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Abstract: The overall cancer incidence and death toll have been increasing worldwide. However, the conventional therapies have
some obvious limitations, such as non-specific targeting, systemic toxic effects, especially the multidrug resistance (MDR) of tumors,
in which, autophagy plays a vital role. Therefore, there is an urgent need for new treatments to reduce adverse reactions, improve the
treatment efficacy and expand their therapeutic indications more effectively and accurately. Combination therapy based on autophagy
regulators is a very feasible and important method to overcome tumor resistance and sensitize anti-tumor drugs. However, the less
improved efficacy, more systemic toxicity and other problems limit its clinical application. Nanotechnology provides a good way to
overcome this limitation. Co-delivery of autophagy regulators combined with anti-tumor drugs through nanoplatforms provides a good
therapeutic strategy for the treatment of tumors, especially drug-resistant tumors. Notably, the nanomaterials with autophagy
regulatory properties have broad therapeutic prospects as carrier platforms, especially in adjuvant therapy. However, further research
is still necessary to overcome the difficulties such as the safety, biocompatibility, and side effects of nanomedicine. In addition, clinical
research is also indispensable to confirm its application in tumor treatment.
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Introduction

Cancer is a global public health problem, especially malignant tumors. According to the American Cancer Society,
mortality of cancer has continued to decline by 29% since 1991." However, cancer remains one of the leading causes of
death in the world. With the combined effects of multiple factors such as the aging of the population, population growth,
serious environmental pollution and bad living habits, the overall cancer incidence and death toll have been increasing
worldwide. As of 2020, an estimated 19.3 million new cancer cases occurred. Notably, the global cancer burden is
expected to increase by 47% compared to 2020.> The increasing burden of cancer has brought considerable difficulties
and challenges to both health care system and social development. Anti-tumor therapy mainly involves surgical
treatment, radiotherapy, gene therapy, and other types of treatments. In recent years, with the continuous breakthroughs
in medical scientific research, the innovation of medical technology, there are several types of current anti-tumor drugs:*
cytotoxic chemotherapy drugs,® cell differentiation inducers,” cell death inducers, antiangiogenic agents,’ hormonal
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therapy drugs,’ targeted therapy drugs,® immunotherapy drugs,’ bacteria-based therapy drugs, photodynamic therapy

and photothermal drugs,'? etc.
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Although the above conventional therapies have improved the survival rate of tumor patients to a certain extent, they
also have obvious limitations, such as non-specific targeting, drug resistance, systemic toxic effects, adverse side effects
and limited indications," especially the multidrug resistance (MDR) of tumors, which is the main obstacle to tumor
treatment, especially metastatic tumors. This MDR reaction not only causes poor anti- tumor efficacy,'* but also is related
to the recurrence and metastasis of cancer,'® leading to treatment failure.'® Tumors may develop multidrug resistance to
anti-tumor therapy drugs through a variety of mechanisms: 1) changes in the autophagy pathway; 2) overexpression of
transmembrane ATP-dependent drug efflux pumps; 3) changes in drug metabolism through glutathione Glypeptide-S-
transferase or cytochrome P450 pathway; 4) DNA repair mechanisms; 5) modification of apoptotic signal transduction,'”
et cetera. As shown in Figure 1.

Among them autophagy, as an important and most commonly studied drug resistance mechanism, is a cellular
degradation process and an important protective mechanism to maintain or restore cellular homeostasis under physio-
logical and pathological conditions by selectively clearing damaged or redundant peroxisomes, endoplasmic reticulum,
mitochondria or DNA, which can reduce the accumulation of abnormal proteins and organelles and maintain cell
homeostasis,'® playing an important role in drug resistance.'’ Studies have shown that activated autophagy may lead
to two opposite outcomes, exerting pro-death or pro-survival effects. Depending on the different cell fate, activation or
inhibition of autophagy is differentially exploited to enhance tumor therapy. On the one hand, if autophagy is inhibited,
autophagy activators can be used to kill tumor cells or enhance the sensitivity of drug-resistant tumor cells to anti-tumor
drugs. On the other hand, if protective autophagy is activated for cell survival, autophagy inhibitors can be used to
synergistically enhance the killing effect of anti-tumor drugs,?® as shown in Figure 1.

At present, the combination therapeutic methods of autophagy regulators and anti-tumor drugs are commonly used to
improve anti-tumor efficacy, which have received increasing attention.”' However, despite various attempts to improve
the anti-tumor efficacy, the increased adverse reactions and minimal improvement in survival limit the combination
therapy’s clinical applications.** In addition, for patients, the non-specific systemic toxic side effects of anti-tumor drugs
are also a huge physical burden. Therefore, there is an urgent need for new anti-tumor drugs or treatment methods to
reduce adverse reactions, improve the treatment efficacy and expand their therapeutic indications more effectively and
accurately.
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Figure | The mechanisms of multi-drug resistance in tumor especially the autophagy mechanism.
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The emergence of nanotechnology provides a new perspective. Nanotechnology can take full advantages of combination
therapy,” exert synergistic anti-tumor effect, especially on drug-resistant tumors,* enhancing efficacy while reducing toxic
and side effects.”> Continuous innovation and development in nanomedicine have greatly improved the effectiveness and
accuracy of tumor treatment,”® making tumor nanooncology a very popular field.?”**

Therefore, this review will emphasize the applications of nanotechnology-based combination therapy with autophagy
regulatory drugs and anti-tumor drugs in anti-tumor treatment, and will elaborate from the following aspects: (1) co-delivery
of autophagy inhibitors combined with anti-tumor drugs based on nanoplatforms; (2) co-delivery of autophagy activators
combined with anti-tumor drugs based on nanoplatforms; (3) co-delivery of dual autophagy regulators based on nanoplat-
forms; (4) delivery of anti-tumor drugs through nano-autophagy platforms; (5) Adjuvant anti-tumor therapy through the nano-
autophagy platform. We expect to provide a clearer foundation and direction for future research on tumor treatment, especially
the treatment of drug resistant tumors, through the elaboration and discussion of these aspects.

The Important Role of Autophagy in Tumor Resistance

There are multiple pathways contributed to tumor drug resistance, and the most commonly studied pathway is autophagy.
Studies have shown that autophagy plays a dual role in tumor progression, particularly in tumor drug resistance, whether
activation or inhibition can promote tumor progression.”” Autophagy has the ability to effectively inhibit malignant
transformation, but it can also enhance tumor progression and drug resistance.® The current research progress of
autophagy in tumor drug resistance will be discussed in this section from two different angles.

Activation of Autophagy Promotes Tumor Resistance

When tumor cells are killed, a large amount of damaged organelles, abnormal proteins and other harmful components will be
produced, which will activate autophagy to clear harmful subsequently, making autophagy become one of the reasons of tumor
drug resistance.’’

Autophagy Activation Promotes Conventional Treatment Resistance
Autophagy activation by various pathways in tumor cells after chemotherapy plays a key role in resistance to
chemotherapy drugs during tumor treatment. Studies have shown that after chemotherapy treatment, autophagy is
activated by up-regulated TXNDC17 and COPS3-FOXO3, which promotes resistance to paclitaxel®” and cisplatin.*
In addition, studies using clinical samples also found that in drug resistant patients, increased autophagy levels were
positively correlated with their resistance to 5-fluorouracil®** and doxorubicin, and the anti-tumor efficacy of epirubicin
could be significantly enhanced when combined with autophagy inhibitor.>

Besides, immunotherapy has remained popular in recent years, but many tumors have developed drug resistance to it,
according to research. Further research found that the autophagy pathway is activated in immunotherapy resistant tumor
cells, and the up-regulated autophagic flux can degrade MHC-I and promote tumor immune escape. When the autophagy
inhibitor chloroquine is combined to inhibit autophagy, the efficacy of dual ICB therapy (anti-PD1 and anti-CTLA4
antibodies) is significantly enhanced to inhibit tumor cell proliferation with stronger anti-tumor immune response.>®

It is worth noting that targeted therapy is another effective method to treat tumors. However, during the treatment, a
significant number of patients exhibit resistance to targeted therapy drugs. A lot of researchers have conducted studies and
suggested that activation of autophagy plays an important role. For example, researchers pointed out that EGFR inhibitor
can activate autophagy by up-regulating the AXL signaling pathway to promote resistance to EGFR inhibitors.’” Besides,
Yu Z et al found that LOC85009** and miR-567>° derived from drug responsive cells can inhibit autophagy to reverse
docetaxel and trastuzumab resistance, which reveals that differences in autophagy between cells can affect cell fate.
Similarly, researchers also found that autophagy can mediate resistance to PARP inhibitors,*® sorafenib,*’ BRAF
inhibitors,** histone deacetylase inhibitors and proteasome inhibitors,* etc. Hence, the combination use of autophagy
inhibitors is a vital strategy to reverse drug resistance and regain sensitivity to targeted drugs.

What’s more, radiotherapy is a classic method of tumor treatment, which has effectively improved the prognosis and
survival of many tumors, especially metastatic tumors. However, due to the protective autophagy induced by X-ray
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irradiation and the powerful ability of damaged DNA repair, radiotherapy resistance remains the main cause of radio-
therapy failure®* in glioblastoma, ovarian cancer*’ and other tumors.

