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Abstract

Autophagy is an evolutionarily conserved process in which intracellular macromolecules are degraded in a lysosomal-dependent man-
ner. It is central to cellular energy homeostasis and to quality control of intracellular components. A decline in autophagic activity is
associated with aging, and contributes to the development of various age-associated pathologies, including cancer. There is an ongoing
need to develop chemotherapeutic agents to improve morbidity and mortality for those diagnosed with cancer, as well as to decrease
the cost of cancer care. Autophagic programs are altered in cancer cells to support survival in genetically and metabolically unstable
environments, making autophagy an attractive target for new chemotherapy. Antiretroviral drugs, which have dramatically increased
the life- and health spans of people with human immunodeficiency virus (HIV) (PWH), have offered promise in the treatment of cancer.
One mechanism underlying the antineoplastic effects of antiretroviral drugs is the alteration of cancer cell autophagy that can potenti-
ate cell death. Antiretroviral drugs could be repurposed into the cancer chemotherapy arsenal. A more complete understanding of the
impact of antiretroviral drugs on autophagy is essential for effective repurposing. This review summarizes our knowledge of the effects
of antiretroviral drugs on autophagy as potential adjunctive chemotherapeutic agents, and highlights gaps to be addressed to reposition
antiretroviral drugs into the antineoplastic arsenal successfully.
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1. Introduction
1.1 Autophagy

Autophagy is a highly conserved proteolytic pro-
cess that removes damaged and toxic macromolecules,
protein aggregates, organelles, and infectious pathogens
from the intracellular environment. There are three major
types of autophagy: macroautophagy, microautophagy, and
chaperone-mediated autophagy. Macroautophagy, hence-
forward termed autophagy, is the major type discussed in
this review. In macroautophagy, intracellular substrates, or
cargo, are incorporated inside a double membrane vesicle,
called an autophagosome (APG), that fuses with a lysosome
for cargo degradation, as detailed in Fig. 1. Briefly, an ap-
propriate stimulus leads to phosphorylation of mTORC1,
resulting in a series of phosphorylation events, protein com-
plex recruitment, and phosphatidylinositol signaling that
culminates in a new double membraned APG [1]. Cargo is
incorporated inside the APG as its membrane is elongated.
A fully formed APG fuses with a lysosome, and cargo in-
side is degraded [1]. The products of this degradation can
be exported out of the lysosome to fulfill needs of the cell,
such as production of energy substrates, macromolecules,
and organelles. The protein microtubule-associated pro-
tein 1A/1B light chain 3B (LC3)-II, hereafter called LC3-

II, associates with APG from nucleation to degradation,
and is used commonly as a marker for assessing autophagy
dynamics. APG can enclose around cytosolic cargo non-
specifically, or cargo can be targeted to APG specifically,
termed selective autophagy. Selective autophagy is me-
diated by autophagy receptors and adapters, such as p62
(Fig. 1). These contain protein binding domains that rec-
ognize degradation signals on cargo for cargo selection as
well as LC3 interacting regions that facilitate cargo recruit-
ment into forming APG. p62, which binds mostly ubiqui-
tinated proteins, is degraded within the lysosome similarly
to LC3-II, and as such, is another common marker used to
assess autophagy.

Autophagy is constitutive, and is also dynamic, in-
creasing in response to homeostatic imbalance. While the
first recognized purpose of autophagy was protection from
nutrient-deprivation, it is now well-recognized to partici-
pate in many cell processes, including various modes of
cell death. Extensive evidence from genetic and pharma-
cologic models across species demonstrates that alterations
in autophagic activity can drive cell, tissue, and organism
dysfunction, thus negatively impacting health- and lifes-
pan, including contributing to aging and the pathogenesis
of age-related diseases such as cancer. The relationship be-
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Fig. 1. Schematic of macroautophagy. More than 30 proteins are involved in this dynamic process. Autophagy is initiated upon
phosphorylation of mTORC1, inactivating the complex with which it associates. This enables a pre-initiation complex that includes
UNC-51 like kinase family proteins (ULK1/2), to recruit a class III phosphatidylinositol 3-kinase (PI3K) complex. Phosphatidylinos-
itol‐3‐phosphate (PI(3)P) then increases at intracellular membrane sites, recruiting ATG9 which transports pieces of double membrane
to nucleate a nascent autophagosome (APG). A ubiquitin-conjugation-like complex, ATG7-ATG10/ATG3 activates a second ubiquitin-
conjugation-like complex, ATG5-ATG12. This complex, in concert with other autophagy-related (ATG) proteins, processes and lipidates
microtubule-associated protein 1A/1B light chain 3B (LC3) into LC3-II. LC3-II is a component of both the inner and outer membranes of
the APG. It facilitates APG elongation and closure, and participates in cargo recognition. P62 also aids in cargo recognition, transporting
polyubiquitinated proteins to the forming APG for incorporation inside. Once the APG double membrane encloses, Rab family GTPases
and SNARE superfamily proteins (not pictured) mediate fusion of the APG outer membrane with a lysosome, in a process called matu-
ration. Cargo degradation then ensues, including that of the LC3-II that was present on the inner APG membrane. LC3-II on the outer
membrane can be converted back to LC3-I to be used again in APG biogenesis.

tween autophagy and tumorigenesis is extraordinarily com-
plex. Broadly, autophagy can both suppress tumorigenesis
as well as promote tumor progression. Once a tumorigenic
clone has emerged, autophagic processes support cancer
cell metabolism, increase cancer cell resistance to inhos-
pitable conditions such as hypoxia, reactive oxygen species
(ROS), limited nutrients and trophic factors, and anticancer
therapeutics, and can undermine the immune response to
cancer cells [2,3]. Altering autophagy in cancer cells can
result in cancer cell death [4–6]. This makes modulation of
autophagy an appealing target for chemotherapy.

1.2 Chemotherapy and Drug Repurposing

Cancer is a leading cause of death in adults worldwide,
second only to heart diseases [7]. Approximately 40% of
U.S. men and women will be diagnosed with any type of
cancer at some point in their lifetime [8], although advanc-
ing age is the single greatest risk factor for cancer devel-
opment, with approximately 80% of all cancers being diag-
nosed in people aged 55 years or greater [8].

Cancer death rates in the U.S. decreased on average
by 2.3% per year in men, and 1.9% per year in women
from 2015 to 2019 [9]. There were almost 17 million can-
cer survivors in 2019, and this is projected to increase to

22.2 million by 2030 [8]. These rates are afforded by ever-
improving cancer detection methods and treatment modal-
ities. Despite these positive trends, there are 2 million new
cancer diagnoses, and over 600,000 deaths projected in the
U.S. alone for 2023 [8]. The national patient economic bur-
den associatedwith cancer care in 2019was over $21 billion
[8], and as the population both ages and grows, and as new
chemotherapeutic agents are developed, the cost of cancer
care is expected to increase.

There is an ongoing need to develop therapies to im-
prove morbidity and mortality, as well as cost of care, for
people diagnosed with cancer and undergoing treatment.
An understanding of the cellular processes that lead to can-
cer as well as the development of drug resistance underpins
the advancement of novel and effective chemotherapeutic
agents. Dysregulation of many cell processes leads to can-
cerous transformation. Autophagy is one such process, and
altering autophagy in cancer cells can lead to cancer cell
death [2–6]. Autophagy is therefore an attractive target for
chemotherapy drug development. However, discovery and
testing of novel agents, regardless of whether they target
autophagy, requires significant time (years) and cost (bil-
lions).

