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Preclinical studies suggest that fasting prior to chemotherapy may be an effective strat-
egy to protect patients against the adverse effects of chemo-toxicity. Fasting may also
sensitize cancer cells to chemotherapy. It is further suggested that fasting may similarly
augment the efficacy of oncolytic viral therapy. The primary mechanism mediating these
beneficial effects is thought to relate to the fact that fasting results in a decrease of
circulating growth factors. In turn, such fasting cues would prompt normal cells to
redirect energy toward cell maintenance and repair processes, rather than growth and
proliferation. However, fasting is also known to upregulate autophagy, an evolutionarily
conserved catabolic process that is upregulated in response to various cell stressors.
Here, we review a number of mechanisms by which fasting-induced autophagy may
have an impact on both chemo-tolerance and chemo-sensitization. First, fasting may
exert a protective effect by mobilizihg autophagic components prior to chemo-in-
duction. In turn, the autophagic apparatus can be repurposed for removing cellular
components damaged by chemotherapy. Autophagy also plays a key role in epitope
expression as well as in modulating inflammation. Chemo-sensitization resulting from
fasting may in fact be an effect of enhanced immune surveillance as a result of better
autophagy-dependent epitope processing. Finally, autophagy is involved in host defense
against viruses, and aspects of the autophagic process are also often targets for viral
subversion. Consequently, altering autophagic flux by fasting may alter viral infectivity.
These observations suggest that fasting-induced autophagy may have an impact on
therapeutic efficacy in various oncological contexts.
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INTRODUCTION

A major hurdle in the fight against cancer is the narrow therapeutic window associated with
cytotoxic chemotherapeutic agents. Strategies aimed at decreasing the toxic effect associated with
chemotherapeutic interventions face the risk of similarly protecting cancer cells, thus abrogating
the therapeutic effect of antineoplastic therapies. In this regard, short-term fasting has emerged
as a potential intervention that may alleviate various side-effects associated with chemotherapy,
without attenuating the antineoplastic efficacy of the chemotherapeutic agent. Initial studies have
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demonstrated that mice fasted for 48—-60 h were protected against
a lethal dose of etoposide, a chemotherapeutic with a notoriously
narrow therapeutic window (1). This result was observed in three
different mice strains and did not attenuate the therapeutic effi-
cacy of etoposide against cancer cells (1). In a subsequent study
(2), fasting conditions were shown to sensitize various cancers to
a range of chemotherapeutics and even attenuate the growth of
certain cancers in vitro. A clinical trial testing the feasibility of
incorporating short-term fasting (72-h fasting around the time
when the therapeutic agent is administered) into platinum-based
chemotherapy (3) found fasting to be well tolerated. Moreover,
results also indicated that fasting did not protect cancer cells.
Similar encouraging results were obtained in another trial in
HER2-negative breast cancer patients who fasted 24 h before and
another 24 h after receiving chemotherapy (4). Although these
were small pilot studies, initial results are promising.

Fasting is known to extend the life span of various organisms
by acting on the same evolutionarily conserved nutrient-sensing
pathways (5, 6). Itis currently believed that the same pathways are
involved in mediating the differential stress response to fasting
between normal and cancerous cells. The underlying rationale is
that, during the time of nutrient deprivation, an organism would
flux resources away from growth and development and invest
in maintenance and protective mechanisms. Consequently, a
decrease in growth factors, such as IGF-I (1, 7), causes normal
cells to downregulate proliferation and upregulate cell protective
mechanisms. Thus, fasting induces the same protective mecha-
nisms against a number of adverse effects of chemotherapeutic
agents. However, recent findings now also implicate additional
mechanisms. In this article, we review emerging evidence sup-
porting a key role played by macroautophagy (hereafter referred
to as autophagy) in not only attenuating the toxic effects of
chemotherapy but also in enhancing the efficacy of antineoplas-
tic therapies. In particular, we highlight the ability of fasting to
enhance immune surveillance, suggesting that short-term fast-
ing may provide best results in the context of chemotherapeutic
agents that induce immunogenic cell death (ICD).

FASTING-INDUCED AUTOPHAGY:
ENHANCING CELL SURVIVAL

Autophagy is an evolutionarily conserved system by which cells
degrade long-lived cellular components. During bouts of fasting,
autophagy is upregulated in order to “digest” non-critical cellular
components into substrate to be used for energy production as
well as synthesis and repair of critical housekeeping proteins.
However, autophagy is also upregulated in response to various
stressors (8). For example, autophagy promotes cell survival in
response to heavy metals (9) and hypoxia (10) and is also protec-
tive in systemic insults, such as sepsis (11).

Similarly, an upregulation of autophagy prior to the induc-
tion of a toxic chemotherapeutic agent may be protective. As an
example, chemotherapy directly, or via an increase in oxidative
stress, causes damage to organelles, such as the mitochondria
(12). Here, autophagy plays a critical role in quality control of
mitochondrial networks, targeting defective mitochondria for

degradation (13). Similarly, in a sterile-injury model (third-
degree burn wounds in rabbits), mortality is dramatically
increased when autophagy is inhibited (14). In particular, the
accumulation of mitochondria with low membrane potential has
been implicated as the causative agent in the pathology induced
by autophagic insufficiency. Another key function of autophagy
is to provide an alternative route for removing misfolded proteins
when the proteasomal pathway is saturated. Indeed, endoplasmic
reticulum (ER) stress, caused by an accumulation of misfolded
proteins, also activates autophagy (15). Taken together, these
observations suggest that a systemic upregulation of autophagy
before chemotherapy is administered could be beneficial. Since
fasting is a well-established mechanism for inducing autophagy,
it seems likely that fasting-induced autophagy may play a critical
role in limiting chemo-toxicity.

