receptors

Review

Receptor-Based Strategies for Overcoming Resistance in

Cancer Therapy

Naresh Sah 1'*, Abdul Althaf Shaik ¥(0, Ganesh Acharya !, Manikantha Dunna ¥, Ashok Silwal 20,
Sejal Sharma 3(”, Sabiha Khan '* and Sounak Bagchi 3-*

check for
updates

Citation: Sah, N.; Shaik, A.A.;
Acharya, G.; Dunna, M.; Silwal, A.;
Sharma, S.; Khan, S.; Bagchi, S.
Receptor-Based Strategies for
Overcoming Resistance in Cancer
Therapy. Receptors 2024, 3, 425-443.
https://doi.org/10.3390/
receptors3040021

Academic Editor: Stephen H. Safe

Received: 20 April 2024
Revised: 16 July 2024
Accepted: 3 September 2024
Published: 24 September 2024

Department of Cell Biology and Biochemistry, Graduate School of Biomedical Sciences, Texas Tech University
Health Sciences Center, Lubbock, TX 79430, USA; naresh.sah@ttuhsc.edu (N.S.);

abdul.shaik@ttuhsc.edu (A.A.S.); ganesh.acharya@ttuhsc.edu (G.A.); manikantha.dunna@ttuhsc.edu (M.D.)
Department of Immunotherapeutics and Biotechnology, School of Pharmacy, Texas Tech University Health
Sciences Center, Abilene, TX 79601, USA; ashok.silwal@ttuhsc.edu

Department of Pharmaceutical Sciences, School of Pharmacy, Texas Tech University Health Sciences Center,
Amarillo, TX 79106, USA; sesharma@ttuhsc.edu

*  Correspondence: sabiha.khan9876@gmail.com (S.K.); sounakrik@gmail.com (S.B.);

Tel.: +1-806-283-2227 (S.K.); +1-806-420-1545 (S.B.)

These authors contributed equally to this work.

Abstract: This review article explores the fundamental role of receptor targeting in overcoming
drug resistance in cancer therapy, an area of critical concern given the persistently high rates of
cancer morbidity and mortality globally. We highlight how receptor biology intersects with the
development of therapeutic resistance with a specific focus on anti-angiogenic agents, immune
checkpoint inhibitors, and monoclonal antibodies, which directly or indirectly influence receptor
pathways. We also explore how other receptor tyrosine kinases can initially suppress tumor growth,
yet often lead to resistance, underscoring the need for novel combinatorial approaches that incorporate
advanced receptor modulation techniques. Further, the review delves into the mechanisms by
which modulation of the tumor microenvironment and immune system via receptor pathways
can overcome resistance to traditional immunotherapies. Additionally, emerging technologies in
receptor-targeted nanomedicine are also highlighted, showcasing their potential to revolutionize drug
delivery and improve therapeutic outcomes by targeting specific receptor interactions. Ultimately, this
review calls for a deeper understanding of receptor dynamics to develop more precise interventions,
including insights from various healthcare settings that can prevent or circumvent drug resistance,
thus enhancing patient outcomes in oncology.

Keywords: cancer drug resistance; receptor-targeted therapy; vascular endothelial growth factor
(VEGF); immune checkpoint inhibitors; monoclonal antibodies; tumor microenvironment;

anti-angiogenic therapy; nanomedicine; PD-1/PD-L1 blockade

1. Introduction

Cancer therapeutics has witnessed significant advancements over the past few decades.
However, cancer remains a major cause of death globally. In 2024, in the United States alone,
there is a staggering projection of over two million new cancer cases and approximately
611,720 deaths from this disease. These numbers are a sobering reminder that there is an
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urgent need to address the challenges associated with cancer therapy and the eventual de-
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velopment of drug resistance to current therapeutic strategies [1]. Drug resistance in cancer

results when cancer becomes tolerant to the treatment. This insensitivity to drugs arises

from a variety of factors that can reform tumors, which can lead to recurrence and relapse.
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and immune system are the multi-dimensional challenges that collectively contribute to
the failure of treatments in cancer [3,4]. Such drug resistance adaptations can manifest
either inherently or as an acquired trait, post-treatment. Uncontrollable drug resistance has
profound clinical implications that can attenuate the efficacy of treatment regimens and
increase the probability of recurrent, aggressive tumor phenotypes [5]. A high mortality
rate is associated with the development of drug resistance, with over 90% of deaths being
attributed to drug resistance [6]. This rise in cancer resistance mirrors the antibiotic resis-
tance crisis, threatening our therapeutic arsenal against various cancers due to stagnation
in new drug discoveries. To prevent a potential therapeutic deadlock, there is a need for
innovative approaches to combat the growing challenge of cancer drug resistance [7]. The
Cancer Moonshot Initiative was launched in 2016 by the National Cancer Institute (NCI), a
collaborative effort aimed at accelerating scientific discovery and research to foster greater
collaboration, advancing research, and sharing cancer data. The goals of this initiative
are to identify novel candidates [8] for cancer treatment, explore preventive measures,
and enhance cancer detection methods. The research initiatives of the Cancer Moonshot,
launched initially in 2016 have created important insights into cancer mechanisms, poten-
tial treatments, and prevention strategies. The Adult Immunotherapy Network is a specific
aim of the Cancer Moonshot initiative focused on developing immune-based approaches
for cancer treatment and prevention in adult patients. The Cancer Moonshot Biobank is
another specific aim that voluntarily collects blood and tissue samples from people with
cancer and sends them out to researchers to advance our understanding of cancer [9-11].