For some hormone-sensitive tumors, endocrine therapy is the first choice, but it is prone to ineffective outcomes due
to drug resistance. To this end, researchers have conducted studies and found that in estrogen receptor-positive (ER+)
breast cancer patients with low VDR expression, the activation of the autophagy pathway promotes resistance to
tamoxifen.*® Based on the previous studies, researchers discovered that the inhibition of autophagy can significantly
enhance the sensitivity to enzalutamide*” and glucocorticoid.*®

Autophagy Activation Promotes Resistance to Non-Conventional Treatment

Due to the limitations of commonly used treatment methods and unsatisfactory efficacy, many new cancer treatment
methods have emerged. Among them, photodynamic therapy and photothermal therapy have received the most attention.
However, long-term treatment often fails to achieve the expected level of effects. It is because of the activation of
protective autophagy promotes tumor resistance to photodynamic therapy,*® limiting the effectiveness of monotherapy.
Considering the limitations and drug resistance of mono-therapy, researchers have proposed various combination
therapies with multiple drugs to treat tumors. However, as treatment progresses, researchers have observed that certain
patients still exhibit high levels of resistance to combination therapy due to the crucial role of protective autophagy. For
example, Zanotto-Filho A et al found that combination therapy with temozolomide and curcumin upregulates ERK1/2
and activates autophagy, leading to the resistance of glioblastoma to combination therapy.>”

The activation of protective autophagy maintains cell homeostasis while providing benefits to tumor cells by clearing
harmful components caused by drug damage and re-degrading them into usable substances, as evidenced by the work of
researchers, making it an important pathway for tumor resistance (Figure 2). This is reflected in both monotherapy and
combination therapy. Therefore, it is feasible and important to targeting autophagy for drug resistance treatment,
especially with the regulation of immune response, which can help overcome tumor resistance.
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Inhibition of Autophagy Promotes Tumor Resistance

Generally speaking, it is common that the activation of protective autophagy can promote tumor drug resistance.
However, many researchers have discovered that the inhibition of autophagy can also promote tumor drug resistance.
Thus, this section will specifically elaborate on the important role of autophagy inhibition in resistance to different
treatments and explore its reasons.

Autophagy Inhibition Promotes Conventional Treatment Resistance
Researchers observed that down-regulated autophagy levels can promote the survival of drug-resistant cells.

Chemotherapy can inhibit autophagy by regulating microRNA mediated downstream signaling pathways, and
promote tumor resistance, such as microRNA-199a-5p°' and miR-519a.% Similar phenomenon was also observed in
resistance to cisplatin, 5-fluorouracil and doxorubicin, by activating PI3K-Akt-mTOR signaling to inhibit autophagy,” >°
suggesting that inhibition of autophagy is a key factor.

Furthermore, with the advancement of immunotherapy in recent years, Li ZL et al found that during the immu-
notherapy treatment, TNC accumulation caused by impaired autophagy can inhibit the T cell-mediated tumor killing
effect and promote resistance to PD-1/PD-L1 in triple-negative breast cancer patients with autophagy defects,”® which
shows that autophagy inhibition can promote tumor resistance by affecting the interaction between tumor cells and cells
in the tumor microenvironment.

As for targeted therapy, inhibition of autophagy also plays an important role in tumor resistance. Researchers using
clinical samples showed that autophagy was inhibited in patients with high expression of G6PD and ADRB2, or low
expression of PTEN and FAT4, contributing to the resistance to lapatinib,57 sorafenib,’® trastuzumab®” and ceritinib,
through degradation of HIFla or promoting epithelial-mesenchymal transition. Additionally, experimental studies also
observed that inhibiting autophagy can promote tumor resistance to diphtheria toxin-EGF®' and sorafenib,®” by activating
caspase and PGE , signaling pathways or miR-21 mediated Akt/PTEN signaling pathway. And inhibiting the Akt pathway
can activate autophagy to exert autophagy-dependent cell death, thus reversing the acquired resistance.® In this case, using
a variety of methods activating autophagy can reverse resistance by up-regulating autophagy-dependent death pathway.

Identically, researchers pointed out that miR-221/222-mediated inhibition of autophagy promotes dexamethasone

4

resistance in multiple myeloma,®* suggesting autophagy inhibition contributing to the tumor resistance to endocrine

therapy.

Autophagy Inhibition Promotes Resistance to Non-Conventional Treatment

In addition to the above-mentioned mainstream treatments, researchers also demonstrated that Beclin-1- deficient glioma
can promote resistance to adenovirus mediated oncolytic therapy by inhibiting autophagy,®® which indicating that the
inhibition of autophagy has an important impact on tumor resistance to various treatments.

From the studies mentioned above, we can find that autophagy inhibition may promote tumor drug resistance through
various pathways: (1) Autophagy inhibition is a concomitant result of changes in pro-survival mechanisms, such as
microRNA-mediated pathways, meanwhile activating other pro-survival pathways and making them the main survival
pathways, independent of autophagy, leading to tumor drug resistance; (2) Autophagy inhibition can inhibit the
degradation of pro-survival pathway proteins, such as antioxidant pathways and EMT, promoting tumor resistance; (3)
Autophagy inhibition can promote tumor resistance by regulating the interaction between tumors and cells in tumor
microenvironment, such as the anti-tumor immune cells. For this reason, researchers outlined that activating autophagy
can activate autophagy-dependent cell death, rather than adaptive cell survival, to reverse tumor resistance. For example,
the new autophagy activator pomiferin can inhibit SERCA and activate CaMKKB-AMPK-mTOR signaling to trigger
autophagy-dependent cell death and overcome tumor multidrug resistance,® as shown in Figure 2.

In summary, autophagy activation or inhibition can induce tumors resistance to multiple therapies. The changes in
different pathways and the dependence on different survival pathways are key factors contributing to the effect of
different autophagy level on the proliferation of resistant tumor cells. Furthermore, the functional changes of non-tumor
cells in the tumor microenvironment due to autophagy are also crucial factors of tumor resistance. Therefore, the
combined use of autophagy regulators, taking into account multiple changes, is an important research direction. Besides,
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in addition to inhibiting or activating autophagy solely to overcome tumor resistance which may lead to adaptive survival
and proliferation in tumor cells. Researchers have also demonstrated that regulating different stages of autophagy to
coexist activation and inhibition of autophagy can also effectively reverse tumor resistance (Figure 2). Yan J et al pointed
out that the early stage autophagy inhibitor 3-MA can promote colorectal cancer survival, while the late stage autophagy
inhibitor CQ increase the apoptosis, suggesting that the blockage of autophagy-lysosome contributes to the efficacy.®’

Although combining autophagy regulators can achieve significant benefits in anti-tumor therapy, their clinical efficacy
is often disappointing and sometimes leads to higher systemic toxicity.®® The reason why is that after the drug enters the
body, differences in spatiotemporal delivery, physical and chemical properties, metabolic efficiency, payload, pharma-
cokinetics and biodistribution restrict the efficacy, and due to complex dosage regimens, patient’s poor compliance and
enhanced toxicity, the clinical applicability of the combination therapy is also limited.'> At present, there is still a lot of
room for improvement in this combination therapy.®® Therefore, how to maintain the spatial and temporal unity of the
optimal dosage, pharmacokinetics and biodistribution of combined drugs, and how to ensure that the therapeutic dose of
combination drugs correctly arrives,”’ meanwhile minimizing the systemic adverse reactions is main difficulty of
combination therapies.

Nanotechnology Based Delivery System to Precisely Treat Tumors
Nanomedicine is a field that applies nanotechnology in medicine which has made significant contributions to clinical
treatment after decades of development and is receiving increasing attention.'® Nanoparticles based drug delivery
systems have shown strong advantages and can be used in many aspects of tumor diagnosis or treatment, such as
tumor detection, tumor treatment, biomarker identification, progression evaluation and new diagnostic imaging agents,
et cetera.'® The emergence of the field can effectively treat some refractory tumors which has brought great break-
throughs in tumor treatment, especially in advanced tumors, metastatic tumors’® and multidrug resistant tumors.”’
Nanomedicine uses nanoparticles as carriers, which can deliver anti-tumor drugs or combination drugs with different

7374 and the functional modification,

functional pathways.”* Through the enhanced permeability and retention (EPR) effect
nanoparticles can acquire the abilities of active targeting, bio-stability, increased circulation, stimulus response and in situ release,
et cetera, leading to reduced systemic side effects and amplified efficacy and synergistic anti-tumor functions. Researchers have
confirmed that nanomedicine had the excellent drug loading capacity and stability, longer blood circulation time, better targeting
ability and tumor aggregation ability, more powerful anti-tumor activity and cytotoxicity and less toxic effects.”
Nanoparticles can not only protect drugs from degradation, but also prevent these anti-tumor drugs agglomerated at normal
tissues while highly accumulated in tumors, profit by the EPR effect.”® Studies have demonstrated that compared with free
drugs, the efficacy of anti-tumor nanomedicine is much higher and the toxicity to other healthy tissues is also greatly reduced.
Moreover, it is also effective in reducing the renal clearance of drugs and extending their half-life in the blood. Besides, thanks
to nanocarriers and functional modification, nanomedicine not only enhances active targeting to specific tumor tissues,
increases the payload of anti-tumor drugs, improves the solubility of insoluble drugs, but also controls the drug release.”” At
present, frequently used therapeutic nanocarriers including liposomes, albumin, polymeric micelles, dendrimers, carbon
nanoparticles, polymer-drug conjugates, PLGA,’® polyaspartic acid nanoparticles’® and inorganic nanoparticles,** especially
the biocompatible nanocarriers, such as liposomes and polymeric micelles, can deliver a variety of drugs more safely and
effectively.'® Based on these advantages, nanoparticles provide an important solution for co-delivery of combined drugs to
tumors simultaneously and efficiently while reducing systemic side effects. Furthermore, a number of preclinical studies have
pointed out that nanomedicine has unique advantages in combination therapy, with more powerful anti-tumor efficacy and less
systemic side effects. As shown in Table 1, we enumerate the commonly used combination therapies based on nanomedicine.
There are various methods to deliver multiple drugs (Figure 3A): (1) free drug combined with nanodrug; (2) nanodrugs
delivered via separate nanocarriers; (3) nanodrugs delivered simultaneously by co-delivery nanosystem,?? which is the most
common approach to combat complex tumors and achieve better therapeutic effects,'* such as the example in Figure 3B.'%
It can simultaneously deliver anti-tumor drugs with different physical and chemical properties and different pharmacological
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properties, ' such as chemotherapy drugs, immunotherapy drugs and autophagy regulators, with excellent advantages of

sequential and precise release.'*® Besides, it has good performance in maintaining the payload rate of each drug, reducing drug
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Table 1 The Combination Therapy Co-Delivered by Nanoparticles
Combination Therapy Drug Nanomedicine Tumor