Fasting-induced upregulation of the autophagic process may
render cells prepared to deal with a systemic challenge faced
during chemotherapeutic induction. But importantly, this also
raises the question whether fasting-induced autophagy may not
similarly be protective to cancer cells. Indeed, the observation
that inhibition of autophagy sensitizes cancer cells to therapeutic
interventions demonstrates that autophagy also has a key pro-
survival function in numerous cancers (16-18). However, cancer
cells often demonstrate a comparatively lower capacity to induce
autophagy, since the development of cancer is often associated
with a defect in autophagic capacity. As an example, oncogenes
that are often upregulated in cancer (e.g., Akt, PI3K, and Bcl-2
proteins) inhibit autophagy, whereas tumor suppressor genes often
mutated or lost (e.g., DAPK1 and PTEN) are usually involved in
the upregulation of autophagy (16, 17). This would suggest that, at
least in some cancers, the differential stress response may in fact
manifest from the inability of cancer cells to sustain autophagic
processes as effectively as normal cells. Also, many growth factors
potently inhibit autophagy by promoting the utilization of exog-
enous nutrients (19). The decrease in circulating growth factors
may thus result in an upregulation of autophagy in normal cells,
but not cancer cells that have developed insensitivity to external
growth cues. Thus, there is reason to suspect that host cells, which
are more responsive to fasting cues, may upregulate autophagy to
a greater extent than cancer cells.

AUTOPHAGY AND IMMUNOLOGICAL
CELL DEATH

Accumulating evidence indicates that the antineoplastic effect of
various chemotherapeutic agents is not only dependent on their
cytotoxic effects but also that such agents exert their therapeutic
effect through their ability to reinstate immune surveillance
after inducing ICD in cancer cells (20). Mechanistically, certain
chemotherapeutics (e.g., mitoxantrone and anthracyclines such
as doxorubicin) that induce ER stress enhance the expression
of calreticulin on the cell membrane, which in turn promotes
the engulfment of apoptotic bodies by antigen-presenting cells
(21). Another hallmark of ICD is the release of danger-associated
molecules (DAPMPs), such as ATP, various heat shock proteins,
and signaling molecules (e.g., cytokines such as IL-1a) (22). In
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turn, the pro-inflammatory state induced by these DAMPs and
inflammatory mediators promotes the maturation of dendritic
cells and subsequent activation of CD4+ and CD8+ T-cells (22).

Interestingly, autophagy has also been shown to enhance the
immunogenicity of dying tumor cells by secretion HMGBI (23).
Similarly, autophagy has been shown to play a critical role in
mediating ICD through the release of ATP prior to apoptosis (24).
This suggests that the recruitment of the autophagic machinery
(e.g., by fasting) prior to administering chemotherapeutic agents
known to induce ICD may enhance the therapeutic efficacy
of these agents. Strikingly, recent findings show that this may
indeed be the case. Fasting (48 h) or administering agents
known to upregulate autophagy (hydroxycitrate) augments the
antineoplastic properties of mitoxantrone and oxaliplatin, an
effect which was not observed if cancer cells were implanted in
immune-compromised mice, or if the critical autophagic gene
Atg5 was silenced (25). In particular, the role of autophagy-
mediated ATP release is demonstrated by two observations.
First, in autophagy-deficient cells, ATP release is attenuated.
Second, cancer cells overexpressing CD39, an ecto-ATPase that
rapidly converts ATP to AMP, demonstrated a marked decrease
in chemotherapeutic efficacy, which was reversed by intra-tumor
administration of ATPase inhibitors. The observation that fasting-
induced autophagy promotes ICD suggests novel mechanisms
through which fasting may enhance chemotherapeutic efficacy.
Since autophagy is involved in the secretion of other ICD agents
(26), future studies may investigate whether fasting may similarly
“prime” cells for autophagy-mediated release of ICD elicitors.

Furthermore, autophagy also plays a critical role in epitope
expression. The prototypical view where MHC II epitopes are
derived from exogenous (i.e., phagocytosed) sources and MHC
I from endogenous sources has been supplemented by find-
ings indicating that phagocytosed particles could be expressed
on MHC I (27), and conversely, that endogenous epitopes can
be expressed by MHC II (28). While autophagy has a more
established role in the expression of epitopes by MHC II (29),
recent evidence has implicated autophagy in the expression of
epitopes by MHC I (30). Macroautophagy provides a constant
source of cytosolic proteins that fuse with MHC II loading
compartments (29), suggesting that fasting-induced autophagy
may increase the presentation of cytosolic epitopes. Supporting
this view, autophagy, induced in vitro by starvation, enhances the
expression of intracellular proteins on MHC II (31). Short-term
fasting has also been shown to enhance the mucosal-derived B
lymphocyte response to an orally administered influenza vaccine
(32). Similarly, administration of the mTOR-inhibitor rapamycin
enhances vaccine efficacy by promoting cross-strain protection
(33). Similar to the effects of autophagy induction in enhancing
vaccine efficacy, upregulating autophagy prior to chemotherapy
may enhance immunization against tumor antigens.