Given the urgent threat of drug resistance, especially considering the expected cancer
deaths in the future, this review article delves into the multifaceted strategies to overcome
drug resistance in cancer, focusing on the roles of vascular targeting, immunomodulation,
monoclonal antibodies, emerging technologies, and natural approaches. Our review high-
lights how understanding and countering drug resistance in various cancer forms requires
an integrated approach, combining traditional methods with novel therapies (Figure 1).
We explore anti-angiogenic strategies and their role in overcoming cancer drug resistance,
emphasizing the necessity of combination therapies. Such vascular targeting therapies
focus on disrupting the blood supply to tumors. By inhibiting the formation of new blood
vessels, we can limit tumor growth and enhance drug delivery. Vascular therapy seems
to hold the potential to improve overall outcomes when combined with other therapies.
Another promising avenue to tackle drug resistance is to harness the immune system to
recognize and attack cancer cells. Immune checkpoint inhibitors seem to enhance the
body’s natural defenses against tumors. Targeting specific immune pathways that are
impacted by the TME to overcome drug resistance is discussed in detail. Monoclonal
antibodies (mAbs) are engineered to recognize specific proteins in cancer cells and block
growth signals to enhance immune responses and directly attack cancer cells. Here, we
have discussed the role of monoclonal antibodies in addressing therapeutic resistance,
which is continuously evolving in cancer treatment [12]. Other emerging technologies in
nanomedicine, like nano-engagers, nanoparticles, and nanobodies, have been used to co-
deliver cancer therapies to overcome resistance. Such drug delivery approaches have been
shown to alter the tumor microenvironment offering promising avenues for developing
more effective cancer therapies. We will also detail specific drug mechanisms that can be
targeted to overcome drug resistance at the end of this review.
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Figure 1. An overview of receptor-based strategies for overcoming resistance in cancer therapy is
summarized in this review article.

2. Strategies to Overcome Drug Resistance
2.1. Immunomodulation and Vascular Targeting in Drug Resistance

Harnessing the immune system to recognize and attack cancer cells is a promising
avenue. In this section, we will explore the use of immunotherapy and vascular targeting in
mitigating cancer drug resistance. We will address anti-angiogenic strategies, highlighting
the importance of understanding and counteracting resistance in various cancer forms
through combination therapies. Next, we will discuss resistance to immune checkpoint
inhibitors (ICIs), which have improved long-term survival outcomes [13,14]. Unfortunately,
ICIs are only effective in patients with immune-responsive tumors. Many cancer patients
have a mixed response to the ICI therapy; they either do not respond to the ICIs or expe-
rience disease progression after an initial period of response. Resistance to ICI treatment
is a significant challenge in oncology. Here, we will focus on resistance mechanisms to
PD1/PDL1 blockade therapies. The use of PD1/PDL1 in combination therapies has been at
the center stage in almost 80% of 4400 clinical trials of the current clinical trial landscape
trying to evaluate the efficacy of PD1/PDL1 monoclonal antibodies (mAbs) [15].

Immunomodulation is widely used in multiple myeloma (MM) therapy. Inmunomod-
ulatory drugs, like thalidomide (THAL), seem to be beneficial for MM therapy. When used
in conjunction with the proteasome inhibitors bortezomib and dexamethasone, thalido-
mide exhibits high clinical efficacy in patients eligible for autologous stem cell transplan-
tation. Though effective, THAL causes adverse drug reactions, which may necessitate
careful patient monitoring and management strategies [16]. The development of new
immunomodulatory agents based on THAL—like lenalidomide and pomalidomide—could
be incorporated into multiple treatment regimens, such as monotherapy or combination
therapy [17].

2.1.1. Antiangiogenic Strategies to Overcome Cancer Drug Resistance

The process of forming a new blood vessel from pre-existing ones, angiogenesis, is
crucial for cancer progression. Antiangiogenic therapy, which targets the vascular supply
to tumors, has emerged as a potent strategy in cancer treatment, particularly those targeting
vascular endothelial growth factor (VEGF) and its receptors. This section explores the
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mechanisms behind resistance to anti-angiogenic strategies and potential receptor-based
methods to overcome resistance (Figure 2).

. Vascularized  Resistance mechanism to
Primary D4 tumor anti-angiogenic therapies
Pt"mary tumor 1 %.., o Escape from hypoxia
umor / Y (Cancer stem cells)
althy ancer . : : :
Healthy Czelcle 2D 3 N L=~ 5 e Alternative Pro-angiogenic
cell Ya' 7@ B\ Y pathways (Angl/2, FGF,
— — A \ . AaaNs 3\ PDGF. EGF, HGF, VEGE,
4 Doubling W/ &5/ X 5
Genetic Cancerous cell S} . 5 | s B Tmolv_emem of TASC
changes division & Au!1~nlxglogexllc L / e Recruitment of pro-
« “Hiiinia & % therapy /\ angiogenic bone marrow
. Aggiﬂ'genic \g} \ w’ derived myeloid cells E.g.,
Tackirs b == TAMs, MDSCs, EPC)
(VEGF, PDGF, * Tumor growth & e Tumor cell adaption to
FGF) proliferation .
S i of energy stress i.e. autophagy,
o New vessels * Sprouting of newer
vessels tumor cell dormancy.
Strategies to overcome anti-angiogenic therapy resistance
v v v v v v
Anti-angiogenic Targeting Targeting Biomarker- Tumor Drug Delivery || Therapeutic
immunotherapy: epigenetic alternative guided therapy: || microenvironment || optimization: || combinations
such as regulators: angiogenic identifying modulation: cnhancing drug with
combining use of epigenetic|| pathways: biomarkers modulating the delivery to the Angiogenic
l?ci‘:ac:_zunma'b vv\;th modulator inhibiting FGF prc:_dlctw_c‘o}f1 ﬂl?fl-’ ~ tumor tu'mor '('hrlg}:gh inhibitors:
ad ZF (:]‘;[eoli:iciib er SAHA to || using inhibitors | | 4nglogeme therapy||  microenvironment ndnﬁgggdl‘- e- o
| L suppress VEGF- || like Nintedanib DO OF to enhance drug . s different classes
induced killer cells ¢ cxpression resistance, such as delivery and formulations or iy
circulating immune response by sl angiogenic agents|
endothelial cells tarecting stromal targeting 4 :
geting ¢ @ . s to target multiple
(CECs) or level of || cells or extracellular strategies. pathways
angiogenic factors.| matrix components. involved in
angiogenesis.