Chemotherapy
+ Chemotherapy
Chemotherapy

+ Cell apoptosis inducer

Chemotherapy

+ Targeted therapy
Chemotherapy

+ MDR inhibitor
Chemotherapy
+Chemokinetic
Chemotherapy

+ Immunotherapy
Chemotherapy

+ Gene therapy
Chemotherapy

+ Photodynamic
Chemotherapy

+ Photothermal
Chemotherapy

+ Magnetothermal
Chemotherapy

+ Prodrug
Photothermal

+ Photothermal
Photodynamic

+ Targeted therapy

Sonodynamic +
Immunotherapy
Prodrug

+ Prodrug
Prodrug

+ Photodynamic
Prodrug

+ Gene therapy
Immunotherapy
+ Immunotherapy

Doxorubicin+paclitaxel
Vincristine+topotecan
Doxorubicin+curcumin

Paclitaxel+curcumin

Doxorubicin+paclitaxel+trastuzumab

Doxorubicin+verapamil
Docetaxel+chloroquine
DoxorubicintNO

Doxorubicin+si-PD-LI

Dichloroacetate+p53 plasmid
Docetaxel+MMP-9 shRNA
Doxorubicin+chlorin eé

Doxorubicin+gold

Daunorubicin+Fe3;Oy4

Paclitaxel+prodrug

Graphene oxide+gold

BPD+cetuximab
Photosensitizer
MOF+apatinib
HMME+R837

Cisplatin(IV) conjugate+paclitaxel
conjugate
Tirapazamine (TPZ)

ICG
PC-Dox+p53 plasmid
CPT-PCB+siPlkl|
a-CTLA-4+a-PD-1
TGF-B+IL-2
NLG919+PD-LI inhibitor

Co-Nps®!
LipoViTo®?
DOX+CUR loaded NPs®

Combination TF-Micelles®*
DENCs®
CL-R8-LP (DOX + VER)®®
Docetaxel-loaded PEG-b-PLGA micelles®’
Dox&TNO;%
Dox-siRNA/TPTN-NPs®®
DSPE-PEG-AA/rHDL/DCA-PEI/p53 complexes®®
PAG/DTX-shRNA micelles®'
HA-Ce6 (DOX)"
GNR@DOX™?
Fe;04-MNP-DNR-5-BrTet”™
PTX/CBP NPs*®

FA-GO@Au™®

PICALY’
aMMTm?®

HMME/R837@Lip*°
M(PTX/Pt)'®

iNP/IT'®!
PC-Dox/p53 nanocomplexes|02
CPT-PCBI/siPIk| lipoplexes'®®

NICs'*

nLGs'®
NLG9 19@DEAP-PPPA-| '0¢

Lung cancer
Medulloblastoma
Chronic myeloid

leukemia
Ovarian cancer
Breast cancer

Breast cancer
Breast cancer

Liver cancer

Breast cancer

Lung cancer
Breast cancer

Lung cancer

Metastatic breast
cancer
Leukemia

Lung cancer

Breast cancer
Cervical cancer
Ovarian cancer

Breast cancer

Breast cancer
Ovarian cancer
Breast cancer
Breast cancer
Cervical cancer
Glioma

Metastatic melanoma
Melanoma

dosage, minimizing adverse cytotoxic effects and improving efficacy,® which makes the nanodelivery system effective in

reversing multidrug resistance.

109

For example, researchers found that co-delivery nanosystems not only increases the sensitivity of tumor to

chemotherapy drugs,''” but also solves the following problems in treatment: (1) Improve drug solubility, especially

11

water-insoluble drugs. For example, albumin-based nanomedicine improves solubility of drugs with better safety; "~ (2)

Increase drug permeability in tumor tissue; (3) Improve the spatiotemporal release and control the release sequence of

combined drugs;'"?

release kinetics and bioavailability;

113

(4) Enhance the stability of combined drugs at non-target sites; (5) Improve the pharmacokinetics,
(6) Increases the possibility of drug combinations with overlapping mechanisms
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Figure 3 Nanotechnology based co-delivery system to deliver different treatment drugs. (A) The model of the co-delivery system; (B) The example of co-delivery system
based on nanotechnology.

Notes: (A) Is created with BioRender.com. (B) Is reproduced with permission from Cheng K, Ding Y, Zhao Y, et al. Sequentially Responsive Therapeutic Peptide Assembling
Nanoparticles for Dual-Targeted Cancer Immunotherapy. Nano letters. 2018;18(5):3250-3258.'% Copyright 2018 American Chemical Society.

and toxicities to prevent the side effects outside the tumor and generate synergistic effect within the tumor;®” (7) Enhance

14 et cetera.

targeting specificity,

In summary, the emergence of nanomedicine can solve the problems in combination therapy more effectively. In
particular, co-delivery nanosystem has become a promising combination anti-cancer treatment strategy, effectively
overcoming tumor multidrug resistance and synergistically improving efficacy. The next, this review will focus on the
application of nanotechnology in combination therapy of anti-tumor drugs with autophagy regulators in the treatment of

tumor, especially in resistant tumors.

Application of Nanomedicine Combined with Autophagy Regulator in

Tumor Drug Resistance Treatment
Autophagy regulators combined with anticancer drugs is a feasible strategy to overcome drug resistance.''> Research

116

observed that the combined regimen significantly improves the therapeutic effect, ” which has synergistic anti-tumor

effects and reverses tumor drug resistance,''” enabling patients to obtain better therapeutic response and longer survival.''®
As for the clinical difficulties in combination therapy mentioned above, nanoparticles based drug delivery system is a good
solution, which can specifically deliver therapeutic drugs to the target site, as well as reducing the absorption of non-specific
targets to alleviate systemic toxicity.'* Currently, most nanotechnology-mediated autophagy regulator combination thera-

pies are under research, mainly including the following regimens:

Co-Delivery of Autophagy Inhibitors and Anti-Tumor Drugs

When tumor cells are killed, a large amount of damaged organelles, abnormal proteins and other harmful substances will
be produced. At this time, cell protective autophagy is activated, which can remove harmful substances in time, making it
one of the crucial reasons of tumor drug resistance.’’ In order to overcome this problem, researchers have utilized
nanotechnology to create new combination regimens with autophagy inhibitors and various anti-tumor drugs.

Co-Delivery of Autophagy Inhibitors Combined with Chemotherapy Drugs

The activation of protective autophagy is one of the most common reasons why tumors become resistant to chemother-

apy. Currently, the combination of cytotoxic chemotherapy drugs and autophagy inhibitors to treat tumors has been

widely studied.>"®” For example, studies have shown that the combining docetaxel nanoparticles with free autophagy

inhibitor chloroquine (CQ) can significantly improve the therapeutic efficacy of chemotherapy in breast cancer,®”-''® but

the non-specific release of chemotherapy drugs and free autophagy inhibitors may cause more systemic toxic side effects.
The co-delivery nanotechnology is an effective method to reduce toxic side effects. Researchers co-delivered si-Beclinl

120-122 1123

or CQ with doxorubicin or paclitaxel =~ through one or two delivery nanosystems, with more effective and more

924 https: International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Yang et al

durable inhibitory effect on drug-resistant tumor cells,'** while avoiding possible adverse effects.'*> Besides, chemother-
apy prodrugs also provide new methods to effectively reduce systemic adverse reactions. For instance, Lin YX et al
synthesized siBec1@PPN nanoparticles to co-deliver cisplatin prodrug Pt(IV)-peptide-bis(pyrene) and autophagy inhibitor
Beclinl siRNA. The nanoparticles decomposed the prodrug complex to Pt(Il) by high intracellular glutathione for
chemotherapy At the same time, Beclinl siRNA inhibited Beclin 1 mediated autophagy pathway, significantly reversing

cisplatin resistance in lung cancer with excellent in vivo safety.'

Co-Delivery of Autophagy Inhibitors Combined with Immunotherapy Drugs

Autophagy causes MHC-I deficiency by degrading MHC-I, leading to adaptive T cell immune dysfunction, together with
the existence of immunosuppressive tumor-associated immune cells, jointly contributing to ineffectiveness of immu-
notherapy. Therefore, regulating the surface antigen of tumor cells by regulating autophagy is a considerable way to
activate anti-tumor immune responses. Zhao Xet al co-delivered CQ and TLR9 agonist through FNC@NFT nanoparti-
cles, to promote cell immune response while inhibits autophagy, significantly improving the therapeutic efficacy in
pancreatic cancer.'?’ Similarly, Zuo L et al also synthesized HAL/3MA@X-MP nanoparticles, co-delivered the sono-
sensitizer PpIX and autophagy inhibitor 3-methyladenine (3-MA), stimulated P pIX to generate a large amount of ROS
via ultrasound, while 3MA inhibited the protective autophagy of tumor cells, synergistically promoted immunogenic cell
death (ICD). Meanwhile, 3-MA inhibited the NF-kB pathway in tumor cells, downregulated the expression of PD-L1,
and jointly activated the anti-tumor immune response, significantly improving the therapeutic efficacy in breast cancer.'?®

In addition, many researchers have discovered that inhibiting autophagy can not only regulate anti-tumor immune
responses by affecting tumor cells, but also affect immune cells in the tumor microenvironment to promote anti-tumor
immune response, combining with anti-tumor drugs can synergistically significantly enhance immunotherapy efficacy: (1)
Combination with chemotherapy prodrug: Yang X et al co-delivered the chemotherapy prodrug Pt(IV) and CQ through Pt(IV)/
CQ/PFH NPs-PPPA-1 nanoparticles,'* to promote cell apoptosis; (2) Combination with chemokinetic therapeutic drugs:
researchers co-delivered iron, artemisinin (ART)"*® or Fe, MIL88 with CQ,"*! through L-FHM@A-CQ or CQ-dual MOF
nanoparticles, generating excessive ROS through the chemokinetic drugs, while inhibiting protective autophagy; (3)
Combination with photoimmunotherapy drugs: Chen M et al synthesized CQ/IR780-Mil nanoparticles to co-deliver the
photoimmunogenic death inducer IR 780 and CQ. IR780 is activated by light to produce phototoxicity and induce ICD while
inhibiting the protective autophagy subsequently.'** Meanwhile, CQ can activate the NF-kB pathway in macrophages to reset
its phenotype, increasing the proportion of pro-inflammatory macrophages, synergistically activating the anti-tumor immune
response to enhance the immunotherapy efficacy in breast cancer, lung metastasis cancer and melanoma.

