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Abstract

The finding that cancer chemotherapeutic drugs and ionizing radiation often promote autophagy
has provided the foundation for clinical trials combining autophagy-blocking agents with
antitumor drugs and radiation. The premise driving these trials is that therapy-induced autophagy
is cytoprotective; consequently, inhibition of autophagy is anticipated to sensitize malignancies to
therapy. However, in it is well-established that autophagy may also mediate the toxicity of
antitumor drugs while evidence also exists for a nonprotective function of autophagy.
Consequently, given that it cannot be predicted what form autophagy will take upon treatment with
chemotherapy or radiation, the current ongoing clinical trials are likely to generate contradictory
or inconsistent results, with the potential consequence that autophagy inhibition could be
dismissed as therapeutic strategy based on what are essentially false negative outcomes.
Appropriate interpretation of the outcomes of these trials would require knowledge as to whether
the drugs or radiation utilized promote the cytoprotective form of autophagy in the tumor cells as
well as whether the chloroguine or hydroxychloroquine actually inhibited the autophagy.
Ultimately, it will be necessary to identify those patients for whom the strategy of autophagy
inhibition would be anticipated to improve the response to therapy. However, this is currently not
feasible in the absence of appropriate bioassays or predictive markers for characterization of the
autophagy or the effectiveness of pharmacological approaches for autophagy inhibition in the
clinic.

Cytoprotective Autophagy in Cancer Therapy

It has long been recognized that the degradation of subcellular organelles through the
process of autophagy provides energy and metabolic precursors necessary to sustain cell
survival under conditions of hypoxia or nutrient deprivation (1). The concept that autophagy
can also be considered a “first responder” to various other forms of stress, specifically those
provoked by cancer chemotherapeutic drugs and radiation, is supported by studies in a
variety of tumor cell models exposed to agents from multiple drug classes (2-6). While
many of these therapeutic modalities are clearly designed to be toxic to the tumor cell, direct
survival advantages that autophagy might confer remain obscure since, with some
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exceptions, chemotherapeutic drugs and radiation generally are not considered to deprive the
tumor cell of its metabolic and nutritional support. Nevertheless, the autophagic response to
cancer therapeutics is frequently cytoprotective in function; specifically, inhibition of
chemotherapy and radiation induced autophagy by either pharmacological agents or genetic
manipulation often results in a reduction in tumor cell survival if not enhanced tumor cell
killing (2-13). However, as discussed in some detail below, autophagy is not always
cytoprotective. Furthermore, inhibition of autophagy is likely to influence the immune
response to therapy, the tumor stroma and normal tissue function.

Cytoprotective and Cytototoxic Autophagy in Cancer Therapy

Evidence that chemotherapeutic drugs and radiation promote cyfoprotective autophagy is
often based upon the observation that apoptosis is increased when the autophagy is inhibited
through pharmacological or genetic approaches. An increase in the extent of apoptosis
supports the premise that autophagy has the capacity to interfere with induction of the
apoptotic response pathway, and there is considerable evidence for crosstalk between
autophagy and apoptosis (14, 15). What is frequently overlooked in many studies is that an
increase in apoptosis is not necessarily or uniformly accompanied by an enhancement of
drug or radiation sensitivity (16). That is, these studies may fail to demonstrate that the
combined treatment with chemotherapy or radiation and pharmacological or genetic
autophagy inhibition results in a more pronounced antitumor response based on e.g. a simple
assessment of viable cell number by such common methods as trypan blue exclusion, the
release of lactate dehydrogenase as an indication of cell death or compromised clonogenic
survival (i.e. reproductive cell death), which is generally considered the “gold standard”
measurement of drug or radiation sensitivity. In fact, the autophagy induced by the
therapeutic agent(s) may actually prove to be largely cytofoxic, where the autophagy itself is
mediating drug or radiation killing in the tumor cell; consequently the mode of cell death is
merely being switched from autophagy to apoptosis. In this context, there is extensive
evidence for the cytotoxic function of autophagy that is expressed in a host of tumor cell
models and in response to a spectrum of therapeutic insults to the tumor cell (5).
Interestingly and perhaps unexpectedly, aside from the functional distinction based on the
consequences of autophagy inhibition, there is no unequivocal evidence to indicate that
cytotoxic autophagy has biochemical or molecular characteristics that would distinguish it
from the cytoprotective form. Although it would appear intuitive to expect that cytotoxic
autophagy would reflect unrestrained and excessive degradation of cellular components, a
form of self-cannibalism that would ultimately compromise cell survival, this has not
actually been shown to be the case.