Figure 2. Common scenario of anti-angiogenesis treatments. Anti-angiogenesis treatments initially
inhibit primary tumor growth but often lead to eventual relapse due to the development of therapy
resistance. Tumor cells resist through hypoxia and the upregulation of alternative pro-angiogenic
factors, like Ang1/2, FGE, PDGF, EGF, HGF, and VEGF. Additionally, recruited vascular modulator
cells, like TAMs, MDSCs, and EPCs, promote new blood vessel formation. Tumor cells adapt to energy
stress and survival mechanisms, like autophagy, dormancy, and cancer stem cells. Resistance to
anti-angiogenic drugs could be overcome by various approaches. This includes targeting alternative
angiogenic pathways, anti-angiogenic immunotherapy, tumor microenvironment modulation, drug
delivery optimization, and therapeutic combinations with angiogenic inhibitors. Combination
therapies aim to enhance treatment efficacy and prevent tumor relapse.

The following are examples of agents used to hinder tumor blood vessel formation:
bevacizumab (monoclonal antibody against VEGF), sorafenib (a small-molecule tyrosine
kinase inhibitor (TKI)), aflibercept (decoy receptor or VEGF trap), ramucirumab (VEGFR2
inhibitor). The efficacy of these drugs has been demonstrated across cancer types. Yet,
resistance to these drugs is unavoidable and complex. Thus, there is a need to comprehen-
sively understand the mechanisms of action, plausible mechanisms of resistance, and novel
approaches to combat it.

Acquired drug resistance to anti-angiogenic therapy results from various factors,
such as the following: (a) upregulation of compensatory pathways in tumors, such as
the alternative pro-angiogenic signaling pathways PDGEF, FGF, G-CSF, PGF, EGF, SDE-
1, HGFE, TGF, VEGF-C, angiopoietins, and DII-4, to compensate for the inhibited VEGF
pathway; [18,19] (b) cellular recruitment of bone marrow-derived endothelial progenitor
cells [20], pericyte progenitor cells [21], and tumor-associated macrophages [22] to sustain
angiogenesis; (c) perivascular cells to help stabilize new blood cells, aiding in the continued
supply of nutrients to the tumor [23]. A primary mechanism driving resistance to anti-
angiogenic therapies in hepatocellular carcinoma (HCC) has been associated with YAP1
(Yes-Associated Protein 1), a transcriptional regulator that plays a crucial role in various
cellular processes, including organ size control, cell proliferation, and apoptosis. In HCC,
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YAP1 is associated with the formation of tumor-associated blood vessel formation. The
increased expression of YAP1 around tumor-associated blood vessels indicates its crucial
role in angiogenesis, making it a potential target for therapeutic intervention. The activation
of YAP1 leads to the transient expansion of stem-like cancer cells that circumvents the
inhibitory effects of anti-angiogenic agents. Such insights may help formulate therapies,
where YAP1 is targeted alongside conventional anti-angiogenic agents [24].

Cancers, such as melanoma, pancreatic cancer, breast cancer, and prostate cancer,
which depend on angiogenic factors other than VEGEF, show reduced responsiveness
to anti-VEGF agents. Various preclinical mouse models and clinical trials indicate that
inhibiting a specific growth factor can lead to the upregulation of others [25]. For example, a
preclinical study has shown an increase in SDF1 and P1GF in mice treated with anti-VEGF2
compounds [26]. In a pancreatic cancer mouse model, the prolonged use of anti-VEGF
antibodies elevated the expression of several pro-angiogenic growth factors, including
Ang-1, Ephrin-A1/A2, and FGF2 [27]. In a clinical study by Willet et al., rectal cancer
patients treated with BVZ exhibited significantly increased plasma levels of PIGE.

Targeting angiopoietin offers a promising strategy to overcome resistance to anti-
vascular endothelial growth factor (VEGF) treatments. Angiopoietins, particularly Ang-
1 and Ang-2, are crucial for the maturation and stabilization of blood vessels [28,29].
In preclinical studies, the simultaneous inhibition of both VEGF and Ang-2 has led to
significant reductions in tumor growth and vascularization compared to VEGF inhibition
alone [30]. Similarly, several preclinical cancer models have shown improved outcomes
when both VEGF and FGF pathways are targeted [31,32]. Transforming growth factor-3
(TGE-B) is a multifunctional cytokine involved in the modulation of angiogenesis through
its effects on endothelial cells and the extracellular matrix (ECM) [33]. The upregulation of
TGE-f3 expression has been noted in various cancer models that are resistant to anti-VEGF
therapy [34].

In ovarian cancer, anti-angiogenic agents were the first approved targeted agents. Such
therapies target the VEGF/VEGFR pathway, TK receptor, and non-VEGF/VEGER targets
and have demonstrated mixed efficacies either as monotherapy or when combined with
chemotherapy [35]. In such situations, the benefits of using anti-angiogenic treatments
must be carefully weighed, as such treatment paradigms have not increased cures but
rather contributed to the development of anti-angiogenic resistance. A combination of poly
(ADP-ribose) polymerase inhibitors (PARPi) or ICIs seems to be a promising strategy to
overcome resistance and enhance the antitumor activity of anti-angiogenic agents.

Crizotinib, an anaplastic lymphoma kinase-tyrosine kinase inhibitor (ALK-TKI), when
used in the treatment of non-small cell lung cancer (NSCLC), seems to develop resistance
mediated by chemokine-driven angiogenesis. By using a combination therapy of crizo-
tinib along with a multi-targeted TKI angiogenesis inhibitor like anlotinib, researchers
have shown anlotinib’s effectiveness in reversing the chemokine-driven angiogenesis in
echinoderm-microtubule-associate-protein-like-4 (EML4)-ALK-positive NSCLC [36].

