molecules

Review

Small-Molecule PROTACSs for Cancer Immunotherapy

Zefan Liu, Yajun Zhang, Yucheng Xiang and Xin Kang *

check for
updates

Citation: Liu, Z.; Zhang, Y.; Xiang, Y.;
Kang, X. Small-Molecule PROTACs
for Cancer Immunotherapy. Molecules
2022, 27, 5439. https:/ /doi.org/
10.3390/molecules27175439

Academic Editors: Hubing Shi,
Feng Wang and Haoyu Ye

Received: 23 July 2022
Accepted: 22 August 2022
Published: 25 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

West China (Airport) Hospital, Sichuan University, Chengdu 610047, China
* Correspondence: kangxin20220726@163.com; Tel.: +86-19138939183

Abstract: Unsatisfactory physicochemical properties of macromolecular drugs seriously hinder
their application in tumor immunotherapy. However, these problems can be effectively solved by
small-molecule compounds. In the promising field of small-molecule drug development, proteolysis
targeting chimera (PROTAC) offers a novel mode of action in the interactions between small molecules
and therapeutic targets (mainly proteins). This revolutionary technology has shown considerable
impact on several proteins related to tumor survival but is rarely exploited in proteins associated
with immuno-oncology up until now. This review attempts to comprehensively summarize the well-
studied and less-developed immunological targets available for PROTAC technology, as well as some
targets to be explored, aiming to provide more options and opportunities for the development of small-
molecule-based tumor immunotherapy. In addition, some novel directions that can magnify and
broaden the protein degradation efficiency are mentioned to improve PROTAC design in the future.

Keywords: targeted protein degradation; proteolysis targeting chimera; tumor immunotherapy;
small molecule inhibitors; tumor microenvironment

1. Introduction

The recent decades witnessed the bloom of tumor immunotherapy [1-3]. The central
aim of immunotherapy is to harness autologous immune responses for tumor elimina-
tion [1,4-8]. Distinct from conventional approaches such as surgery, chemotherapy, and
radiotherapy, the modulation of the immune system can lead to abscopal and long-lasting
therapeutic consequences, therefore preventing tumor recurrence and metastasis [9-11].
Hitherto, most clinically approved immune-intervening agents are macromolecules, such
as blockade antibodies, engineered immune cells, oncolytic viruses, cytokines/chemokines,
and vaccines [2,10,12]. Though benefiting from treatments, there are some problems with
these drugs [9,13]. Firstly, because of the low oral bioavailability, macromolecular drugs
are often intravascularly administrated, leading to poor patient compliance [2,9]. Secondly,
macromolecular drugs exhibit a low clearance rate and a long half-life, resulting in un-
controllable organ distribution and pharmacokinetics [13,14]. Thirdly, macromolecular
drugs have the poor capability in tissue penetration and transmembrane transport, which
seriously hinders their effects in dense solid tumors [14]. Lastly, macromolecular drugs
bear a risk of eliciting immune-related adverse events (irAEs) [13].

As the dominant proportion in classical antitumor therapies, small-molecule drugs
offer an ideal approach to addressing the above problems [15]. Several reviews have reca-
pitulated the advantages of small molecules over macromolecules in immuno-oncology,
which can be attributed to the following aspects: (1) small molecules can be orally adminis-
trated [14,15]; (2) small molecules are eliminated more rapidly than macromolecules, which
allows for precise prescription and flexible treatment regime [14]; (3) small molecules had
better membrane permeability than macromolecular drugs, so they can act on intracellu-
lar targets to orchestrate intricate signal pathways [9,15]; they are also more capable of
overcoming extracellular barriers, favoring drug accumulation in dense tumor tissues [15];
(4) small molecules take lower cost in manufacture, storage, transport, and medication than
macromolecular drugs [9].
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Proteolysis targeting chimera (PROTAC) is a leading field in the discovery of small-
molecule drugs [16,17]. A ubiquitin-proteasome system (UPS) is the natural machinery
for the degradation of cellular proteins [18]. Ubiquitin is transferred to the surface lysine
of substrate proteins by a cascade of three enzymes: ubiquitin-activating enzymes (E1),
ubiquitin-conjugating enzymes (E2) and ubiquitin-protein ligases (E3), wherein the E3
ligase play pivotal roles [16,18,19]. Ubiquitin also contains lysine residues that can be con-
secutively ubiquitinated to polyubiquitin chains. Subsequently, the polyubiquitin-tagged
proteins are recognized by proteasomes for degradation. The major concept of PROTAC is
to hijack UPS to specifically degrade pathogenic or abnormally overexpressed proteins [18].
Since firstly proposed in 2001 by Craig M. Crews, this technology has revolutionized
the mechanisms of drug-protein interactions in the past two decades [16,18-20]. Most
compounds competitively bind with the catalytic site, inhibit kinase phosphorylation, or
allosterically decrease the activity of functional proteins [21-24].

On the basis of these interactions, PROTAC molecules bring a protein of interest
(POI) into degradation [16]. PROTACsS are heterobifunctional compounds that consist of
three moieties [19,25]: (1) a warhead for POI to be degraded, (2) a ligand to engage the E3
ubiquitin ligase, and (3) a flexible linker joining them. Two ends of the PROTAC molecules
bind with their targets, respectively, forming a POI-PROTAC-E3 ligase ternary complex [26].
After that, the POl is ubiquitinated and degraded by the proteasome (Figure 1) [16,18].
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Figure 1. Schematic illustration of the mechanism of PROTAC. Firstly, the PROTAC molecule binds
with POI and E3 ligase using the functional groups in its two ends. Then, the PROTAC molecule
joins these two proteins together, forming a complex consisting of POI, PROTAC, and E3 ligase.
The proximity of POI to the E3 ligase enables the ubiquitination of POI Subsequently, the ubiquitin-
tagged protein is recognized and degraded by the proteasome, and the PROTAC molecule can be
reused to connect the next POI and E3 ligase.

Nowadays, more than 600 E3 ligases have been identified. Small molecule ligands
for some of these E3 ligases, such as mouse double minute 2 (MDM?2), cell inhibitor
of apoptosis (cIAP), von Hippel-Lindau protein (pVHL), Cereblon (CRBN), Kelch-like
ECH-associated protein 1 (KEAP1), aryl hydrocarbon receptor (AhR), DDB1-CUL4 associ-
ated factor 11/15/16 (DDAF11/15/16), ring finger protein 4/144 (RFN4/144) and fem-1
homolog B (FEM1B) have also been discovered [27]. Among these various E3 ligase lig-
ands, CRBN and VHL ligands are the best options in PROTAC design because of several
aspects [28,29]. Firstly, CRBN and VHL are widely and abundantly expressed in multi-
ple tumor cells, which guarantees the degradation efficiencies of CRBN- and VHL-based
PROTAC:Ss. Secondly, CRBN and VHL ligands are easy to synthesize, and their molecule
weights are relatively low, exhibiting good drug-like properties [30]. Finally, the safety and
biocompatibility of these two kinds of ligands have been extensively evaluated in vivo.
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PROTAC technology has many advantages over conventional small-molecule in-
hibitors [13,25]. Undruggable proteins refer to proteins without well-defined binding
pockets, which occupy 80% of disease-associated proteins [19]. These proteins, including
non-enzymatic proteins, scaffolding proteins, and transcription factors, are not reactive
to small-molecule inhibitors but can be degraded by PROTACSs [19,31]. That is because
PROTAC molecules can bind to anywhere of the POI with moderate affinity for protein
degradation, but classical small-molecule inhibitors need to interact with the binding
pocket with high affinity for function [16,32]. Moreover, tumor cells easily acquire re-
sistance via protein mutation after long-term drug exposure, which leads to treatment
failure. Studies showed that drug-resisting tumor cells are resistant to small-molecule
inhibitors but vulnerable to PROTAC compounds, denoting the capability of PROTAC to
obviate drug resistance [26]. To suppress protein activity, small-molecule inhibitors have
to permanently couple with their targets. Eliciting a stoichiometric drug response [25]. In
contrast, noncovalently tethered PROTAC molecules can be recovered and joined into the
next circulation soon after protein degradation by the proteasome [19,25]. Collectively, as
the next generation of small-molecule therapies, PROTAC-based drugs are expected to
thoroughly replace macromolecular therapies in tumor immunotherapy [25,32-34].