Clinical Trials

Given the fact that autophagy may express either cytoprotective or cytotoxic function, it is
predictable that ongoing clinical trials involving the combination of the pharmacological
autophagy inhibitors chloroquine or hydroxychloroquine with chemotherapy or radiation in
various forms of cancer would likely generate contradictory or at the very least equivocal
results (17). That is, in those cases where the therapeutic agent promotes cytoprotective
autophagy in patient tumors, autophagy inhibition should theoretically enhance tumor cell
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sensitivity to the radiation or the drugs inducing the autophagic response. Conversely, where
autophagy is initially cytotoxic, autophagy inhibition might be anticipated to interfere with
the effectiveness of therapy. Alternatively, autophagy that is initially cytotoxic might be
converted to an alternative form of cell death such as apoptosis, with the consequence that
drug/radiation sensitivity would essentially be unaltered. An additional caveat that may
prove to significantly hamper interpretation of the outcomes of the current ongoing clinical
trials is that chloroquine/hydroxychloroquine my fail to actually achieve levels in the tumor
cell sufficient to inhibit autophagy. Finally, it is formally possible that sensitization to
therapy that may be observed in select clinical trials could be occurring through off-target
effects of the chloroquine or hydroxychloroquine and be unrelated to autophagy inhibition
(18, 19). If chloroquine/hydroxychloroquine mediated sensitization does not actually reflect
a direct consequence of autophagy inhibition, then the outcome of this type of clinical trial
would not be interpretable within the underlying framework of autophagy modulation for
therapeutic benefit.

An additional complicating factor is that there is currently no uniformly accepted
methodology for monitoring autophagy inhibition in patients’ tumors. Assessment of
autophagy in cell culture is facilitated by multiple assays, including but not limited to
transmission electron microscopy, LC3 fluorescence microscopy, tandem mRFP/mCherry
GFP fluorescence microscopy, immunohistochemistry and SQSTM1/p62 and LC3 binding
protein turnover assays (20). These approaches allow for evaluation of both autophagy
induction and inhibition, the latter being critical where the cytoprotective actions of
autophagy are the focus of the studies. The capacity to evaluate the onset of autophagy (and
presumably its inhibition as well) in vivo utilizes a number of approaches that are similar to
those for cell culture, specifically the analysis of GFP-LC3/Atg8 in transgenic mice
systemically expressing GFP-LC3 or by transfection with GFP-LC3 plasmids,
immunohistochemical detection of LC3 or other autophagic substrates such as SQSTM1/p62
in paraffin-embedded or fresh frozen tissue, standard immunoblotting of these substrates and
analysis of autophagy in tissues ex vivo (20). Unfortunately, the clinical assessment of
autophagy induction and/or inhibition does not appear to lend itself to any of the current
methodologies.

There are at least three additional factors that are likely to complicate interpretation of the
current clinical trials. One is the impact of autophagy induction and inhibition on the
immune response, an issue that is far from being resolved. Studies from a number of
investigators have suggested that factors secreted from autophagic cells, specifically damage
associated molecular patterns (DAMPs) such as ATP and HMGB1 are critical for an
effective immune response to eliminate the tumor (21, 22, 23, 24); consequently, autophagy
inhibition could prove to be counterproductive in a patient with a functional immune system.
In contrast, it has been reported that activation of autophagy in tumor cells may promote
escape from immunosurveillance and consequently autophagy inhibition could facilitate a
more effective response of the immune system in conjunction with direct sensitization to
therapy (25).

