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Abstract: Proteolysis Targeting Chimeras (PROTACs) have been extensively explored for the targeted degradation of disease-
associated proteins due to their therapeutic ability to modulate proteins that are difficult to target by conventional small molecules,
showing vast potential in treating refractory diseases such as cancer and neurodegenerative disorders. However, the clinical application
of PROTAC: is limited by their large molecular weight, low solubility, poor permeability, and the “hook effect”. Fortunately, the rapid
advancement of nanotechnology offers new strategies to overcome some of the key challenges faced by traditional PROTAC
technologies, potentially facilitating their clinical translation. In this review, we outline the mechanisms of action of PROTACs and
explore their potential clinical significance, along with the main challenges in delivering these compounds. Additionally, we
comprehensively summarize recent advancements in nanotechnology for enhancing the delivery efficiency of PROTAC drugs and
discuss the limitations of current strategies and future perspectives. In conclusion, this review aims to deepen researchers’ under-
standing of this strategy, thereby advancing the clinical translation of PROTAC drugs and providing more effective strategies for
treating complex, refractory diseases.
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Introduction

Although small molecule inhibitors (SMIs) have provided substantial benefits to many patients as valuable targeted
therapeutic agents, there are still numerous significant issues that cannot be overlooked. Firstly, traditional SMIs rely on
an “occupancy-driven” model, requiring high concentration and extensive systemic exposure to exert target inhibition,
which poses potential off-target risks and side effects.’ Secondly, target antagonism may trigger compensatory mechan-
isms, resulting in the overexpression of related proteins and significantly increasing the risk of acquired resistance.”
Finally, the protein targets accessible to traditional small-molecule drugs are limited, with most disease-associated
proteins still considered “undruggable”, presenting a key challenge in current small-molecule drug development.***
Over the last several years, PROTACs have gained widespread attention as an emerging drug development strategy in the
field of targeted therapy. PROTAC is a heterobifunctional compound primarily composed of a particular ligand binding
to the protein of interest (POI), an appropriate linker, and an E3 ubiquitin ligase substrate.” By taking control of the
ubiquitin-proteasome system (UPS), PROTAC:S interact with the target protein and E3 ubiquitin ligase to form a ternary
complex that ubiquitinates and degrades the target protein.*

In contrast to conventional small molecule inhibitors (SMIs), PROTACs operate through a catalytic mechanism,
allowing for reuse after a round of degradation and achieving target protein degradation at relatively low concentrations,
thus minimizing side effects.®” Moreover, PROTACs function based on an “event-driven” model, which eliminates the
need for direct binding to the target protein’s active site, potentially acting on “undruggable” targets and overcoming
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resistance brought on by target protein mutation or compensatory expression.'””* The distinctive benefits of PROTACs
are that they offer more effective strategies for treating challenging diseases, including cancer and neurodegenerative
disorders.”'”

Despite the groundbreaking significance of PROTACs in the field of targeted drug development, most PROTAC
molecules still face numerous obstacles and restrictions in transitioning from the research and development phase to
clinical application.'" Firstly, one significant challenge with PROTACs is their large molecular size, exceeding 700
Dalton, along with high surface polarity and numerous hydrogen bond donors. These characteristics deviate from
Lipinski’s “Rule of Five” (Ro5), leading to poor cell permeability, solubility, and oral bioavailability.'*'* Secondly,
while the unique dual-binding mechanism of PROTACSs enhances their selectivity and specificity to some extent, the
widespread expression of E3 ligases in both diseased and healthy tissues limit their ability to target specific tissues. This
can lead to off-target toxicity in normal tissues, often resulting in severe side effects.'>'® Finally, at high concentrations,
PROTAC:s usually form non-functional binary complexes with E3 ligases or target proteins rather than the intended
ternary complexes. This “hook effect” reduces the efficiency of target protein ubiquitination and degradation and can lead
to unexpected off-target toxicity. These challenges complicate the design of safe dosing regimens for PROTACs.'” "

To date, the development of new PROTAC drugs still faces complex pharmacokinetic (PK) and pharmacodynamic (PD)
issues. Consequently, researchers have attempted various strategies to overcome these limitations.?® In recent years, the rapid
development of nanotechnology, particularly in nano-drug delivery systems (nano-DDSs), has garnered significant attention.
Researchers have begun exploring the combination of nanotechnology with PROTACs to improve drug solubility, stability,
and intracellular delivery efficiency.”' Additionally, nanotechnology holds the potential to improve the pharmacokinetic (PK)
properties of PROTACs and achieve localized precise release, thereby reducing systemic toxicity and off-target risks.** In this
review, we first introduce the classic structure and mechanism of action of PROTACs and summarize the latest research
advancements in the application of nanotechnology in PROTACs (Figure 1). We explore how the modification of nanos-
tructures and the introduction of nanocarriers optimize the delivery efficiency and efficacy of PROTACs and discuss the
prospects and potential challenges of various nano-PROTAC: in clinical applications. This review aims to enhance research-
ers” understanding of this field, providing valuable insights to improve the bioavailability and druggability of PROTACs,
thereby promoting the transition of PROTAC drugs from basic research to clinical application.