Drug repurposing, or drug repositioning, is a strategy
by which new uses for approved drugs are identified; these
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uses are distinct from that of the original purpose of the
drug. There are many advantages of drug repurposing, in-
cluding reduced time frames to authenticate a new indica-
tion, because the safety and formulations of a repurposed
drug are already established. Reduced time frames trans-
late to faster access to efficacious treatments, as well as to
decreased research and development costs. A detailed re-
view of these concepts and more can be found in [10–12].

Antiretroviral drugs, developed for treatment of in-
fection with Human Immunodeficiency Virus (HIV), have
shown promise in the treatment of a variety of cancers.
Their antineoplastic effect is distinct from antiretroviral ac-
tivity. There are several mechanisms that underlie their an-
titumor actions, including modulation of autophagy. Be-
cause of the importance of autophagy to cancer cell sur-
vival, the impacts of antiretroviral drugs on autophagy may
be exploited to reposition them as adjunctive chemothera-
peutic agents.

1.3 Antiretroviral Drugs

Amazing strides have been made in the management
of HIV infection since the beginning of the HIV epidemic
40 years ago. Prior to antiretroviral therapy (ART), infec-
tion with HIV conferred high morbidity and swift mortal-
ity. As a result of the greater than 35 different antiretrovi-
ral drugs that have been developed to treat HIV (Table 1),
people with HIV (PWH) now have significantly improved
quality and quantity of life.

PWH who begin and maintain an ART regimen have
a rapid reduction in viral load, steady T cell recovery both
in naïve and memory cell compartments, and eventually,
sustained immune reconstitution. Associated with immune
restoration is a decreased incidence of Acquired Immunod-
eficiency Syndrome (AIDS)-associated malignancies, par-
ticularly Kaposi’s Sarcoma, Non-Hodgkin’s lymphomas,
and anogenital tumors, tumor regression, prolonged time
to treatment failure, and longer survival. The major attri-
bution to these findings is a return of immunologic control
of the viruses, Human Herpesvirus-8, Epstein-Barr Virus,
and Human Papilloma Virus, that are associated with these
malignancies, respectively. However, several studies have
shown that the anti-tumor effects of antiretroviral drugs
are not well correlated with markers of immune reconsti-
tution, suggesting there are additional anti-tumor mecha-
nisms. Many antiretroviral drugs have pleiotropic anti-
tumor effects. They block telomerase activity, inhibit the
proteosome, Akt signaling, matrix metalloproteases, and
angiogenesis, and may alter epitope processing to modu-
late antitumor immune responses, and impact autophagy,
among other mechanisms. These impacts are important
for optimizing antiretroviral repositioning, and have been
reviewed elsewhere. To facilitate research of anti-cancer
mechanisms, examples of these effects are in Supplemen-
tary Table 1, and we refer the reader to the following re-
views: [13–17].

It is known that antiretroviral drugs impact autophagy
[18]. However, knowledge of these impacts is limited in
the context of cancer. A comprehensive understanding of
the effects of antiretrovirals specifically on autophagy in
the context of cancer will help guide their repositioning
as antineoplastics. In this review, we focus on changes
in autophagy mediated by antiretroviral drugs of different
classes in various cell types to contribute to the arrest of
cancer cell proliferation or to cause cell death (Table 2,
Ref. [19–52]). The ultimate goal is to improve not just
the clinical outcomes for people with cancer by overcoming
chemotherapy resistance or chemotherapy failure through
autophagy modulation, but also decrease the financial bur-
den of cancer care by repurposing antiretroviral drugs.

2. Protease Inhibitors
Protease inhibitors (PI) (Table 1) were introduced in

1995, and remain an important component of modern ART
regimens. PI inhibit the viral aspartyl protease, prevent-
ing the processing of viral polyproteins into functional
forms that comprise mature virions. Concomitant with
widespread use of PI, the incidence of AIDS-associated
malignancies decreased [13,17]. This led to great interest
in evaluating PI for repurposing into antineoplastic drugs.
There are numerous activities of PI that lead to anti-cancer
effects (Supplementary Table 1), including modulating
autophagy.

2.1 Nelfinavir
Among the PI, Nelfinavir (NFV) appears to be the

most potent and broadly acting, with effects on angiogene-
sis, cell invasion, AKT signaling, and apoptosis [17]. NFV
also causes significant endoplasmic reticulum (ER) stress
[17]. Cells respond to ER stress, in part, by upregulating
autophagy. This adaptive response is cytoprotective by re-
ducing the toxicity of accumulated misfolded proteins and
protein aggregates. Understanding a cell’s autophagic re-
sponse to NFV increases knowledge of NFV effects that
could be used for chemotherapy.

NFV appears to induce autophagy in several differ-
ent cancer cell models. Autophagy was induced in H157
cells, a human non-small cell lung cancer (NSCLC) cell
line, treated with 10 or 20 µM NFV. There was increased
LC3-II protein, increased LC3 puncta by fluorescence mi-
croscopy, and vacuoles were noted on transmission elec-
tron microscopy (TEM) [19]. LC3-II protein was also in-
creased in H157 xenografts in mice treated with NFV [19],
suggesting effects on autophagy occur in vivo as well as in
vitro. In another study, autophagy was induced in TT and
MZ-CRC-1 cells, lines used in models of medullary thy-
roid cancer. LC3-II protein was increased and p62 protein
was decreased after treatment with 10 µM NFV [20]. Sim-
ilarly, autophagy was induced in the human prostate cancer
cell lines DU145 and PC-3 [21]. These cells, transfected
to express GFP-LC3, had decreased GFP fluorescence by
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Table 1. Antiretroviral drugs by class.
Entry Inhibitors1 Fusion Inhibitor2 Capsid Inhibitor3 Rev. Transc. Inhibitors4 Integrase Inhibitors5 Protease Inhibitors6

Maraviroc Enfuvirtide Lenacapavir NRTIβ Raltegravir Saquinavir
Ibalizumab Zidovudine Elvitegravir Indinavir
Fostemsavir Didanosine Dolutegravir Nelfinavir
Cenicrivirocα Zalcitabine Bictegravir Ritonavir

Stavudine Cabotegravir Lopinavir
Lamivudine Amprenavir
Abacavir Atazanavir
Tenofovir Fosamprenavir

Emtricitabine Tipranavir
Dapivirine Darunavir

NNRTIγ

Nevirapine
Delavirdine
Efavirenz
Etravirine
Rilpivirine
Doravirine

NRTTIδ

Islatravirα
1Entry Inhibitors prevent viral infection of cells by preventing binding of viral proteins to host cell surface receptors. Each have different
mechanisms of action; αInvestigational—not currently FDA approved. 2Binds to Human Immunodeficiency Virus (HIV) glycoprotein
(gp) 41 to prevent its conformational change required for the fusion of viral and cellular membranes; 3Binds to the hexamers of viral
capsid p24 protein, disrupting the capsid, which is needed in multiple steps of the viral life cycle; 4Reverse Transcriptase (RT) Inhibitors
(RTI) inhibit viral reverse transcriptase: βNucleo(t)side RTI are analogs of naturally occurring deoxynucleotides except they cannot
form the next 5′–3′ phosphodiester bond with an incoming nucleotide; γNon-nucleotide RTI bind directly to RT, preventing movement
of protein domains needed to carry out viral DNA synthesis; δNucleoside RT Translocation Inhibitor, is a new class of RTI that prevent
opening of the RT binding site such that new nucleotides cannot be incorporated. 5Integrase Strand Transfer Inhibitors (ISTI) prevent
integration of HIV DNA into host chromosomal DNA. 6Protease Inhibitors (PI) inhibit HIV aspartyl protease from processing viral
polyproteins into individual functional proteins.