On this basis, if combined with immunotherapy drugs, a stronger anti-tumor immune response will be activated, synergis-
tically treating tumors through multiple pathways and significantly improving prognosis. For example, Luo Y et al synthesized D/
B/CQ@ZIF-8@CS nanoparticles to co-deliver the anti-glycolytic agent 2-deoxy-d-glucose (2-DG), the GLUT]1 inhibitor BAY-
876 and the CQ. By inhibiting aerobic glycolysis through 2-DG, inhibiting glucose uptake by BAY-876 while inhibiting
protective autophagy, the nanoparticles synergistically cut off the energy source of cells and enhance the effect of starvation
therapy. In addition, this process could increase glucose levels and reduce lactate levels in the tumor environment, reversing the
immunosuppressive microenvironment. When combined with immunotherapy, it could significantly improve the immunother-
apy efficacy of anti-CTLA-4 in breast cancer.'>* Similarly, Ruan S et al co-delivered D&H-AA&C nanoparticles and anti-PD-L1

antibodies, significantly enhancing the therapeutic efficacy and prevent recurrence in glioma.'**

Co-Delivery of Autophagy Inhibitors Combined with Novel Treatments

Protective autophagy induced by X-ray irradiation and the strong ability of repairing damaged DNA contribute to
radioresistance and radiotherapy failure, leading to tumor recurrence and metastasis. Xu Q et al synthesized Au@Cu ,_,
Se nanoparticles to co-deliver copper selenide and gold, inhibiting autophagy by alkalinizing lysosomes, significantly
improved the sensitivity of glioblastoma to radiotherapy.** Similarly, Li Y et al also synthesized HCQ-HMSN nano-
particles to co-deliver hydroxychloroquine (HCQ) and silica, enhancing the response of colorectal cancer.'*> These
studies indicate the vital role of autophagy activation in tumor radiotherapy. Thus, combining radiotherapy sensitizers
with autophagy inhibitors based on nanotechnology is an effective method for radiotherapy sensitization.
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In photodynamic therapy (PDT), elevated reactive oxygen species (ROS) activate protective autophagy in tumor cells,
thereby weakening the anti-tumor function of the treatment and promoting drug resistance. Thus, inhibiting protective
autophagy can improve the anti-tumor efficacy of PDT. Ma Z et al synthesized Pheophorbide a (PA)-Bisaminoquinoline
(BAQ) Conjugate (PBC) nanoparticles to co-deliver the photosensitizer PA and autophagy inhibitor BAQ. It damaged
lysosomal function through protonated and intelligently transforming into nanofibers (NFs) in the lysosome to inhibit
autophagy. At the same time, PA was activated to exert phototoxicity function, significantly overcoming the therapeutic
resistance in oral cancer cells.'*® Similarly, Zhang X et al co-delivered photosensitizer aggregation induced emission (AIE)
and autophagy inhibitor triptolide (TP) through (TP+A) @TkPEG nanoparticles to generate ROS by laser irradiation, and then
TP inhibited the antioxidant pathway mediated by Nrf2, while inhibiting the protective autophagy, significantly enhancing the
therapeutic efficacy in breast cancer.'’” Besides, Li N et al co-delivered photosensitizer CONs and autophagy inhibitor
pTRPM2 through CONs/pTRPM2 nanoparticles, inhibiting autophagy by TRPM2-mediated Ca®" influx, significantly
improving the efficacy of ROS mediated apoptosis in prostate cancer.'*® In addition, researchers pointed out that autophagy
inhibition can significantly improve the efficiency of photothermal cancer therapy. For instance, Wang L et al screened
autophagy inhibitors that best cooperate with photothermal therapy, and then synthesized PD/I nanoparticles to co-deliver the
ICG and Daurisoline (DAS), inhibiting the fusion of autophagosomes and lysosomes, sensitizing the ICG-mediated photo-
thermal therapy in breast cancer.'*’

In addition, ultrasound-triggered sonodynamic therapy (SDT) is an emerging cancer treatment method. Assisted by
ultrasound, on the one hand, it can generate a large amount of ROS through sonosensitize to induce tumor cell apoptosis;
on the other hand, shock waves and shear stress will be generated causing mechanical damage to tumor cells. The two aspects
synergize to good anti-tumor efﬁcacy,]40 but this ROS-based treatment is limited by the activation of protective autophagy.141
To solve this problem, Zhou L et al synthesized PpIX/3-MA@Lip nanoparticles to co-deliver autophagy inhibitor and
sonosensitizer protoporphyrin IX (PpIX) to promote oxidative stress with the assistance of ultrasound while simultaneously

inhibiting protective autophagy, significantly improving the therapeutic efficacy in ROS resistant breast cancer.'*?

Co-Delivery of Autophagy Inhibitors Combined with Other Treatments

Starvation therapy is an effective method to inhibit tumor growth and survival by blocking blood flow or depriving it of
essential nutrients/oxygen supply. However, tumor drug resistance limit the applications of the method.'*® Researchers
have noticed that protective autophagy has a great impact on tumor drug resistance through promoting the survival of
tumor cells under harsh conditions such as starvation.'** In order to overcome this problem, researchers combined this
therapy with autophagy inhibitors. Liu X et al synthesized CQ@ZIF-GOx nanoparticles to co-deliver glucose oxidase
GOx and CQ, increased oxidative stress level and promoted tumor cell apoptosis, which significantly enhanced the
therapeutic efficacy in breast cancer and liver cancer.'** Similarly, Deng Y et al also co-delivered Ca@GOx nanoparticles
and CQ-NPs nanoparticles to tumor tissues. While Ca@GOx induced mitochondrial Ca®" overload to generate ROS,
CQ-NPs inhibited cell protection autophagy to aggravate cell death and significantly enhance the therapeutic efficacy in
breast cancer cells.'*® In addition, combining autophagy inhibitors with other stress-inducing drugs also shows excellent
anti-tumor properties. Wang T et al synthesized TeDNBs-HSA/OME (TeDNBs-HO) nanoparticles to co-deliver endo-
plasmic reticulum stress activator TeO5; >~ and autophagy inhibitor omeprazole (OME), leading to autophagy dysfunc-
tion, which significantly improved the therapeutic efficacy in breast cancer.'*’ These studies mentioned above further
proved that the activation of protective autophagy played a key role in promoting drug resistance to a variety of anti-
tumor drugs, whether classic or new. For this reason, the combination of autophagy inhibitors based on nanotechnology
to overcome drug resistance is an interesting research direction.

Significantly, at present, the combination of anti-tumor drugs is commonly used in clinical to improve the therapeutic
efficacy, and research on combination therapies has been more attractive.”' However, their unpredictable adverse reactions
and minimal improvement in survival rate limit their clinical application.”* Researchers have conducted in-depth studies and
found that autophagy plays a key role in resistance to combination therapy.>® For this reason, Wang C et al synthesized PP/
siRNA/HA nanoparticles to co-deliver polyethyleneimine (PEI), paclitaxel (PTX) and Mdrl siRNA. It could inhibit
autophagy through alkalinization of lysosomes by PEL with combination of chemotherapy drug PTX while downregulating
multidrug resistance genes mediated by siRNA, significantly improving the therapeutic efficacy in multidrug resistant lung
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cancer.'*® Similarly, Wang X et al co-delivered glucose oxidase GOx, curcumin and autophagy inhibitor Obatoclax. Through
the consumption of glucose by GOx, curcumin promotes mitochondrial Ca** overload and cell hunger, while Obatoclax
inhibits autophagy and synergistically cuts off cellular energy sources, significantly improving the therapeutic efficacy in
breast cancer.'*’

In addition, Zhang H et al synthesized BP-AS@D nanoparticles to co-deliver photothermal drug BPNS, chemother-
apeutic drug DOX and autophagy inhibitor siCIC-3. Inhibition of lysosomal acidification by siCIC-3 not only inhibits
protective autophagy, but also avoids the sequestration by lysosomes, significantly enhancing the therapeutic effect of
chemotherapy and photothermal therapy on cervical cancer.'>® A similar phenomenon was observed in the combination
therapy of sonodynamic therapy, Gao C et al co-delivered sonosensitizer hematoporphyrin (HP), hypoxia improving
agent chlorella (Chl) and autophagy inhibitor CQ, through MChl-CQ-HP-NP nanoparticles, synergistically reversing the
tumor suppressor immune micro-environment and improving the efficacy in melanoma.'>'

This section summarizes the research on tumor treatment based on nanotechnology-based co-delivery of autophagy
inhibitors combined with various anti-tumor drugs (Figure 4A), such as an example of which shown in Figure 4B."*° On
the one hand, autophagy inhibitors can inhibit harmful substances such as damaged organelles and abnormal proteins by
inhibiting protective autophagy. On the other hand, it can inhibit the drug from degradation by lysosomes, increase the
intracellular concentration, sensitize tumor cells to anti-tumor drugs, and overcome drug resistance. In addition,
autophagy inhibitors can not only inhibit autophagy mediated MHC-I degradation, but also inhibit NF-xB mediated
signaling pathways in tumor cells to down-regulate PDL1, changing tumor antigens and improving the anti-tumor
immune responses. Moreover, it can sensitize anti-tumor drugs to promote the ICD, promote the release of DMAP,
promote the infiltration of CD8+T cells, and activate anti-tumor immune responses. On this basis, combining with
immunotherapy drugs can not only enhance the anti-tumor effect, but also effectively prevent recurrence. Additionally,
many researchers have proved that autophagy inhibitors can affect immune cells in the tumor microenvironment to
promote anti-tumor efficacy. For example, CQ can reprogram TAM by activating NF-kB signaling pathways in
macrophages, resetting them to the M1 phenotype, activating the anti-tumor immune response, and significantly
enhancing the efficacy of anti-tumor drugs subsequently.