The tumor microenvironment (TME) is indispensable for influencing drug resistance.
Fibroblast activation protein-alpha (FAPx)-expressing hepatic stellate cells were implicated
in causing resistance to anti-angiogenic drugs in colorectal cancer liver metastasis mod-
els. Targeting these stellate cells with the FAP«x-activated prodrug Z-GP-DAVLBH can
potentially re-sensitize tumors to angiogenic inhibitors, pointing toward a more integra-
tive approach that considers the broader tumor environment [37]. Further elucidating
resistance mechanisms, the role of endothelial p130cas (Crk-associated substrate) has been
spotlighted in conferring resistance to anti-angiogenesis therapy. Targeting this molecular
entity might be an additional avenue to boost the efficacy of existing therapeutic agents [38].
As we explore the complexities of the tumor microenvironment and its contribution to drug
resistance, the identification of novel oncogenic factors also becomes crucial. For instance,
one study demonstrates the oncogenic role of upregulated lymphoblastic leukemia-derived
sequence-1 (LYL1) in the progression and metastasis of ovarian cancer [39]. Such insights
are vital for developing targeted therapies that can intervene effectively in the signaling
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pathways mediated by these oncogenes, potentially circumventing the mechanisms that
lead to resistance.

Myeloid-derived suppressor cells (MDSCs), neutrophils, monocytes, and macrophages
are potentially involved in resistance to anti-angiogenic therapy by creating an immunosup-
pressive TME [40]. Notably, MDSCs have been shown to drive angiogenesis [41]. Various
cytokines, including VEGF, chemokine C-C motif ligand 2 (CCL2), macrophage colony-
stimulating factor (MCSF), and complement anaphylatoxin C5a, facilitate the recruitment
of these cells to the TME [42—44]. Blocking the recruitment of these immunosuppressive
cells to the TME could be a promising approach to overcoming resistance to anti-angiogenic
therapy. A recent study by Ghouse et al. demonstrated that inhibiting C5aR1 in combi-
nation with an anti-angiogenic Listeria-based vaccine reduced or prevented metastasis
by reducing vascular density and enhancing antitumor immunity compared to the ap-
proved anticancer drug sunitinib [45]. Consequently, combining angiogenic inhibitors
with immune checkpoint inhibitors in HCC and RCC has shown greater promise than
monotherapy [46,47].

Along with receptor tyrosine kinases (RTKs), integrins, immune checkpoint receptors,
Toll-like receptors (TLRs), G-protein-coupled receptors (GPCRs), nuclear receptors, Notch
receptors, and cytokine receptors all play critical roles in anti-angiogenic strategies for
cancer therapy. Integrins, such as ov33 and orv35, facilitate cell-ECM adhesion and are tar-
geted to inhibit new blood vessel formation, preventing tumor angiogenesis [48]. Immune
checkpoint receptors (discussed in detail in Section 2.1.1, including PD-1 and CTLA-4) reg-
ulate immune responses and can amplify the antitumor immune response when combined
with anti-angiogenic agents [49]. TLRs that recognize pathogen-associated (PAMPs) and
damage-associated molecular patterns (DAMPs) can influence angiogenesis through the
production of pro-inflammatory cytokines; targeting TLR4 can reduce tumor-associated
inflammation and angiogenesis [42]. Angiogenesis and the migration of cancer cells are
facilitated by GPCRs, like CXCR4 and CCR5, of which antagonists disrupt chemokine
signaling pathways to reduce tumor vascularization [50,51]. Targeting nuclear receptors,
which regulate gene expression influencing angiogenesis, can inhibit tumor growth [52].
Notch receptors are also essential in angiogenesis regulation; blocking Notch signaling can
reduce dysfunctional blood vessel formation within tumors [53]. Finally, cytokine receptors,
like IL-6R and TNFR, also regulate inflammation and angiogenesis in the TME; targeting
these receptors can inhibit cytokine-driven angiogenic processes and enhance anti-cancer
treatments [54]. Recent studies have demonstrated the effectiveness of these strategies in
improving therapeutic outcomes and overcoming drug resistance in cancer treatment.

In summary, resistance remains a significant hurdle, while anti-angiogenic therapies
have transformed the cancer treatment landscape. The convergence of studies underscores
the importance of combination strategies, deeper mechanistic insights, and a holistic
approach that considers the tumor microenvironment. As our understanding of resistance
deepens, so does our arsenal against it, paving the way for more durable and effective
cancer treatments.

2.1.2. Overcoming Immune Checkpoint Inhibitor Resistance in Cancer Treatment

The TME plays a critical role in shaping the therapeutic outcomes across diverse types
of cancers. In the previous section, we saw how TME facilitates resistance to ant-angiogenic
therapies. In this section, we will look at the influence of the TME on the efficacy of ICIs
and its role in mitigating drug resistance.

Resistance to immune checkpoint inhibitors is not limited to a single cancer type;
various malignancies have unique and shared resistance mechanisms and strategies to
overcome such therapeutic interventions. Despite the transformative potential of ICIs in
cancer treatment, many patients either do not respond or develop resistance [55,56]. To
further improve the therapeutic efficacy of these drugs, it is essential to understand the
fundamental mechanisms of resistance. Various studies have shown that resistance mech-
anisms to anti-PD1/PDL1 therapies include alterations in the tumor microenvironment,
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the upregulation of alternative immune checkpoints, and intrinsic tumor cell changes, like
mutations and altered signaling pathways [57,58]. Most importantly, regulating PDL1
expression plays a crucial role in the success or failure of immuno-therapies [59,60]. The
acquired resistance patterns, like neoantigen depletion, defects in antigen presentation ma-
chinery, aberrations of interferon signaling, tumor-induced exclusion/immunosuppression,
tumor cell plasticity, and other immune checkpoint upregulation following ICI therapy,
and the molecular underpinnings associated with these phenomena, have been examined
under different treatment modalities [61].