flow cytometry after treatment with 20 µM NFV. This re-
sult was similar to Rapamycin, an inducer of autophagic
flux. In another study, NFV treatment of primary human
chronic lymphocytic leukemia (CLL) cells also induced au-
tophagy. Five µM and 10 µM NFV increased LC3 puncta
by immunofluorescence, and decreased p62 protein, sim-
ilarly to Rapamycin [22]. Lastly, autophagy was induced
in mouse embryonic fibroblasts (MEF) knocked out for
Tuberous Sclerosis Complex 2 (TSC2−/−) and treated with
20 µM NFV. Loss of TSC2 causes excess mTOR signaling
that inhibits autophagy. Mutations causing loss of TSC2
function are present in a small percentage of bladder and
pancreatic neuroendocrine cancers [53,54]. NFV treatment
increased LC3-II and decreased p62 protein in TSC2−/−

MEF, indicating increased autophagic flux [23]. For refer-
ence, the maximum concentration (Cmax) of NFV in serum
is 3–10 µM [55].

NFV does not induce autophagy in every cancer cell
type; rather, it may inhibit autophagy in some cell types.
This was demonstrated in a study ofmultiple myeloma [24].
Bortezomib, a proteosome inhibitor used in the treatment
of multiple myeloma, induced the colocalization of LC3

and Lysosome Associated Membrane Protein 2 (LAMP2),
a lysosome marker, in NCI-H929 cells by immunofluo-
rescent microscopy [24]. This effect was mitigated by
concomitant treatment with 5 µM NFV. The authors con-
clude that autophagy was upregulated as a cytoprotective
response to Bortezomib stress, and NFV impaired APG
maturation, i.e., inhibited autophagy. In another study of
ME-180 cells, a cervical cancer cell line, there was in-
creased LC3-II and p62 protein byWestern blotting, as well
as increased LC3 and p62 puncta by immunofluorescence
after 10 µMNFV treatment [25]. The authors conclude that
autophagy was induced. While chloroquine (CQ) was used
as a positive control for autophagy inhibition, flux analyses
were not performed. An alternative interpretation is that
with accumulation of both LC3-II and p62 as evidenced by
two distinct techniques, NFV inhibited autophagy.

Multiple other studies attempt to link the potential
chemotherapeutic efficacy of NFV to effects on autophagy
but the true effects of NFV on autophagy are difficult to
determine based on the studies performed. For exam-
ple, in a study of four different breast cancer cells lines,
T47D, MCF-7, MDA-MB-453, and MDA-MB-435 [26],
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Table 2. Summary of studies that examine effects of antiretroviral drugs on autophagy in the context of cancer.
Antiretroviral drug Malignancy Cell type/Model Effect on autophagy1 Ref.

Protease Inhibitors
Nelfinavir Non-small cell lung H157, AnNCr-nu/nu mice Increased autophagy [19]

Medullary Thyroid TT, MZ-CRC-1 Increased autophagy [20]
Prostate DU145, PC-3 Increased autophagy [21]
CLL3 Primary human CLL Increased autophagy [22]

Bladder, pancreas Mouse embryonic fibroblasts Increased autophagy [23]
Multiple Myeloma NCI-H929 Decreased LC3/LAMP2 colocalization [24]

Cervical ME-180 Increased LC3-II, p62 protein, puncta [25]
Breast MDA-MB-453 Increased LC3-II [26]
Breast MDA-MB-453 Increased LC3-II [27]
Breast MCF-7 Increased LC3-I [28]

+2,5-dimethyl-celecoxib Breast MDA-MB-231 Increased LC3-II [29]
Non-small cell lung A549 Increased LC3B [30]

+metformin Cervical SiHa, HeLa Increased APG, decreased LC3-I/LC3-II [31]
Pediatric ALL4, AML5 SEM, Molm13 No change in LC3-II [32]
Non-small cell lung H157, A549 No change in LC3-II [33]

Ovarian CAOV3 No change in LC3-II [34]
+lenalid., dexameth.2 Multiple Myeloma Primary Human PBMC6 Increased LC3-II [35]

Saquinavir Ovarian A2780, SKOV3, CAOV3 APG on EM, increased LC3 puncta [36]
Ovarian SKOV3 Increased mTOR, BECN1 RNA, protein [37]
Cervical NIKS16 Decreased LC3, p62 puncta [38]

Lopinavir Gastric AGS Decreased autophagy [39]
Lopinavir analog Glioblastoma LN-229, U-251 Increased late-stage autolysosomes [40]

Melanoma B16, B16F10, A375 Increased late-stage autolysosomes [41]
Indinavir analog Lung A549 Increased LC3-II [42]
Ritonavir Glioblastoma pGBC7 Increased LC3-II, vacuoles [43]
Two Darunavir analogs Hepatocellular HepG2 Increased LC3-II [44]

Rev. Transc. Inhibitors
Efavirenz Prostate PC3, LNCaP, PNT2 Increased autophagy [45]

+metformin, fluoxetine Colon HCT116 Increased p62 [46]
Dapivirine Glioblastoma U87 Increased LC3-II/I ratio [47]
Zalcitabine Pancreas PANC1, Capan2 Increased autophagy [48]
Abacavir Medulloblastoma DAOY, MEB-Med8a, D283-Med Increased “autophagy activity factor” [49]
Tenofovir Breast DMBA8 Sprague Dawley rats Increased LC3, Beclin-1 [50]
Etravirine Ovarian A2780, A2780-ADR Increased autophagy [51]

Entry Inhibitors
Maraviroc Prostate C4-2 injected BALB/c-nude mice Decreased autophagy [52]
1Major findings are reported when multiple assays or autophagic flux assays were not performed; 2Lenalidomide, dexamethasone; 3Chronic
Lymphocytic Leukemia; 4Acute Lymphocytic Leukemia; 5Acute Myelocytic Leukemia; 6Peripheral Blood Mononuclear Cells; 7Patient derived
glioblastoma cells; 87,12-dimethylbenz(a) anthracene.

26 µM NFV increased LC3-II protein by Western blotting
in MDA-MB-453 cells only. The same authors performed a
separate study with MDA-MB-453 cells, and found a time-
dependent increase in LC3-II protein with the same NFV
concentration [27]. In a separate breast cancer model using
the MCF-7 breast cancer cell line, treatment with increas-
ing concentrations of NFV (max 6.67 µM) increased LC3-I
protein by Western blotting [28]. In another breast cancer
model, there was a time-dependent increase in LC3-II af-
ter treatment of MDA-MB-231 cells with 25 µM NFV plus
20 µM 2,5-Dimethyl-celecoxib, an ER stress inducer [29].