This subsection reveals that for drug-resistant tumor cells that use activated autophagy as their primary means of
survival, the delivery of autophagy inhibitors by nanotechnology can not only inhibit the original survival pathway, but
also inhibit the removal and degradation of damaged organelles and harmful substances caused by co-delivered
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combination antitumor drugs, which strengthen the toxic effect of the combination drugs, and synergistically promote the
death of drug-resistant cells. In addition, the nanodrugs released outside tumor cells can also influence the non-tumor
cells in the tumor microenvironment such as immune cells with activated anti-tumor immune responses and synergis-
tically reverse drug resistance. Therefore, when using the co-delivery system mentioned above, it is worth nothing that
the combination regimen may play an exciting role in the cells in TME which can synergistically improve the efficacy
through different pathways such as the activated immune response.

Co-Delivery of Autophagy Activators and Anti-Tumor Drugs

Excessive activation of autophagy can induce programmed death of tumor cells, and can be used to induce apoptosis in
tumor cells with anti-tumor effects. Researchers have demonstrated that this method is more effective for tumor cells
with high metabolic rate.'*? Besides, for tumor cells that lack autophagy tendency, such as ovarian cancer, breast cancer,
and prostate cancer, activating autophagy can also improve the sensitivity of tumors to anti-tumor drugs, effectively
overcoming drug resistance.'>®> Moreover, studies have shown that the enhancement of autophagy in cells with less
activated autophagy may inhibit the uptake of external nutrients, leading to the inhibition of tumor proliferation.'>* In
addition, researchers also discovered that the activation of autophagy can increase drug uptake. The uptake rate of anti-
tumor drugs with activated autophagy is significantly higher than that without activated autophagy.'> Based on these
findings, researchers used nanotechnology to combine a variety of anti-tumor drugs with autophagy activators to treat
tumors, showing excellent performance, especially in reversing tumor drug resistance, as follows:

Co-Delivery of Autophagy Activators Combined with Conventional Treatment

Autophagy activators can increase the sensitivity of tumor cells to chemotherapy drugs and enhance anti-tumor efficacy.
Yan J et al synthesized CPAH/CPTAH nanoparticles to co-deliver autophagy activator RAPA and chemotherapy drug 9-NC.
Through RAPA pre-induction of autophagy of ovarian cancer cells, ovarian cancer is more sensitive to chemotherapy drugs,
and then secondary nucleus-targeting micelles directly delivered 9-NC to the nucleus, which induces excessive autophagy and
activates the apoptosis pathway, significantly enhancing the therapeutic efficacy in ovarian cancer.'>® Similarly, Mohammed
SA et al co-delivered chemotherapy drug bortezomib (BTZ) and autophagy activator siSHARP1 through Lipo-siRNA-BTZ-
PEG-cRGD nanoparticles to promote autophagy-dependent apoptosis, synergistically enhancing the therapeutic efficacy in
acute myeloid leukemia.'>” Which means that combination of autophagy activators affects cell fate from another perspective
and promotes tumor sensitivity to chemotherapy.

Besides, researchers demonstrated that the efficacy of immunotherapy is affected by the immune-suppressive microenvir-
onment of the tumor, due to the limitation of insufficient antigen presentation in antigen presenting cell (APC) such as
dendritic cells, the acidic microenvironment, insufficient DAMP et al. Notably, inhibition of autophagy in DC can limit the
antigen processing and presentation efficiency.'>® In order to solve this problem, An J et al co-delivered the acidity regulator
CaCOj; and autophagy activator ovalbumin (OVA) through HOCN nanoparticles to promote the cell viability of DC by
reducing the acidity in tumors. Meanwhile, OVA activated autophagy by upregulating Ca** levels, while promoting the release
of adenosine triphosphate (ATP) by calcium overload to enhance DAMP level, which synergistically improved DC antigen
presentation efficiency and therapeutic efficacy in colon cancer.'*® Similarly, Yu Z et al and Li TF et al also synthesized
PLGA-PEG-AEAA NP nanoparticles'> and Nano-DOX nanoparticles,'®® co-activate autophagy dependent apoptosis to
induce ICD, subsequently activate DC, reshaping the immunosuppressive tumor microenvironment and significantly enhan-
cing the therapeutic efficacy in liver cancer and glioblastoma.

In addition, vaccines based on nanotechnology combined with autophagy activators play an essential role in tumor
immunotherapy with better efficacy of activating DC in the body. Therefore, Wang Y et al synthesized NP-B-OVA
nanoparticles as a vaccine to co-deliver the autophagy activator beclinl peptide Becl and the antigen peptide OVA, by
activating autophagy and delivering antigen peptides in DC, which synergistically improved the antigen presentation
efficiency, and significantly strengthened cytotoxic T lymphocytes (CTL) mediated immunotherapy effect on melanoma.'®!
Similarly, Yue H et al developed GO-OVA nanoparticles as another vaccine to co-deliver autophagy activator GO and

antigenic peptide OVA to treat thymoma.'®*
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In short, the studies mentioned above suggest that autophagy activators can regulate antigen presentation in immune
cells. For tumors that are sensitive to autophagy activators, delivering them can not only activate autophagy dependent
death, but also activate immune cells to exert anti-tumor functions, collaboratively treating tumors; For tumors that are
insensitive to autophagy activators, delivering them as tumor vaccine is a very feasible option, which can inhibit tumors

and prevent the recurrence effectively.

Co-Delivery of Autophagy Activators Combined with Novel Treatment

Researchers pointed out that autophagy triggered by ROS during photodynamic therapy (PDT) usually exhibits anti-
apoptotic effects and promotes cell survival. However, excess autophagy promotes tumor cell apoptosis, transforming
autophagy from pro-survival effects to pro-death. Deng Y et al synthesized CD-Ce6-3BP nanoparticles, co-delivered the
respiratory inhibitor 3-bromopyruvate (3BP) and the photosensitizer chlorin e6 (Ce6). Autophagy was activated by 3BP,
while HK-II and GAPDH were simultaneously downregulated to suppress respiration, with reduced intracellular oxygen
consumption rate to enhance Ce6-mediated photodynamic therapy, further activating autophagy, significantly enhancing
the therapeutic effect of PDT on oral epidermal cancer.'® In addition, Sun M et al co-delivered the metabolic inhibitors
lonidamine, ferrocene and glucose oxidase through FG/T-Nanoprodrug nanoparticles, synergistically activating autop-
hagy dependent cell death and significantly enhancing the therapeutic efficacy against cisplatin-resistant lung cancer.'®*

In addition to the combination of some classic anti-tumor drugs, many researchers have explored new combination drug
regimens. For example, Liu R et al synthesized HA-TPGS-STZ nanoparticles to co-delivery TPGS and autophagy activator
Sertaconazole (STZ), generating ROS through TPGS to induce mitochondria-related apoptosis, while activating autophagy
dependent apoptosis, significantly enhancing the therapeutic effect on lung cancer.'®® Besides, Kavya KV et al co-delivered
curcumin and Bcl 2 siRNA through Poly@Cur-FA nanoparticles, which significantly enhanced the therapeutic efficacy of
curcumin in cervical cancer by inhibiting Bcl2 to activate autophagy dependent cell death.'®® Similarly, Hanafy NAN et al
synthesized Curcumin-Niacin NPs nanoparticles to co-deliver niacin and curcumin, activating the GPR109A/AMPK/NRF-2
signaling pathway to induce excess autophagy collaborated with curcumin, significantly improving the therapeutic efficacy in
liver cancer.'®” These studies indicated that autophagy activators exhibit excellent therapeutic sensitization and synergistic
effects in combination therapy with classic or new anti-tumor drugs.

For tumors that lack an autophagic tendency, using autophagy activators to promote autophagy-dependent cell death can
improve their antitumor efficacy. For example, Chen J et al synthesized 5-Fu/Cur-P@HMPB nanoparticles co-deliver curcumin
(Cur), 5-fluorouracil (5-Fu) and hollow mesoporous Prussian blue (HMPB). Through the HMPB mediated transformation from
H2S to Prussian white (PW), excess ROS were generated to activate autophagy, triggering autophagy dependent cell death
together with Cur, which significantly improved the therapeutic efficacy of 5-Fu in colorectal cancer.'®® Similarly, Zhang R et al
synthesized PVP-Fe-Cu-Ni-S nanoparticles to co-deliver photothermal agents, photosensitizers and chemokinetic drugs, which
synergistically activated autophagy dependent ferroptosis, significantly enhancing the therapeutic effect on breast cancer.'®

This section summarizes studies on tumor treatment through nanotechnology-based co-delivery nanosystem of autophagy
activators combined with various anti-tumor drugs (Figure 4A). Excessive activation of autophagy can degrade cellular
components or protective factors, leading to the higher degree of cell damage than the level of nutrients produced by degradation
or uptake from the outside. Cell death dependent on autophagy, such as ferroptosis, is caused by the fact that cells cannot obtain
survival materials in time to repair damage, particularly in tumors with high metabolic rates or lack of autophagy tendency.

