not always have
the same function with respect to tumors; indeed, one study
found that HMGBI1 with reduced cysteine residue 106 binds
AGER but not TLR4, and stimulates autophagy and tumor cell
survival, whereas HMGBI1 harboring oxidized Cys106 stimu-
lates CASP3 and CASP9 (caspase 9) in the presence of chemo-
therapy.*” The different functions of reduced versus oxidized
HMGBI1 may be due to differential regulation of HMGBI1
nuclear import.

In addition to acting downstream of HMGB1-AGER, auto-
phagy may regulate HMGBI release (Fig. 1). HSPA/HSP70
(heat shock protein family A [Hsp70] member), another
DAMP molecule, induces NFKB activation, HMGB1 secretion,
and invasiveness of HCC cells.”> Autophagy may mediate
HMGBI release, as BECNI shRNA blocks HMGBI secretion;
autophagy may coordinately induce HMGBI1 release with
MAPKS/JNK1.*> EGFR (epidermal growth factor receptor)-tar-
geted cell death induces autophagy and HMGBI release with-
out necrosis in glioblastoma and other EGFR-positive cancer
cells.** ShRNA against ATG5 ATG7, or ATGI2 blocks
HMGBI release and increases cell death.** Autophagy can also
modulate HMGBI release in primary murine bone marrow
monocytes: pharmacological stimulation of the inflammasome
increases HMGBI protein concentrations in the media, which
is partially blocked by genetic ablation of Atg5.* Although
autophagy can promote the release of pro-inflammatory
HMGBI in multiple cell-based models, it is unknown if this
occurs in the tumor microenvironment in vivo.

In summary, HMGB1-AGER signaling and autophagy inter-
act during tumorigenesis, most notably, modulating the che-
motherapeutic  sensitivity of tumor cells, and other
inflammatory cascades. Future studies are needed to corrobo-
rate whether and how autophagy directly regulates HMGB1
secretion, whether HMGB1-AGER signaling can engage in pos-
itive feedback, and whether HMGBI1 release is consistently
present with chemotherapy-induced autophagy in vivo.

Tumor cell autophagy and inflammatory cell
recruitment

Tumor cell autophagy can have an impact on the recruitment
of inflammatory cells to the tumor microenvironment, to mod-
ulate antitumor innate and adaptive immunity, and response to
chemotherapy. For instance, in Kras-driven lung cancer, Ad-
Cre;Atg5™" tumors display upregulation of gene signatures
associated with myeloid cell and lymphocyte activation, as well
as increased regulatory T cell infiltration of tumors as observed
by immunohistochemistry, compared with Ad-Cre;Atg5” "
tumors.*® Natural killer cell antitumor activity is also regulated
by the autophagy status of tumor cells; in MCF7 breast cancer
cells, hypoxia-induced autophagy reduces natural killer cell-
dependent tumor cell death.*” Reduced natural killer cell-
dependent apoptosis may be due to autophagy of GZMB
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(granzyme B; produced by natural killer cells to induce apopto-
sis), because GZMB colocalizes with GFP-LC3, and hypoxic
MCEF?7 cells display reduced GZMB protein.*” Genetic depletion
of BECNI in hypoxic MCF?7 cells restores tumor GZMB levels
and reduces tumor volume, which is also observed with chloro-
quine treatment.*” It is unknown whether autophagy of GZMB
occurs consistently with hypoxia, or whether nonhypoxic con-
ditions can stimulate GZMB autophagy.

Autophagy may also affect antigen cross-presentation in
tumors. FEMX melanoma cells with shBECNI elicit reduced
antigen uptake by T cells in vivo and in co-culture with den-
dritic and T cells.*® Pre-treatment of FEMX cells with rapamy-
cin to induce autophagy stimulates antigen cross-presentation
and slows tumorigenesis; while pre-treatment with 3-MA to
inhibit autophagy increases tumorigenesis and decreases anti-
gen uptake.”® These data fit with findings from a different
study, where immunization of mice with autophagosome-
enriched vesicles primes a broader set of T cells and increases
rodent survival after inoculation with different sarcoma lines,
relative to vaccination with irradiated whole cell lysates from
chemically-derived sarcomas.*” Data suggest that Sgstml may
be critical for autophagy-dependent antigen cross-presentation
in this model.*’

Tumor cell autophagy may also mediate immunogenic cell
death in the context of chemotherapy. In a murine colon carci-
noma model, Atg5 or Atg7 depletion reduces dendritic cell and
T cell recruitment after chemotherapy treatment, leading to
increased chemotherapy resistance.”® Additionally, Atg5 or
Atg7 depletion reduces IFNG protein production by lymph
nodes.”® In contrast, Atg7 or Atgl2 depletion via shRNA in B16
melanoma or 4T1 breast cancer cells does not alter regulatory
or helper T cell recruitment with or without doxorubicin treat-
ment, in spite of reduced HMGB1 and CD274/PD-L1 secretion
by autophagy-deficient tumor cells with chemotherapy
treatment.”’

Given the current intense interest in stimulating antitumor
immunity using checkpoint inhibitors, these data with respect
to autophagy and inflammation may be very clinically relevant.
The current data again suggest complex roles for tumor cell
autophagy and modulation of the inflammatory tumor micro-
environment. On the one hand, tumor cell autophagy may
increase antigen cross-presentation (which may extend sur-
vival),**** increase immunogenic cell death and chemotherapy
efficacy, and decrease regulatory T cell presence to promote
antitumor immunity.** On the other hand, antitumor natural
killer cell activity may be reduced by autophagy of tumor-kill-
ing proteins.”’” Further studies in this area might elucidate
more broadly how tumor cell autophagy alters innate immune
cell recruitment and function, different aspects of immune sur-
veillance and antitumor immunity, and how different contexts,
for instance that may affect autophagy-mediated tumor cell
death, affect the balance of inflammatory and anti-inflamma-
tory cell recruitment and ultimately patient survival.

Conclusions

Here we have briefly overviewed how key inflammatory signals
regulate autophagy, and how autophagy modulates inflamma-
tory signaling in cancer. While autophagy is generally viewed

as an anti-inflammatory mechanism, the findings discussed
here highlight the divergent, context-specific functions of auto-
phagy in inflammation-based signaling, which can influence
tumorigenesis in a myriad of ways (summarized in Table 1). In
addition to the results discussed here, autophagy regulates criti-
cal aspects of innate and adaptive immunity, including major
histocompatibility class II presentation, that shape the tumor
microenvironment; these functions of autophagy have been
reviewed elsewhere.”>** Going forward, it will be crucial to con-
duct studies in autochthonous cancer models in vivo to
uncover whether and how autophagy mediates key inflamma-
tion-induced phenotypes during solid tumor progression, as
well as in response to therapy. Furthermore, given the para-
doxical roles of autophagy with respect to cell fate, additional
work is needed to dissect how these inflammatory signaling
cascades mediate autophagy-induced cell death versus sur-
vival in tumor cells and with chemotherapy treatment.
Finally, elucidating the role of autophagy-dependent secretion
in inflammatory cell recruitment and signaling and how such
pathways affect cancer progression remains an important

unanswered question.
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