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Abstract: Around 77 new oncology drugs were approved by the FDA in the past five years; however,
most cancers remain untreated. Small molecules and antibodies are dominant therapeutic modalities
in oncology. Antibody-drug conjugates, bispecific antibodies, peptides, cell, and gene-therapies
are emerging to address the unmet patient need. Advancement in the discovery and development
platforms, identification of novel targets, and emergence of new technologies have greatly expanded
the treatment options for patients. Here, we provide an overview of various therapeutic modalities
and the current treatment options in oncology, and an in-depth discussion of the therapeutics in the
preclinical stage for the treatment of breast cancer, lung cancer, and multiple myeloma.

Keywords: therapeutic modalities; innovation; oncology; breast cancer; lung cancer; multiple myeloma

1. Introduction

More than 17 million new cancer cases have been reported worldwide in the past two
years and the number is expected to grow to 27.5 million by 2040 [1]. Investment in early
detection methods, awareness of carcinogens and, most importantly, the development of
novel therapeutics has resulted in decreased mortality in cancer patients. Around 77 new
oncology therapeutics were approved in the last five years (Table S1), however, oncology
still remains as one of the most challenging areas of drug discovery [2].

1.1. Small Molecule Therapeutics

Small molecules remain the major therapeutic modalities for cancer treatment (Figure
S1). Since 2015, 52 novel small molecule cancer drugs have been approved (Table 1). To
increase specificity and potency, majority of these small molecules are defying Lipinski’s
Rule of 5 (Rob) [3]; their molecular weight exceeds 500 Da and they have higher number of
hydrogen bond donor and acceptors than the traditional small molecules. As a result, they
are more potent but their permeability, solubility, and metabolic clearance are negatively
impacted. Nonetheless, it was speculated that the high potency and specificity might com-
pensate for the poor bioavailability and converge into reasonable oral doses [4]. The novel
bifunctional small molecules called PROTACsS (proteolysis-targeting chimeras) exploit
ubiquitin-proteasome system (UPS) machinery to degrade disease-causing intracellular
proteins [5]. The first two orally bioavailable PROTACs, ARV-110, and ARV-471, target
androgen receptor for prostate cancer and estrogen receptor for breast cancer, respectively,
and are in clinic since 2019 [6,7].
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Table 1. Approved small molecules by the Center for Drug Evaluation and Research (CDER) of the U.S. Food and Drug
Administration (FDA) in oncology (2015-2020).

Approval Trade Name  Drug Name Sponsor Properties Indication Dosage FD.A
Year Form Review
Ibrance Palbociclib Pfizer CDK.4 an d CDKG6 Advanced (metastatic) breast Capsule PB,A
inhibitor cancer
Progressive, differentiated
thyroid cancer (DTC) whose
Lenvima Lenvatinib Eisai VEGER inhibitor dlsga§e progresse'd de.zsp%te Capsule PO
receiving radioactive iodine
therapy (radioactive iodine
refractory disease).
Farydak Panobinostat Novartis HIStOI.le (.ie.acetylase Multiple myeloma Capsule PO,A
inhibitor
Locally advanced basal cell
carcinoma that has recurred
Odomzo Sonidegib Novartis Srpoqthened following surgery or radiation Capsule S
inhibitor therapy, or who are not
candidates for surgery or
radiation therapy.
Thymidine
O phosphorylase An advanced form of colorectal
Trifluridine . S
Lonsurf S Taiho inhibitor plus a cancer who are no longer Tablet S
and tipiracil . . .
nucleoside responding to other therapies
2015 A
metabolic inhibitor
Specific soft tissue sarcomas
(STS) - liposarcoma and
Yondelis Trabectedin Johnson & Alkylating drug leiomyosarcoma - that cannot Injection PO
Johnson be removed by surgery
(unresectable) or is advanced
(metastatic).
To be used in combination with
vemurafenib to treat advanced
melanoma that has spread to
Cotellic Cobimetinib Genentech MEK inhibitor other parts of the body or can’t Tablet PO
be removed by surgery, and
that has a certain type of
abnormal gene (BRAF V600E or
V600K mutation)
Tagrisso Osimertinib AstraZeneca EGER inhibitor Non-small cell lung cancer Tablet PO,B A
Oral proteasome Multiple myeloma who have
Ninlaro Ixazomib Takeda  Prote received at least one prior Capsule PO
inhibitor
therapy
Alecensa Alectinib Roche ALK inhibitor ALK-positive lung cancer Capsule PO,B A
For chronic lymphocytic
Venclexta Venetoclax AbbVie BCL-2 inhibitor leukem} ain patients witha Tablet PO,B,A
specific chromosomal
abnormality
Fluciclovine Radioactive Anew diagnostic imaging
Axumin Blue Earth . . agent to detect recurrent Injection P
2016 F18 diagnostic
prostate cancer
. Advanced . . A diagnostic imaging agent to
NETSPOT Gallium Ga Accelerator Ra.choactl.ve detect rare neuroendocrine Injection PO
68 dotatate L diagnostic
Applications tumors
. Clovis s . .
Rubraca Rucaparib PARP inhibitor A certain type of ovarian cancer Tablet PO,B,A
Oncology
Kisqali Ribociclib Novartis CDK4/6 inhibitor ~ Lostmenopausal women witha — p. ) PB
type of advanced breast cancer
2017 For the maintenance treatment
. . . s for recurrent epithelial ovarian,
Zejula Niraparib Tesaro PARP inhibitor Capsule PO,B