PROTAC Mechanism of Action

A PROTAC molecule consists of three components: a ligand for the E3 ligase, a ligand specific to the target protein, and
a linker that connects them. One ligand specifically binds to the target protein, while the other primarily engages the E3
ligase. This design facilitates the proximity of the target protein and the E3 ligase, leading to the ubiquitination of the
target protein and marking it for degradation.®> Ubiquitination is mediated by a three-step enzyme reaction (Figure 2).
The ubiquitination process initiates when a ubiquitin-activating enzyme (E1) uses ATP to form a high-energy thioester
bond between its cysteine residue and the glycine residue of ubiquitin. This activated ubiquitin is then transferred to
a ubiquitin-conjugating enzyme (E2), which forms a similar high-energy bond with ubiquitin. Finally, a substrate-specific
ubiquitin ligase (E3) facilitates the transfer of ubiquitin to the target substrate. This transfer can occur directly or through
another high-energy thioester bond on the E3 enzyme, depending on the type of E3 ligase involved. Frequently, this
process results in the formation of a polyubiquitin chain, which begins with the attachment of the initial ubiquitin
molecule to the e-NH, group of the substrate’s lysine residue. Ubiquitin moieties are interconnected via isopeptide bonds
between the C-terminal Gly of one fragment and the e-NH, group of the internal Lys48 of the previous fragment.”* Three
different proteolytic activities are shown by the 26S proteasome: chymotrypsin-like, trypsin-like, and peptidyl-glutamyl
peptide hydrolyzing activities. The deubiquitinating enzymes (DUBs) that break down the ubiquitin chain by hydrolyzing
isopeptide bonds between the C-terminal glycine of ubiquitin and the amine of lysine residues in proximal ubiquitin
moieties or the substrate (if it is the first ubiquitin moiety) recycle ubiquitin during protein degradation. While the protein
substrate unfolds and degrades, proteasome-associated deubiquitinating enzymes (DUBs) remove and recycle the
ubiquitin chains from proteins identified with polyubiquitin chains via the K48 linkage that the proteasome
recognizes.” In theory, a PROTAC functions as a catalyst, enabling the previously described process to be repeated
many times until it is broken down and eliminated.
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Figure | Schematic of the joint application of nanotechnology and PROTACs.
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Figure 2 Schematic representation of PROTAC-mediated protein degradation.
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The Application of PROTACSs in the Treatment of lliness

To date, PROTACs targeting a wide range of therapeutically relevant proteins used for disease treatment have been
developed. In this section, we discuss key PROTACs with promising applications for the treatment of refractory diseases
to highlight their potent efficacy, broad range of action, and low drug resistance.

PROTACSs in Tumor

To date, more than 50 protein-targeting PROTACs have been successfully developed, with these targets being clinically
validated and used in clinical trials for cancer treatment. Moving on to a particular illustration, the STAT family
comprises STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6. These proteins are involved in intracellular
signal transduction and gene expression manipulation.”® STAT proteins, especially STAT3 and STATS, control the
transcriptional and epigenetic regulation of many genes in cancer while transducing signals from growth factors,
overexpressed cytokines, their receptors, and other molecules in tumor cells. These genes contribute to chemoresistance,
tumor cell proliferation, apoptosis inhibition, and tumor cell stemness.”?”*®* PROTACs, such as AK-2992, have been
created to target other STAT family members and have demonstrated encouraging results in the therapy of cancer,
especially chronic myeloid leukemia. The STAT3 pathway can be efficiently inhibited by SD-36, a CRBN-based STAT3
degrader, which has selective anticancer efficacy and low toxicity.?

Preclinical data show that ARV-110 is an effective androgen receptor (AR) degrader, capable of reducing protein
levels in relevant prostate cancer cells and inhibiting cell proliferation at low nanomolar concentrations. It further
demonstrates the ability to reduce AR levels and the key prostate tumor biomarker, PSA, in plasma.* Arvinas and Pfizer
are now working together to develop ARV-471, which will be used as a monotherapy to treat patients with ER+/HER2-
locally advanced or metastatic breast cancer. It can cause the degradation of both wild-type and mutant estrogen receptors
(ER). In endocrine-sensitive and resistant xenograft models, ARV-471 exhibits superior target degradation and antitumor
activity compared to Fulvestrant.®

Bruton tyrosine kinase (BTK) is a non-receptor tyrosine kinase that is mostly expressed in hematopoietic cells. BTK
is closely associated with the survival and proliferation of B-cell tumors through B-cell receptor (BCR) signaling.’! NX-
2127 achieves the interruption of cancer cell proliferation induced by BCR signaling by mediating BTK degradation
through the proteasome.>* NX-5948, developed by the American biotechnology company Nurix Therapeutics, is a novel,
oral, highly selective BTK degrader. It has shown clinically significant effectiveness and tolerability in patients with
relapsed or refractory B-cell malignancies.

PROTACs in Neurodegenerative Diseases
Neurodegenerative diseases (NDD) are major illnesses after cancer and cardiovascular diseases, and they represent
a danger to human health and longevity. To date, the treatment of neurodegenerative diseases faces urgent and unmet
clinical needs; however, these diseases have multiple potential pathogenic mechanisms, complicating their diagnosis and
treatment.’® Against this background, PROTACs have become a promising therapeutic approach, achieving therapeutic
effects by targeting and degrading abnormal proteins associated with NDD. The etiology of NDD involves highly
complex mechanisms, with many potential targets during treatment, such as the accumulation and aggregation of amyloid
proteins in the brain, which have been associated with the progression of NDD.** Specific targets related to NDD
pathology include tau protein in Alzheimer’s disease and GSK-3p, among others.***¢

Neurodegeneration and the death of brain neurons can result from aberrant tau protein phosphorylation. Alzheimer’s
disease (AD) onset is tightly linked to tau protein misfolding and aggregation brought on by neurodegeneration. A
deposition and hyperphosphorylated tau protein buildup are significant pathogenic indicators in AD patients’ brains.>’ By
targeting tau protein, PROTAC molecules lower aberrant tau protein levels in brain cells, thereby decreasing the
progression of Alzheimer’s disease. Through in vitro and in vivo experiments, Wang et al confirmed that their tau
protein-targeting PROTAC (C004019) may effectively increase tau clearance via the ubiquitin-proteasome pathway in

a variety of tau overexpression cell lines. Additionally, intracerebral and subcutaneous administration significantly
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reduced tau levels in wild-type, human tau (hTau) transgenic, and 3xTg-AD mouse models while improving synaptic and
cognitive functions.*®

PROTACs in Metabolic Syndrome

The metabolic syndrome is a complicated collection of metabolic diseases that include adipose tissue accumulation,
insulin resistance, diabetes mellitus, hyperinsulinemia, hypertension, and dyslipidemia. It is typified by elevated levels of
triglycerides (TG) and high-density lipoprotein cholesterol (HDL-C).*° Targeted regulation of particular protein for the
management of metabolic syndrome may be a promising intervention, considering the important role that proteins play in
metabolic disorders.