In fact, there is evidence that autophagy may play an impor-
tant role in epitope presentation within an oncological context.
As an example, autophagy, induced by either starvation or
pharmacologically in antigen-donating cancer cells, enhances
the cross-presentation of these antigens by dendritic cells (34).
Also, recent findings suggest that a fusion construct consist-
ing of a cancer antigen (NY-ESO-1) with proteins targeting

the cancer antigen for autophagic degradation could assist in
epitope expression by MHC II and enhancement of CD4+
T cell-mediated antitumor responses (35). These observations
suggest that the role of autophagy in managing various infec-
tions and promoting vaccine efficacy are likely also important
in reinstating anticancer immune response. This then also sug-
gests that fasting may mediate therapeutic effects by enhancing
epitope expression resulting from an upregulation of autophagic
processes.

Initial findings from preclinical studies suggests that fasting
my sensitize cancer cells to chemotherapeutic interventions (2).
From the preceding discussion, it appears that an upregulation
of autophagy may mediate such a “chemo-sensitizing” response
by enhancing epitope presentation and augmenting the rein-
statement of immune surveillance. However, autophagy may
also attenuate an inflammatory response and contribute toward
cancer cells’ ability to evade immune effectors. As an example,
though autophagy has been implicated in the unconventional
secretionof IL-1B(36),awell-known pro-inflammatory cytokine,
autophagy may also inhibit the expression of IL-1p production
by targeting the activated inflammasome for autophagic degra-
dation (37). In addition, autophagy may also promote immune
evasion by cancer cells. As an example, inhibition of autophagy
in HRAS-transformed mouse kidney endothelium results in
an altered proteome with a more pro-inflammatory profile,
“priming” cells for an innate immune response (38). Similarly,
inhibition of autophagy has also been shown to promote ICD in
at least some tumors (39). Autophagy has also been implicated
as a mechanism by which cancer cells avoid NK-mediated lysis
by targeting granzyme B released for autophagic degradation
(40). These observations demonstrate that autophagy may also
play a role in mediating immune evasion by transformed cells.

ONCOLYTIC VIRUSES

Recently, evidence has emerged that fasting may also enhance
the efficacy of oncolytic viruses (OVs) (41). In normal cells,
fasting increases the phosphorylation status of translation initia-
tion factor eIF2q, resulting in a depression of protein synthesis;
in contrast, cancer cells do not exhibit the same level of eIlF2a
phosphorylation. Consequently, viral growth is inhibited in
fasting-responsive normal cells as they downregulate the transla-
tional machinery required for viral replication, while cancer cells
remain insensitive (41). This may explain the sensitivity of cancer
cells to the herpes simplex virus (HSV) compared to host cells
when administered in a fasted state (41). It is likely that fasting
may also induce similar results in other OVs. Since viruses are
dependent on host replication machinery, fasting would suppress
viral replication by downregulating cellular replication and trans-
lational activities. In contrast, cancer cells that are less responsive
to fasting cues would maintain higher metabolic activity and thus
be more susceptible to viral infections.

However, fasting-induced autophagy may also have an
impact on oncolytic viral efficacy, since autophagy is also
implicated in the host's immune response toward viral infec-
tions (26, 42). As an example, upregulating autophagy by means
of fasting results in a dramatic suppression of viral infections
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FIGURE 1 | Autophagy may remove cellular components damaged by antineoplastic therapies and also promote the reinstatement of immune

surveillance against cancer cells. )
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FIGURE 1 | Continued

(A) Autophagy plays a key role in the clearance of damaged cellular components and organelles. Removal of protein aggregates or damaged mitochondria may
promote cell survival. (B) Autophagy is also involved in epitope expression. Exogenous antigens derived from cell bodies or secreted by cancer cells can be
processed into epitopes to be loaded in MHC | and Il loading compartments. Similarly, endogenous epitopes processed by autophagy can be expressed by cancer
cells, enhancing their immunogenic profile. (C) Fasting may also have an impact on the efficacy of oncolytic viral therapy. Many viruses target diverse steps within
the autophagic process for either viral subversion or inhibition of host antiviral response [reviewed by Chiramel et al. (42)]. Thus, autophagy may either promote or
impede viral infectivity. Not illustrated, autophagy has also been implicated in the release of inflammatory mediators, such as IL-1f, ATP, and HMGBH1, via secretory

autophagy (26).

in a variety of cell types (43). This would suggest that fasting
may preferentially sensitize autophagy-deficient cancer cells to
HSV, as normal cells would be more resistant by virtue of the
elevated levels of autophagy in cells responding to a fasted state.
Of note, an upregulation of autophagy may not be beneficial
to all types of viruses since certain viral agents also subvert
autophagic processes for replication and the non-lytic release
of viral particles (44). As an example, the hepatitis C virus
is known to upregulate autophagy in hepatocytes, where the
inhibition of autophagy in fact hampers viral replication as cells
induce apoptotic cell death (45). Indeed, the key role played by
autophagy in cell-autonomous defense against viral infections
has also generated interest as pathways that may be targeted
for enhancing OV efficacy (46). An upregulation of autophagy
through fasting may thus either increase or decrease viral
infectivity, since autophagy has different roles in the replication
strategies of OVs.