Despite the attractive prospect of applying PROTAC to immuno-oncology, few studies
have focused on this issue, which might be attributed to the immature concepts and
approaches. There are some existing reviews that refer to targeted protein degradation
(TPD) strategies for tumor immunotherapy, but they merely focus on molecule designs
and their applications in programmed cell death 1 (PD-1)/programmed death ligand 1
(PD-L1) immune checkpoint [33,34]. The influence of PROTAC molecules in multiple events
within the tumor microenvironment (TME), such as signal crosstalk, antigen presentation,
immune cell invasion and tumor immunogenicity, are not mentioned in these review
articles [4,33-36]. Thus, it is required to summarize the current advances and discover
more targets in PROTAC-mediated tumor immunotherapy.

To this end, this review gathered the application of PROTACs for immune-related
targets in recent three years (Table 1), including the PD-1/PD-L1 checkpoint and its reg-
ulatory pathways (SHP2 and BET), vital processes in tumorigenesis such as metabolism
(IDO1), epigenetic modification (HDAC), and apoptosis (Bcl-2 family), as well as immuno-
modulating signals (STAT3 and MAPK), and also some targets which have not or rarely
treated by PROTAC molecules (CD47, Foxp3, COX-1/2, NAMPT, and TGF-{31). It should
be noted that most of these targets and PROTACs were summarized by Rao et al. in
recent reviews [28,37]. Thus, this review will specifically focus on the immunological
consequences after the degradation/inhibition of these targets, aiming to bias the devel-
opment of small-molecule PROTACs for immunomodulation rather than simple tumor
killing. In this article, we hope to provide comprehensive knowledge about the principle of
PROTAC-mediated immune intervention and boost the discovery of versatile PROTAC
molecules for tumor immunotherapy:.

Table 1. The summary and comparison of small-molecule PROTACsS for tumor immunotherapy.

PROTAC POI Ligand E3 Ligase Target Disease Models References
P22 (1) Resorcinol diphenyl ether Hep3B/0OS-8/hPD-LI cells [38]
CRBN PD-L1
21a (2) BMS-37 MC38 cells, MC38 xenograft model [39]
ST e
SHP099 - SHP2 '
SP4 (4) CRBN Hela cells [41]
ZB-5-29 (5) TNOI155 analogue CRBN SHP2 MV4; 11 cells [42]




Molecules 2022, 27, 5439 4 of 26
Table 1. Cont.
PROTAC POI Ligand E3 Ligase Target Disease Models References
dBET1 (6) Jo1 CRBN SUM149 cells, leukemia mice model [43]
MZ1 (7) VHL HCT116 HNSCC cells [44,45]
ARV-771 (8) JQ1 VHL 22RV1 CRPC cells, 22RV1 CRPC xenograft model [46]
Namalwa cells, Ramous cells, CA-46 cells, DAUDI i
ARV-825 (9) OTX015 CRBN cells, SKO-007(J3) human MM cells, HICT116 cells [47,48]
MDA-MB-468 cells, WHIM24 PDX model,
BET-d246 (10) BRD2/3/4 MDA-MB-453/231/468 xenograft models, [49,50]
HCT116 cells
HJBY7 CRBN RS4;11 cells, MOLM-13 cells, HCT116 cells, HCT116
BET-d260 (11) xenograft model, CRC PDX model, CT26 [50,51]
xenograft model
. MV4; 11 cells, MOLM-13 cells, RS4: 11 cells; RS4:
QCA570 (12) 1, 4-Oxazeopine CRBN 11 xenograft model, MV4: 11 xenograft model (521
Compound 2c¢ (13) Epacadostat CRBN Hela cells [53]
IDO-targeting PROTRAC NLG919 VHL 1DO1 4T1 cells, 4T1 xenograft model [54]
peptide (14)
PROTAC 4 (15) Benzamide-based structure VHL HDAC1/2/3 HCT166 cells [55]
Compound 9c (16) Vorinostat analogue CRBN MCEF-7 cells [56]
Compound 12d (17) CRBN MM1S human cells, [57]
Compound 3j (18) VHL HDAC6 MMIS cells, 4935 murine cells [58]
Next tat A -
NPS (19) exturasia MMIS cells [59]
CRBN
NH2 (20) MMI1S cells [60]
HD-TAC? (21) CI1994 CRBN Raw 264.7 murine macrophages [61]
HDAC3
XZ9002 (22) SR33558 VHL MDA-MB-231 cells [62]
Compound 12 (23) Sirtuin rearranging ligand CRBN Sirt2 Hela cells [63]
MOLT-4 T-ALL cells, H146 cells, RS4; 11 cells, Myla
1929 cells, DFTL-28776 cells, MOLT-4 T-ALL
DT2216 (24) Bcl-XL xenograft model, H146 SCLC xenograft model, [64]
MDA-MB-231 xenograft model, CUL76 T-ALL
VHL PDX model
PZ703b (25) ABT263 Bcl-XL MOLT4 cells, RS4; 11 cells [65]
753b (26) Bcl-XL/2 293T cells, Kasumi-1 AML cells [66]
PZ15227 (27) CRBN BCL-XL W138 cells, aged mice model, Renca cells, Renca [67,68]
xenograft model
XZ739 (28) ABT263 analogue CRBN MOLT-4 cells [69]
Compound 8a (29) ABT263 cIAP MyLa 1929 malignant T-cell lymphoma cells [70]
XZ424 (30) CRBN Bel-XL MOLM-4 cells [71]
A-1155463 derivative EE—
PROTAC 6 (31) VHL THP-1 cells [72]
MOLM-16 cells, SU-DHL-1 cells, MOLM-16 ’
SD-36(32) SE109 CRBN STAT3 xenograft model, SU-DHL-1 xenograft model [73,74]
MS432 (33) VHL [75]
MS928 (34) VHL
PD0325901 — MEK1/2 HT?29 cells, SK-MEL-28 cell:
MS934 (35) 032590 VHL / e e [76]
MS910 (36) CRBN
Compound 3 (37) Arylsulfonamide VHL MEK1 A375 cells [77]
SJFx (38) P38
Foretinib VHL MDA-MB-231 cells [78]
SJFS (39) p38%
NR-6a (40)
PH-797804 CRBN p38ax/f T47D cells, MDA-MB-231 cells [79]
NR-7h (41)
COX-1/2 targeting Indomethacin VHL COX-1/2 4T1 cells, 4T1 xenograft model [80]

PROTAC moiety (42)
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Table 1. Cont.