Moving to a specific example, atherosclerotic dyslipidemia is a major cause of cardiovascular diseases (CVD),
characterized by elevated cholesterol levels.*” 3-Hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) is an
acknowledged lipid-lowering drug target located on the endoplasmic reticulum. It is the rate-limiting enzyme of the
mevalonate pathway, catalyzing the transformation of HMG-CoA to mevalonate, an essential precursor of cholesterol.*!
Luo et al synthesized a potent HMGCR-targeting PROTAC (21c), which includes a VHL ligand conjugated with
lovastatin acid. It effectively breaks down HMGCR in Insig-silenced HepG2 cells (DCs5¢p=120 nM) and creates
a stable ternary complex.*? This study further confirmed that inducing HMGCR degradation via PROTAC technology
can significantly reduce cholesterol levels, providing a novel strategy for the prevention of cardiovascular diseases. This
discovery not only expands the application prospects of PROTACs in metabolic diseases but also lays the foundation for
developing new lipid-lowering drugs.

PROTAG:s in Infectious Diseases

Viral infectious diseases have the characteristics of fast transmission speed, wide impact range, and high mortality rate.**
At present, vaccination and combination therapy are the main means of preventing and treating viral infections. The
growing number of drug-resistant strains poses a challenge to the currently available antiviral treatment strategies.
However, existing antiviral drugs are facing problems such as the increase of drug-resistant strains, and vaccine
inoculation usually cannot resist mutations or new viruses.** Therefore, exploring new antiviral strategies is crucial,
and PROTAC technology is one of them. Based on the characteristics of the virus and its reproductive process after
entering host cells, some of its proteins can be used as target proteins for PROTACs. The Nef gene of human
immunodeficiency virus type 1 (HIV-1) encodes a unique membrane related protein, which plays a key role in virus
replication, persistence and the progress of acquired immune deficiency syndrome (AIDS).** The existing Nef inhibitors
can only bind to the Nef protein, blocking some of its functions, but cannot destroy its crucial role in HIV infection.
Therefore, after stopping taking Nef inhibitor antiviral drugs, virus cells will reactivate and produce new viruses again.
Smithgall et al coupled Nef binding compounds with E3 ubiquitin ligase ligands to prepare a PROTAC system targeting
Nef protein, which can degrade Nef in cells, inhibit HIV-1 replication, and effectively rescue Nef mediated down-
regulation of MHC-I and CD4 in T cells.*® Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus
that caused the global coronavirus disease 2019 (COVID-19) pandemic. The main protease (MP™) of SARS-CoV-2 is
crucial for viral infection and is one of the main therapeutic targets for COVID-19.*” Huang et al coupled the target
protein ligand H117 with the E3 ligase CRBN ligand pomalidomide via a linker to obtain a heterodimeric small molecule
HP211206. HP211206 can induce the degradation of SARS-CoV-2 MP™ resistant mutants in cells, providing a new
solution for the development of novel coronavirus drugs.*® A synopsis of the therapeutic applications of PROTACs for
various diseases is given in Table 1.

The Challenges in the Clinical Implementation of PROTACs

PROTAC technology, as an emerging drug development technique, exerts therapeutic effects by reducing protein levels
rather than inhibiting their function. It has significant advantages in overcoming drug resistance and degrading non drug
targets, and is expected to revolutionize drug development and meet the differentiated needs of clinical medication.
However, although there are currently over 50 PROTAC candidate drugs being evaluated in clinical trials, no PROTAC
based drugs have been launched yet. These investigational drugs can target multiple proteins, including androgen
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Table 1 The Therapeutic Uses of PROTACs for a Range of llinesses

Degrader Target E3 ligase Indications Ref.
ARV-110 AR CRBN Prostate cancer [49]
ARV-471 ER CRBN Breast cancer [49]
ARV-766 AR Undisclosed Prostate cancer [50]
CFT-1946 BRAF CRBN Non-small cell lung cancer [51]
AC-682 ER CRBN Breast cancer [52]
CFT8634 BRD9 CRBN Synovial sarcoma [51]
CFT8919 EGFR-L858R CRBN Non-small cell lung cancer [30]
CC-94676 AR CRBN Prostate cancer [53]
DT-2216 BCL-X, VHL Liquid and solid cancers [54]
CG001419 TRK CRBN Cancer and other indications [30]
GT-20029 AR Undisclosed Androgenic alopecia [55]
HSK-40118 EGFR Undisclosed Non-small cell lung cancer [51]
HSK-29116 BTK Undisclosed B-cell lymphoma [56]
HP-518 AR Undisclosed | Metastatic castration resistant prostate cancer | [51]
FHD-609 BRD9 Undisclosed Synovial sarcoma [57]
KT-474 IRAK4 Undisclosed Autoimmune diseases [30]
KT-413 IRAK4 CRBN Diffuse large B cell lymphoma [30]
KT-333 STAT3 Undisclosed Liquid and solid tumours [58]
NX-2127 BTK CRBN B cell malignancies [59]
NX-5948 BTK CRBN B cell malignancies and autoimmune diseases [51]

receptor (AR), estrogen receptor (ER), Bruton tyrosine kinase (BTK), and interleukin-1 receptor associated kinase 4
(IRAK4). Its potential applications cover various diseases, such as hematological malignancies, solid tumors, and
autoimmune diseases. However, despite the promising prospects of PROTAC drugs, their development also faces
significant challenges. Many PROTAC molecules have a high molecular weight, are difficult to crystallize, have poor
solubility, and poor permeability.'>"'* In addition, the oral bioavailability of some candidate drugs is still low, which
poses further obstacles to clinical translation and commercial success. With the development of nanotechnology, nano
assembly strategies have gradually attracted widespread attention.