In a study of non-small cell lung cancer, different concen-
trations of NFV, 7.5 µM and 25 µM, were packaged into
nanoparticles that were used to treat A549 cells, a lung can-
cer cell line. There was a dose-dependent increase in LC3B
protein byWestern blotting [30]. In a cervical cancer model
using SiHa and HeLa cells, treatment with a combination of
4 µM NFV plus 10 µM Metformin, a widely used type II
diabetes medication, led to an increase of APG by TEM,
a decrease in the LC3-I/LC3-II ratio, and ATG3, Beclin-1,
and ATG7 protein by Western blotting [31]. In a model of
pediatric leukemia, neither 10 nor 20 µMNFV treatment of
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SEM and Molm13 cells, acute lymphocytic leukemia and
acute myelocytic leukemia cell lines, respectively, changed
LC3-II protein amount by Western blotting [32]. Similarly,
no change in LC3-II was detected by Western blotting af-
ter 10 µM NFV treatment of H157 or A549 cells in a hu-
man lung cancer model [33], nor after 10 µM NFV treat-
ment of CAOV3 cells in an ovarian cancer model [34].
Lastly, in a phase I/II clinical trial of 29 patients with refrac-
toryMultiple Myeloma, LC3-II was increased in Peripheral
Blood Mononuclear Cells (PBMC) from the patients after
16 weeks of treatment with NFV plus both lenalidomide,
an anti-angiogenic agent, and dexamethasone [35]. While
the authors of these studies conclude that autophagy was
induced in the models, flux assays were not performed to
differentiate autophagy induction from inhibition of APG
maturation, analysis of LC3-I as opposed to LC3-II was
performed, analysis of LC3 without differentiating between
LC3-I or LC3-II was performed, or NFVwas not studied in-
dependently of other drugs. Some studies do have similar
findings of increased LC3-II. It is therefore tempting to ex-
amine the totality of the data across studies and conclude
that NFV consistently induces autophagy. However, it is
uncertain that this conclusion can be drawn based on dif-
ferent NFV concentrations, cell lines, and techniques used
to measure autophagy.

2.2 Saquinavir

Saquinavir (SQV) was the first protease inhibitor ap-
proved for treatment of HIV, and was important to the
development of combination antiretroviral therapy. One
group examined the antineoplastic effect of SQV on ten dif-
ferent ovarian cancer cells lines [36]. They found a dose-
and time-dependent inhibition of cell growth and apoptosis
with SQV treatment in both chemo-sensitive (A2780) and
chemo-resistant (SKOV3 and CAOV3) lines. To charac-
terize the mechanism underlying cell death, they examined
markers of ER stress, ATF6 and GRP78, and examined au-
tophagy by presence of APG by electron microscopy, and
formation ofGFP-LC3 puncta inGFP-LC3 transfected cells
after treatment with 50 µM SQV. They found increased
ATF6 and GRP78 suggestive of ER stress, and presence of
APG by EM and an increase in GFP-LC3 puncta. The au-
thors conclude that ER stress induced autophagy leading to
cell death, and therefore SQV may have clinical applica-
tion in the treatment of ovarian cancer. While cell death
did occur at lower SQV concentrations, ER stress and au-
tophagy studies were performed with a high dose of SQV.
Ritonavir-boosted SQV serum Cmax ranges from only 2.1
to 26 µM [56]. Another limitation to the study is that flux
assays were not performed to confirm that increased LC3
puncta was a result of induced autophagy rather than inhib-
ited maturation.

In another study of ovarian cancer, the effects of SQV
on cisplatin resistance, which confers a poor prognosis, was
determined [37]. SKOV3 cells were treated with 10 or 20

µM SQV, and the concentration of cisplatin required to
cause 50% cell death, or IC50, was measured [37]. The
IC50 of cisplatin increased with SQV, suggesting that SQV
caused an increase in cisplatin resistance. Inhibiting au-
tophagy with 3-methyladenine (3-MA) during SQV treat-
ment restored cisplatin IC50 to control level, suggesting au-
tophagy plays a role in cisplatin resistance. The authors
found that SQV increased both mTOR and BECN1 RNA
and protein, concluding that SQV increased autophagy,
thereby promoting cisplatin resistance [37]. While of in-
terest, mTOR and BECN1 have opposing effects on au-
tophagy, and no additional techniques were performed to
assess autophagy directly. More work is needed to clarify
the contribution of SQV in this context.

Infection with Human Papillomavirus strain 16
(HPV16) increases the risk for development of oropharyn-
geal and anogenital cancers. HIV PI were shown to de-
crease cervical dysplasia in cancer and precursor lesions
in women with HIV. HPV16 has two oncoproteins, E6
and E7, whose constitutive expression is required to main-
tain HPV16-positive cancers. One group examined the ef-
fects of PI on HPV16 E6/E7 [38]. They used a model
of pre-cancerous HPV16 infection: normal immortalized
keratinocytes carrying 10-50 extrachromosomal copies of
HPVP16 (NIKS16). NIKS16 cells form organoid rafts
similar to human skin and maintain infection with HPV16
throughout cell differentiation stages. NIKS16 rafts treated
with 5 µM SQV were atrophic, and had decreased cell pro-
liferation relative to control [38]. The authors could not
detect E6/E7 by immunofluorescence of the rafts, but they
did find MCM7, a protein expressed in the presence of E7.
SQV decreased the number of MCM7-positive cells in the
rafts, suggesting SQV decreased E7 [38]. E6/E7 inhibit au-
tophagosome fusion with the lysosome, an important step
for HPV16 cancer development. The authors examined
LC3 and p62 by immunofluorescence of the rafts, and found
a small decrease of LC3 and a significant decrease of p62.
They conclude that SQV reversed E6/E7 autophagy inhibi-
tion. While they did not determine whether the shift in au-
tophagy dynamics by SQV contributed to decreased E6/E7
oncoprotein level, reversal of HPV16 autophagy inhibition
is likely important for decreasing HPV16 oncogenic poten-
tial.
2.3 Lopinavir

Lopinavir (LPV) is a unique PI in that it was not for-
mulated for use independently from Ritonavir (RTV, dis-
cussed below) because it has poor bioavailability. One
group identified Lopinavir as a potential chemotherapeu-
tic agent through its effects on autophagy in a model of
metastatic gastric cancer [39]. When non-cancerous cells
detach from the extracellular matrix (ECM), they undergo
a type of programmed cell death termed anoikis. Can-
cer cells detaching from the ECM and intravasating into
the vasculature must be anoikis resistant to survive and
establish metastatic disease. In certain prostate and liver
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cancer models, autophagy was shown to promote metas-
tasis by inhibiting anoikis. ATG4B, which is essential for
the lipidation of LC3 (Fig. 1), is expressed highly in var-
ious cancer types. Inhibiting ATG4B may induce anoikis,
thus inhibiting metastatic processes, but ATG4B inhibitors
are not currently clinically viable options. Using AGS
cells, a human gastric cancer cell line, the authors demon-
strate that high levels of ELAVL1, an RNA-binding protein,
suppress circSPECC1 levels, a specific sequence of circu-
lar RNA, which binds to and negatively regulates ATG4B
[39]. The effect of ELAVL1 on circSPECC1 led to in-
creased ATG4B levels, thereby increasing autophagy as
shown by LC3 and p62 Western blotting and fluorescence
microscopy of an mCherry-GFP-LC3 reporter. This inter-
action conferred anoikis resistance to the cells. Molecu-
lar docking and virtual screening studies identified LPV
as a molecule that could disrupt the interaction between
ELAVL1 and circSPECC1. After treatment with 25 µM or
50 µM LPV, circSPECC1 levels were restored, and corre-
spondingly, ATG4B levels and autophagy were decreased.
LPV increased anoikis in vitro, and decreased the incidence
of pulmonary metastasis after tail vein injection of GC in a
nude mouse model [39]. This study introduces LPV as a
viable chemotherapeutic agent for metastatic gastric can-
cer. One limitation of the study is the concentration of LPV
used. The serum Cmax of LPV is 21 µM when dosed twice
a day with RTV [57].