PROTAC POI Ligand E3 Ligase Target Disease Models References
PROTAC A7 (43) MS7 VHL CT26 cells [81]
SIAIS630120 (44

S FK866 CRBN NAMPT Jurkat cells, HL60 cells, MOLT-4 cells [82]
SIAIS630121 (45)
P144 A549 cells, U87 cells, MCF-7 cells, HepG2 cells,
DT-6 (46) (TSLDASTTWAMMON) CRBN TGF-p1 THP-1 cells, BV2 cells (8]

AML: acute myeloid leukemia, HNSCC— head and neck squamous cell carcinoma, CRPC: castration-resistant
prostate cancer, MM—multiple myeloma, PDX—patient-derived tumor xenograft, T-ALL—T-cell acute lym-
phoblastic leukemia, SCLC—small cell lung cancer.

2. Small-Molecule PROTACsSs Targeting PD-1/PD-L1 Checkpoint Signal Axis
2.1. Small-Molecule PROTACs Targeting PD-L1 Protein

Cancer cells express PD-L1 on their surface to evade cytotoxic T lymphocytes (CTLs)-
mediated tumor killing [84-86]. Cumulative evidence has shown the superiority of targeted
degradation on long-term PD-L1 dysfunction over conventional antibody-based block-
ade [34,87-90]. The first PROTAC-like small molecule for PD-L1 degradation was reported
by Chen and co-workers (Figure 2A) [38]. Resorcinol diphenyl ethers were utilized as the
PD-L1 targeting group, and pomalidomide was utilized as the ligand to the E3 ubiqui-
tin ligase [38]. They found compound P22 exhibited distinguished inhibitory activity on
PD-1/PD-L1 interaction among a series of synthesized compounds, with a half-maximal
inhibition concentration (ICsp) of 39.2 nM [38]. P22 did not directly inhibit the growth
of tumor cells (ICsg values > 10 mM for A549, H1299, B16F10, MDA-MB-231, and Jurkat
cell lines), but the treatment of P22 could restore the immune response of CD3* T-cells
to Hep3B/OS-8/hPD-L1 tumor cells [38]. Other PROTAC molecules were reported by
Yang et al. (Figure 2A) [39]. The diaryl ether molecule BMS-37, with high PD-L1 inhibition
activity, was chosen as the targeting ligand, and pomalidomide was also leveraged as yjr
E3 ubiquitin ligase-oriented group [39]. A library of PROTAC compounds was synthesized
with different linkers, and their PD-L1 degrading ability was assayed by Western blot. West-
ern blot assays showed that compound 21a potently decreased PD-L1 expression on MC38
cells in a proteasome-dependent manner [39]. 21a had a relative less cytotoxicity on normal
cells, such as 293 (ICsg = 21.18 uM), L-O2 (ICs5p = 61.01 uM), and NIH-3T3 (IC5q = 15.65 uM),
indicating a well safety [39]. In vivo studies revealed that 21a had anti-tumor activity on
MC38 xenografts, which was beneficial from the PD-L1 downregulation and the spurring
of CD8* T-cells [39].

O A o

(¢]

N.
oL o 0\/7\’?0
Ny = \7
H
I O 21a(2)
° p22(1) 293:IC5, =21.18 pM
A549, H1299, B16F10, MDA-MB-231, and Jurkat: IC4, > 10 mM L-02:1Cq = 61.01 uM 0
NIH-3T3: ICq, = 15.65 UM @H
/N;?/ ‘ N o
B <s ) NN OvN\fO
CNLUNE NN /<’\ %\/n@
NH, ] H ° -y
L R Lo N L SP4 (4)
J W\/\/Y
o SHP-D26 (3) ° q\ " om Hela: ICs, = 4.30 nM
KYSE520: DC4, = 6.0 M, ICq, = 0.66 UM 0

MV4; 11: DCgo = 2.6 "M ICyy = 9.9 NM NH

o J

N O M0

NHJx,w‘;mN )
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Figure 2. Cont.
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Figure 2. The chemical structures of representative PROTACs targeting the PD-1/PD-L1 checkpoint
signal axis. (A) The chemical structures of representative PROTACs targeting PD-L1 protein. (B) The
chemical structures of representative PROTACs targeting SHP-2. (C) The chemical structures of
representative PROTACs targeting BET. DC5p—half-maximal degradation concentration; IC5p—half-
maximal inhibition concentration.

2.2. Small-Molecule PROTACs Targeting SHP2

Src homology-2 domain-containing protein tyrosine phosphatase (SHP2) is a multi-
functional tumorigenic protein with a central role in the survival, proliferation, metastasis,
and drug resistance of tumor cells [91-94]. Recent studies have uncovered the effect of
SHP2 on T-cell exhaustion in a tumor microenvironment [95,96]. After binding to PD-L1,
PD-1 recruits SHP2 via the phosphorylation of its tyrosine-containing motifs, subsequently
inducing a cascade of downstream pathways for T-cell suppression, such as abrogation of
the T-cell receptor (TCR) and CD28, deprivation of cytokine production and impairment
of T-cell proliferation [91,93,95,97]. Hence, targeting SHP2 might significantly potenti-
ate PD-1/PD-L1 blockade therapy. Several small-molecule SHP2 inhibitors have shown
immuno-boosting activities [92,98]. Hao et al. reported the synergistic effect of the first
clinically-tested allosteric SHP2 inhibitor—TNO155—with the PD-L1 antibody in preclini-
cal studies [99]. Methylene blue, an FDA-approved drug for methemoglobinemia treatment,
was found to inhibit PD-1 and restore the activities of CTLs, wherein the mechanism was
associated with blocking SHP2 recruitment by PD-1 [100]. Another allosteric SHP2 inhibitor,
SHP099, was also discovered to augment immune response against the CT26 tumor model
in vivo with the dual function of normalization and enhancement [101]. The therapeutic
effects of SHP2 inhibition were further investigated beyond the PD-1/PD-L1 axis. Research
from Smith et al. suggested that the allosteric inhibitor RMC-4550 not only elicits a greater
antitumor immunity than checkpoint blockade but also depletes M2 macrophages and
increases M1 phenotype, reversing the immunosuppressive tumor microenvironment [102].
Moreover, studies by Kulkarni et al. showed that SHP2 inhibition could increase the
phagocytosis potential of macrophages [101].

As a novel protein degradation approach, PROTAC offers a more effective approach
to orchestrating SHP2-mediated immunity [103]. Wang et al. discovered the first PROTAC
degrader of SHP2 protein (Figure 2B) [40]. The SHP2-binding group was inspired by the
above-mentioned inhibitor, SHP099, and the VHL ligand was employed for cullin 2 E3 lig-
ase complex recruiting [40]. The compound SHP-D26 potently degrades the SHP2 protein
in esophageal cancer KYSE520 and acute myeloid leukemia (AML) MV4; the 11-cell line,
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with a half-maximal degradation concentration (DCsp) of 6.0 and 2.6 nM, respectively. Fur-
thermore, this compound inhibited tumor cell proliferation for over 30 folds in comparison
with SHP099, with an ICsy value of 0.66 uM in KYSE520 and 9.9 nM in MV4; 11 cells [40].
Other PROTAC compounds based on SHP099 were reported by Li et al. (Figure 2B) [41].
They coupled pomalidomide to SHP099 via azide-PEG-amine linkers and obtained four
compounds with various PEG lengths [41]. Among these compounds, SP4 exhibited a
100-fold elevated cytostatic effect than the SHP099 on Hela cells (IC59 = 4.30 nM) and
effectively triggered SHP2 degradation and cell apoptosis [41].

Zhou et al. exemplified another CRBN-based PROTAC degrader of SHP2 (Figure 2B) [42].
An analogue of TNO155, a powerful SHP2 inhibitor, was employed to recruit SHP2 protein,
and thalidomide was chosen as the CRBN-hijacking binder [42]. A variety of compounds
with different linker lengths, compositions and tethering sites were synthesized [42]. They
identified ZB-5-29 as the ideal SHP2 degrader with a DCs; value of 6.02 nM, as well as a
suitable cytotoxic agent (ICsg = 0.572 uM in MV4; 11 cells).