Nano-Proteolysis Targeting Chimeras (Nano-PROTAC:S)

Nanotechnology refers to the engineering and manufacturing of materials on the atomic and molecular levels. In recent
decades, nanotechnology has continuously garnered extensive attention in the medical field and has been widely applied
in drug carriers, cancer treatment, gene therapy, regenerative medicine, medical diagnostics, and more.**%* Nano-drug
delivery systems (nano-DDSs), as a crucial component of nanomedicine, have become an important tool in medical
research and clinical treatment due to their excellent loading capacity, efficient drug delivery efficiency, and controllable
release rates.”> Nanoplatforms for drug delivery can be designed in various forms, including liposomes, polymer
nanoparticles, inorganic nanoparticles, nano micelles, and nanogels, where drugs can be loaded into the core or surface
of nanocarriers through chemical conjugation, physical encapsulation, or electrostatic adsorption.®**> Nanocarriers can
improve the stability, solubility, membrane permeability, and circulation time of drugs. By modifying their surface
structure, size, and composition, it is possible to achieve stimulus-responsive drug release and targeted delivery to
diseased tissues. This approach enables precise drug administration, enhances therapeutic efficacy, and minimizes
toxicity to healthy tissues.®® *® Additionally, nanocarriers have the capability to transport multiple drugs simultaneously,
facilitating the delivery of various therapeutic agents within a single system for enhanced treatment of complex
diseases.®” Each type of nanocarrier offers unique drug loading and release characteristics, allowing researchers to tailor
and engineer them to meet the specific needs and challenges of different diseases.”® In this section, we will focus on the
nanocarriers most commonly used for delivering PROTACs.
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Lipid-Based Nanoparticles

Lipid-based nanoparticles offer several advantages for PROTAC delivery, including simple formulation, ideal drug
loading capacity, good biocompatibility, biodegradability, and the ability to modify surfaces flexibly.”":”* These nano-
particles use amphiphilic lipid molecules, such as phospholipids and steroids, for encapsulating and delivering
PROTAC:s. This approach enhances cellular permeability, as these compounds mimic the cell membrane and facilitate
cellular uptake.” Lipid-based nanoparticles commonly used to deliver PROTAC can be divided into three categories:
liposome nanoparticles, solid lipid nanoparticles (SLN), nanostructured lipid carriers (NLC), and cell membrane-coated
nanoparticles.®’

Liposome Nanoparticles (LNP)

Liposomes are supramolecular aggregates formed by amphiphilic lipid molecules dispersed in a solution,’* initially
discovered by Dr. A. D. Bangham and Dr. R.W. Horne in 1964.”> These liposomes are primarily composed of hydrophilic
head groups and hydrophobic tails, forming a bilayer structure similar cell membrane. Liposomes have an aqueous core,
granting them a core-shell structure where hydrophilic drugs can be loaded into the aqueous core and lipophilic drugs
into the lipid membranes.”*’® Liposome nanoparticles exhibit non-toxicity, high biocompatibility, biodegradability, low
immunogenicity, and protect drugs from degradation. Additionally, nanoliposomes can enhance drug solubility, bioavail-
ability and alter biodistribution, and be surface-modified to achieve targeted and controlled drug release.’®’” Therefore,
nanoliposomes are considered to have enormous potential in delivering PROTACsS.

In order to improve the targeting capabilities of PROTACs and decrease their off-target negative effects,
Saraswat et al designed an asialoglycoprotein receptor (ASGPR)-targeted nanoliposome loaded with a novel BRD4-
targeting PROTAC (ARV-825), named GALARY, which showed great potential in treating hepatocellular carcinoma
(HCC).” The average particle size of GALARV and non-targeted liposome LARV was 93.83+10.05 nm, which can
enhance selective tumor accumulation and retention through the EPR effect. By introducing PEG chains on the
liposome surface, the spatial stability of GALARV was enhanced, its circulation time was extended, and accumula-
tion at target sites was improved, while potential toxic side effects were reduced. Furthermore, GALARV used
galactosylceramide (GC) as the ASGPR targeting ligand, further enhancing targeting and cellular uptake in HCC.
Compared to LARV (without the targeting ligand GC) and free ARV, GALARV increased intracellular ARV
concentration by approximately 3-fold and 4.5-fold respectively. GALARV has strong anti-HCC activity, and
delivering PROTACSs to degrade BRD4 via targeted nanomedicine may be a novel therapeutic strategy for treating
and managing HCC.

To date, various liposome-based formulations have been successfully implemented in the clinical field, such as
Doxil® (the first), DepoCyt™, Ambisome®, Exparel®, and Visudyne®.”® Additionally, two liposome nanoparticle-based
COVID-19 vaccines have been successfully approved, indicating that liposome nanoparticle-based PROTAC delivery
technology has broad prospects and is anticipated to encourage the clinical translation of PROTAC.”®> Although
liposome nanoparticles have unique advantages in delivering PROTACS, there are still some potential issues that
need attention. One challenge with using liposome nanoparticles for PROTAC delivery is that many PROTAC
compounds are poorly soluble in water. As a result, they can only be incorporated into the hydrophobic bilayer, rather
than the larger aqueous core, limiting the drug-loading capacity. Additionally, drug leakage from liposome nanopar-
ticles can occur, impacting both their usage and storage stability.®> However, these challenges can be addressed
through technological advancements. By modifying the chemical structure of PROTACSs or adjusting the composition
of liposome nanocarriers, it is possible to enhance their stability and effectiveness, thereby facilitating progress in
PROTAC clinical research.