In addition, autophagy activation can not only increase drug uptake which significantly improve the therapeutic efficacy, but
also affect the function of tumor-related immune cells. On the one hand, they cooperate with anti-tumor drugs to promote ICD
and enhance DAMP. On the other hand, they can activate autophagy in DC to improve its antigen presentation efficiency. This
method reshapes the immunosuppressive tumor microenvironment and activates anti-tumor immune responses. Except for these,
vaccines based on nanotechnology with autophagy activators also have a significant impact on immunotherapy, which can
improve the antigen presentation efficiency of APC to strengthen CTL, with effective inhibition of tumor progression. Therefore,
for the combination of autophagy activators through nanotechnology, more attention can be paid to the stimulation of tumor
immune responses in the future research, which can not only promote ICD of tumor cells, but also directly affect immune cells,

synergistically activate anti-tumor immune responses, and even play an important role as immune vaccines.
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Moreover, we classified the researches in another way by categorizing different co-delivery approaches based on the
characteristics of nanoplatforms, as shown in Table 2. From Table 2, it is evident that organic nanomaterials as delivery
platforms are currently the most commonly used, possibly due to their excellent biocompatibility, improved safety, and
lower toxicity. Among these, liposomes are the most commonly used materials which are approved by FDA with
outstanding biocompatibility. This greatly facilitated their role as co-delivery nanoplatforms. As for inorganic materials,

Table 2 The Combination Therapy with Autophagy Regulators Through Different Nanoplatforms

Nano-Materials Delivery Drugs Delivery Method Tumor
Organic PLGA Docetaxel+CQ PEG-b-PLGA NPs+free CQ Breast cancer®”
PLA Docetaxel+CQ DTX-H40-PLA NPs+free CQ Breast cancer''
Amphiphilic peptide micelle system Doxorubicin+si-Beclin| Co-delivery system (Co-PM NPs) Prostate cancer'2°
HBPO (OEI600-PBA) 10 Doxorubicin+si-Beclin| Co-delivery system (HBPO Cervical cancer'?'
(OEI600-PBA) 10/DOX/siRNA)
FPDP Doxorubicin+si-Beclin| Co-delivery system (FPDP/DOX/ Liver cancer'??
shBeclinl)
liposome Paclitaxel+CQ PTXL NPs+CQL NPs Adenocarcinoma'?®
PpIX+3MA Co-delivery system (PpIX/3- Breast Cancer'*
BTZ+siSHARPI MA@Lip NPs) Acute Myeloid Leukemia'®”
curcumin+niacin (Lipo-siRNA-BTZ-PEG-cRGD Liver cancer'®”
NPs)
(Curcumin-Niacin NPs NPs)
DSPE-PEG Pt(IV)-peptide-bis(pyrene)+Beclin| Co-delivery system (siBec| @PPN Lung Cancer'?
siRNA NPs)
Tumor cell-derived microparticle PpIX+3MA Co-delivery system (HAL/ Breast Cancer'?®
3MA@X-MP NPs)
perfluorohexane Pt(IV)+CQ Co-delivery system (Pt(IV)/CQ/ Breast Cancer'?’
PFH NPs)
DMN IR780+CQ Co-delivery system (CQ/IR780- Melanoma'3?
Mil NPs)
PBC NPs PA+BAQ Co-delivery system Oral Cancer'?
(Pheophorbide a (PA)-
Bisaminoquinoline (BAQ)
Conjugate (PBC NPs))
TkPEG Aggregation induced emission (AIE) Co-delivery system ((TP+A) Breast Cancer'®’
+triptolide (TP) @TKPEG NPs)
DSPE-PEG-SeSe-COOH CONs+pTRPM2 Co-delivery system (CONs/ Prostatic Cancer'3®
pTRPM2 NPs)
PLGA-PEG ICG+Daurisoline (DAS) Co-delivery system (PD/I NPs) Breast Cancer'?’
icaritin+doxorubicin (PLGA-PEG-AEAA NP NPs) Liver Cancer'®?
PEI-HA PEI+PTX+Mdr| siRNA Co-delivery system (PP/siRNA/ Lung Cancer'*®
HA NPs)
Alg@CaP GO+curcumin+Obatoclax Co-delivery system Breast Cancer'*’
(GO-Alg@CaP/CO NPs)
Macrophage-mimetic Chl (MChl) Hematoporphyrin+chlorella+CQ Co-delivery system (MChI-CQ- Melanoma'®"
HP-NP NPs)
Polymers (poly(-caprolactone)) (PCL) RAPA+9-NC Co-delivery system (CPAH/ Ovarian cancer'*¢
CPTAH NPs)
Calcium carbonate CaCOj;+ovalbumin (OVA) Co-delivery system (HOCN NPs) Colorectal Cancer'*®
OVA Becl+OVA Co-delivery system (NP-B-OVA Melanoma'®"'
GO+OVA NPs) Thymoma'®?
(GO-OVA NPs)
PEG-b-PMPC 3-bromopyruvate (3BP) +chlorin e6 Co-delivery system (CD-Ce6-3BP Oral Squamous Cell
(Ceb) NPs) Carcinoma'®?
(Continued)
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Table 2 (Continued).

Nano-Materials Delivery Drugs Delivery Method Tumor
polylysine Lonidamine+ ferrocene+ glucose Co-delivery system (FG/T- Lung cancer'®*
oxidase Nanoprodrug NPs)
TPGS TPGS+Sertaconazole (STZ) Co-delivery system (HA-TPGS- Lung cancer'®®
STZ NPs)
PMBA Curcumin+Bcl2 siRNA Co-delivery system (Poly@Cur- Cervical cancer'®®
FA NPs)
HMPB Curcumin (Cur)+5-fluorouracil (5-Fu) Co-delivery system (5-Fu/Cur- Colorectal cancer'®®
+hollow mesoporous Prussian blue P@HMPB NPs)
(HMPB)
PVP Photothermal drug+photosensitizer Co-delivery system Breast cancer'®’
drug+chemokinetic drug (PVP-Fe-Cu-Ni-S NPs)
Hybrid DNA-based hybrid nanosystem TLR9 agonist+CQP Co-delivery system (FNC@NF Pancreatic Cancer'?’
NPs)
PEG-BPNS BPNS+DOX+siCIC-3 Co-delivery system Cervical Cancer'*®
(BP-AS@D NPs)
Inorganic FHM Fe+artemisinin+CQ Co-delivery system Breast Cancer'*®
(L-FHM@A-CQ NPs)
MOF (ZIF-8) Fe+MIL88+CQ Co-delivery system Lung Cancer'?'
2-DG+BAY-876+CQ (CQ-dual MOF NPs) Breast Cancer'*?
GOx+CQ (D/B/ICQ@ZIF-8@CS NPs) Breast Cancer+Liver
(CQ@ZIF-GOx NPs) Cancer'*
AuNPs DOX+CQ Co-delivery system (D&H-AA&C Glioma'**
Cuy,Se+Au NPs) (Au@Cu2-xSe NPs) Glioblastoma**
HMSN SiO,+HCQ Co-delivery system (HCQ-HMSN Colorectal Cancer'*®
NPs)
Calcium phosphate GOx+CQ Ca@GOx NPs+CQ-NPs Breast Cancer'*
TeDNB TeO5>+OME Co-delivery system (TeDNBs- Breast Cancer'"’
HSA/OME (TeDNBs-HO) NPs)

the most commonly used platform is metal-organic frameworks, especially due to their porous structure, which can
optimize drug loading capacity and expand the possibilities for drug combinations. However, it is important to note that
their application may lead to potential adverse reactions in future research. We hope that Table 2 can serve as a research
foundation and guide for more combinations therapies research based on nanotechnology in the future.

Dual Regulation of Autophagy by Co-Delivery System Based on Nanotechnology
Generally, drug-induced protective autophagy is often regarded as a troublesome problem, which leads to tumor drug
resistance. However, studies have indicated that utilization of drugs with the properties of activating protective autophagy
could make tumors rely on this survival pathway. Subsequently, inhibiting this pro-survival pathway could lead to the
accumulation of autophagosomes, which can effectively enhance the sensitivity of tumor cells to autophagy inhibitors
and overcome the limitations caused by mono-therapy of autophagy regulation, as shown in Figure 5A.

Based on the thesis, researchers have clarified the excellent effect of this method on tumor treatment in various anti-tumor
treatments: (1) Chemotherapy: researchers synthesized CD133-DOX nanoparticles,'’' ER-NPs nanoparticles' "> and Nano-Pt
nanoparticles,'”* delivered DOX, 5-FU or cisplatin into tumor cells, damaging cells and activating high-level protective
autophagy, which made tumor cells more sensitive to autophagy inhibitors. At the same time, the combination with autophagy
inhibitors promoted cell apoptosis, significantly improving the therapeutic efficacy on liver cancer, cervical cancer, or non-
small cell lung cancer; (2) Photothermal therapy: Zhang Y et al synthesized Cu-Pd based TNP-1 nanoparticles, which
improved the susceptibility of cancer cells to photothermal therapy mediated killing, with significant therapeutic effect against
multidrug resistant breast cancer;?’ (3) Starvation therapy: Li F et al synthesized mCG@ZIF nanoparticles, co-delivered CQ
and GOx based on the ZIF-8 platform. Through the dual protective autophagy activated by ROS and starvation, cancer cells
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were more sensitive to autophagy inhibitors. Subsequently, CQ in the nanoparticles is released to inhibit protective autophagy,
significantly enhancing the therapeutic efficacy in breast cancer, as a classic example of this method, shown in Figure 5B;'"°
7% and CNL nanoparticles,'”

combined with the autophagy inhibitor vinblastine or CQ. Autophagy is activated with the formation of autophagosomes,

(4) Autophagy activators: researchers synthesized C6-ceramide nanoliposome nanoparticles

while autophagy inhibitors are used to inhibit the degradation of autophagosomes, resulting in autophagosome accumulation,
preventing damaged organelle repair, promoting apoptosis, and significantly enhancing the therapeutic effect on liver cancer,
colorectal cancer or head and neck squamous cell carcinoma.