2.3. Small-Molecule PROTACs Targeting BET

The bromodomain and extra-terminal domain (BET) protein family plays a vital role
in epigenetic and transcriptional regulation [104-106]. Its immuno-regulating function is
mainly associated with PD-L1 expression, which is mediated by bromodomain-containing
protein 4 (BRD4) [104,105,107]. Small-molecule BET inhibitors (BETi) are demonstrated to
noticeably reduce PD-L1 in mRNA and protein levels in several cancers, such as melanoma,
triple-negative breast cancer (TNBC), liver cancer, and lung cancer [108,109]. In addition,
BETi (e.g., JQ1) works beyond PD-L1 downregulation. Effects such as increasing the
immunogenicity of tumor cells, stimulating CD8* T-cells and anti-inflammation are also
found after BETi treatments, which strongly potentiates antitumor immunity [110,111].

Small-molecule PROTACs for BET protein have been developed extensively for
many years, and several compounds have manifested considerable therapeutic outcomes
(Figure 2C). In 2015, Bradner et al. appended JQ1 to the phthalimide moiety, obtaining
dBET1 as a CRBN-based PROTAC (Figure 2C) [43]. dBET1 specifically induced BRD4 degra-
dation (DCsg = 0.43 uM in SUM149 cells) both in vitro and in vivo, and retarded leukemia
in mice models [43]. This year also witnessed the appearance of a VHL-based substitute of
dBET1], reported by Ciulli et al., termed MZ1 (Figure 2C) [44]. The Western blot assay and
gene expression profiles validated the reversible, long-lasting and selective suppression
of BRD4 elicited by MZ1 [45]. Furthermore, its capability on PD-L1 downregulation was
verified in the head and neck squamous cell carcinoma (HNSCC) cell line [44].

An analogue of MZ1 with a shorted linker, ARV-771, was developed by Coleman et al.
(Figure 2C) [46]. ARV-771 effectively degraded BRD2/3/4 in the 22Rv1 cell line with a
DCsg value < 5 nM [43]. Importantly, they demonstrated the efficacy of a small-molecule
BET degrader to the solid tumor (castration-resistant prostate cancer), xenograft model for
the first time [46]. This group also explored the feasibility of another BET-binding moiety
in PROTAC design at early times (Figure 2C) [47,48]. The resultant compound ARV-825
uses OTX015 as the warhead towards BRD4 and pomalidomide as the CRBN-interacting
group [47,48]. ARV-825 responded well to hematologic malignancies, such as Burkitt’s
lymphoma (BL) and multiple myeloma (MM). In terms of immunotherapy, ARV-825 could
activate natural killer (NK) cells and improve the sensitivity of MM cells to NK cell-
mediated cytolysis [47]. Wang et al. identified azacarbazoles (HJB97) as a novel class of
BETi, and accordingly discovered a library of thalidomide/lenalidomide-based BET de-
graders (Figure 2C) [49,51]. Among these compounds, BETd-246 and BETd-260 performed
excellently in protein degradation and tumor regression on multiple mice and patient-
derived xenograft (PDX) models [49-51]. Mechanistically, these two compounds trigger
immunogenic cell death (ICD) via BET degradation, which facilitates PD-1 blockade im-
munotherapy [49-51]. In 2018, this group discovered 1,4-Oxazepines as another new class
of BETi via structure-guided design and subsequently proposed a series of CRBN-based
PROTAC s (Figure 2C) [52]. More than potent BET degradation, QCA570 from these com-
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pounds achieves cell growth inhibition with ICsy values of 8.3, 62, and 32 pM in MV4;
11, MOLM-13, and RS4; 11 cells, respectively, and also lastingly suppresses leukemia in
xenograft models [52].

3. Small-Molecule PROTAC: for Vital Regulatory Proteins
3.1. Small Molecule PROTACs for IDO1

Indoleamine 2, 3-dioxygenase 1 (IDO1) is a rate-limiting enzyme in the kynurenine
pathway and is highly overexpressed in malignant cells, leading to tryptophan exhaustion
and kynurenine accumulation in the tumor milieu [112]. The unbalanced tryptophan
metabolism reprograms T cells towards an immunosuppressive regulatory phenotype,
assisting tumor immune escape [112,113]. A great number of IDO1 inhibitors with diverse
structures have been developed for cancer treatment, and some of them are being proceeded
into clinical trials [113-115]. In order to improve specificity and minimize the side effects
of inhibitors, researchers attempted to apply PROTAC for IDOL1 blockade [114,116-119].
In 2020, Xie et al. reported the first PROTAC degrader for IDO1 protein (Figure 3A) [53].
They choose epacadostat as the preferable IDO1 ligand, pomalidomide/lenalidomide as
the E3 ligase ligand, and amphiphilic polyethylene glycol (PEG) with various repeat units
as the linker [116]. Among these designed PROTACs, compound 2c exerted a satisfac-
tory and durable effect on IDO1 degradation via UPS with a DCsg of 2.84 uM in Hela
cells [53]. Notably, compound 2c¢ moderately reinforced the lethal activity of chimeric
antigen receptor-modified T (CAR-T) cells in tumor cells [53]. PROTAC strategies can
be incorporated with nanotechnology for IDO1 degradation [54]. Pu et al. designed an
IDO-targeting PROTAC peptide (IPP), in which IDO inhibitor NLG919 was connected with
a VHL-binding sequence via a succinic linker (Figure 3B) [54]. IPP was further conjugated
to semiconductor polymer core via tumor-cleavable peptide, forming a nano-PROTAC [54].
This nanoplatform significantly activated effector T-cells via persistent IDO1 degrada-
tion, dually inhibiting tumor growth and metastasis [54]. It is suggested that epidermal
growth factor receptor (EGFR) upregulated IDO1 and PD-L1 in cancerous diseases [119].
Small-molecule PROTACs for EGFR are demonstrated to decline IDO1 as well as PD-L1
in non-small cell lung cancer (NSCLC) cell lines and tumor tissues [119]. This research
indicates that the IDO1 checkpoint can be manipulated by PROTAC technologies.
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IDO targeting unit

Figure 3. The chemical structures of representative PROTACs targeting IDO1. (A) The chemical
structure of the first PROTAC targeting IDO1. (B) The chemical structure of IDO-targeting PROTAC
peptide. DCsp—half-maximal degradation concentration; Dmax—maximum degradation; ICsp—half-
maximal inhibition concentration.
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3.2. Small-Molecule PROTACs Targeting HDAC

Histone deacetylase (HDAC) are key epigenetic regulators which transcriptionally
silences the chromatin by removing the acetyl group from lysine residues on the histone
tail [120]. Inhibitors of HDAC (HDACi) could restore and increase the transcriptional
activity of tumor-suppressive genes to exert miscellaneous anticancer effects [120,121].
Since immune-associated genes (such as immune recognition and antigen presentation) are
also epigenetically modulated by HDAC, versatile immune intervening effects of HDACi
have been identified [121]. On the one hand, HDACi highly elevated the response of
tumor cells to immune cells [122]. Domatinostat, AR42 and sodium valproate upregulated
the expression of class I major histocompatibility complex molecules (MHC I) on tumor
cells, facilitating their phagocytosis by dendritic cells (DCs) [123]. Romidepsin induced
the secretion of various chemokines from tumor cells, such as CCL5, CXCL9 and CXCL
10, attracting T lymphocytes into the tumor [124]. Vorinostat and entinostat increased the
expression of multiple death receptors on tumor cells, making them more vulnerable to
the killing effects mediated by NK cells and antibodies [125]. In addition, several HDACi
such as MPT0G612, AR42 and sodium valproate downregulated PD-L1 on tumor cells,
exerting a synergistic effect with checkpoint blockade therapy [126]. On the other hand,
HDAC] significantly reversed immunosuppressive TME and augmented the antitumor
activity of tumor-infiltrated immune cells [123]. Entinostat decreased the intra-tumoral
infiltration of myeloid-derived suppressor cells (MDSCs) in breast and pancreatic tumor
models [127]. Mocetinostat was reported to reduce both regulatory T-cells (Tregs) and
MDSCs in tumors [128]. In addition to the aforementioned functions, another HDAC],
CG-745, suppressed M2 macrophage polarization and promoted the proliferation of T
lymphocytes [129]. More than sensitizing tumor cells, vorinostat directly elevated the
active stage of NK cells against malignant diseases [125]. Overall, HDAC inhibitors are
very promising in interrupting the crosstalk between tumor cells and immune cells in TME.