Solid Lipid Nanoparticles (SLN) and Nanostructured Lipid Carriers (NLC)

SLNs are spherical nanoparticles composed of solid fats (such as monoglycerides and fatty acids) and surfactants,
featuring a solid lipid core and a monolayer shell.”” Compared to LNPs, their rigid solid lipid core instead of an aqueous
core enhances the encapsulation efficiency and storage stability of hydrophobic drugs, beneficial for loading poorly
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water-soluble PROTAC molecules.”**** Nanostructured lipid carriers (NLC) consist of a non-structured lipid interior and
a monolayer surfactant exterior. The core is formed by a mixture of solid and liquid lipids, creating an imperfect
crystalline interior. Compared to the solid crystalline lattice of SLNs, the imperfect crystalline structure and liquid phase
in NLCs increase drug loading and prevent drug leakage.*® Therefore, the combination of SLN and NLC with PROTAC
is expected to overcome the potential limitations of LNPs, such as drug loading capacity and leakage, thereby improving
therapeutic efficacy.

For instance, Vartak et al developed a polyethylene glycol-modified nanostructured lipid carrier (AP-NLC) for
delivering ARV-825 to treat non-small cell lung cancer (NSCLC).*! The AP-NLC utilized Precirol®ATO5 and
Captex“300EP/NF as solid and liquid lipids, respectively, to enhance the stability and drug-loading capacity of ARV-
825 (Figure 3). This was further improved by hydrophobic ion pairing with medium-chain fatty acids. In vitro
experiments demonstrated that ARV-825 delivered via AP-NLC exhibits strong anticancer efficacy against NSCLC
cells. Moreover, it highlighted the potential of PROTACs to treat NSCLC effectively at nanomolar concentrations,
potentially avoiding the “hook effect”. This study underscores the promising role of nanotechnology in delivering
hydrophobic PROTACs for cancer treatment.
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Figure 3 Schematic representation of ARV-825 loaded nanostructured lipid carrier for targeting NSCLC. Adapted from Vartak R, Saraswat A, Yang Y et al. Susceptibility of
lung carcinoma cells to nanostructured lipid carrier of ARV-825, a BRD4 degrading proteolysis targeting chimera. Pharm Res. 2022;39(1 1):2745-2759. Copyright 2022, with
permission from Springer Nature.®'
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Cell Membrane-Coated Nanoparticles (CNPs)

Compared to traditional lipid-based nanocarriers, drug delivery systems based on cell membrane-coated nanoparticles
(CNPs) demonstrate significant application prospects in cancer therapy. Depending on the type of cell membrane used,
biomimetic membrane-coated nanomedicines exhibit properties similar to their source cell membranes, significantly
enhancing biocompatibility, immune evasion, and tumor targeting.®> For instance, Zhang et al used biomimetic lung
cancer cell membranes to camouflage BRD4-targeting PROTACsS, enabling concurrent targeting of lung cancer cells and
tumor-associated macrophages (TAMs), enhancing the internalization of PROTAC nanoparticles, and remodeling the
tumor microenvironment, demonstrating efficient tumor inhibition.*® Additionally, for different application purposes, the
source of cell membrane materials (including red blood cells, platelets, immune cells, cancer cells, stem cells, or bacteria)
determines the function of the nanoparticles.** Huang et al employed macrophage membranes coated on PROTAC-
loaded PLGA nanoparticles for treating atherosclerosis. Mouse model experiments showed that this PROTAC-loaded
biomimetic nanomedicine effectively improved the accumulation in atherosclerotic plaques and alleviated the progres-
sion of atherosclerosis, offering a successful method for treating targeted atherosclerosis (Figure 4).%° Thus, the
combination of PROTAC and CNPs effectively improves the targeting specificity of PROTACs and enhances their
pharmacokinetic properties. With continuous technological advancements, this emerging technology shows considerable
potential for clinical applications.

Polymer Nanoparticles

Polymer nanoparticles are self-assembled from amphiphilic macromolecules, typically consisting of diblock or triblock
copolymers with hydrophilic and hydrophobic segments.*® This unique structure allows polymer NPs to adeptly deliver
various hydrophobic and hydrophilic drugs and is widely used for encapsulating unstable proteins and gene drugs.®’
Polymer nanoparticles are usually synthesized from highly biocompatible and biodegradable polymer materials, such as
poly(lactic-co-glycolic acid) (PLGA), polyethylene glycol (PEG), chitosan, or polycaprolactone (PCL), with PLGA
being the most commonly used and extensively studied as a drug carrier.**® Polymer nanoparticles can prolong drug
circulation in the bloodstream and control drug release by incorporating PEG modifications and adjusting the type of
polymers and the balance of hydrophilic and hydrophobic segments.®” To treat pancreatic cancer, Saraswat et al created
PLGA-PEG polymer nanoparticles loaded with a novel BRD4 protein degrader (ARV-825) using nanoprecipitation
(ARV-NP).” Through the increased permeability and retention (EPR) effect, the particle size of ARV-NP (<200 nm) is
appropriate for passively targeting solid tumors. Additionally, the PEG-rich surface helps to circumvent the reticuloen-
dothelial system, hence prolonging the duration of drug circulation. ARV-NP is compatible with red blood cells,
improves the half-life of ARV-825, and demonstrates excellent physical stability and negligible hemolysis. In vitro
cell experiments show that ARV-NP exhibits significant inhibitory effects on human pancreatic cancer cell models, with
notable cytotoxicity, apoptosis, and anti-clonogenic effects.