fallopian tube or primary
peritoneal cancers
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Table 1. Cont.

Approval Trade Name  Drug Name Sponsor Properties Indication Dosage FD.A
Year Form Review
Anaplastic lymphoma kinase
Ariad Phar- (ALK)-positive metastatic
Alunbrig Brigatinib maceuticals/ ALK inhibitor non-small cell lung cancer Tablet PO,B A
Takeda (NSCLC) who have progressed
on or are intolerant to crizotinib
Acute myeloid leukemia,
Rydapt Midostaurin Novartis FLT3 inhibitor advanced systemic Capsule PO,B
mastocytosis
.. Puma EGFR, HER2 and .
Nerlynx Neratinib Biotechnol- HER4 irreversible To reduce the risk (.)f breast Tablet S
maleate : o cancer returning
ogy kinase inhibitor
Idhifa Enasidenib  Celgene/Agios  IDH2 inhibitor Relapsed or refractory acute Tablet PO
myeloid leukemia
Aliqopa Copanlisib Bayer PI3K /6 inhibitor Relapsed follicular lymphoma Injection POA
Verzenio Abemaciclib Eli Lilly CDK4/6 inhibitor Advanced o;nmceétrasstahc breast Tablet PB
Calquence Acalabrutinib AsgﬁaZ:rﬁzca/ AcertaBTK inhibitor Mantle cell lymphoma Capsule PO,B A
Erleada Apalutamide Johnson & Andrg gen receptor Prostate cancer Tablet P
Johnson inhibitor
Braftovi Encorafenib . Array BRAF inhibitor Unresectable or metastatic Capsule 5,0
BioPharma melanoma
Mektovi  Binimetinib Y MEK inhibitor Unresectable or metastatic Tablet S0
BioPharma melanoma
Tibsovo Ivosidenib 28108 PRty i hibitor Relapsed or refractory acute Tablet PO
maceuticals myeloid leukemia
Relapsed or refractory chronic
Copiktra Duvelisib Verastem PI3K inhibitor iymphocyt}c leukemia, small Capsule PO,A
ymphocytic lymphoma, and
follicular lymphoma
2018 Vizimpro Dacomitinib Pfizer EGFR inhibitor Metastatic ncc;r;:g:all-cell lung Tablet PO
Talzenna Talazoparib Pfizer PARP inhibitor Metastatic breast cancer Capsule P
Anaplastic lymphoma kinase
Lorbrena Lorlatinib Pfizer ALK af‘d ROS1 (ALK)-positive metastatic Tablet PO,B,A
inhibitor
non-small cell lung cancer
Hedeehoe pathwa Acute myeloid leukemia or
Daurismo Glasdegib Pfizer ginhigb i}’-t)or y high-risk myelodysplastic Tablet PO
syndrome
. . . Loxo Oncol- TRKA, TRKB and Metastatic solid tumors with
Vitrakvi Larotrectinib TRKC X . Capsule PO,B,A
ogy/Bayer s NTRK-fusion proteins
inhibitor
Catalyst Potassium channel
Xospata Gilteritinib ~ Pharmaceuti- blocker Acute myeloid leukemia Tablet PO,B
cals
Balversa Erdafitinib Janssen/J&] FGEFR inhibitor Locally advanced or metastatic Tablet PB,A
bladder cancer
Pigray Alpelisib Novartis PI3K inhibitor Advanced o metastatic breast  oplet P
2019 Xpovio Selinexor Karyophaljm XPO1 inhibitor Relapsed or refractory multiple Tablet POA
Therapeutics myeloma
Nubeqa Darolutamide Bayer Andrp gen receptor Non-metastatic prostate cancer Tablet P
inhibitor
Turalio Pexidartinib Daiichi CSF]R, KI.T.and FLT3 Symptgmatlc tenosynovial Capsule PO,B
Sankyo inhibitor giant cell tumor
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Table 1. Cont.