This subsection suggests that for drug-resistant tumor cells in which autophagy does not play a dominant role, the
delivery of autophagy activators by nanotechnology can disturb the homeostasis in cells, disrupt their original signaling
pathways, and make autophagy becoming the main survival pathway. Subsequently, the autophagy inhibitors
co-delivered by nanoplatform spatially can block this autophagy-dependent protective effect, promote apoptosis of
drug-resistant tumor cells, and reverse tumor drug resistance. This approach significantly expands the indications of
combination drugs in different tumors, which can be an important combination treatment option when encountering
refractory tumors in future studies.

Delivery of Anti-Tumor Drugs Based on Autophagy Regulatory Nanoplatform

The unpredictable non-selective effect of each drug is a significant factor in the unavoidable systemic adverse reactions
that occur when combined drugs are taken. Researchers have pointed out that many nanomaterials have the character-
istics of regulating autophagy. Making good use of this characteristic can not only enhance the classic anti-tumor drugs’
effects, but also regulate autophagy. While using the nanotechnology to deliver, they can exert a dual synergistic anti-
tumor effect, reverse tumor drug resistance and reduce systemic adverse reactions. Based on this, researchers conducted a
series of studies utilizing nanomaterials with autophagy regulatory characteristic to deliver mono anti-tumor drug while
performed synergistic effects, as follows:

Delivery of Anti-Tumor Drugs Based on Autophagy Inhibitory Nanoplatform
Researchers have proposed a variety of nano-autophagy-inhibiting materials to deliver anti-tumor drugs, all of which have
significantly enhanced the original therapies: (1) Chemotherapy: Li N et al synthesized mPEG-bP (DPA-b -DMAEMA)/EPI
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nanoparticles to deliver epirubicin (EPI) through the polycationic nanomicelles (PEDD-Ms) platform. PEDD-Ms alkalinizes
lysosomes, leading to lysosome damage and inhibiting autophagy, which significantly enhanced the response of liver cancer to
EPL'7° (2) Chemokinetic therapy: Xie Y et al synthesized Fe,03@ DMSA nanoparticles to deliver Fe,O5 through DMSA
platform, which inhibited protective autophagy to sensitize Fe-mediated Fenton-like reactions, significantly enhancing the
therapeutic effect on liver cancer;'’” (3) Delivery of metabolic inhibitors: Zhang P et al synthesized MOND nanoparticles to
deliver cholesterol oxidase (COD) through molybdenum oxide, which activated the AKT/mTOR pathway to inhibit protective

autophagy, significantly enhancing the therapeutic effect of COD on bladder cancer.'”®

Delivery of Anti-Tumor Drugs Based on Autophagy Activator Nanoplatform

According to the previous studies, autophagy activator nanomaterials have excellent performance in delivering various anti-
tumor drug for combination therapy: (1) Chemotherapy: Lu HY et al delivered the chemotherapy drug CPT based on the
GCMSN platform, inducing aggravated oxidative stress by activating autophagy through GCMSN, significantly improving
179 (2) Chemokinetic therapy: Wang XS et al synthesized Fe(CO)s@Au nanoparticles
to produce CO and iron mediated by near-infrared light. CO damaged mitochondria and induced autophagy, promoting the

the therapeutic efficacy on lung cancer;

aggregation of nanomedicines in lysosomes. At the same time, iron destroyed lysosomes, significantly enhancing the killing
189 (3) Photothermal therapy: Lv C et al co-delivered Zn*" and the photothermal agent rGO based

on the ZIF-8 NPs platform. Autophagy-dependent cell death was activated by excess Zn>", with the photothermal effects of
181

effect against breast cancer;
rGO induced by light, significantly enhancing the therapeutic efficacy in tongue squamous cell carcinoma.

Dual Regulation of Autophagy Through Delivery Nanosystem Based on Autophagy Regulatory Nanoplatform
Studies have illustrated that activating autophagy can increase the uptake of anti-tumor drugs by cells, but the late stage of

182,183 185 and

autophagy (autophagolysosomes) will sequester drugs including nanodelivery systems, sorafenib,'®* cisplatin
doxorubicin (DOX),'®® keeping them away from the target site, leading to drug resistance. Therefore, maximizing the
therapeutic ability of drugs by allowing them to escape from lysosomal degradation or sequestration is a long-term challenge
for nanodelivery.

Researchers believe that if late autophagy is blocked, drug metabolism can be inhibited and intratumoral concentration
of drugs will be elevated (Figure 5A). Based on this thesis, researchers found that the activation of autophagy based on
nanotechnology allows drugs to remain in lysosomes. Then, destroying lysosomes or inhibiting lysosomal metabolism can
greatly increase drug concentrations and promote apoptosis. For this reason, researchers have conducted various studies in
combination with different anti-tumor therapies: (1) Chemotherapy: Researchers have synthesized PEGylated MoS2/DOX
NSs nanoparticles,'®” PLGA-lysoGM1/DOX nanoparticles,'®® PTX- PTX-MSNs-PDA nanoparticles'® and Nab-PTX
nanoparticles.'”® They can enhance the cellular uptake rate by the nanoplatform mediated autophagy-lysosome pathway,
while combined with lysosomes blockers, significantly increased the accumulation of DOX and PTX, with better
therapeutic effect on cervical cancer, breast cancer, glioma, lung cancer and colorectal cancer. Besides, Kong C et al also
discovered that the delivery of triptolide prodrug based on the UPSM platform can significantly enhance the release of
triptolide and its therapeutic efficacy in lung cancer;'”! (2) Immunotherapy: Li X et al. Synthesized HCQ@aPDL1-Viro
nanoparticles to co-deliver anti PDL1 and CQ based on JEV platform. Lysosomal escape through JEV promoted the drug
aggregation in tumors, inducing autophagy while inhibiting autophagolysosome by HCQ, which significantly enhanced the
therapeutic effect on breast cancer.'*?

These studies provide a good research basis for future therapeutic applications of nanomaterials with autophagy
regulatory properties to deliver mono drug or combination drugs while reducing systemic toxicity. In addition, a lot of
studies have suggested a variety of nanoplatforms that can be used to load drugs in this way. For example, Jiang L et al
pointed out that LA-nBSA nanomaterials can activate autophagy through nBSA while LA promoting the escape of

nanocapsules, protecting it from degradation,'?

indicating the potential role as a nanoplatform in increasing the
intracellular concentration of drugs.

In this subsection, we can find that in addition to improving the efficacy of delivered drugs, the nanoplatforms with
autophagy regulatory properties can also enhance the efficacy synergistically by promoting the death of drug-resistant

tumor cells. However, combined with the contents of subsection 4.1 and subsection 4.2, which indicate that autophagy plays
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an essential role in non-tumor cells, but there is still a lack of research on the role of nano-autophagy materials in the tumor
microenvironment, especially in tumor immunity, which, in the future, is a highly worthwhile research direction.

Autophagy Regulatory Nanomedicine as Adjuvants for Adjuvant Therapy
It is worth noting that studies have demonstrated that nanomaterials with autophagy regulatory functions can not only
serve as delivery platforms, but also function as adjuvant treatments for anti-tumor treatments, as follows:

Adjuvant Different Tumor Therapies

Zhang Q and Xiong Q et al discovered fullerene C60 (Nano—C6O)]94 and CONP nanoparticles195 can upregulate ATG 5
or activate the ROS/ERK signaling pathway to activate autophagy and enhance the sensitivity of tumors to DOX and
gemcitabine, respectively. Similarly, the bio-ATTEC nanoparticles synthesized by Liu M et al, which induce autophagy-
dependent cell death by degrading mitochondria, can significantly enhance the sensitivity of metastasis melanoma to
chemotherapy prodrugs.'®® These studies suggest the potential application of autophagy regulatory nanomaterials in
adjuvant chemotherapy.

Furthermore, nanomaterials with autophagy regulatory properties are more commonly used in sensitized radiotherapy.
For example, researchers have synthesized nano-Se nanoparticles,'”” AgNPs nanoparticles,'”®'*® FePt/GO NSs
nanoparticles,’” Fe304 @Ag nanoparticles’®’ and GON nanoparticles,”’? which can improving the killing effect of
oxidative stress by regulating autophagy, significantly enhancing the therapeutic effect of radiotherapy on breast cancer,
glioma and non-small cell lung cancer. Moreover, a similar phenomenon also occurs in the adjuvant treatment of
magnetothermal therapy. The SPIO nanoparticles synthesized by Sadhukha T et al can induce oxidative stress through
magnetothermal conversion to activate temperature-dependent autophagy and promote autophagy-dependent cell death.
At the same time, the elevated temperature promotes acute cell membrane damage and effectively inhibits lung cancer.?*?
These studies indicate that autophagy regulatory nanomaterials have good auxiliary therapeutic potential in both radio-
therapy and magnetothermal therapy.