Furthermore, viral subversion of autophagic processes is
known to depend on the tissue type being infected (44). This
would suggest that the tissue of origin in cancer may also have
an impact on the outcome of fasting-induced autophagy in OV
therapy. Intriguingly, recent evidence suggests that the evolution
of drug resistance may also alter the role of autophagy in viral
replication (47). Mice inoculated with A549 cancer cells that
were either resistant to cisplatin (A549/DDP) or paclitaxel (A549/
PTX) demonstrated contrasting tumor growth rates in response
to autophagy modulation: whereas the autophagy inhibitor
chloroquine enhanced viral-induced cell death of A549/DDP
cancer cells, the inhibition of autophagy by rapamycin rendered
A549/PTX cells more susceptible to viral lysis. Thus, both tissue
origin and the development of drug resistance are likely to have
an impact on clinical trials where the role of fasting in OV therapy
is evaluated.

Autophagy as a catabolic process plays a key immunologi-
cal role in enhancing cell-autonomous defenses, and, as such,
pathogens such as viruses have evolved various strategies both
to inhibit and to subvert this process (44, 48). Consequently, it is
likely that upregulation of autophagy may not be effective for all
OVs or even counterproductive. However, the role of autophagy
in modulating viral infectivity also suggests that the genetic
manipulation of OVs to render them more “autophagy-sensitive”
might be an attractive strategy for treating autophagy-deficient
cancers.

Therefore, it appears that fasting may have an impact on both
viral and chemotherapeutic interventions via diverse mechanisms
involving both an upregulation of autophagy and a decrease in
circulating growth factors (Figure 1).

UNRESOLVED ISSUES

Observations in mice suggest that fasting may represent a cost-
effective intervention that may greatly increase the therapeutic
window. However, it is not obvious how fasting protocols for mice
would translate to humans. Mice have a large surface-to-body
ratio with a metabolic rate vastly higher than that of humans (49);
therefore, the effect of 48 h of fasting in mice would have far more
pronounced effects in a rodent model compared to humans. As
an example, the rate of hepatic gluconeogenesis in mice is about
11.4 times higher than in humans (49), suggesting that even
48-h fasting for mice may in fact greatly upregulate catabolic
processes in order to maintain glucose levels. This pronounced
effect of fasting in mice is demonstrated by the observation that
72 h of fasting induces a ~20% reduction in body weight (7).
This raises the question whether more extreme fasting protocols
need to be implemented in patients to replicate more accurately
the metabolic consequences seen in mice. Prolonged fasting
protocols that are necessary to induce a similar catabolic state
in humans may not be feasible in many cancer patients who are
already undernourished and lack the reserve capacity to tolerate
prolonged bouts of fasting. These considerations thus highlight
the need to understand the mechanisms by which fasting may
benefit patients. As an example, the involvement of autophagy
as a key mediator behind the effect of fasting would predict that
prolonged fasting may not be necessary, as autophagy is rapidly
upregulated even after short-term fasting (50). Also, the phar-
macological activation of key pathways involved in the fasting
response is an attractive alternative to direct fasting.

Additional studies are needed to identify the context in which
fasting may be beneficial. As mentioned, there are contrasting
findings on the role of autophagy in ICD. Furthermore, it has been
suggested that other interventions, such as radiotherapy, may also
benefit from fasting regimes (51). In this regard, radiotherapy
has also been shown to induce ICD in a number of tumors (52).
Since autophagy can either inhibit or promote ICD, it is likely
that fasting-induced autophagy may also alter the therapeutic
outcome of radio therapy.

Fasting may also invoke mechanisms beyond modulating
nutrient and growth factor levels. As an example, postprandial
reabsorption of bileacidsacts as singling molecules that could alter
the effects of chemotherapy. Bile acids alter a range of immune and
metabolic activities via farnesoid X receptor (FXR) (53). Even in
a fasted state, the pharmacological activation of FXR suppresses
autophagy by attenuating the transcription of autophagic genes
(54). In addition, FXR also has an anti-inflammatory function
(55). As an example, FXR activation leads to the downregulation
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of monocyte chemoattractant protein-1 in macrophages (56). It
remains to be established whether FXR signaling also modulates
other peripheral immune effects. However, this does demonstrate
that bile released in response to feeding may inhibit autophagy
and also cause anti-inflammatory activity that may antagonize
the mobilization of a robust immune response to cancer cells.