Moreover, small-molecule modification of the polymer nanoparticle surface can confer specific targeting or other
diverse functionalities, further enhancing the targeting specificity of PROTACs and addressing pharmacokinetic issues.”’
For example, Cimas et al prepared trastuzumab-conjugated polymer nanoparticles (MZI-ACNPs) loaded with BRD4-
targeting MZI PROTAC for the treatment of breast cancer.”? Compared to free MZI PROTAC, MZI-ACNP exhibits
pronounced toxicity against breast cancer cell lines due to active targeting mediated by trastuzumab (an antibody
targeting HER2+ breast cancer) conjugation. In another study, He et al created a polymer nanoparticle modified with
cRGD (a,B;3 integrin-targeting peptide) to deliver doxorubicin (DOX) and the BRD4 PROTAC degrader ARV-825
simultaneously, aiming to achieve synergistic therapy and enhanced efficacy (Figure 5).”> Experimental results show that
cRGD-modified polymer nanoparticles enhance the cellular uptake and targeting properties of both drugs, overcoming
DOX-induced acquired resistance and enhancing anticancer effects.

Compared to liposome nanoparticles and other conventional nano delivery systems, polymer nanoparticles offer
several advantages. They are made from relatively inexpensive raw materials, can be produced through various methods
such as emulsification, nanoprecipitation, and ionotropic gelation, and provide enhanced stability. PROTAC molecules
can be flexibly loaded into the hydrophobic core of polymer nanoparticles, onto the particle surface, encapsulated within
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Bioinspired PROTAC-induced macrophage fate determination alleviates atherosclerosis. Acta Pharmacol Sin. 2023;44(10):1962—1976. Copyright 2023, with permission from
Springer Nature.®

the polymer matrix, or chemically bonded to the polymer structure.” Additionally, targeted or stimulus-responsive
polymer nanoparticles can effectively improve the targeting specificity of PROTACs, enhance the bioavailability, reduce
side effects, and potentially avoid the “hook effect” by controlling the release. However, the potential toxicity and high
immunogenicity of polymer nanoparticle components are key challenges for their clinical translation. Moreover, it is yet
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nanoparticles. Mater Today Bio. 2022;16:100423. Copyright 2022, with permission from Elsevier.”

unclear how polymer nanoparticles circulate, distribute, and metabolize in vivo. Therefore, although some polymer
nanomedicines are in clinical trial stages, only a few have received FDA approval and are used clinically.

Inorganic Nanoparticles
Inorganic nanoparticles (INPs) possess distinct physicochemical properties and structural features that enable precise control
over the size, structure, and geometry of drugs. This control improves pharmacokinetics (PK), making INPs an ideal choice for
PROTAC delivery systems.”** Additionally, the rigid structure of INPs can minimize the possibility of drug leakage to non-
target locations while in circulation.”” Mesoporous silica nanoparticles (MSN), gold nanoparticles (GNP), iron oxide
nanoparticles, and quantum dots are considered ideal INPs for delivering PROTACs.”® Among them, gold nanoparticles
are regarded as the most promising drug carriers due to their biocompatibility, low toxicity, tunable size, high drug loading
capacity, compatibility with surface plasmon resonance, multifunctionality, and ease of synthesis.””*®

Typically, thiol-modified polyethylene glycol (PEG) can be used as a spacer, enhancing the connection between drug
molecules and GNPs through gold-sulfur (Au-S) interactions, thereby improving solubility and stability.”® Therefore,

Wang et al designed polyethylene glycolated GNPs (Cer/Pom-PEG@GNPs) loaded with ceritinib and pomalidomide
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molecules for delivering novel multi-headed PROTACS to target anaplastic lymphoma kinase (ALK) for treating non-
small cell lung cancer.”® Cer/Pom-PEG@GNPs demonstrate excellent stability, with surface-bound ceritinib and poma-
lidomide molecules effectively targeting ALK and connecting with E3 ligase ligands in confined spaces. This approach
eliminates the need for complex structural optimization of PROTACs and enhances the likelihood of forming ternary
complexes. Experimental results indicate that Cer/Pom-PEG@GNPs effectively degrade intracellular ALK fusion
proteins, showing promise for use in patients who are resistant to ALK inhibitors. In another study, to lessen the off-
target toxicity often connected to systemic administration of PROTACs, He et al prepared UCNP-based mesoporous
silica nanoparticles (UMSNs) to load photo-caged PROTAC (phoBET1) for controllable targeted protein degradation
(Figure 6).'° Under alternating “on-off” NIR light irradiation, the release of active PROTAC (dBET1) can be regulated
to achieve on-demand dosing and adjust the required drug dose. In vivo, experiments show that UMSNs@phoBET1
nanocages efficiently suppress tumor growth by degrading BRD4 in response to NIR light in tumor tissues. This may
open new possibilities for PROTAC-photothermal combination therapy.

Inorganic nanoparticles mostly have good biocompatibility and stability, meeting characteristic requirements that
organic nanoparticles cannot achieve.'”" Although the high drug-loading capacity and multifunctionality of inorganic
nanoparticles hold great potential for improving the pharmacokinetics (PK) and drug-likeness of PROTACs, potential
long-term toxicity and limited biodegradability are obstacles to sustainable translation.'®>'*® Inspired by the work of