Having determined that a nitric oxide (NO)-releasing
derivative of SQV had anti-cancer properties, one group
generated a similar molecule from Lopinavir (LPV-NO) to
examine its efficacy in glioblastoma and melanoma models
in two separate studies [40,41]. LN-229 and U-251 cells,
human glioblastoma cell lines [40], and B16, B16F, mouse
melanoma cells lines, and A375 cells, a human melanoma
cell line [41], were treated with a range of LPV and LPV-
NO concentrations. In both models, the IC50 of LPV-NO
was confirmed to be lower than that of LPV, and it re-
duced cell viability, decreased cell proliferation, and in-
duced differentiation of cells into more terminal pheno-
types. To assess changes in autophagy, LPV-NO-treated
cells were stained with acridine orange, which labels only
late-stage autolysosomes and cannot provide information
on autophagy dynamics. In all cell types, acridine orange
staining was increased after LPV-NO treatment. However,
neither cell viability or differentiation was rescued when
cells were treated with 3-MA [40,41]. In the glioblas-
tomamodel, LPV-NO improved cell viability and decreased
apoptosis in cells co-treated with Cisplatin relative to cells
treated with Cisplatin alone [40]. This was correlated with
an increase in acridine orange staining. The authors con-
clude that autophagy was upregulated as a cytoprotective
response to LPV-NO induced oxidative stress, and could
be a mechanism by which resistance to Cisplatin develops.
While LPV-NO appeared to be beneficial in these models,
the role of autophagy remains unclear as 3-MA did not im-

pact cell viability or differentiation, and only the acridine
orange staining was performed.

2.3 Indinavir

Indinavir has been suggested to block angiogenesis
and tumor cell invasion, but not inhibit proliferation or in-
duce apoptosis in cancer cells in vitro [58]. To improve
Indinavir’s antineoplastic properties, one group developed
an analog, CH05-10 [42]. Human lung cancer cells, A549,
were treated with CH05-10, and apoptosis, ER stress, and
autophagy were assessed. CH05-10 decreased cell viabil-
ity, inhibited proliferation, caused G1 cell cycle arrest, and
increased apoptosis in a concentration- and time-dependent
manner. It also caused ER stress, as Binding Immunoglob-
ulin Protein and C/EBP homologous protein (CHOP) pro-
teins were increased, as well as spliced X-box binding pro-
tein 1 (XBP-1) mRNA [42]. LC3-II was increased after
CH05-10 treatment, and cell death was enhanced after in-
hibition of autophagy with 3-MA. They conclude that au-
tophagy upregulation is a cytoprotective response to the ER
stress caused by CH05-10 [42]. With pleiotropic effects,
this analog is a promising chemotherapeutic candidate, al-
though more autophagy-directed studies are needed to un-
derstand fully its effects on autophagy.

2.4 Ritonavir

Originally used as treatment in PWH to inhibit HIV
protease, Ritonavir (RTV) is now used in current regimens
to increase, or boost serum levels of other protease in-
hibitors. This is because RTV is a potent inhibitor of Cy-
tochrome P450 (CYP3A). One group examined its possi-
ble efficacy in treating glioblastoma [43]. Patient-derived
glioblastoma cells (pGBM) were treated with 30 µM RTV.
The mean serum Cmax of treatment-dose RTV is 15 µM
[59]. Treated cells underwent cell cycle arrest, doubling
time increased almost two-fold, and there was decreased
migration with decreased gene expression of matrix met-
alloproteases. These findings were augmented when cells
were concomitantly treated with temozolomide (TMZ), a
standard chemotherapeutic agent for glioblastoma. To iden-
tify the mechanisms underlying the increased efficacy of
combined RTV and TMZ, the authors examined ER stress
and autophagy in pGBM treated with 15 µM RTV with
or without TMZ. They found increased markers of ER
stress (BiP, XBP1 and ATF4), increased LC3-II by Western
blotting, and accumulation of vacuoles associated with au-
tophagic flux with a commercially available dye kit. Addi-
tion of 4-phenylbutyric acid (4-PBA), which abolishes ER
stress by inhibiting aggregation of misfolded proteins, to
cells treated with RTV+TMZ increased the metabolic ac-
tivity of pGBM relative to RTV+TMX treated cells without
4-PBA, suggesting ER stress and autophagy are important
mediators of cancer cell compromise in their model [43].
The authors conclude that RTV induced autophagy; how-
ever, flux assays were not performed to ensure that the in-
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creased LC3-II and vacuoles on imaging were not due to
inhibition of autophagic flux.

2.5 Darunavir
Darunavir is the first-line preferred protease inhibitor

in ART regimens [60]. As for all PI in modern regimens,
Darunavir is boosted with either low-dose RTV, or with co-
bicistat, a non-antiretroviral inhibitor of Cytochrome P450
(CYP3A). Precursor analogs of Darunavir, RDD-19 and
RDD-142, which had been developed originally for poten-
tial use as antiretrovirals, were tested for efficacy as antitu-
mor agents against hepatocellular carcinoma [44]. While
Darunavir itself did not cause any cytotoxicity, RDD-19
and RDD-142 reduced viability and induced apoptosis in
HepG2 cells, a hepatocellular carcinoma cell line, in a dose-
dependent manner. These findings were associated with a
dose-dependent increase of ER stress markers as well as in-
hibition of the proteosome. They also performed Western
blotting for LC3 and Beclin-1, and found significantly in-
creased amounts of LC3-II relative to control, but no change
in Beclin-1. Additional studies were not performed to fur-
ther evaluate the effects of the compounds on autophagy.
The authors conclude that while the IC50 of either RDD-
19 or RDD-142 were suboptimal, both are good lead com-
pounds for further development into anticancer agents by
their pleiotropic effects on the cancer cell line [44].

3. Reverse Transcriptase Inhibitors
The first FDA approved medication to treat HIV in-

fection was a reverse transcriptase (RT) inhibitor (RTI).
While RTI inhibit viral reverse transcriptase with different
mechanisms, they all cause chain termination during viral
replication (Table 1). These remain the mainstay of HIV
treatment [60]. Similar to PI, the incidence of cancers in
PWH decreased with the institution of RTI in HIV treat-
ment regimens [61,62]. As was also found for PI, RTI may
mediate chemotherapeutic effects by several mechanisms
(Supplementary Table 1), including autophagy modula-
tion.