CONCLUSION

In this article, we have highlighted the potential protective role of
fasting-induced autophagy as a mechanism by which cells cope
with the adverse effects of chemotherapy. In addition, we have
pointed out that since autophagy is also involved in immune
responses it is possible that an upregulation of autophagy may
have an impact on immune function and, in particular, help or
hinder the reinstatement of immune surveillance against trans-
formed cells. Furthermore, fasting results in a range of physi-
ological adaptations which may have an impact on the efficacy of
chemotherapeutic agents. It is likely that the protective effects of

REFERENCES

1. Raffaghello L, Lee C, Safdie FM, Wei M, Madia E, Bianchi G, et al. Starvation-
dependent differential stress resistance protects normal but not cancer cells
against high-dose chemotherapy. Proc Natl Acad Sci U S A (2008) 105:8215-20.
doi:10.1073/pnas.0708100105

2. Lee C, Raffaghello L, Brandhorst S, Safdie FM, Bianchi G, Martin-Montalvo
A, et al. Fasting cycles retard growth of tumors and sensitize a range of cancer
cell types to chemotherapy. Sci Transl Med (2012) 4:124ra27. doi:10.1126/
scitranslmed.3003293

3. Dorff TB, Groshen S, Garcia A, Shah M, Tsao-Wei D, Pham H, et al. Safety and
feasibility of fasting in combination with platinum-based chemotherapy. BMC
Cancer (2016) 16:360. doi:10.1186/s12885-016-2370-6

4. de Groot S, Vreeswijk MP, Welters M]J, Gravesteijn G, Boei JJ, Jochems A, et al.
The effects of short-term fasting on tolerance to (neo) adjuvant chemotherapy
in HER2-negative breast cancer patients: a randomized pilot study. BMC
Cancer (2015) 15:652. doi:10.1186/s12885-015-1663-5

5. Fontana L, Partridge L. Promoting health and longevity through diet:
from model organisms to humans. Cell (2015) 161:106-18. doi:10.1016/
j.cell.2015.02.020

6. Fontana L, Partridge L, Longo VD. Extending healthy life span - from yeast to
humans. Science (2010) 328:321-6. doi:10.1126/science.1172539

7. Lee C, Safdie FM, Raffaghello L, Wei M, Madia F, Parrella E, et al. Reduced
levels of IGF-I mediate differential protection of normal and cancer cells in
response to fasting and improve chemotherapeutic index. Cancer Res (2010)
70:1564-72. do0i:10.1158/0008-5472.CAN-09-3228

8. Kroemer G, Marifio G, Levine B. Autophagy and the integrated stress response.
Mol Cell (2010) 40:280-93. doi:10.1016/j.molcel.2010.09.023

9. Di Gioacchino M, Petrarca C, Perrone A, Farina M, Sabbioni E, Hartung T,
etal. Autophagy as an ultrastructural marker of heavy metal toxicity in human
cord blood hematopoietic stem cells. Sci Total Environ (2008) 392:50-8.
doi:10.1016/j.scitotenv.2007.11.009

10. Mazure NM, Pouyssegur J. Hypoxia-induced autophagy: cell death or
cell survival? Curr Opin Cell Biol (2010) 22:177-80. do0i:10.1016/j.ceb.
2009.11.015

11. Takahashi W, Watanabe E, Fujimura L, Watanabe-Takano H, Yoshidome H,
Swanson PE, et al. Kinetics and protective role of autophagy in a mouse cecal
ligation and puncture-induced sepsis. Crit Care (2013) 17:1. doi:10.1186/
cc12839

12. Zhou S, Starkov A, Froberg MK, Leino RL, Wallace KB. Cumulative and irre-
versible cardiac mitochondrial dysfunction induced by doxorubicin. Cancer
Res (2001) 61:771-7.

fasting may be mediated by these processes operating in concert.
A clear understanding of the mechanism invoked by fasting may
lead to the development of pharmacological strategies that rep-
licate these same processes. Such therapies may be of particular
importance in patients who are already undernourished or where
nutrient deprivation is contraindicated.

AUTHOR CONTRIBUTIONS

GN, SH, and A-ME wrote the manuscript. All the authors read
and approved of the final version of the manuscript.

ACKNOWLEDGMENTS

The authors acknowledge funding support from the Cancer
Association of South Africa (CANSA), the National Research
Foundation (NRF), and the Medical Research Council (MRC) of
South Africa. The authors also thank Ella Belcher for the profes-
sional language editing.

13. Kim I, Rodriguez-Enriquez S, Lemasters JJ. Selective degradation of
mitochondria by mitophagy. Arch Biochem Biophys (2007) 462:245-53.
doi:10.1016/§.abb.2007.03.034

14. Gunst J, Derese I, Aertgeerts A, Ververs EJ, Wauters A, Van den Berghe G,
et al. Insufficient autophagy contributes to mitochondrial dysfunction, organ
failure, and adverse outcome in an animal model of critical illness. Crit Care
Med (2013) 41:182-94. d0i:10.1097/CCM.0b013e3182676657

15. Yorimitsu T, Klionsky DJ. Endoplasmic reticulum stress: a new pathway to
induce autophagy. Autophagy (2007) 3:160-2. doi:10.4161/auto.3653

16. Maiuri M, Tasdemir E, Criollo A, Morselli E, Vicencio J, Carnuccio R, et al.
Control of autophagy by oncogenes and tumor suppressor genes. Cell Death
Differ (2009) 16:87-93. d0i:10.1038/cdd.2008.131