To overcome resistance to PD1/PDL1 blockade in breast cancer, specific mechanisms of
resistance, like reduced antigen presentation, an immunosuppressive tumor microenviron-
ment, interactions with other immune checkpoints, and aberrant activation of oncological
signaling, have been studied. Approaches like the combination of ICIs with other therapies,
such as chemotherapy, radiotherapy, targeted therapy, oncologic virus, and neoantigen-
based therapies, have been explored [62,63]. On a related note, a revolutionary approach
utilizing mPEG-Masked Trispecific T-Cell Nano-engagers, combined with a Stimulator of
Interferon Genes (STING) agonists, to successfully bypass immunotherapy resistance in
triple-negative breast cancer has even been shown to have a vaccination effect [64].

The resistance mechanisms to anti-PD cancer immunotherapy highlight the intricate
interplay among tumor cells, the immune micro-environment, and therapeutic agents [65].
Among the various factors regulating PDL1 expression in cancers, transcriptional, post-
transcriptional, and post-translational modifications play a pivotal role. These regulations
offer novel small-molecule therapeutics [57], which can be combined with other agents,
such as mitogen-activated protein kinase (MAPK) inhibitors and cancer vaccines, for the
direct modulation of PDL1 expression and to improve the anticancer efficacy of PD1/PDL1
blockade [55,58,66,67]. For instance, enhancing PDL1 degradation through ITCH (E3 ligase)
during MAPK inhibitor therapy has shown potential in countering acquired resistance [59].
Similarly, in colorectal cancer, irreversible c-Jun N-Terminal Kinase (JNK) blockade or that
in combination with a myeloid cell leukemia-1 (Mcl-1) antagonist has been proposed to
counteract PDL1-mediated resistance to chemotherapy [68]. Also, combination therapies
involving STING agonists have shown promise in addressing anti-PD-L1 resistance. For
example, the combination of a STING agonist and CXC chemokine receptor 3 (CXCR3)
antagonist disrupted immune tolerance to overcome anti-PDL1 resistance in lung adeno-
carcinomas undergoing oxidative stress [69-71].

As we explore the role of emerging technologies in overcoming drug resistance,
nanomedicine presents a promising avenue. For instance, the nanoscale fluoropyrimidine
polymer CF10 has demonstrated enhanced therapeutic efficacy in a rat model of colorectal
cancer liver metastasis, highlighting the potential of nanotechnology to improve drug
delivery and efficacy in complex cancer conditions [72].

A novel dual pH-sensitive nanodrug has been developed, capable of carrying both
Tadalafil (TA) and aPD-1 (PD-1 antibody). This innovative formulation achieves targeted
drug delivery by binding to circulating programmed-cell-death-receptor-1-positive T cells,
enabling their infiltration into the tumor. Moreover, within the acidic tumor microenvi-
ronment (TME), the nanodrug efficiently releases aPD-1 for immune checkpoint blockade
(ICB), while TA remains encapsulated, effectively regulating tumor-associated macrophages
(TAMs) and myeloid-derived suppressor cells (MDSCs). By leveraging the synergistic ef-
fects of TA and aPD-1, coupled with precise tumor targeting, this nanodrug combats M2
polarization and disrupts polyamine metabolism in TAMs and MDSCs, thereby overcoming
the immunosuppressive TME. Consequently, this approach demonstrates remarkable ther-
apeutic efficacy in hepatocellular carcinoma (HCC) through ICB, while minimizing adverse
effects (Figure 3). CDM, 2-propionic acid-3-methylmaleic anhydride; PD-1, programmed
cell death receptor 1; PD-L1, programmed death-ligand 1.
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Figure 3. Schematic depiction detailing how nanodrug delivery combats immune checkpoint block-
ade resistance in hepatocellular carcinoma (HCC) through their antitumor mechanisms.

The tumor infiltration of lymphocytes (TIL) against cancer plays an important role in
eliminating cancer cells by attacking them. However, TIL's effectiveness is hindered by
some factors, such as immune system brakes or signals from the tumor that weaken the
immune response. Depending on the type of immune infiltration, tumors can be divided
into hot (high lymphocyte infiltrations), cold (few lymphocyte infiltrations), immune
excluded (less lymphocyte infiltration), and immune desert (very low lymphocyte density).
Tumor immune cell infiltration affects the immunotherapy receptivity and prognosis and
is impacted by various immune cells, like M1/M2 macrophages, neutrophils, CD4+ T
cells, and CD8+ T cells. Clinically, a high TIL density correlates with better outcomes in
various cancers and indicates an active immune response. TILs predict responsiveness
to immunotherapies like immune checkpoint inhibitors. Different cancers have different
strategies to regulate immune infiltration. For example, in melanoma, a high mutational
burden may lead to the production of neoantigens that attract immune cells, making
these tumors more susceptible to immune checkpoint inhibitors. In colorectal cancer, the
presence of a thick fibrotic stroma can physically prevent immune penetration to the tumor
site, thereby decreasing the efficacy of immunotherapy. The degree and type of immune
infiltration in breast cancer might vary depending on the subtype (e.g., triple-negative vs.
hormone receptor-positive), with triple-negative breast cancer usually exhibiting higher
levels of immune cell infiltration [73,74]. In hepatocellular carcinoma (HCC), dysregulated
signaling pathways, such as TGF-3, JAK-STAT, and Wnt/ 3-Catenin, have a major impact on
immune cell infiltration by influencing the activation and differentiation of T cells, NK cells,
and macrophages [75]. Similarly, in ovarian cancer, the immune infiltration patterns differ
between primary and metastatic sites. Primary tumors often exhibit immune-excluded or
immune-desert patterns with low T-cell infiltration, whereas omental metastases may have
higher numbers of T cells, though often in an exhausted or non-tumor-specific state [76].