3.1 Efavirenz
Efavirenz (EFV) is a non-nucleoside reverse transcrip-

tase inhibitor that was an important component of ART reg-
imens for almost two decades. Many studies showed that
EFV can inhibit cell proliferation and promote cell death
in various carcinoma and sarcoma cell lines [63–69], and a
small clinical trial showed EFV may have some efficacy in
treating metastatic castration-resistant prostate cancer [70].
In a recent publication, 20 µM EFV and 20 µM SPV122.2,
a stereoisomer of EFV, induced significant DNA damage,
chromatin reorganization, lamin B1 breakdown with mi-
cronuclei formation, and ultimately, decreased proliferation
and significant apoptosis of PC3 cells, a prostate carcinoma
cell line [45]. As LC3-II plays a role in lamin B1 degrada-
tion [71,72], the authors examined whether autophagy con-

tributes to EFV/SPV122.2 induced nuclear changes. They
saw increased LC3 positive puncta by immunofluorescent
microscopy, as well as increased LC3-II, p62, and ATG7
by Western blotting. While these studies do not exclude
the possibility that APG maturation was inhibited, pharma-
cologic inhibition of autophagy with 3-MA mitigated the
effects of EFV and SPV122.2 on nuclear architecture, and
restored viability of the malignant cells, suggesting EFV
and SPV122.2 induced autophagy which contributed to the
effects on the nucleus [45]. Daily dosing of EFV leads to an
average serum level range between 3.17 and 12.67 µM [73].
Due to major interpersonal EFV pharmacokinetic variabil-
ity, 20–40% of people can have plasma levels that reach as
high as 30–50 µM [74–76]. Their data suggest that activat-
ing autophagy by EFV may have chemotherapeutic benefit
in prostate cancer.

In a study of colon cancer, EFV was used in com-
bination with Metformin and Fluoxetine, a common anti-
depressant, to generate excess ROS as a means to induce
cancer cell death [46]. There was a significant increase
in ROS production in HCT116 cells, a colon cancer cell
line, after treatment with 1.5 µM EFV plus Metformin and
Fluoxetine relative to any of the three drugs alone. This
combination also reduced mitochondrial membrane poten-
tial, induced cell cycle arrest, and caused significant cell
death. To identify the underlying mechanisms of toxicity,
Western blotting was performed for markers of DNA dam-
age, apoptosis, necroptosis, and of p62 to assess autophagy.
Most markers were increased relative to control, including
p62. However, the increase in p62 was small and not sta-
tistically significant. They conclude that this drug combi-
nation had profound antitumor effects due to ROS induced
DNA damage, and upregulation of apoptosis, necroptosis
and autophagy. However, an increase in p62 suggests au-
tophagymay be inhibited. In addition, excess p62 stabilizes
nuclear factor erythroid 2-related factor 2 (NRF2) [77], a
major transcription factor involved in the defense against
oxidative and electrophilic stresses. SQSTM1, the gene for
p62, is a target of NRF2. [78]. The increased p62 may be a
result of a positive feed-back loop established with activa-
tion of the NRF2 anti-oxidant system rather than resulting
from a change in autophagy. As there were no direct stud-
ies of autophagy, it remains unclear what effect EFV or the
3-drug combination may have on autophagy in this model.

3.2 Dapivirine

Dapivirine is a unique antiretroviral, developed as
an active ingredient in microbicides and vaginal rings to
prevent HIV acquisition in women. One study showed
Dapivirine to have potential therapeutic benefit in a
glioblastoma model [47]. U87 cells, a human glioblastoma
cell line, were treated with a range of Dapivirine concen-
trations, and cell viability and apoptosis were examined.
Dapivirine decreased cell proliferation, and increased apop-
tosis with an IC50 of 10.73 µM. They assessed autophagy
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after treatment with 16 µM, and found a time-dependent
increase in the LC3-II/I ratio, and time-dependent fluctu-
ations in ATG7 and BCN-1. They also examined the an-
tineoplastic activity of 16 mg/kg subcutaneous Dapivirine
in mice that developed tumors after transplantation of U87
cells. Tumor volumes were significantly decreased, and
apoptosis in the tumor tissue was also increased in the
Dapivirine treated mice. The authors conclude that stress
induced by Dapivirine leads to autophagy induction, but
this fails to effectively protect the stressed cells, resulting in
apoptosis [47]. Use of LC3-II/I as the sole determinant of
autophagy activity is controversial [79]. In addition, there
was no apparent change in LC3-II levels compared to con-
trol cells, and they report finding no changes in autophagy
related proteins in the tumor tissue (data not shown). The
anticancer effects of Dapivirine seem promising, but more
studies are needed to understand the effects of Dapivirine
on autophagy more completely.

3.3 Zalcitabine

Zalcitabine (ddC) did not achieve great success in the
treatment of HIV as it was inconveniently dosed, less po-
tent than other NRTI, and had overlapping toxicities with
RTI, limiting its ability to be used in combination with
other RTI. One study examined the effect of ddC on mi-
tochondrial function and autophagy in a pancreatic cancer
model. Treatment of two human pancreatic ductal adeno-
carcinoma (PDAC) cell lines, PANC1 and Capan2, and of
ex vivo primary human cells with 20 µM ddC led to sig-
nificant mitochondrial dysfunction with reduced mtDNA
copy number, increased ROS, decreased oxygen consump-
tion, and reduced ATP production. ddC also induced cell
death [48]. mtDNA replication requires Transcriptional
Factor A, Mitochondrial (TFAM), which can also activate
the DNA damage sensing pathway. ddC treatment reduced
TFAM, and increased cytosolic mtDNA, ultimately lead-
ing to increased phosphorylation of Stimulator of Inter-
feron Response CGAMP Interactor 1 (STING1) [48], a cy-
tosolic DNA sensor linked to the innate immune response
and autophagy. The authors used a novel autophagic flux
reporter, GFP-LC3-RFP-LC3∆G [80], to show that ddC
increases autophagic flux in a STING1-dependent man-
ner, and that increased autophagy leads to ferroptosis [48],
an iron-dependent form of autophagy-regulated cell death
[81]. Their study increases understanding of the crosstalk
between the DNA damage response and autophagy, and
supports manipulating autophagy to treat pancreatic cancer.
For reference, serum Cmax of ddC ranges from 0.055 µM to
0.170 µM [82].

3.4 Abacavir

The guanosine analog Abacavir (ABC) was once a
preferred backbone agent for PWH, and is still a first-line
preferred and alternative agent for children with HIV [60].
One study examined ABC as a potential chemotherapeu-

tic agent for medulloblastoma (MB) [49], a common pedi-
atric brain tumor with a low 5-year survival rate. MB is
thought to arise, in part, from abnormal neuronal or glial
cell differentiation. ABC had been previously shown to
induce cell differentiation [83]. The authors used ABC in
an attempt to induce cell differentiation and reduce cancer-
forming capacity. Three humanmedulloblastoma cell lines,
DAOY, MEB-Med8a, and D238-Med, were treated with
250 µM, 40 µM, and 240 µM ABC, respectively, after
which they found significantly more double-strand DNA
breaks, reduced cell viability, increased apoptosis, and de-
creased clonogenic survival. This was associatedwith a sig-
nificant increase in the “autophagy activity factor (AAF)”
which they derived from the mean fluorescence intensities
of treated and control cells using a commercially available
dye kit for measuring autophagic flux. The authors con-
clude that the increased AAF is evidence of increased au-
tophagy [49], but it is not clear if the appropriate controls
were used in order to analyze autophagic flux properly. In
addition, the concentrations of ABC used represent an in-
hibitory concentration by which 90% of clonogenic cells
were killed (IC90) in preliminary experiments. The aver-
age serum and CSF concentrations of ABC are 4.86 µM
and 4.47 µM, respectively [84]. Further work is needed to
understand more fully the effects of ABC on autophagy, as
a possible adjunct chemotherapeutic agent for medulloblas-
toma.