17. Lorin S, Hamai A, Mehrpour M, Codogno P. Autophagy regulation and its
role in cancer. Semin Cancer Biol (2013) 23:361-79. doi:10.1016/j.semcancer.
2013.06.007

18. Liu L, Yang M, Kang R, Wang Z, Zhao Y, Yu Y, et al. HMGBI1-induced auto-
phagy promotes chemotherapy resistance in leukemia cells. Leukemia (2011)
25:23-31. doi:10.1038/leu.2010.225

19. Lum JJ, Bauer DE, Kong M, Harris MH, Li C, Lindsten T, et al. Growth factor
regulation of autophagy and cell survival in the absence of apoptosis. Cell
(2005) 120:237-48. d0i:10.1016/j.cell.2004.11.046

20. Galluzzi L, Buque A, Kepp O, Zitvogel L, Kroemer G. Immunological effects
of conventional chemotherapy and targeted anticancer agents. Cancer Cell
(2015) 28:690-714. doi:10.1016/j.ccell.2015.10.012

21. Gardai SJ, McPhillips KA, Frasch SC, Janssen W7, Starefeldt A, Murphy-Ullrich
JE, et al. Cell-surface calreticulin initiates clearance of viable or apoptotic cells
through trans-activation of LRP on the phagocyte. Cell (2005) 123:321-34.
doi:10.1016/j.cell.2005.08.032

22. Garg AD, Galluzzi L, Apetoh L, Baert T, Birge RB, Bravo-San Pedro JM,
et al. Molecular and translational classifications of DAMPs in immuno-
genic cell death. Front Immunol (2015) 6:588. doi:10.3389/fimmu.2015.
00588

23. Thorburn], Horita H, Redzic ], Hansen K, Frankel AE, Thorburn A. Autophagy
regulates selective HMGBI release in tumor cells that are destined to die. Cell
Death Differ (2009) 16:175-83. doi:10.1038/cdd.2008.143

24. Michaud M, Martins I, Sukkurwala AQ, Adjemian S, Ma Y, Pellegatti P,
et al. Autophagy-dependent anticancer immune responses induced by
chemotherapeutic agents in mice. Science (2011) 334:1573-7. doi:10.1126/
science.1208347

25. Pietrocola E Pol J, Vacchelli E, Rao S, Enot DP, Baracco EE, et al. Caloric
restriction mimetics enhance anticancer immunosurveillance. Cancer Cell
(2016) 30:147-60. doi:10.1016/j.ccell.2016.05.016

Frontiers in Oncology | www.frontiersin.org

November 2016 | Volume 6 | Article 242


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.1073/pnas.0708100105
http://dx.doi.org/10.1126/scitranslmed.3003293
http://dx.doi.org/10.1126/scitranslmed.3003293
http://dx.doi.org/10.1186/s12885-016-2370-6
http://dx.doi.org/10.1186/s12885-015-1663-5
http://dx.doi.org/10.1016/j.cell.2015.02.020
http://dx.doi.org/10.1016/j.cell.2015.02.020
http://dx.doi.org/10.1126/science.1172539
http://dx.doi.org/10.1158/0008-5472.CAN-09-3228
http://dx.doi.org/10.1016/j.molcel.2010.09.023
http://dx.doi.org/10.1016/j.scitotenv.2007.11.009
http://dx.doi.org/10.1016/j.ceb.2009.11.015
http://dx.doi.org/10.1016/j.ceb.2009.11.015
http://dx.doi.org/10.1186/cc12839
http://dx.doi.org/10.1186/cc12839
http://dx.doi.org/10.1016/j.abb.2007.03.034
http://dx.doi.org/10.1097/CCM.0b013e3182676657
http://dx.doi.org/10.4161/auto.3653
http://dx.doi.org/10.1038/cdd.2008.131
http://dx.doi.org/10.1016/j.semcancer.2013.06.007
http://dx.doi.org/10.1016/j.semcancer.2013.06.007
http://dx.doi.org/10.1038/leu.2010.225
http://dx.doi.org/10.1016/j.cell.2004.11.046
http://dx.doi.org/10.1016/j.ccell.2015.10.012
http://dx.doi.org/10.1016/j.cell.2005.08.032
http://dx.doi.org/10.3389/fimmu.2015.00588
http://dx.doi.org/10.3389/fimmu.2015.00588
http://dx.doi.org/10.1038/cdd.2008.143
http://dx.doi.org/10.1126/science.1208347
http://dx.doi.org/10.1126/science.1208347
http://dx.doi.org/10.1016/j.ccell.2016.05.016

van Niekerk et al.