Another factor to consider is the potential influence of autophagy in the tumor stroma on the
response to therapy (26, 27). There appears to be evidence that autophagy in tumor stroma
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promotes tumor growth by providing energy, suppressing the capacity of the tumor cell to
undergo apoptosis as well as facilitating tumor invasiveness and metastatic potential (26,
27). If this is, in fact, the case, then interference with stromal cell autophagy should
collaterally repress tumorigenicity.

Finally, autophagy has been shown to be beneficial to normal tissue function in terms of the
removal of dysfunctional proteins and overall maintenance of cellular homeostasis (28). In
fact, autophagic dysfunction has been associated with various neurodegenerative disorders
such as Parkinson’s Disease, lysosomal storage disorders, and possibly diabetes (28) as well
as hepatic diseases such as viral hepatitis and hepatoceullar carcinoma (29). Since it is
highly unlikely that pharmacological autophagy inhibitors would be tumor-selective in
action, undesirable and possibly life threatening side effects could accompany a prolonged
and sustained suppression of autophagy. Alternatively, if the autophagy inhibition is only
transient, as may be the case using pharmacological agents solely during the course of
therapy, the impact on normal tissue function may not prove to be a major clinical concern.

The outcome of clinical trials performed without consideration of the possibility that
autophagy induced in patient tumors may notbe cytoprotective (or that the agents being
tested do not, in fact, modulate autophagy in the tumor cell in the clinical setting) raises the
concern that negative outcomes could undermine efforts to consider this strategy within the
framework of conventional (or targeted) therapies. Given that is currently unrealistic to
attempt to stratify patients according to whether autophagy induced in a clinical malignancy
is cytoprotective or cytotoxic (even assuming that all of the tested therapies actually are
promoting autophagy in patient malignancies), we risk the possibility of overlooking the
subsets of patients whose tumors may be susceptible to sensitization via autophagy
inhibition. However, not only does this field still lack biomarkers to determine, pre-therapy,
which patients might be responsive to autophagy inhibition, we are also essentially blind as
to how to evaluate the biochemical or molecular characteristics of tumors that are
responsive, limiting the potential utility of these clinical trials to further inform the targeted
development of this therapeutic strategy.

Nonprotective Autophagy, an additional wrinkle in the ether

Previous work by our laboratory as well as that from the Thorburn research group has
identified an additional functional form of autophagy, which we have termed
“nonprotective” (4, 18, 30, 31). Unlike cytoprotective autophagy, where inhibition results in
an enhanced response to the therapeutic agent, or cytotoxic autophagy where inhibition is
anticipated to lessen the impact of the therapeutic agent, inhibition of nonprotective
autophagy fails to influence drug or radiation sensitivity. This was found to be the case for
cisplatin and radiation in 4T1 and Hs578t breast tumor cells, doxorubicin in MCF-7 breast
tumor cells and radiation in a variety of tumor cells lacking functional p53 (18, 30, 31, 32).

A recent paper by Eng et al. (19) essentially confirms these findings identifying the
nonprotective function of autophagy and further builds upon this concept in experiments
where the ATG7 autophagy gene has been silenced in the A549 non-small cell lung cancer
cell line. In studies where ionizing radiation as well as more than 30 drugs exhibiting a
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variety of mechanisms were tested, it was found that (with only a few exceptions) inhibition
of autophagy left the ICgq virtually unchanged. Although it is unclear whether all of the
therapeutic modalities examined actually promoted autophagy in the A549 cells, it can be
assumed that this would be the case for the vast majority of the tested drugs. Furthermore,
although the influence of autophagy inhibition on drug activity was not tested in tumor
bearing animals, the conclusions of this work are strengthened by the fact that ATG7
silencing clearly eliminated survival of the A549 cells under conditions of nutrient
starvation.