3.5 Tenofovir

Tenofovir is a NRTI (Table 1) and a major compo-
nent of contemporary ART, being one of two NRTI recom-
mended in first- and second line regimens. It is also a com-
ponent of Pre-exposure Prophylaxis (PrEP) as well as Pose-
Exposure Prophylaxis (PEP), preventing HIV infection in
individuals at risk for HIV acquisition. It was recently ex-
amined as a possible chemotherapeutic agent for breast can-
cer [50]. Breast cancer was induced in Sprague Dawley
rats with 7,12-dimethylbenz(a) anthracene (DMBA) given
twice weekly for four weeks. During this four-week pe-
riod, rats were also given 25 mg/kg Tenofovir (TF25), 50
mg/kg Tenofovir (TF50), or Doxorubicin (DOX)+TF50.
TF25 and TF50 conferred a survival advantage, and mam-
mary gland tissue weight was significantly decreased after
all three treatments. Markers of oxidative stress, cell pro-
liferation, and apoptosis were all decreased after the three
treatments. Enzyme-linked immunosorbent assay (ELISA)
for Beclin-1 and LC3 were performed on supernatants ob-
tained from homogenized breast tissue, and the three treat-
ments decreased Beclin-1, and increased LC3 relative to
DMBA alone. The authors conclude that TF offers ther-
apeutic benefit, even more so when combined with DOX,
as a result of decreasing breast tissue weight, decreasing
oxidative stress, apoptosis and cell proliferation, as well as
increasing autophagy [50]. However, the ELISA measured
total LC3, and no other autophagy analysis was performed.
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Tenofovir may be beneficial in the treatment of breast can-
cer, but the effects on autophagy are not fully characterized.

3.6 Etravirine
Etravirine (ETR) is a NNRTI (Table 1) that has a

flexible conformation, enabling it to bind RT effectively
even in the presence of RT mutations. At the time of its
FDA approval, ETR offered HIV treatment efficacy for
those in whom resistance to other NNRTI had developed.
ETR was shown to have anti-cancer effects in an ovarian
cancer model, possibly by impacting autophagic degrada-
tion of Anterior gradient protein 2 homolog (AGR2) [51].
AGR2, thought to play a role in protein folding, is ex-
pressed highly in many cancers, promoting angiogenesis,
enhancing metastasis and tumor progression. Its expres-
sion is associated with chemoresistance and a poor prog-
nosis. The authors treated two ovarian cancer cell lines,
A2780 and A2780-ADR, with ETR ranging from 1.25 µM
to 10 µM, and performed LC3-II Western blotting. They
found a dose-dependent increase in LC3-II, corresponding
to a dose-dependent decrease of AGR2. By immunoflu-
orescence, LC3 was increased after 10 µM ETR and this
also corresponded with decreased AGR2. When autophagy
was inhibited with wortmannin, a PI3K inhibitor, CQ, or
ATG7 siRNA knockdown, the effects of ETR in AGR2
were reversed, suggesting that ETR decreased AGR2 level
by autophagy-mediated degradation. ETR also decreased
cell proliferation, viability and migration in vitro, and when
combined with Paclitaxel, a common chemotherapy agent,
decreased cancer progression and metastasis in a xenograft
mouse model. The authors conclude that ETR is a promis-
ing chemotherapeutic agent for its ability to upregulate au-
tophagic degradation of AGR2 [51]. Of note, the median
serum Cmax of ETR is 1.3 µM [85]. While the authors show
an effect on LC3-II with a biologically relevant concentra-
tion of ETR, the majority of the autophagy studies were per-
formed with higher concentrations.

4. Entry Inhibitors
Entry Inhibitors (Table 1) were important to the evo-

lution of successful ART regimens, as they offered a novel
mechanism of action against HIV in treatment-experienced
patients in whom resistance to PI and RTI had developed.
Members of this class of medications have diverse mech-
anisms of actions, all preventing HIV from entering cells.
They too have shown potential to act as chemotherapeu-
tic agents (Supplementary Table 1). One group studied
how endothelial cells contribute to prostate cancer metasta-
sis, incorporating Maraviroc into their animal model [52].
Maraviroc is a C-C chemokine receptor type 5 (CCR5) an-
tagonist, blocking HIV gp120 from binding CCR5, one of
two cell surface co-receptors needed for HIV to enter a cell.
Using a coculture of C4-2 cells, a metastatic prostate cancer
cell line, and human umbilical vein endothelial cells (HU-
VEC), the authors show that HUVEC enhanced prostate

cancer cell invasion by decreasing androgen receptor (AR)
activity in a C-C chemokine ligand type 5 (CCL5)- de-
pendent manner. AR signaling inhibits autophagy, which
degrades paxillin, an important component of focal adhe-
sion sites where cells anchor their actin cytoskeletons to the
ECM. Paxillin accumulates during autophagy inhibition,
which can increase cell mobility. In their model, CCL5 re-
pression of AR led to increased autophagy (as evidenced
by increased LC3-II and decreased p62 on Western blot-
ting), reduced paxillin, and subsequently increased cell mi-
gration. When either a CCL5 neutralization antibody or
CQ was added to the co-culture, autophagy was inhibited
(as shown by accumulation of LC3-II on Western blotting),
paxillinwas increased, and cell mobilizationwas decreased.
In their mouse model in which prostate cancer was induced
by injection of C4-2 plus HUVEC cells, mice treated with
either Maraviroc or CQ had decreased metastatic foci com-
pared to control mice, andmice treated with bothMaraviroc
and CQ had nometastatic disease. This supported their con-
clusion that CCL5, CCLR5 and/or autophagy are potential
drug targets to inhibit endothelial cell promotion of prostate
cancer metastases [52].

5. Discussion and Conclusions
Autophagy is required for maintaining cell, and by ex-

tension, tissue and organism homeostasis. A decline in or
dysregulation of autophagic activity contributes to aging,
as well as to age-dependent pathologies, including cancer.
Tumorigenesis and autophagy have a complex and incom-
pletely understood relationship, but their interrelationship
affords great opportunity for chemotherapy development.
Repurposing antiretroviral drugs would be a more time effi-
cient and less costly mechanism to bring “new” chemother-
apeutic agents to market. The positive effects of antiretro-
viral drugs on cancer cells in in vitro and pre-clinical studies
have led to many clinical trials of antiretrovirals to reposi-
tion them as adjunctive chemotherapeutic agents in people
with a variety of malignancies (Supplementary Table 2).
The impacts of antiretroviral drugs on autophagy likely con-
tribute to their anti-cancer properties.