Fasting, Chemotherapy and Autophagy

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

Ponpuak M, Mandell MA, Kimura T, Chauhan S, Cleyrat C, Deretic V.
Secretory autophagy. Curr Opin Cell Biol (2015) 35:106-16. doi:10.1016/
j.ceb.2015.04.016

Norbury CC, Hewlett L], Prescott AR, Shastri N, Watts C. Class I MHC pre-
sentation of exogenous soluble antigen via macropinocytosis in bone marrow
macrophages. Immunity (1995) 3:783-91. doi:10.1016/1074-7613(95)90067-5
Paludan C, Schmid D, Landthaler M, Vockerodt M, Kube D, Tuschl T, et al.
Endogenous MHC class II processing of a viral nuclear antigen after autoph-
agy. Science (2005) 307:593-6. doi:10.1126/science.1104904

Schmid D, Pypaert M, Minz C. Antigen-loading compartments for
major histocompatibility complex class I molecules continuously receive
input from autophagosomes. Immunity (2007) 26:79-92. doi:10.1016/
j-immuni.2006.10.018

Chemali M, Radtke K, Desjardins M, English L. Alternative pathways for
MHC class I presentation: a new function for autophagy. Cell Mol Life Sci
(2011) 68:1533-41. d0i:10.1007/s00018-011-0660-3

Dengjel ], Schoor O, Fischer R, Reich M, Kraus M, Miiller M, et al. Autophagy
promotes MHC class II presentation of peptides from intracellular source
proteins. Proc Natl Acad Sci U S A (2005) 102:7922-7. doi:10.1073/
pnas.0501190102

Trollmo C, Verdrengh M, Tarkowski A. Fasting enhances mucosal antigen
specific B cell responses in rheumatoid arthritis. Ann Rheum Dis (1997)
56:130-4. doi:10.1136/ard.56.2.130

Keating R, Hertz T, Wehenkel M, Harris TL, Edwards BA, McClaren JL, et al.
The kinase mTOR modulates the antibody response to provide cross-protec-
tive immunity to lethal infection with influenza virus. Nat Immunol (2013)
14:1266-76. doi:10.1038/ni.2741

Li'Y, Wang LX, Yang G, Hao F, Urba W], Hu HM. Efficient cross-presentation
depends on autophagy in tumor cells. Cancer Res (2008) 68:6889-95.
doi:10.1158/0008-5472.CAN-08-0161

Fonteneau JF, Brilot F, Munz C, Gannage M. The tumor antigen NY-ESO-1
mediates direct recognition of melanoma cells by CD4+ T cells after
intercellular antigen transfer. JImmunol (2016) 196:64-71. doi:10.4049/
jimmunol.1402664

Dupont N, Jiang S, Pilli M, Ornatowski W, Bhattacharya D, Deretic V.
Autophagy-based unconventional secretory pathway for extracellular delivery
of IL-1beta. EMBO J (2011) 30:4701-11. doi:10.1038/emb0;j.2011.398

Shi C, Shenderov K, Huang N, Kabat J, Abu-Asab M, Fitzgerald KA, et al.
Activation of autophagy by inflammatory signals limits IL-1 [beta] production
by targeting ubiquitinated inflammasomes for destruction. Nat Immunol
(2012) 13:255-63. doi:10.1038/ni.2215

Mathew R, Khor S, Hackett SR, Rabinowitz JD, Perlman DH, White E.
Functional role of autophagy-mediated proteome remodeling in cell survival
signaling and innate immunity. Mol Cell (2014) 55:916-30. doi:10.1016/
j.molcel.2014.07.019

Garg AD, Dudek AM, Ferreira GB, Verfaillie T, Vandenabeele P, Krysko DV,
et al. ROS-induced autophagy in cancer cells assists in evasion from determi-
nants of immunogenic cell death. Autophagy (2013) 9:1292-307. doi:10.4161/
auto.25399

Baginska J, Viry E, Berchem G, Poli A, Noman MZ, van Moer K, et al.
Granzyme B degradation by autophagy decreases tumor cell susceptibility to
natural killer-mediated lysis under hypoxia. Proc Natl Acad Sci U S A (2013)
110:17450-5. d0i:10.1073/pnas.1304790110

Esaki S, Rabkin SD, Martuza RL, Wakimoto H. Transient fasting enhances
replication of oncolytic herpes simplex virus in glioblastoma. Am J Cancer
Res (2016) 6:300.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Chiramel AL Brady NR, Bartenschlager R. Divergent roles of autophagy in
virus infection. Cells (2013) 2:83-104. doi:10.3390/cells2010083

Yakoub AM, Shukla D. Autophagy stimulation abrogates herpes simplex
virus-1 infection. Sci Rep (2015) 5:9730. doi:10.1038/srep09730

Rey-Jurado E, Riedel CA, Gonzilez PA, Bueno SM, Kalergis AM. Contribution
of autophagy to antiviral immunity. FEBS Lett (2015) 589:3461-70.
doi:10.1016/j.febslet.2015.07.047

Shrivastava S, Raychoudhuri A, Steele R, Ray R, Ray RB. Knockdown of
autophagy enhances the innate immune response in hepatitis C virus-infected
hepatocytes. Hepatology (2011) 53:406-14. doi:10.1002/hep.24073

Meng S, Xu J, Wu Y, Ding C. Targeting autophagy to enhance oncolytic virus-
based cancer therapy. Expert Opin Biol Ther (2013) 13:863-73. doi:10.1517/
14712598.2013.774365

Jiang K, Li Y, Zhu Q, Xu J, Wang Y, Deng W, et al. Pharmacological mod-
ulation of autophagy enhances Newcastle disease virus-mediated oncolysis
in drug-resistant lung cancer cells. BMC Cancer (2014) 14:551. doi:10.1186/
1471-2407-14-551