Notably, the efficacy of tumor immunotherapy is largely limited by the inhibitory tumor immune microenvironment
(TIME). Zhang L et al synthesized LDH NP nanoparticles to inhibit autophagy by exerting acid neutralization in TIME and
increase the proportion of tumor-associated macrophages and T cells with anti-tumor functions. At the same time, it can
capture the tumor antigens in the tumor microenvironment, synergistically activating anti-tumor immune responses.
Combined with Toll-like receptor 9 agonist CpG can significantly improve the therapeutic effect on melanoma and colon
cancer.”®* In addition, metal immunotherapy by supplementing metal ions into the tumor microenvironment is also a new
strategy to activate anti-tumor immune responses. Based on this, Jia Y et al synthesized NanoAlum nanoparticles, which
activates T cells in the tumor microenvironment through neutralizing the acidic tumor microenvironment and releasing Mg*",
while inhibiting the protective autophagy to induce apoptosis. When combined with methotrexate or CpG, it shows excellent
therapeutic effects on melanoma and colon cancer.”” These findings suggest the potential application of autophagy regulatory
nanomaterials as immunoregulators and adjuvants in adjuvant immunotherapy.

Adjuvant Dual Regulation of Autophagy
Similar to what was mentioned above, nanomaterials with autophagy activator properties can also enhance the sensitivity
to autophagy inhibitors and improve the anti-tumor efficacy. For example, researchers synthesized Nano-C60

0% and Nano-Nd,Oj; nanoparticles,”®” which induced autophagy through nanomaterials, and then inhibited

nanoparticles
the late autophagy with KN93 or Bafilomycin A1, leading to excessive accumulation of autophagosomes and inhibition
of degradation, significantly enhancing the therapeutic effect of nanomedicines on osteosarcoma and non-small cell lung
cancer.

It is clear from this perspective that nanomaterials with autophagy regulatory characteristics will have a wide range of
applications in the future, especially as adjuvant treatments, which can exert excellent functions of sensitizing drugs. Currently,
many studies have elaborated a variety of nanomaterials with autophagy regulatory ability, such as Bi,S; NPs nanoparticles**®
and PN-CeO, nanoparticles,”” which can act as protective autophagy inhibitors to promote apoptosis of liver cancer and skin

squamous cell carcinoma cells. On the contrary, NIC-NCT nanoparticles,”’® MnO-MS nanoparticles,”’’ nano-ZnO
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nanoparticles,”'**'* nano-CuO nanoparticles,”'* USIONP nanoparticles,”'> PEG-CS-FA-Sb nanoparticles,?'® nano-Et;PAuCl
nano Particles,>!” a-NTP-LNs nanoparticles®'® and Bowl 6 nanoparticles,*'? etc can promote autophagy-dependent cell death by
inhibiting mTOR, ERK and AKT pathways, activating TRPC6 pathway and other pathways, effectively inhibiting the
proliferation of lung cancer, liver cancer, neuroblastoma, prostate Cancer, colorectal, nasopharyngeal and gastric cancer.

This subsection mainly introduces the essential role of nanotechnology in the combination of anti-tumor drugs and
autophagy regulators, especially those autophagy regulatory nanoplatforms, which not only can exert autophagy
regulatory functions, but also deliver anti-tumor drugs to exert a synergistic therapeutic effect, particularly in adjuvant
treatments, including radiochemotherapy, magnetic heat therapy, autophagy inhibitors and immunotherapy treatment, etc,
with excellent performance and potential role. This further indicates that nano-autophagy materials play an essential role
in the future combination research, and are important nanoplatforms worthy of being used for drug delivery or adjuvant
therapy, which can be extended to a variety of diseases.

In conclusion, for tumors that develop protective autophagy resulting in drug resistance after anti-tumor treatment,
delivering autophagy inhibitors in combination with anti-tumor therapeutic drugs through nanoplatforms can significantly
sensitize the drug, provide synergistic efficacy and reverse drug resistance. For tumors with high metabolic rate or lack of
autophagy tendency, nanoplatforms can be used to deliver autophagy activators combined with anti-tumor drugs,
inducing programmed death of tumor cells through excessive activation of autophagy, overcoming drug resistance
with better anti-tumor effect. These two combination therapies are worthy of being studied when combined with the
regulation of non-tumor cells in the tumor microenvironment especially the immune cells to exert a great antitumor
immune effect in the future research (Figure 6).

However, for different tumors, different intracellular signaling pathways or sensitivities to the same function way may
lead to different responses to the same nanomedicine with opposite effects in different tumors. For example, the Fe;04
nanoparticles mentioned earlier were found that they activated protective autophagy by activating the Beclin 1/Bcl-2/
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What’s more, research also indicated that the same signaling pathway can play opposite roles in different tumor-related
cells. Inhibiting the NF-xB signaling pathway in tumor cells through 3-MA can downregulate PDL1 expression,'?®
improving the efficacy of immunotherapy, while CQ reprograms TAM by activating the NF-xB signaling pathway in
macrophages and resets them to a pro-inflammatory phenotype.'** It’s possible because the same protein mediates different
signaling pathways in tumor cells or immune cells, and the changes in cellular responses caused by inhibiting different
stages of autophagy may also play a role. These studies suggest that it is necessary to select appropriate autophagy
regulators for combination therapy according to tumor type, cell type, cell response differences, signaling pathway
differences, drug sensitivity and the combination of antitumor drug pathways in future research.

Moreover, some studies have shown that drug-free nanomaterials may cause disturbances in the intracellular environment,
leading to the activation of protection autophagy, promoting drug degradation, and limiting the therapeutic effect of
nanomedicines in tumors.??! Therefore, choosing the appropriate nanoplatform to deliver drugs or exert autophagy regulatory
functions is an essential step. A comprehensive consideration of the effects of drugs and nanomaterials on autophagy
regulation is of great reference value for selecting nanoplatforms.

Dual regulation of autophagy through nanoplatforms appears to be a novel and effective solution to these problems. On
the one hand, drugs activate protective autophagy and make it the main survival pathway of cells. At the same time,
inhibiting this pathway can lead to the accumulation of autophagosomes and effectively enhance the sensitivity to
autophagy inhibitors, with improved functions assisted by nanotechnology. On the other hand, activating autophagy
through drugs can improve drugs uptake, and then destroy lysosomes or inhibit lysosomal metabolism can greatly increase
drug concentration and improve the efficacy of tumor treatment. And most of the related research is based on nanotechnol-
ogy. The two aspects mentioned above suggest that the dual autophagy regulation scheme based on nanoplatforms is a vital
research direction in the future to overcome drug resistance and expand the indications of treatment.

In addition, the use of nanomaterials with autophagy regulatory properties to deliver mono drug or combination drugs
is also a very effective combination method. It can not only promote cell apoptosis synergistically, but also exert dual
regulatory functions of autophagy, with reduced systemic adverse reactions caused by the administration of multiple
drugs. It suggests the broad application prospects of this nanomaterials with autophagy regulatory characteristics in the
future, especially its potential role as an adjuvant treatment.

Summary and Outlook

Delivering autophagy regulators and anti-tumor drugs based on nanoplatforms provides a good solution for the problems
of combination therapy mentioned above, with simultaneous delivery of drug, increased drug combination possibilities
and targeting specificity, not only effectively inhibiting multi-drug resistance, but also synergistically improving the
efficacy and reducing adverse reactions.”'

In conclusion, delivering autophagy inhibitors in combination with anti-tumor drugs through nanoplatforms can signifi-
cantly sensitize the drugs, provide synergistic efficacy, and reverse drug resistance in tumors with protective autophagy. In
opposite aspect, nanoplatforms can be used to deliver autophagy activators with anti-tumor drugs to tumors that have a high
metabolic rate or lack autophagy tendency which can lead the tumor cells to death by excessive autophagy activation, to
overcome the drug resistance and improve the anti-tumor effect. It is worth nothing that these two combination regimens may
play an exciting role in the cells in tumor microenvironment which can synergistically improve the efficacy through different
pathways such as the activated immune response, and even play an important role as immune vaccines.

However, different cancers may respond differently to the same nanomedicine with opposing effects due to variations
in intracellular signaling pathways or sensitivities to the same function. Furthermore, different tumor-related cells may
exhibit contrasting functions within the same signaling pathway. These imply that future study must choose the right
autophagy regulators for combination therapy based on factors such as tumor kind, cell type, variations in cell response,
variations in signaling pathways, drug sensitivity, and the combination of cell pathways.

Furthermore, nanomaterials with autophagy regulating properties has been proven to deliver anti-tumor drugs in combined
therapy, making it another key research field potentials, particularly in the adjuvant treatment of anti-tumor therapies, which
can be extended to a variety of diseases. However, there is still a lack of the function of nano-autophagy materials in the tumor
microenvironment, particularly in tumor immunology, making it an important area for future research.
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However, the weakening of EPR effect, the lack of accurate measurement of pharmacokinetics and pharmacody-
namics, the unknown side effects caused by nanoplatforms and combination therapies, off-target nanomedicine, payload
limitations,*** difficulty in measuring physical and chemical properties and high cost**® limits the combination therapy
base on nanotechnology. Therefore, it is necessary to conduct more research on the drug properties of nanomedicines in
the future, in order to develop more precise methods for evaluating the pharmacokinetics, biodistribution, functional
mechanisms and off-target, achieving clinical transformation and improving patients’ quality of life.

In summary, the delivery of autophagy regulators through nanoplatforms combined with anti-tumor drugs provides a good
therapeutic strategy for the treatment of tumors, especially drug resistant tumors, with considerable therapeutic and promising
research prospects. For this reason, it is vital to conduct more research on the safety, biocompatibility, toxic and side effects,
especially clinical research. In a word, our belief is that with the development of technology and the advancement of experimental
research and clinical trials, more specific nano-combination systems will be developed for tumor treatment. There will be more
nanotechnology-based combination therapies approved for clinical use, with more precise and powerful anti-tumor efficacy and
more significant therapeutic benefits to patients, particularly for individuals with drug resistance in the future.
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