The studies reviewed highlight that antiretroviral
drugs have varied, cell-specific effects on autophagy (Ta-
ble 2). Effects on autophagy are not antiretroviral drug
class specific, nor is there one specific effect by individual
drugs. NFV best underscores this point, as NFV can in-
duce [19–23], inhibit [24,25], or have no effect [32–34] on
autophagy depending on the model examined. The choice
of antiretroviral drug to be used as part of a chemotherapy
regimen will need to be tailored to the specific cancer de-
pending on the desired effect on autophagy of the antiretro-
viral drug. To provide clinical benefit through autophagy
modulation, the effect on autophagy would need to potenti-
ate cytotoxicity or cell death. While many studies demon-
strate increased cell death after antiretroviral drug treatment
[19–21,23–25,36,42,45,47–49], not all studies link changes
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in autophagy to cell death [25–27,47,49], nor did all an-
tiretroviral drugs induce cell death despite possibly altering
autophagy [20,22,24,28,37]. For example, SQV increased
the IC50 of cisplatin in an ovarian cancer model, and LPV-
NO decreased Cisplatin efficacy in a lung cancer model
[37,40], and while the effects on autophagy are unclear, in-
creasing cisplatin resistance is an undesirable effect. In-
creased knowledge of the specific impacts of antiretrovi-
ral drugs on autophagy in the context of cell death could
guide repositioning to optimize therapeutic benefit. While
the effects of antiretroviral drugs on autophagy in some
models cannot be determined as they were not studied in
isolation [29,31,35], combination studies are important to
continue as antiretrovirals are likely to fill an adjuvant role
in cancer treatment. The number of options for chemother-
apeutic regimens could increase with additional knowledge
of the effects of antiretroviral drugs in combination with
antineoplastic agents. An additional avenue for drug de-
velopment includes modifying existing antiretroviral com-
pounds to improve potency, as demonstrated with CH05-10
[42], LPV-NO [40,41], RDD-19 and RDD-142 [44], and
SPV122.2 [45]. Several studies demonstrate additive or
synergistic effects of antiretroviral drugs on cell death when
combined with pharmacologic inhibitors of autophagy. For
example, apoptosis was augmented when NFV or CH05-
10 treatment was concomitant with 3-MA [19,42], or when
NFV or Maraviroc was given with CQ [20–22,52]. These
studies highlight that inhibition of the cytoprotective au-
tophagic response to acute cell stress when induced by an-
tiretroviral drugs is a viable chemotherapeutic strategy.

There are several potential mechanisms underlying the
effects of antiretroviral drugs on autophagy. ER stress is
a well-known inducer of autophagy. Autophagy is up-
regulated to mitigate damage from toxic, misfolded pro-
teins and protein aggregates. A few studies show increased
markers of ER stress with clear evidence of autophagy
induction after NFV treatment [19,22,23]. Other studies
demonstrate presence of ER stress after antiretroviral treat-
ment [26–29,32,36,42–44,50], and while data may sug-
gest autophagy was induced in these models, it is unclear
whether autophagy is consistently induced with ER stress
[86]. The specific molecular factors involved in the ER
stress response and downstream effects on autophagy and
apoptosis in the presence of antiretroviral drugs are im-
portant to identify for possible chemotherapeutic potential.
Other mechanisms by which antiretroviral drugs may alter
autophagy include mitochondrial damage and dysfunction
[20,46,48], DNA damage and nuclear structural abnormali-
ties [23,45,46,49], oxidative stress [26,31,50], and possibly
calpain inhibition [24].

There are two major limitations to many studies re-
viewed herein. First, autophagic flux assays or multiple
complimentary autophagy assays were frequently not per-
formed to assess autophagy dynamics. While there are no
fixed criteria for determining the status of autophagy in ev-

ery experimental context, there are regularly updated guide-
lines that detail acceptable assays as well provide as an
extensive framework with which to interpret experimen-
tal results [79]. Autophagy is a highly dynamic, multi-
step process that can be positively and/or negatively im-
pacted at several steps. It is important to perform tech-
niques that allow for the distinction of changes in specific
steps in autophagy. For example, the accumulation of GFP-
LC3 puncta by fluorescent microscopy represents either in-
creased APG formation, or inhibition of APG maturation.
The experimental result is the same, yet the step in au-
tophagy that is affected is different. The effect of autophagy
on cell death and ultimately on human diseases mandates
the use of precise tools such as in [39,48] to measure and
correctly interpret autophagic flux changes in response to
stimuli, especially in the context of repositioning antiretro-
viral drugs as cancer treatment. Second, the concentrations
of antiretroviral drugs used in many studies exceeds achiev-
able human serum or CSF concentrations, at least with
the current antiretroviral formulations. Some antiretrovi-
ral drugs have considerable variability in steady-state serum
concentrations both inter- and intra-individually, however,
use of high drug concentrations in in vitro studies may lead
to detection of artifact. Drugs should be used in concen-
trations reflective of serum or CSF levels, depending on
the tissue of interest, to model human pharmacokinetics
and pharmacodynamics better. In addition, an antiretro-
viral drug progressing through the chemotherapy pipeline
based on data generated from concentrations exceeding cur-
rent formulations would have to undergo reformulation and
new clinical safety trials.

A single molecular pathway does not contribute solely
to either aging or to cancer biology. There are several
hallmarks of each, many of which overlap, including au-
tophagy [2]. Decreased autophagic activity is highly cor-
related with both aging and tumor progression. As au-
tophagy contributes to many cell processes including mito-
chondrial and other organelle homeostasis, ROS neutraliza-
tion, degradation of toxic aggregates, and metabolism, age-
associated decline in autophagy likely dysregulates these
processes too, thereby contributing to cancer development.
It is not known to what degree these other cell processes
are impacted by autophagy in the context of aging, nor the
extent of their contributions to tumorigenesis. Also, age-
related changes to autophagy may promote cancer develop-
ment in both cell-autonomous and non-autonomous man-
ners. Autophagy likely shapes the microenvironment of tis-
sue as much as it does the intracellular environment of cells.
There is currently little understanding of the impacts of non-
autonomous age-related autophagy changes to cancer cells
and the development or progression thereof. This review
has addressed only macroautophagy, but the other forms
of autophagy, such as chaperone-mediated autophagy, also
decrease with advancing age [87,88]. As knowledge re-
lated to macroautophagy in the context of aging and cancer
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increases, understanding of other types of autophagy and
how they intersect with macroautophagy, cancer, and aging
should also expand. Research opportunities, and thus can-
cer treatment opportunities, will continue to increase when
effects of antiretroviral drugs are examined within all of
these contexts. From the clinical and drug development per-
spective, antiretrovirals provide a research advantage over
novel molecules because the safety profiles of antiretroviral
drugs in aging persons have been determined.

As the population grows and ages, the need for new
chemotherapy agents will continue to increase. Repurpos-
ing approved drugs that could effect cancer cell death or in-
crease chemosensitivity by autophagy modulation is both
time-saving and cost-effective. A more complete under-
standing of the effects of antiretroviral drugs on autophagy
in cancer models will increase the opportunity to reposition
antiretrovirals into the antineoplastic arsenal, positively im-
pacting the morbidity and mortality, as well as the financial
burden of care for people with cancer.
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