Considering the various resistance mechanisms, a multi-pronged therapeutic ap-
proach, targeting different facets of the immune system and the tumor biology/TME, is
essential. Multiple researchers have shown efficacy when targeting TANK-binding kinase 1
(TBK1), a key regulator of the innate immune response to counteract resistance in T-cell-cold
solid tumors [77,78]. Similarly, novel targets and combinations, including the extracellular
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matrix, tumor-associated macrophages (TAMs), TAM receptors, and p38 MAPK inhibitors,
have shown potential in preclinical and early clinical studies in modulating ICI resistance
mechanisms and suggest avenues for potential combination therapies [79-84]. In hepatocel-
lular carcinoma, the need to target tumor-associating myeloid cells and combine immune
checkpoint blockades has been employed to evade sorafenib resistance [85]. This finding
was supported by Wang et al. (2023), who outlined a strategic approach using the T-cell-
mediated targeted delivery of tadalafil to mitigate immunosuppression through regulation
of TAMs and myeloid-derived suppressor cells (MDSCs) by inhibiting M2 polarization and
modify polyamine metabolism, thereby enhancing the efficacy of ICls in liver cancer [86].
Focusing on the immune microenvironment, the potential of TLR5 agonists in combination
with antibodies targeting CTLA-4 and PD1 as powerful tools to boost antitumor immunity
and treat solid tumors refractory to ICIs has been underlined [87,88]. On another note,
intra-tumoral heterogeneity and the microbial milieu can contribute to therapy resistance.
A unique strategy targeting the interaction between PD-L2 and its binding partner, repul-
sive guidance moleculeb (RGMb), can address microbiome-dependent resistance to PD-1
pathway inhibitors [66].

Furthermore, the unique role of chemokines and chemokine-regulated pathways in
mediating therapy resistance and their utility as predictive biomarkers and prognostic
factors in pancreatic cancer were thoroughly explored [89]. This work underscores the
importance of the intricate tumor microenvironment and its key players. The potential
of interleukins as targets has also been acknowledged. The targeted therapy against
interleukin-34, which facilitates the differentiation of immunosuppressive cells within the
TME, may offer a new horizon in overcoming therapy resistance across various cancer
types [90]. Interestingly, it was discovered that a novel immune-cytokine called anti-
PD-L1/IL-15, which combines anti-PD-L1 and IL-15 to deliver an immune-activating
cytokine directly to the immunosuppressive TME and block the immune checkpoint at the
same time, can overcome PDL1 blockade resistance and boost antitumor immunity [91].
Similarly, viral vectors expressing IL-2 in combination with anti-PD1 or anti-PDL1 have
been shown to eradicate tumors in the intraperitoneal MC38-luc tumor model [92]. Even in
sarcomas, an insightful role of the histologic subtype, tumor-infiltrating lymphocytes, and
the tumor microenvironment challenges posed by immune checkpoint inhibitor resistance
and potential avenues for therapeutic intervention have been discussed [56]. Furthermore,
understanding the role of transforming growth factor-f3 (TGF-f3) in non-inflamed cancers
can provide insights into designing effective therapeutic strategies [93]. Innovative drug
delivery systems, such as smart drug delivery platforms, can deliver high concentrations
of drugs, modulate interferon signaling pathways, and reverse the immunosuppressive
microenvironment to overcome small molecule and monoclonal antibody resistance in
cancer immunotherapy [67].

The potential predictive factors for ICI immunotherapy and the strategies to coun-
teract the resistance have also been addressed for esophageal cancer, another malignancy
that presents significant resistance to PD1/PDL1 inhibitors [94]. This predictive factor
provides the potential avenues for tailored treatments in immune therapies reflected by
microsatellite-instability-high advanced colorectal cancers, known for their intricate resis-
tance patterns [95,96]. A comprehensive overview of melanoma immunotherapy specifi-
cally spotlights neoantigens, antigen presentation, oncogenic pathways, DNA repair, T cell
functionality, checkpoint regulators, chromatin modifiers, and copy-number alterations as
predictive biomarkers for ICI responses and resistance [97]. Few recent studies have under-
scored the multifaceted nature of intra-tumoral immunotherapy mechanisms extending
beyond mere checkpoint inhibition [60,80].

In conclusion, while resistance to cancer immunotherapies remains a significant chal-
lenge, ongoing research endeavors shed light on the intricate mechanisms at play. A
multifaceted approach, integrating various therapeutic strategies, understanding the com-
plex tumor—-immune interface, innovative combination therapies, novel drug delivery
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systems, and targeted interventions are the way forward in overcoming resistance and
improving patient outcomes [98-102].

3. Targeted Therapies and Specific Drug Resistance

This section delves into the details of resistance mechanisms specific to receptor-
targeted cancer therapies. Highlighting agents, such as kinase inhibitors, anti-EGFR thera-
pies, tyrosine kinase inhibitors (TKIs), and osimertinib, this section elucidates molecular
resistance patterns and potential counterstrategies (Table 1). The focus extends to un-
derstanding resistance in particular cancers, like NSCLC, providing insights to refine
therapeutic approaches for enhanced efficacy.

Table 1. Summary of receptor-based strategies to overcome resistance in different cancers.