@)\
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NH,

cl dBET1 c  phoBET1

Figure 6 Schematic diagram for designing the NIR light-activatable PROTAC nanocage and its working mode for degrading the protein of interest (POIl). Adapted from
He Q, Zhou L, Yu D et al. Near-infrared-activatable PROTAC nanocages for controllable target protein degradation and on-demand antitumor therapy. | Med Chem. 2023;
66(15):10,458-10472. Copyright 2023, with permission from American Chemical Society.IOO
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Khandekar et al, coating inorganic NPs with biodegradable and non-toxic polymers can overcome potential toxicity

issues, potentially promoting the clinical application of inorganic NPs.'%

Protein-Based Nanoparticles

Proteins are ideal nanoscale drug carriers with biocompatibility, biodegradability, and low toxicity.'®® They possess various
functional groups that can effectively bind and carry more drugs through diverse intermolecular forces.'’*!'°” Proteins such as
albumin, protein cages, soy protein, and whey protein can be engineered or self-assembled to serve as nanocarriers for drug
encapsulation, providing new functions like selective targeting or tracking.'®®'% Among them, albumin is the most
commonly used protein for nanoparticle preparation to achieve drug delivery, because of its high structural stability and
long half-life (19 days), and is anticipated to play a crucial role in improving the pharmacokinetic properties of PROTAC
molecules and achieving targeted delivery.'®''° The extended retention of albumin, which is aggressively absorbed by cancer
cells under stress and converted into amino acids as nutrition, is caused by the high permeability of blood arteries and the
absence of lymphatic outflow in the tumor microenvironment.'!! Benefiting from this, Cho et al utilized albumin to load an
esterase-cleavable maleimide linker (ECMal) BRD4-degrading PROTAC, achieving tumor-specific accumulation and cellular
uptake of the PROTAC (Figure 7)."'? After AIb-ECMal-PROTAC is internalized by tumor cells, the esterase cleaves the
maleimide linker to release the free PROTAC, enabling selective degradation of BRD4 protein. Compared to the free
PROTAC, this method increases antitumor efficacy by 5.3 times without causing any significant systemic toxicity.
Additionally, the binding of ECMal-PROTAC to albumin effectively improves the hydrophobicity and low water solubility
of PROTAC molecules, significantly extending circulation time and half-life. In summary, albumin-bound ECMal-PROTAC
represents a highly promising strategy that could be applicable to other types of PROTACs, improving pharmacokinetic
properties and enhancing therapeutic efficacy.

In addition to albumin, researchers have shown significant interest in abundant and cost-effective plant proteins.
These proteins can form stable nanoparticles without the need for chemical linkers and offer long-term sustained drug-
release properties.'®>!'>!1* Additionally, protein nanocages, with their defined and reproducible geometric hollow
structures, offer strong stability, a long half-life, and uniform cage size, making them promising candidates for future
production of ideal nanocarriers for PROTAC delivery.''>''®

PROTAC medications may also be delivered by a few more delivery systems in addition to the previously stated
nanocarriers. For instance, hydrogel-based PROTAC delivery systems can load multiple drugs simultaneously, thereby
enhancing therapeutic effects through synergistic treatment. Wu et al developed an injectable PLGA-PEG-PLGA nanocom-
posite hydrogel capable of co-delivering mesoporous silica nanoparticles (PepM@PacC) coated with cancer cell membranes
(CCM) loaded with PROTAC and paclitaxel (Pac) and CaCOs nanoparticles (RC) loaded with R837 (Figure 8).''” When this
nanocomposite hydrogel is injected, it gels in situ and breaks down over time in the immunosuppressive tumor microenviron-
ment (TME), releasing RC and PepM@PacC nanoparticles for chemotherapy and immunotherapy that work in concert to
effectively stop the growth and metastasis of head and neck squamous cell carcinoma (HNSCC).

In summary, nano-DDSs have garnered wide attention due to their inherent nanoscale advantages and drug-loading
capabilities. Despite some unavoidable limitations, such as poor degradability, immunogenicity, limited drug-loading
capacity, and toxicity from additional excipients or chemical modifications, their unique functions and characteristics
help overcome the key challenges currently faced by PROTACs.''® 2% Overall, Nano-drug delivery systems (nano-
DDSs) offer a promising strategy for treating refractory diseases and advancing the clinical translation of PROTACS.
Based on these advancements and limitations, the nanocarriers that are frequently employed to load PROTAC are
systematically described in Table 2 to support clinical translation through future logical design and enhancement of
PROTAC delivery systems.

Carrier-Free Nano-PROTACs

In recent years, emerging carrier-free delivery systems based on the self-assembly of active drug molecules have
demonstrated significant promise in delivering PROTACS, as they can overcome some limitations of nano-drug delivery
systems.'?® Therefore, to block the DNA damage repair mechanism degraded by BRD4 and enhance the inhibitory effect
of photodynamic therapy (PDT) on tumor cell proliferation, Zhao et al constructed a carrier-free nano-PROTAC
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(SDNpros) through the non-covalent self-assembly of photosensitizer chlorin e6 (Ce6) and BRD4 degrader (dBET57)
PROTAC."?! SDNpros possess a uniform nanoscale size distribution, good dispersibility, and stability, which enhance the
delivery efficiency of Ce6 and dBETS57, increasing cellular internalization and tumor-targeted accumulation. Importantly,
SDNpros generate abundant reactive oxygen species (ROS) under light irradiation to induce oxidative DNA damage.
Concurrently, by releasing dBET57 to continuously degrade BRD4, SDNpros interrupt the DNA repair pathway, thereby
exacerbating oxidative DNA damage and enhancing the effectiveness of PDT in inhibiting tumor growth

In another study, Wang et al self-assembled CDK4/6 PROTAC with Ce6 into carrier-free nanoparticles to achieve co-

delivery of the two drugs, thereby enhancing tumor accumulation and reprogramming the immunosuppressive tumor
microenvironment for antitumor immunity (Figure 9).122
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Table 2 Nanocarriers and Carrier-Free Nano-PROTACs Commonly Used for Loading and Delivery of PROTCAs

nano-PROTACs

efficiency; improved pharmacokinetics; on-demand
release

Type Example Improvement Limitation Ref.