While the outcome of these studies clearly support previous findings that identified the
nonprotective function of autophagy (18, 30, 31, 32), studies by other laboratories, including
our own, frequently identified cytoprotective autophagy in non-small cell lung cancer cell
lines. For instance, we reported that radiation promoted protective autophagy in H460 non-
small cell lung cancer cells (33). However, as we do observe that etoposide promotes the
nonprotective form of autophagy in the same cell line (unpublished observations), our work
tends to suggest that whether autophagy is protective or nonprotective in a particular tumor
cell line may depend on the nature of the treatment modality. In other studies involving
radiation-induced autophagy, where p53 was either induced or silenced in isogenic
experimental systems, we reported that cytoprotective autophagy required the cells to
express functional p53 whereas in cells that are either null or mutant in p53, radiation-
induced autophagy was nonprotective (31).

In a 2011 study by Han at el (7) where gefitnib and erlotinib were shown to promote
autophagy in A549 and H1299 non-small cell lung cancer cell lines, chloroquine as well as
silencing of ATG5 and ATG7 enhanced sensitivity to these tyrosine kinase inhibitors. These
findings were confirmed and extended in a report by Zou et al (8) where sensitivity to
erlotinib was increased by silencing of ATG5 in H460 and A549 cells and by exposure to
chloroquine in H460, A549, H358 and H322 cells. In the latter work, the presence of
chloroquine also substantially increased apoptosis; however, the effect of ATG5 silencing on
apoptosis was minimal, involving no more than 10% of the cell population. Both Ren et al
(9) and Wu et al (10) reported that 3-methyl adenine enhanced sensitivity to cisplatin in
Ab549 cells, albeit in an A549 cell line that had been selected for cisplatin resistance;
however, there were no confirmatory genetic silencing studies and it is recognized that 3-
MA is not necessarily specific for autophagy as a cellular target. Wang et al (11) showed
modest sensitization to topotecan and enhancement of apoptosis in A549 cells by
chloroquine and with genetic silencing of ATG5. Pan et al (12) reported sensitization to 5-
fluorouracil by 3-MA and by silencing of ATG7 in A549 cells along with an increase in
apoptotic cell death while Park et al (13) reported sensitization to pemetrexed, also by 3-
MA, in A549 cells. The divergence in experimental outcomes suggests that it cannot be
assumed that the recent findings reported by Eng et al in A549 cells (19) can be extrapolated
to conclude that autophagy in non-small cell lung cancer is uniformly nonprotective.
Nonetheless, taken together, these reports clearly indicate that autophagy in response to
radiation or chemotherapy can be either cytoprotective or nonprotective in function.

There is a quite extensive body of literature where the impact of autophagy has been
evaluated using a spectrum of chemotherapeutic drugs or radiation in various experimental
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tumor models, primarily cell culture and tumor xenografts. Suffice it to say, when examined
carefully, the results of these studies are, at the very least, inconsistent in terms of whether
autophagy induced by chemotherapy and radiation is cytoprotective and amenable to
manipulation for therapeutic benefit. While it is beyond the scope of this commentary to
summarize the outcome of these studies, we have recently published a focused review of the
literature relating to autophagy inhibition in non-small cell lung cancer models in response
to chemotherapy and radiation both in cell culture and in vivo (34). The reader is also
directed to a recently published review relating to the capacity of autophagy inhibition to
sensitize tumors to radiation (35)

Where do we go from here?

It is understandable that the oncology community has hastened to initiate clinical trials of
autophagy inhibition as an adjunct to standard therapies, working under the premise that
autophagy could represent a global mechanism of drug and radiation resistance. However, in
retrospect, given the existence of at least three functional forms of autophagy in response to
chemotherapy and radiation (cytoprotective, cytotoxic and nonprotective), the issue now is
clearly considerably more complex. Fundamentally, the challenge is how to determine when
therapy-induced autophagy is actually cytoprotective in patients in order to identify those
patients for whom autophagy inhibition might prove to be beneficial. The governmental
website (Clinical trials.org) indicates that clinical trials involving autophagy inhibition are
ongoing involving, for example gemcitabine/Abraxane in pancreatic cancer, chemoradiation
for glioblastoma, RADO0O01 in renal cell carcinoma, Ixabepilone in metastatic breast cancer,
and FOLFOX/Bevacizumab in colorectal cancer. We have recently commented on the results
of published clinical trials relating to autophagy inhibition, where we noted that “it might be
prudent to develop a consensus based on preclinical data as to which types of cancer and
which class or classes of drugs used in standard regimens might be most appropriate for
testing in the context of clinical trials of HCQ or other modulators of autophagy” (17).