Drugs Target Cancer Models Res1sta1.1ce Target to. Overcome References
Mechanism Resistance
EGFR domain (T790M, T790M and C797S (nitro
C797S, flavone-based inhibitor)
. .. T790M-cis-L792F) STAT-3 (Dupilumab)
Osimertinib EGFR-TKI NSCLC Mutation, MEK1,2, AKT1,/2, ERK [103-109]
MAPK/ERK/PI3K/AKT (Costunolide, Selumetinib,
activation Trametinib)
Multiol Activation of the
Lenvatinib whp-e HCC EGFR-STAT3-ABCB1 EGFR [110]
receptor TKI . . .
signaling axis
. Tumor-associated myeloid
Sorafenib TKI HCC Immune components cells (PD-1,PD-L1 inhibitors) [85]
. Multidrug resistance, . .
Nivolumab PD-1 HCC, PLELC FGFR3 gene Tyrosine kma.se. receptor [111]
(mAb) e O (Anlotinib)
amplification
Trastuzumab Mutation in HER2
(mAb) HER2 GC, BC (1899-1G>A) WEE1 [112]
HNSCC Overexpression of RhoA-mTOR-PIK3-AKT,
Cetuximab EGFR CRC ! KRAS, RhoA, mTOR, Type 1 ribosome inactivating [113,114]
and CD44, protein (RIP) (Quinoin)
Glucocorticoid receptor
Obinutuzumab Abnormal Fas (prednisolone)
(mAb) CD20 FL signaling Alkylating agents [115]
(Bendamustine)
Long non-coding .
Tamoxifen ER BC RNAs (IncRNAs), PI3K-AKT (Ipatasertib and [116]
) AT7867)
miRNAs
Overexpression of
.. HDACS; Histone Histone deacetylase 6
Erlotinib Receptor TKI PC, NSCLC deacetylase SIRT6 (HDAC6) [117,118]
promoting glycolysis

Overcoming Resistance to Kinase Inhibitors

The intricate interplay between targeted therapies and the development of specific
drug resistance in cancer treatment underscores the critical role of receptor-mediated
mechanisms. The advent of targeted therapies, specifically kinase inhibitors, anti-EGFR
therapies, and tyrosine kinase inhibitors (TKIs), has revolutionized the management of var-
ious types of cancers, including non-small cell lung cancer (NSCLC), colorectal cancer, and
hepatocellular carcinoma. These emerging therapies target specific receptors and signaling
pathways, offering a more personalized approach to fighting against drug resistance, a
major challenge in cancer therapy [119,120] and an obstacle to better patient outcomes.
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EGER inhibitors have shown promise in treating EGFR-mutant NSCLC and colorectal
cancer. However, acquired resistance often limits their long-term effectiveness [119,121].
Studies suggest that inhibiting glutathione synthesis, a mechanism promoting cell sur-
vival, can overcome EGFR-targeted therapy resistance in lung cancer [122]. Similarly,
the use of biparatopic METXMET antibody-drug conjugates, a novel antibody-drug con-
jugate targeting the mesenchymal epithelial transition (MET) receptor in MET-driven
patient-derived models, has shown promise for overcoming resistance to EGFR TKIs in
EGFR-mutant NSCLC [123]. The innovative use of biparatopic METXxMET antibody-drug
conjugates and novel compounds targeting specific EGFR mutations illustrates the po-
tential of receptor-focused strategies to counter resistance. Other researchers have also
highlighted the promise of antibody—drug conjugates in the landscape of EGFR-mutant
NSCLC treatment [124].

In the context of overcoming resistance to kinase inhibitors, the significance of the re-
ceptor structure and function becomes evident. For instance, osimertinib, a third-generation
EGFR-TK]I, is pivotal in treating EGFR-mutated NSCLC, particularly in tumors harbor-
ing the T790M mutation. However, the therapeutic landscape is increasingly confronted
with acquired resistance, posing a significant challenge to clinicians [125,126]. Therefore,
resistance to osimertinib, a key EGFR-TKI, further emphasizes the centrality of receptor
interactions in therapeutic challenges. The development of secondary mutations within the
EGEFR receptor (such as C797S, that hinder drug binding) [126,127] itself or the activation
of bypass signaling routes highlights the necessity of a deep understanding of receptor
biology to devise effective counterstrategies (Figure 4). Among several new compounds to
circumvent resistance issues, one such compound is a novel nitroflavone-based scaffold that
may help design mutant-selective EGFR tyrosine kinase inhibitors targeting T790M and
C797S resistance in advanced NSCLC [103]. Similarly, it has been demonstrated that com-
bining D6, a synthetic derivative of a naturally occurring chemical from C. pilosula, with
erlotinib or osimertinib can overcome EGFR-T790M-mediated resistance in NSCLC [128].
Another strategy of identifying the drugs targeting STAT3 to inhibit IL4 secretion, thereby
preventing M2 macrophage polarization, might counter osimertinib resistance in NSCLC
patients. This would address the EGFR p.T790M cis p.L792F mutation-induced resistance
to osimertinib [129].
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Figure 4. Mechanisms and strategies to counter osimertinib resistance.

Processes of cell cycle progression and increased cell proliferation lead to osimertinib
resistance. The strategies mentioned aim to counter or slow down this resistance by inter-
vening at different stages. (a) EGFR mutations: this figure highlights the primary (EGFR
T790) and secondary mutations (C797S) associated with osimertinib resistance. Another
mutation is T790M-cis-L792F. Strategy: use the targeted therapy osimertinib to inhibit these
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mutations. However, resistance can eventually develop. (b) JAK-STAT3 pathway: the
JAK enzyme’s activation leads to the phosphorylation and subsequent activation of the
STATS3 protein. Strategy: implementing SH-4-54, which seems to target and inhibit the
STAT3 pathway, reducing its activation. Furthermore, Dupilumab appears to counteract the
pathway or its resulting IL-4 secretion. (c) Macrophage polarization: the diagram displays
a phenotypic shift from M1 to M2 macrophages, influenced by factors like IL-4. Strategy:
understanding and potentially controlling macrophage polarization may impact the tumor
microenvironment and associated drug resistance. (d) KRAS signaling pathway: activation
of the KRAS gene triggers a signaling cascade involving various proteins and kinases, such
as PI3K, AKT, Raf, MEK, and ERK. RTKSs (receptor tyrosine kinases) also influence this
signaling pathway. Strategy: interventions include TRAMETINIB, which targets the MEK
protein. Combined administration of OSIMERTINIB and SELUMETINIB (via nanodrug
delivery) to target multiple points in the signal transduction pathway. COSTUNOLIDE,
aiming at the AKT protein. ASNO007 targeting ERK.