Deretic V. Autophagy in immunity and cell-autonomous defense against
intracellular microbes. Immunol Rev (2011) 240:92-104. doi:10.1111/
j.1600-065X.2010.00995.x

Speakman JR. Body size, energy metabolism and lifespan. ] Exp Biol (2005)
208:1717-30. doi:10.1242/jeb.01556

Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H, Yoshimori T, et al.
The role of autophagy during the early neonatal starvation period. Nature
(2004) 432:1032-6. doi:10.1038/nature03029

Champ CE, Baserga R, Mishra MV, Jin L, Sotgia E, Lisanti MP, et al. Nutrient
restriction and radiation therapy for cancer treatment: when less is more.
Oncologist (2013) 18:97-103. doi:10.1634/theoncologist.2012-0164

Galluzzi L, Kepp O, Kroemer G. Immunogenic cell death in radiation therapy.
Oncoimmunology (2013) 2:¢26536. doi:10.4161/0nci.26536

Mazuy C, Helleboid A, Staels B, Lefebvre P. Nuclear bile acid signaling through
the farnesoid X receptor. Cell Mol Life Sci (2015) 72:1631-50. doi:10.1007/
s00018-014-1805-y

Seok S, Fu T, Choi S, Li Y, Zhu R, Kumar §, et al. Transcriptional regulation
of autophagy by an FXR-CREB axis. Nature (2014) 516:108-11. doi:10.1038/
nature13949

Shaik FB, Prasad DV, Narala VR. Role of farnesoid X receptor in inflammation
and resolution. Inflamm Res (2015) 64:9-20. doi:10.1007/s00011-014-
0780-y

Li L, Zhang Q, Peng J, Jiang C, Zhang Y, Shen L, et al. Activation of farnesoid
X receptor downregulates monocyte chemoattractant protein-1 in murine
macrophage. Biochem Biophys Res Commun (2015) 467:841-6. doi:10.1016/
j.bbrc.2015.10.056

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 van Niekerk, Hattingh and Engelbrecht. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Oncology | www.frontiersin.org

November 2016 | Volume 6 | Article 242


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://dx.doi.org/10.1016/j.ceb.2015.04.016
http://dx.doi.org/10.1016/j.ceb.2015.04.016
http://dx.doi.org/10.1016/1074-7613(95)90067-5
http://dx.doi.org/10.1126/science.1104904
http://dx.doi.org/10.1016/j.immuni.2006.10.018
http://dx.doi.org/10.1016/j.immuni.2006.10.018
http://dx.doi.org/10.1007/s00018-011-0660-3
http://dx.doi.org/10.1073/pnas.0501190102
http://dx.doi.org/10.1073/pnas.0501190102
http://dx.doi.org/10.1136/ard.56.2.130
http://dx.doi.org/10.1038/ni.2741
http://dx.doi.org/10.1158/0008-5472.CAN-08-0161
http://dx.doi.org/10.4049/jimmunol.1402664
http://dx.doi.org/10.4049/jimmunol.1402664
http://dx.doi.org/10.1038/emboj.2011.398
http://dx.doi.org/10.1038/ni.2215
http://dx.doi.org/10.1016/j.molcel.2014.07.019
http://dx.doi.org/10.1016/j.molcel.2014.07.019
http://dx.doi.org/10.4161/auto.25399
http://dx.doi.org/10.4161/auto.25399
http://dx.doi.org/10.1073/pnas.1304790110
http://dx.doi.org/10.3390/cells2010083
http://dx.doi.org/10.1038/srep09730
http://dx.doi.org/10.1016/j.febslet.2015.07.047
http://dx.doi.org/10.1002/hep.24073
http://dx.doi.org/10.1517/14712598.2013.774365
http://dx.doi.org/10.1517/14712598.2013.774365
http://dx.doi.org/10.1186/1471-2407-14-551
http://dx.doi.org/10.1186/1471-2407-14-551
http://dx.doi.org/10.1111/j.1600-065X.2010.00995.x
http://dx.doi.org/10.1111/j.1600-065X.2010.00995.x
http://dx.doi.org/10.1242/jeb.01556
http://dx.doi.org/10.1038/nature03029
http://dx.doi.org/10.1634/theoncologist.2012-0164
http://dx.doi.org/10.4161/onci.26536
http://dx.doi.org/10.1007/s00018-014-1805-y
http://dx.doi.org/10.1007/s00018-014-1805-y
http://dx.doi.org/10.1038/nature13949
http://dx.doi.org/10.1038/nature13949
http://dx.doi.org/10.1007/s00011-014-0780-y
http://dx.doi.org/10.1007/s00011-014-0780-y
http://dx.doi.org/10.1016/j.bbrc.2015.10.056
http://dx.doi.org/10.1016/j.bbrc.2015.10.056
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Enhanced Therapeutic Efficacy in Cancer Patients by Short-term Fasting: The Autophagy Connection
	Introduction
	Fasting-Induced Autophagy: Enhancing Cell Survival
	Autophagy and Immunological Cell Death
	Oncolytic Viruses
	Unresolved Issues
	Conclusion
	Author Contributions
	Acknowledgments
	References