Approval Trade Name  Drug Name Sponsor Properties Indication Dosage FD.A
Year Form Review
TRKA, TRKB, TRKC, e o
Rozlytrek Entrectinib Roche ROS1 and ALK . any . Capsule POB A
R metastatic solid tumors with a
inhibitor i .
specific genetic defect
Brukinsa Zanubrutinib BeiGene BTK inhibitor Mantle cell lymphoma Capsule PO,B,A
. Unresectable or metastatic
Ayvakit Avapritinib Bluep Fmt PDGFR.“ - D816V gastrointestinal stromal tumor Tablet PO
Medicines inhibitor
(GIST)
Tazverik Tazemetostat ~ Epizyme Inc. Meth.ylt%'apsferase Epithelioid sarcoma Tablet PO
inhibitor
. . Advanced unresectable or
Tukysa Tucatinib Seatt%e HER2 tyrosine kinase metastatic HER2-positive breast Tablet PO
Genetics inhibitor
cancer
. Cholangiocarcinoma, a rare
Pemazyre Pemigatinib Incyte Corp FGFRl l.<mase form of cancer that forms in bile Tablet PO
inhibitor
ducts
Tabrecta Capmatinib Novartis MET kinase inhibitor Non-small cell lung cancer Tablet PO
- Loxo/Eli . . .
Retevmo Selpercatinib Lilly RET kinase inhibitor Lung and thyroid cancers Capsule PO
Proto-oncogene
receptor tyrosine
. kinase (KIT) and
9/2020 Qinlock Ripretinib Deciphera platelet derived . Advanced Tablet PO
Pharms gastrointestinal-stromal tumors
growth factor
receptor A (PDGFRA)
kinase inhibitor
. Fluoroestrdiol . Radioactive Dlagn.ostlc imaging agent for .
Cerianna Zionexa . . certain patients with breast Solution S
F18 diagnostic agent
cancer
Selective oncogenic .
Zepzelca Lurbinectedin Jazz transcription Metastatic small cell lung quder PO
R cancer >i.v.)
inhibitor
A combination of
decitabine, a
Decitabine Astex Phar- nucleoside metabolic
Inqovi and . inhibitor, and Myelodysplastic syndromes Tablet PO
L maceuticals g
cedazuridine cedazuridine, a
cytidine deaminase
inhibitor
Gavreto Pralsetinib BlueP Fmt RET kinase inhibitor Non-small lung cancer Capsule PO
Medicines

Source: Drugs@FDA. S: standard; P: priority; B: breakthrough; A: accelerated; O: orphan.

1.2. Large Molecule Therapeutics

Monoclonal antibodies (mAbs) have emerged as a novel approach in oncology due to
their high affinity and specificity. The first therapeutic mAb Orthoclone OKT3 (muromonab-
CD3), produced in mouse cells, was approved in 1986 for the prevention of kidney trans-
plant rejection. By September 2020, about 80 oncology-related mAbs were in the market
with twelve approved in the past five years (Table 2). Remarkable advancements in
antibody discovery and computational platforms have facilitated development of human-
ized /human mAbs with high potency, improved developability, and decreased immuno-
genicity. Currently, mAbs are considered as the main modalities for targeted therapy and
immunotherapy (e.g., targeting CTLA4 and PD-1/PD-L1 in oncology).
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Table 2. Novel monoclonal antibody (mAb) approved by CDER of FDA for oncology (2015-2020).