Outside the EGFR mutations, the activation of alternative pathways, including MAPK/
ERK and PI3K/AKT, further confers osimertinib resistance [130,131]. Therefore, ap-
proaches, such as dual inhibitors of receptor signaling pathways and the co-delivery of path-
way inhibitors via nanoparticles, underscore the evolving landscape of receptor-targeted
interventions. Researchers have identified costunolide as a dual inhibitor of mitogen-
activated protein kinase kinase (MEK1) and oncogene AKT1/2, presenting a potential
solution against osimertinib resistance [107]. Nanoparticles” potential to co-deliver osimer-
tinib and selumetinib (MEK1/2 inhibitor) have also been investigated, effectively reversing
osimertinib acquired resistance [108,132]. Furthermore, combined anti-EGF nanobodies
with osimertinib enhance osimertinib’s antitumoral effect [133]. Trametinib (a MEK in-
hibitor) and ASN007 (an ERK inhibitor) have shown efficacy in overcoming resistance
linked to the KRAS-G12V mutation and augmented ERK signaling, respectively [109,134].
Likewise, research indicates that addressing intrinsic apoptotic pathways may be instru-
mental in overcoming resistance to EGFR inhibitors. Targeting myeloid leukemia cell
differentiation protein (Mcl-1), which inhibits cell death or promotes Bax, a pro-apoptotic
protein, may reverse the acquired resistance to third-generation EGFR inhibitors [135].
Suggesting an alternate survival route, activation of the EGFR-STAT3-ABCB1 signaling
axis has been implicated in acquired lenvatinib (inhibitor of multiple receptor tyrosine
kinases) resistance in hepatocellular carcinoma. Inhibiting EGFR was shown to overcome
this resistance, suggesting a potential cancer management strategy [110].

4. Receptor Degradation Strategies

Depleting the receptor tyrosine kinases (RTKs), such as EGFR and HER2, may be a
viable strategy to overcome resistance to EGFR inhibitors in colorectal cancer [121,136,137].
This theme of receptor degradation is echoed by Hong et al., 2023, who emphasized the
function of diarylheptanoid 35d in overcoming EGFR TKI resistance by promoting the
HSP70-mediated lysosomal degradation of EGFR in EGFR-mutant lung cancer [138]. Oth-
ers propose repurposing existing drugs like tamoxifen to counteract crosstalk between
cytoplasmic estrogen receptor « and the EGFR/HER?2 signaling pathway, effectively over-
coming resistance to EGFR inhibitors [139].

In summary, while osimertinib offers a transformative therapeutic solution for NSCLC,
resistance remains a pertinent challenge. Comprehensive reviews have reinforced the
importance of understanding the plethora of resistance mechanisms and emphasized tai-
loring therapeutic strategies based on specific resistance origins [140,141]. Deciphering the
molecular basis of resistance and tailoring treatments accordingly is imperative. Combin-
ing pathway inhibitors, nanotechnology, repurposing existing drugs, and understanding
mutation-specific resistance opens the door for more effective interventions, promising to
prolong patient survival and quality of life.
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5. Insights from Clinical Settings

In the realm of receptor-based strategies to combat cancer drug resistance, the preci-
sion of diagnostic and prognostic tools also plays a pivotal role in tailoring and adjusting
treatment protocols. Advanced imaging and molecular diagnostics guide the selection and
effectiveness of receptor-targeted therapies, enabling a more personalized approach to cancer
management. For example, a study by Huddleston et al. evaluates the prognostic efficacy of
HPV-DNA testing compared to PET-CT imaging in cervical cancer, illustrating the potential
of these technologies to refine treatment decisions based on receptor dynamics and thera-
peutic responses [142]. Such diagnostic advancements are crucial for monitoring resistance
patterns and adjusting therapeutic strategies accordingly. Similarly, the strategies for over-
coming cancer drug resistance and the context in which patients receive treatment—whether
inpatient or outpatient—can significantly influence the efficacy of these targeted therapies.
For example, the study by Varghese et al. investigates clinical evaluations in different
healthcare settings, shedding light on how such environments can impact the adminis-
tration and effectiveness of treatments, including receptor-targeted therapies [143]. This
highlights the necessity of adapting our therapeutic approaches to fit the logistical and
clinical realities faced by patients, ensuring that the potential of receptor-targeted strategies
is fully realized in varying healthcare contexts.

In addition to biological and molecular challenges, logistical and administrative obsta-
cles within healthcare settings also significantly impact the efficacy of receptor-targeted
therapies in cancer treatment. For instance, a study on the transition from IV to oral high-
lights systemic barriers that can also affect cancer treatment protocols [144]. Understanding
these obstacles is crucial for optimizing treatment regimens and enhancing the management
of cancer drug resistance, ensuring that therapies are not only effective at a molecular level
but also feasible and effective in real-world clinical settings.

6. Conclusions

This review underlines the importance of receptors in designing drugs and overcom-
ing drug resistance in cancer therapy. By elucidating the mechanisms of resistance from
a receptor-centric viewpoint, we underscore the potential of targeted therapies that ma-
nipulate the receptor structure, signaling, and interactions. The deployment of advanced
computational modeling to predict receptor behavior and the application of physicochem-
ical and biophysical properties to inform therapeutic design are poised to revolutionize
cancer treatment. Moreover, integrating clinical insights from different healthcare settings,
as demonstrated, highlights how systemic factors and real-world clinical environments
impact the administration and effectiveness of receptor-targeted therapies. Such insights
emphasize the necessity of adapting our therapeutic approaches to fit the logistical and
clinical realities faced by patients, ensuring that the potential of receptor-targeted strategies
is fully realized in varying healthcare contexts. Through a comprehensive analysis, an
in-depth understanding of receptor biology, coupled with innovative therapeutic strategies,
to target receptors, we can unveil new avenues to circumvent drug resistance, ultimately
enhancing patient care in oncology.
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