Up to now, eighteen members have been identified in the HDAC family, and they
are classified according to their homology to yeast proteins [130]. Eleven members of the
HDAC family have a Zn?* in their catalytic sites, and they are divided into three groups:
class I (including HDAC 1, 2, 3, and 8), class Ila (including HDAC 4, 5, 7, and 9), class
IIb (including HDAC 6 and 10), and class IV (HDAC 11) [120]. Another seven members
of the HDAC family are NAD* dependent enzymes without Zn?* in catalytic sites—they
belong to class IIl HDAC, which is also termed as silent information regulator 2-related
enzymes (sirtuins) [130]. Since the non-selective HDACi often cause undesirable toxicity,
specifically degrading one or more certain HDAC members by PROTAC may improve the
antitumor activities and immune-modulating capacities of HDACi [130]. Hodgkinson et al.
designed a PROTAC for class I HDAC (Figure 4) [55]. This compound (PROTAC 4) utilized
a benzamide-based structure as the ligand to HDAC 1, 2 and 3, and a VHL ligand was
connected with an alkyl linker [55]. PROTAC 4 had an ICs value of 16.8 puM against the
LSD1-CoREST-HDAC1 complex and degraded 50% of HDAC1, HDAC2 and HDACS3 at
1 uM in HCT116 cells [127]. Treatment of PROTAC 4 successfully elevated the acetylation
level of histone and compromised cell viability [55].

Concurrent degradation of several HDACs still has a risk of unsatisfactory effects [56].
Hence, targeted degradation of the key pathogenic HDAC subtypes becomes a prefer-
able option [56,131,132]. Unlike conventional HDAC proteins that localize in the nucleus,
HDACS6 mainly distributes in the cytoplasm and interacts with multiple cytosolic nonhis-
tone proteins, including «-tubulin, and heat shock protein 90 (HSP90) and cortactin [133]. It
is well-documented that HDAC6 upregulated PD-L1 on melanoma cells [133,134]. The first
small-molecule PROTAC for HDAC6 was reported by Tang et al. in 2018 (Figure 4) [56].
They conjugated pan-HDAC inhibitor vorinostat and compound 2c¢ to thalidomide ana-
logues, finding that this approach turns the compounds into selective HDAC6 degraders
(compound 9c¢) [56]. Compound 9c achieved a DCsq of 34 nM and a maximum degradation
(Dmax) of 70.5% in MCF-7 cells [56]. To further improve the degradation efficiency, they
developed another two PROTAC compounds based on Nexturastat A (Nex A), a selective
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HDACS6 inhibitor, in 2019 (compound 12d) and 2020 (compound 3j) (Figure 4) [57,58,135].
These two compounds employed CRBN and VHL E3 ubiquitin ligases for HDAC6 degra-
dation, respectively [108,109]. Compound 12d had a ICsq of 8.7 nM against HDACS6 [57].
The DCsg and Dmax of compound 12d were 1.64 nM and 86.26% against MM1S cells, and
compound 12d also had an antiproliferation effect in MM1S cells with a ICsj of 74.9 nM [57].
The DCsy and Dmax of compound 3j was 7.1 nM and 90% in human MM1S cells, while
4.3 nM and 57% in murine 4935 cells [58]. Inspired by the Y-shaped conformation of Nex A
when binding to HDACS, Rao et al. managed to conjugate pomalidomide at different sites
of Nex A, obtaining two potent HDAC6 degraders, NP8 and NH2 (Figure 4) [59,60]. The
DCsg value of NP8 and NH2 in MM1S cells was 3.8 and 3.2 nM, respectively [59,60]. Their
work highly expanded the versatility and plasticity of HDAC6 inhibitor-based PROTACs.
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Figure 4. The chemical structures of representative PROTACs targeting HDAC. DCsp—half-
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inhibition concentration.
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In addition to HDAC6, HDACS is also involved in the immune response by affect-
ing the NF-«B signal [61,62]. Accordingly, Dekker et al. tethered the CRBN ligand po-
malidomide to clinically-trailed HDACi CI994 with varied linkers to synthesize HDAC
degraders (Figure 4) [61]. Among these products, HD-TAC? had higher activity in HDAC3
(IC50 = 1.1 uM) than HDACT1 (ICgy = 3.6 nM) and HDAC2 (ICg = 4.2 uM) and exhibited ex-
cellent degradation of HDAC3 (DCsg = 0.32 uM) in RAW264.7 macrophages [61]. Liao et al.
identified SR-3558 as a potent HDACS3 inhibitor and synthesized a library of PROTAC
molecules based on SR-33558 (Figure 4) [62]. One of the VHL-recruiting degraders, XZ9002,
exhibited the most effective HDAC3 degradation in MDA-MB-468 cells (DCsy = 42 nM) [62].
Sirt2, one of class IIl HDACs, was proved to participate in autophagy, inflammation and
immune response [63]. To develop PROTAC molecules for Sirt2, Jung et al. attached
thalidomide to sirtuin rearranging ligands (SirReals) (Figure 4) [63]. The SirReal-Based
PROTAC compound 12 induced isotype-selective inhibition with a ICsq value of 0.25 uM
in Sirt2 but >100 uM in Sirt1 and Sirt3.

3.3. Small Molecular PROTACs Targeting the Bcl-2 Family

The B-cell lymphoma-2 (Bcl-2) protein family are pivotal regulators in apoptosis and
is highly associated with tumor progress [136,137]. Structurally, proteins in the Bcl-2 family
share one to four conserved regions, which are called Bcl-2 homology (BH) domains [136].
Based on this, the Bcl-2 family is divided into three subgroups: anti-apoptotic proteins
(Bcl-2, Bel-XL, Bcl-W, Mcl-1 and Bfl-1), pro-apoptotic proteins (Bak, Bax, Bok) and proteins
that act as activators and sensitizers (Bim, Bid, Bad, Noxa, Puma, Bmf, Bik, Hrk) [137,138].
Researchers showed that the overexpressed Bcl-2 in tumors seriously abrogated the killing
effects of CD8* CTLs and NK cells on tumor cells [139]. CTLs and NK cells destroy tumor
cells by releasing perforin and granzyme-B, as well as interacting with death receptors
(such as tumor necrosis factor-related apoptosis-inducing ligand [TRAIL]) on the cell
surface. These functions can be disabled by the Bcl-2 protein [140]. Two small-molecule
Bcl-2 inhibitors, HA14-1 and ABT-737, were found to improve the in vitro cytotoxicity
of CTLs and NK cells to the lymphoma and melanoma cells, which might be attributed
to sensitizing tumor cells to perforin and granzyme-B with drug treatments [140,141].
Furthermore, ABT-737 showed strong synergism with DC-based vaccines on a CT26 colon
carcinoma model, indicating the immuno-sensitization effect of Bcl-2 inhibitors [140,141].
In addition to tumor cells, the inhibition of Bcl-2 could also modulate Tregs, which was
exemplified by pan Bcl-2 inhibitor GX15-070 (GX15) [142]. In comparison with effector T
lymphocytes, Tregs were more vulnerable to the treatment of GX15 [142,143]. This enables
GX15 to specifically induce apoptosis of intra-tumoral Tregs while having a minor impact
on CTLs [143,144]. Thus, treatment of GX15 resulted in downregulated expression of Foxp3
and CTLA-4, elevated ratio of CD8* T-cells to Tregs, and reinforced vaccine-mediated
immune response [142,144].