The strategy of autophagy inhibition would greatly benefit from the identification of serum
markers that might be indicative of cytoprotective autophagy in response to a first round of
therapy. However, we are currently far removed from knowing what form such markers
might take since even established disease markers such as prostate specific antigen for
prostate cancer have somewhat controversial prognostic significance. This is not to say that
this goal cannot be achieved as it is now feasible to predict which patients might be
susceptible to trastuzumab based on Her/neu expression in breast cancer and to tyrosine
kinase inhibitors such as Gefitinib and erlotinib in lung cancer based on EGFR status.
However, even in these more mature areas of oncology, a determination of the appropriate
therapy is dependent on a tumor biopsy. In the case of the different forms of autophagy, the
appropriate marker or panel of markers remains to be identified.

Given the limitations of our current knowledge in this field, the most effective strategy might
be to obtain a biopsy with a sufficient number of cells that could be grown in culture and
tested for responsiveness to a particular drug or panel of drugs in the absence and presence
of an autophagy inhibitor. Not only would this provide information as to the nature of the
autophagy induced by the therapy, but presumably this approach would also indicate
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whether the autophagy inhibitor is effective in sensitizing the tumors to the therapy.
Furthermore, an indication as to the extent of sensitization that might be anticipated is likely
to provide guidance for deciding whether there is likely to be therapeutic value in
proceeding with this approach.

It is, of course, possible that some classes of malignancies are generally susceptible to
autophagy inhibition as a sensitization strategy, although preclinical data in cell culture
suggest this is unlikely to be the case. How this would be determined for patients is unclear.
The current strategy adopted by the NIH as well as many laboratories involves the testing of
therapeutic strategies utilizing patient derived tumors grown as xenografts (PDXs), which is
thought to be more predictive of clinical outcomes than most previous models (36, 37). In
this context, in a study by Zinn et al (38) chloroquine was shown to sensitize a small cell
lung cancer xenograft model to the Bcl-2 inhibitor ABT-737, but not when using patient
derived tumor xenografts.

One strategy might be to screen large samples of patient derived tumors from a particular
malignancy with a panel of drugs that are generally used for that disease to determine
whether autophagy is induced and/or whether an autophagy inhibitor enhances drug or
radiation sensitivity. However, even when these tumors are studied in tumor bearing animals,
the potential involvement of the immune system will not be factored into the outcome since
xenografts are obligatorily grown in immune suppressed models; nevertheless, as indicated
above, it is possible if not likely that the immune response will be the ultimate determinant
as to whether the strategy of autophagy inhibition will be successful in improving patient
response to chemotherapy or radiation. It further remains a matter of conjecture as to what
percentage of patient derived tumors would have to show positive responses and the extent
of these responses that might be necessary for autophagy inhibition to be considered as
having clinical applicability.

Given the relative paucity of preclinical information as to what might constitute
cytoprotective autophagy in a patient’s malignancy (versus the cytotoxic and nonprotective
forms), even if subpopulations of patients have disease that responds positively to autophagy
inhibition in combination with conventional therapies, we are currently unable to identify
what genetic background of the tumor or biochemical/molecular characteristics could be
utilized as predictive factors for further application of this therapeutic strategy. This type of
information (along with an assessment of the immune response and attention to the impact
of autophagy on normal tissue), will ultimately be critical to providing the framework
necessary to interpret whether the ongoing clinical trials will ultimately support the
incorporation of pharmacological autophagy inhibitors as a component of cancer therapy.
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