Lipid-based Liposome Endocytosis-mediated internalization; Volume and stability of drug loads [78]

nanoparticles prolonged circulation; EPReffect affected

Cell membrane- Bionic lung Targeting effect; increased permeability Production process complexity; poor [85]

coated cancer CNP stability

nanoparticles

Polymeric Micelle Endocytosis-mediated internalization; prolonged Potential aggregation and [92,93]

nanoparticles circulation; EPR effect; improved pharmacokinetics immunogenicity-related toxicity

Inorganic Gold Endocytosis-mediated internalization; EPR effect; Potential long-term toxicity and limited [98,100]

nanoparticles nanoparticles improved stability and PK; prolonged circulation biodegradability

Protein-based Albumin Targeting effect; prolonged circulation; improved Compromised in vivo stability [112]

nanoparticles pharmacokinetics

Gels Hydrogel Combinational therapy; on-demand release; Limited application to the superficial [117]
increased lesion accumulation lesion and post-surgery treatments

Carrier-free SDNpros Combinational therapy; excellent drug loading Restricted self-assembly of different drug | [121,122]

molecules; Compromised in vivo stability

Since the self-assembled carrier-free nano-PROTACs are made completely of active pharmaceutical ingredients

(APIs) without any additional excipients, they exhibit excellent drug-loading efficiency (close to 100%) and avoid

potential toxicity issues associated with inert carriers. Additionally, surface modification of carrier-free nano-PROTACSs

can enhance their targeting ability while improving pharmacokinetic characteristics. Importantly, with further research
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Figure 9 Schematic illustration of synergistic anti-tumor photodynamic therapy and immunotherapy based on CDK4/6 Nano PROTAC. Adapted from Wang T, Zhang Y,
Chen K et al. CDK4/6 nano-PROTAC enhances mitochondria-dependent photodynamic therapy and anti-tumor immunity. Nano Today. 2023; 50:101890. Copyright 2023,

with permission from American Chemical Elsevier.
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into self-assembled, carrier-free nanomedicines, it is expected that PROTACs can be co-assembled with other drug
molecules (photosensitizers, photothermal agents, immunoreagents, and gene drugs) to achieve synergistic therapy and
enhance therapeutic effects. However, despite the unique advantages of carrier-free PROTACs, varying solubility, and
pharmacokinetic properties make the co-assembly of different drug molecules extremely challenging, hindering syner-

gistic effects, which is a primary concern in constructing carrier-free nano-PROTACs.'**

Conclusion and Perspectives

Overall, the combination of nanotechnology and PROTACs is ushering in a new era in the field of targeted protein
degradation. Due to their nanoscale size, drug delivery properties, and controlled drug release, nanocarriers effectively
increase the solubility, stability, and intracellular delivery efficiency of PROTACSs, improving their pharmacokinetic
properties and druggability. Simultaneously, different responsive nano formulations are constantly being developed and

125126 the use of stimuli-responsive nanocarrier may be

preliminarily applied in disease diagnosis and treatment,
a promising way to improve delivery of PROTACs. By introducing targeting ligands and stimulus-responsive functional
groups onto the surface of nanocarriers, controlled targeted release of PROTACs and modulation of systemic biodis-
tribution can be achieved, potentially addressing the safe dosing challenges posed by the hook effect and minimizing the
toxic side effects associated with non-target tissue accumulation. Chen et al encapsulated BRD4 PROTAC (ARV-825) in
PEG modified with pH responsive ligands and phototherapy agent ICG. The nano-PROTAC can degrade and release
BRD4 PROTAC in the acidic tumor microenvironment, thereby reducing the toxic side effects on normal tissues.'?’
Additionally, benefiting from the excellent drug-loading capacity of various nanoparticle-PROTACs and carrier-free
nano-PROTACs based on drug molecule self-assembly, PROTACs can be co-delivered with other drugs to synergistically
enhance therapeutic efficacy.

However, despite nanotechnology offering a promising path for advancing the clinical translation of PROTACsS, there
are still new challenges that hinder their clinical translation or approval. The biocompatibility and biodegradability of
nanocarriers remain primary concerns, as they may induce carrier-related adverse reactions and immune responses.
Furthermore, polymers and inorganic nanocarriers with slow or inefficient biodegradation may accumulate in organs and
tissues, posing challenges for dose regulation and quality control in the clinical application of nano-PROTACSs. Although
multifunctional components can be used to modify nanocarriers to mitigate these adverse risks, complex synthetic design
strategies introduce additional barriers and manufacturing costs for batch synthesis, quality control, and clinical transla-
tion. Therefore, future research should focus on exploring new non-toxic, degradable materials and continually optimiz-
ing delivery technology designs while conducting comprehensive safety assessments of nanocarriers and their excipients
to adapt to new PROTAC production and discovery technologies. Additionally, the complexity of nanocarriers presents
challenges in production and quality control, necessitating the establishment of standardized production and quality
control processes to ensure batch stability and reliability of nanocarriers. Finally, although most current nano-PROTACs
have demonstrated promising pharmacological activity in cell and animal models. However, drug resistance, clinical
application heterogeneity, and complicated pathological microenvironments all affect the clinical use of nano-PROTAC::,
making it difficult to predict how consistently effective bioactivity will be demonstrated in clinical trials. Therefore,
future research needs to elucidate the mechanisms affecting the efficacy of nano-PROTACSs in the human body and
establish new models that better represent human pathological conditions.

In summary, nanotechnology provides a bridge for the development of PROTACs from basic research to clinical
application. With synergistic innovations in fields such as nanotechnology, medicinal chemistry, materials science,
biology, industrial production technology, and clinical medicine, emerging nanotechnologies are expected to address
current technical bottlenecks and challenges, thus facilitating the transformation of PROTACS into clinical drugs for
treating various refractory diseases, offering patients safer and more effective therapeutic options.
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