Although inhibitors of the Bcl-2 protein family have extensive potential in tumor im-
munotherapy, their application was mainly restricted to hematological malignancies [145].
The therapeutic outcomes of Bcl-2 inhibitors on solid tumors are still limited [119,126]. That
was because solid tumors predominantly relied on B-cell lymphoma extra-large (Bcl-XL)
for survival, but most inhibitors acted widely on multiple proteins in the Bcl-2 family or
selectively on the Bcl-2 protein [64,145]. The inhibitor of specific subtypes such as Bcl-XL
protein might achieve satisfactory tumor therapy. However, the administration of Bcl-XL
inhibitors might cause thrombocytopenia in a dose-dependent manner [64,146]. To address
these issues, Zhou et al. designed a series of Bcl-XL PROTACs by linking ABT263 (a Bcl-2
and Bcl-XL dual inhibitor) to a VHL ligand [146]. Among these compounds, DT2216
was screened out due to its high Bcl-XL degradation efficiency (Figure 5) [145,146]. They
identified that the VHL E3 ligase was minimally expressed in platelets; thus, the toxicity of
the Bcl-XL inhibitor to platelets could be avoided [64]. DT2216 selectively degraded Bcl-XL



Molecules 2022, 27, 5439

12 of 26

in MOLT-4 T-cell acute lymphoblastic leukemia (T-ALL) cells (DCsq = 0.063 uM, Dmax = 90.8%),
while human platelets (DCsg > 3 pM, Dmax = 26%) are less affected [64]. DT2216 binds
to Bcl-XL and Bcl-2 but selectively degrades Bcl-XL. In vivo studies revealed that DT2216
had a very broad antitumor spectrum [64]. It potently suppressed the expansion of several
xenograft tumors such as non-small cell lung cancer, colorectal cancer and pancreatic cancer,
as well as hematologic malignancy such as T lymphoblastic leukemia [145,147,148]. They
found that the VHL ligand can also be attached to the methyl groups on the cyclohex-
ene ring of ABT263, therefore obtaining PZ703b as another novel PROTAC compound
(Figure 5) [65]. PZ703b selectively degraded Bcl-XL (DCsp = 14.3 nM in MOLT-4 cells,
DCsp = 11.6 nM in RS4; 11 cells), and also inhibit the activity of Bcl-2 protein by forming
stable complexes with it [65]. By altering the length of the linker, Zhou's group further
converted PZ703b into a dual degrader for Bcl-XL and Bcl-2, 753b [66,149]. 753b effectively
degraded both Bcl-XL (DCsy = 6 nM) and Bcl-2 (DCsp = 48 nM) in 293 T cells and exerted
considerable therapeutic effect against Kasumi-1 AML cells (IC5¢ = 59.64 nM) [66]. Since
the CRBN E3 ligase is also poorly expressed on platelets, CRBN-recruiting ligand poma-
lidomide was employed to design ABT263-based PROTAC compounds (Figure 5) [67].
The lead compound PZ15227 eliminated senescent cells (DCsg = 44 uM, Dmax = 95.4%,
IC59 = 0.29 uM) while did not cause thrombocytopenia [67]. Immunological investiga-
tion validated that PZ15227 and DT2216 were able to alleviate the suppressive effect of
tumor-infiltrated Tregs by degrading Bcl-XL [68]. They found degradation of Bcl-XL re-
sulted in apoptosis of Tregs and activation of CD8" T-cells, noting that small-molecule
PROTAC: for Bcl-XL can be promising adjuvant agents in tumor immunotherapy [68,150].
After slight modification of the warhead to Bcl-XL, XZ739 was reported by this group as
another CRBN-dependent degrader (Figure 5) [69]. XZ739 is very potent in degrading
Bcl-XL and killing MOLT-4 cells (DCs = 2.5 nM, IC5p = 10.1 nM) with low platelets toxicity
(ICs50 = 1217 nM) [69].

Long-lasting treatment of CRBN- and VHL-based PROTACs has been observed to
acquire drug resistance [70]. Therefore, Zhou et al. seek to utilize cIAP E3 ligases for
protein degradation [70]. They reported Compound 8a as a potent and selective Bcl-XL de-
grader in CRBN low-expressing MyLa 1929 malignant T-cell lymphoma cells (ICsy = 62 nM)
(Figure 5) [70]. Compound 8a leveraged ABT263 as the warhead to Bcl-XL, and its cIAP
ligand was derived from LCL161, a novel antagonist against cLAP. A-1155463 is a selective
Bcl-XL inhibitor, which offers an ideal option for the discovery of Bcl-XL PROTACs [71].
Zheng et al. synthesized XZ424 using A-1155463 derivative as the warhead towards
Bcl-XL and pomalidomide as the CRBN ligand (Figure 5) [71]. The DCsy and ICsg value
of XZ424 is 50 nM and 51 nM, respectively, in MOLT-4 cells [71]. Chung et al. reported
PROTAC 6 as a high affinity degrader of Bcl-XL (ICsp = 0.6 nM) in a VHL-dependent
mechanism (Figure 5) [72]. Structurally, the Bcl-XL ligand of PROTAC 6 was also derived
from A-1155463 with modification. PROTAC 6 had a DCsyj value of 4.8 nM and a Dmax of
76% against THP-1 cells [72].
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Figure 5. The chemical structures of representative PROTACs target the Bcl-2 family. DCsp—half-
maximal degradation concentration; Dmax—maximum degradation; IC5p—half-maximal inhibi-
tion concentration.

4. Small-Molecule PROTACs Targeting Multifunctional Immuno-Modulating Signals
4.1. Small Molecular PROTACs Targeting STAT3

Signal transducer and activator of transcription 3 (STAT3) pathway are transiently
activated in normal cells, while in malignant disease, it is sustainedly overactivated by
aberrant upstream receptors [151-153]. Tumor-promoting factors such as interleukin-6
(IL-6), IL-10, IL-11, vascular endothelial growth factor (VEGEF), fibroblast growth factor
(FGF), and platelet-derived growth factor (PDGF) bind to their corresponding receptors,
stimulating the phosphorylation of Janus kinases (JAK), receptor tyrosine kinases (such
as EGFR) and non-receptor tyrosine kinases (such as breakpoint cluster region-abelson



Molecules 2022, 27, 5439

14 of 26

[Ber-Abl]) [152,154]. Subsequently, these extracellular signals are transduced into the
nucleus by STAT3 protein with a cascade of recruitment, phosphorylation, dimerization
and translocation, transcriptionally modifying the survival, proliferation, and metastasis of
tumor cells [152,155]. Moreover, accumulating experimental results indicated that STAT3 is
hyperactivated in both tumor cells and tumor-associated immune cells, which consolidates
immunosuppression [151,155]. For tumor cells, STAT3 decreases the production of immuno-
stimulatory cytokines such as interferon-y (IFN-y) and tumor necrosis factor-o (TNF-«),
along with elevated expression of immuno-exhausting cytokines (IL-6, IL-10, transforming
growth factor-f3 [TGF-f], and VEGF) [155,156]. For tumor-infiltrated immune cells, STAT3
favors colonization of Tregs and polarization of macrophages towards the M2 phenotype
while restricting antigen presentation by DCs and the cytotoxic effects of CD8" T-cells and
NK cells [155]. Overall, STAT3 induces specific and typical alternations in diverse cells,
seriously abrogating antitumor immunity.

Nowadays, several studies have identified immuno-amplification effects in STAT3
inhibitors [151,153,157]. Except for tumor growth inhibition, monotherapies of STAT3 small-
molecule inhibitors are found to decrease immunosuppressive macrophages and Tregs,
increase cytolytic CD8* T-cells and elevate the secretion of proinflammatory cytokines
and chemokines [156,158,159]. Combination therapies with PD-L1 blockade or STING
agonism also revealed the significance of reshaping the tumor microenvironment by STAT3
inhibition [160,161]. As a leading technology, PROTAC is supposed to further broaden and
enhance the immune effects of STAT3 inhibitors. In 2019, Wang et al. reported the first
small-molecule degrader for STAT3 (Figure 6) [73]. They developed SI-109 as an inhibitor
of the SHP2 domain in STAT3 protein and then employed lenalidomide as the CRBN
ligand, obtaining SD-36 as a nanomolar-level degrader for STAT3 [73]. In in vitro and
in vivo studies, SD-36 completely and selectively induces STAT3 degradation with minor
effects on other proteins in MOLM-16 (DCsy = 0.06 uM, ICs5¢ = 0.013 pM) and SU-DHL-
1 (DCsp = 0.028 uM, ICsp = 0.61 uM) cell lines [73,74]. Regarding therapeutic outcomes,
SD-36 achieves long-lasting tumor repression in various xenograft mouse models [74].
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Figure 6. The chemical structure of the first PROTAC targeting STAT3. DC5p—half-maximal degrada-
tion concentration; ICsyp—half-maximal inhibition concentration.

4.2. Small-Molecule PROTACs Targeting MAPKs

The Mitogen-activated protein kinases (MAPKSs) family constitutes three parallel
MAPK signals, the extracellular signal-regulated kinase (ERK) pathway c-Jun N-terminal
kinase (JNK) pathway and the p38 MAPK pathway [162]. MAPK pathways exert pleiotropic
effects on both tumor cells and tumor-associated myeloid cells [162,163]. For tumor cells,
Jong et al. demonstrated that epidermal growth factor (EGF)-dependent activation of
MAPK contributed to PD-L1 expression in lung adenocarcinoma, and inhibitors of EGFR and
MAPK kinase (MEK) were able to reverse this effect [164]. As for antigen-presenting cells
(APCs), Yietal. discovered that upregulated p38 MAPK pathway hampered the stimulation
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of antigen-pulsed DCs to T lymphocytes [165]. Hence, inhibition of p38 MAPK by multiple
means improved the potency of DCs to activate antigen-specific effector T lymphocytes for
tumor immunotherapy [165]. As for T lymphocytes, Lio et al. revealed that activation of
the Ras/MAPK pathway is highly associated with the poor infiltration of T lymphocytes
in breast tumors [166]. MEK inhibition with trametinib primed tumor immunogenicity
via T-cell recruiting and achieved potent tumor suppression in combination with 4-1BB
and OX-40 antibodies [166]. Mukherji et al. reported that JNK inhibitor SP600125 rescued
CTLs from activation-induced cell death (AICD) triggered by vaccine epitope in vitro [167].
Similar results were observed by Mellman and co-workers in vivo studies [168]. They
found that MEK inhibition prevented intra-tumoral CD8" T-cells from TCR-stimulated
death without affecting their cytolytic activity, and MEK inhibitor G-38963 exhibited a
synergistic effect with anti-PD-L1 therapy on tumor regression [168].

In 2019, Jin et al. developed the first PROTAC compound, MS432, for MEK degradation
by coupling a VHL ligand to the MEK inhibitor PD0325901 (Figure 7) [75,169]. MS432
potently and specifically degraded MEK1 and MEK2 inHT29 (MEK1 DCs = 31 nM, MEK2
DCs =17 nM, ICs = 130 nM) and SK-MEL-28 (MEK1 DCsj = 31 nM, MEK2 DCsj = 9.3 nM,
ICs50 = 83 nM) cells [75]. One year later, they described two improved VHL-based degraders
for MEK, MS928 and MS934, as well as the first CRBN-based MEK degrader MS910
(Figure 7), as a result of extensive structure-activity relationships (SAR) studies [76]. These
three compounds had the same MEK warhead as previously reported MS432 and inhibited
the activities of both MEK1 and MEK?2 in millimicromole levels [76]. Their results revealed
that compounds with longer linkers were more potent in MEK degradation and ERK
phosphorylation suppression [75,76,169]. Perry et al. offered another paradigm for MEK
degraders (Figure 7) [77]. They suggested that an arylsulfonamide structure was a suitable
scaffold to attach to the E3 ligase ligand for MEK degradation and developed compound 3
as an effective MEK1 degrader (ICsyp = 0.1 pM) to inhibit tumor proliferation [77].

There are four isoforms (e, 3, v, 8) in the p38 MAPK family, which have diverse roles
in diseases. Isoform-selective therapeutics may improve the accuracy of p38 inhibition.
Focusing on this issue, Crews et al. developed SJFx and SJFb, which selectively degraded
p38x and p385, respectively (Figure 7) [78]. Both these two compounds utilized foretinib as
the p38 ligand, but the length of the linker and the attachment site to the VHL-recruiting
ligand were different [78]. SJFx with a 13-atom linker and an amide attachment specifi-
cally degraded p38o (DCs0(p38cx) = 9.5 nM, Dmax(p38x) = 99.6%; DCsy(p388) = 1.16 uM,
Dmax(p380) = 25.1%), but SJF6 with a 10-atom linker and a phenyl attachment specifi-
cally degraded p386 (DCsp(p38x) = 45.9 nM, Dmax(p38c) = 34.5%; DCsy(p386) = 79.2 nM,
Dmax(p3890) = 98.4%) in MDA-MB-231 cells [78]. Nebreda et al. found that optimizing
the length and composition of the linkers was an effective strategy for isoform-selective
p38 degradation [76]. They synthesized a library of compounds with PH-797804 as p38
warheads and thalidomide analogues as CRBN-recruiting ligands (Figure 7) [79]. The re-
sults identified that compound NR-6a and compound NR-7h exclusively degraded both
p38a and p38p without affecting other kinases in T47D cells (DCsy(p38x) = 2.9 nM and
DC50(p38p3) = 35.19 nM for NR-6a; DCsy(p38x) = 24 nM and DCsy(p38f3) = 48.47 nM for
NR-7h) and MDA-MB-231 cells (DCs(p38c) = 18.4 nM and DCsy(p38f3) = 19.1 nM for
NR-6a; DCsp(p38x) = 27.2 nM and DCsy(p38f3) = 48.9 nM for NR-7h) [79]. Although having
not been reported, the aforementioned PROTACs with better tumor suppression efficiency
than parent inhibitors are very promising in the field of tumor immunotherapy, which
can be strongly supported by the proximate relationship between MAPK inhibition and
immune activation [162-168].
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Figure 7. The chemical structures of representative PROTACs targeting MAPK. DCsp—half-
maximal degradation concentration; Dmax—maximum degradation; ICsp—half-maximal inhibi-
tion concentration.

5. The “Blue Ocean”: Unexploited and Less-Developed Targets for PROTAC-Based
Immune Intervention

5.1. CD47-SIRP« Interaction

CDA47 is a well-documented “don’t eat me” signal which interacts with the signal
regulatory protein alpha (SIRP«x) on the surface of macrophages, therefore protecting tumor
cells against macrophagic phagocytosis [170]. Since macrophages are the key regulators
in both innate and adaptive antitumor immunity, blockade of CD47-SIRP« interaction
facilitates tumor clearance, as well as the engulfment and presentation of tumor-specific
antigen mediated by macrophages [170]. Canonical CD47-SIRP« targeted therapeutics are
antibodies, but small molecular inhibitors that target CD47-SIRPo binding and CD47 ex-
pression have emerged as better choices due to their preferable tumor accessibility [170,171]
even though CD47 is also expressed on erythrocytes; thus systematic administration of
CDA47 inhibitor may cause anemia as a severe side effect [172]. PROTAC technology has
been demonstrated to achieve cell/tissue selectivity and relieve toxicity over conventional
small molecular inhibitors in studies for protein downregulation [172]. Accordingly, it is
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feasible to leverage the difference in E3 ubiquitin ligase expression between erythrocytes
and tumor cells to avoid hematological adverse reactions of CD47-SIRPx blockade [172]. In
addition, E3 ligase-dependent ubiquitination has been well-validated in the regulation of
the CD47-SIRP« axis, which strongly consolidates the rationality of PROTAC application
in this signal [172].

5.2. Foxp3

Forkhead box P3 (Foxp3) is a characteristic transcription factor expressed in Tregs [173,174].
Tregs function as an immunological “brake”, impeding the activation of CTLs [174]. Mount-
ing evidence revealed that elimination of intra-tumoral Tregs could enhance antitumor
immune response, wherein Foxp3 is a promising target due to its regulatory role in
Tregs [68,142,150,174]. Several agents have been developed to inhibit the dimerization
and post-translational modification of Foxp3 [173]. However, most compounds are de-
signed for enzyme inhibition instead of directly targeting Foxp3 protein [173,174]. PROTAC
technology targeting Foxp3 degradation in Tregs might be a preferable candidate.

5.3. COX-1/2

Tumor cells tend to create an inflammatory microenvironment for their development,
wherein cyclooxygenase 1/2 (COX-1/2) acts as the key regulator [175,176]. COX-1/2
is highly upregulated within tumor tissues, resulting in immune suppression [175,177].
Pu et al. constructed a smart nanomedicine loaded with a COX-1/2 targeting PROTAC
moiety (Figure 8A) [80]. Indomethacin was chosen as the COX-1/2 binding unit, and it was
directly connected to GSGSALAPYIP peptide, which acted as the VHL binding segment [80].
After releasing in response to cathepsin B overexpressed in the tumor, the PROTAC moiety
persistently induced COX-1/2 degradation via VHL E3 ligase and depleted the metabolite
of COX, prostaglandin E2 (PGE 2) [80]. PGE2 is an activator for immune suppressive cells
(MDSCs, Tregs and M2 macrophage); thus, the PROTAC-mediated COX-1/2 degradation
reprogrammed TME favoring tumor inhibition [80,175,177].
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Figure 8. The chemical structure of representative PROTACs targeting COX-1/2, NAMPT, and
TGF-B1. (A) The chemical structure of COX-1/2 targeting PROTAC moiety in nanomedicine. (B) The
chemical structure of representative PROTACs targeting NAMPT. (C) The chemical structure of
representative PROTACs targeting TGF-B1. ICs5p—half-maximal inhibition concentration.
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54. NAMPT

Recent studies demonstrated that the extracellular secreted nicotinamide mononu-
cleotide adenylyl transferase (NAMPT) exerted cytokine-like activity to promote the ex-
pansion of MDSCs [81,178]. To reverse this effect, Sheng et al. designed a PROTAC
compound to degrade intracellular NAMPT and reduce its amount in TME (Figure 8B) [81].
They prepared a series of compounds using their previously discovered NAMPT inhibitor
MS?7 and a VHL ligand and identified PROTAC A7 as a potent NAMPT degrader [81].
The ICs5q value of PROTAC A7 against the catalytic activity of NAMPT was 9.5 nM [81].
In in vivo studies, treatment of PROTAC A7 inhibited the intra-tumoral infiltration of
MDSCs and boosted antitumor immunity [81]. Fan et al. also reported two effective de-
graders for NAMPT (Figure 8B) [82]. They selected FK866 (NAMPT-specific inhibitor) as
the ligand to target the protein and lenalidomide as the CRBN-recruiting group, respec-
tively [82]. SIAIS630120 and SIAIS630121 adopted an extended piperazine group, and five
(SIAIS630120) or six (SIAIS630121) atom alkyl linkers were successfully synthesized [82].
Both compounds performed superiority in protein degradation and hematological tu-
mor cell killing than their parent inhibitor FK886 (SIAIS630120: ICsq(Jurkat) = 4.456 nM,
IC50(HL60) = 8.565 nM, IC50(MOLT-4) = 2.964 nM; SIAIS630121: ICsp(Jurkat) = 3.968 nM,
ICs50(HL60) = 8.497 nM, IC50(MOLT-4) = 4.681 nM).

5.5. TGF-B1

Transforming growth factor-f1 (TGF-f1) is a multifunctional cytokine involved in an-
giogenesis, epithelial to mesenchymal transition (EMT) and immune escape of tumor
cells [83,175,179]. Canonical therapeutics for TGF-31 blocking are antisense oligonu-
cleotides and antibodies. However, their therapeutic outcomes remain unsatisfactory,
which is due to insufficient drug delivery, immune-associated side effects and drug resis-
tance. Bu et al. reported a PROTAC compound to modulate TGF-f1 in a novel mechanism
(Figure 8C) [83]. Peptide P144 (TSLDASIIWAMMOQN) was employed as the binding moiety
to TGF-31, and thalidomide was adopted to induce TGF-f31 degradation by the CRBN E3
ligase [83]. Among synthesized compounds, DT-6, with the longest linker length, exhibited
the best TGF-31 degradation efficiency [83]. DT-6 primarily deprived macrophages of M2
polarization and subsequently abrogated their pro-metastatic capability via reducing the
TGF-31 secretion [83].

6. Conclusions and Outlook

In summary, the therapeutic targets available for PROTAC strategies are far more
than checkpoint proteins. Since tumor immunotherapy is a multifactorial event, proteins
in tumor cells, immune cells and tumor milieu can all be degraded by this novel technol-
ogy. Future studies should develop more PROTAC molecules with preferable drug-like
properties and expand their potency in immune modulation, while the following issues
should be carefully taken into account: (i) More than “degrader”, PROTAC molecule can
serve as an “intelligent switch” to program immune cells, which is exemplified by Park and
co-workers [180,181]; (ii) certain targets had synchronous functions; therefore PROTAC
molecules that simultaneously degraded two or more proteins are very promising [182,183];
(iii) E3 ligases CRBN and VHL are immuno-oncologic targets which can be degraded by
homo-PROTAC strategies [184-186]; (iv) novel TPD strategies such as AUTAC, AbTAC,
LYTAC and molecule glues have been developed to target extracellular and membrane
proteins [187,188]; (v) advanced drug delivery systems (DDSs) including nanoparticles,
polymetric micelles and liposomes can be leveraged to improve drug efficiency [189,190].
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