Approval Trade Name Drug Name Sponsor Properties Indication FD.A
Year Review
Unituxin Dinutuximab United . GD2-binding High-risk neuroblastoma PO
Therapeutics mAb
. Multiple myeloma who have
Darzalex Daratumumab Johnson and CD38-directed received at least three prior PO,BA
Johnson mAb
treatments.
Advanced (metastatic)
2015
squamous non-small cell lung
Portrazza Necitumumab Eli Lilly EGFR antagonist cancer (NSCLC.) who haye not 50
previously received medication
specifically for treating their
advanced lung cancer
s Bristol-Myers SLAMF7-directed Multhle myeloma who have
Empliciti Elotuzumab Saqui received one to three prior PO,B
quibb mAb L
medications
Tecentriq Atezolizumab Genentech PD-L1 inhibitor Urothelial carcinoma, the most PB,A
common type of bladder cancer
2016 PDGFRo- Certain t f soft ti
Lartruvo Olaratumab Eli Lilly blocking ertamn types ol soft issue PO,BA
- sarcoma
antibody
. Merck PD-L1-blocking . .
Bavencio Avelumab KGaA /Pfizer antibody Metastatic Merkel cell carcinoma PO,B A
2017
Imfinzi Durvalumab AstraZeneca PD-Ll-‘blockmg Locally adva'nced or metastatic PBA
antibody urothelial carcinoma
Poteligeo Mogarﬁuhzumab- Kyowz.i Hakko CCR4 antibody Relapsgd or reffactory mycosis PO,B
pke Kirin fungoides or Sézary syndrome
2018
Libtayo Cemiplimab-rwlc ~ Regeneron/Sanofi PD-1 antibody Cutaneous squamous cell PB
carcinoma
Sarclisa Isatuximab Sanofi Aventis US C[iSS—dlret':l’;ei Multiple myeloma S0
/2020 cytolytic antibody
9
Monjuvi Tafasitamab-cxix Morphosys US CD19.—d1ret'tted Relapsed or refractory diffuse S0
Inc cytolytic antibody large B-cell lymphoma

Source: Drugs@FDA. Dosage form is injection for all mAb drugs. S: Standard; P: Priority; B: Breakthrough; A: Accelerated; O: Orphan.

Antibody-drug conjugates (ADCs) are targeted cancer therapies that deliver potent
cytotoxins and radioactive agents to tumor cells. In another word, ADCs are precision
medicine that merge cytotoxicity of small molecules with specificities of mAbs to create
potent and specific cancer drugs. Advancement in antibody engineering and technical
maturation of site-specific conjugations have resulted in improved efficacy and stability of
both payload and antibody [8]. As a result, over 60 ADCs were in clinics, with 11 approved
by 2020 (Table 3).

Bispecific antibodies (bsAbs) can simultaneously engage two targets and induce
changes in cellular signaling such as cancer metastasis and inflammation [9]. Thus far,
only two bsAbs have gained regulatory approvals, Blincyto (blinatumomab) in 2014 for
cancer indication and Hemlibra (emicizumab) in 2017 for treatment of hemophilia A.
Blinatumomab is used to treat B-cell acute lymphoblastic leukemia (ALL) and targets CD19
and CD13 expressed on tumors and T-cells, respectively. Currently there are over 85 bsAbs
in clinical development for a wide variety of indications [9]. Examples of investigational
bsAbs for anti-cancer immunotherapy include CD28/PSMA bsAb for prostate cancer from
Regeneron, CD3/CLEC12A bsAb for liquid tumor from Merus N.V., programmed cell
death protein 1 (PD-1)/programmed death-ligand 1 (PD-L1) bsAbs from Eli Lilly and
Innovent Biologics for advanced solid tumors, and EGFR/c-Met bsAb from Shanghai
EpimAb Biotherapeutics for advanced solid tumors. Multifunctional molecular structures
including bivalent monospecific, bivalent bispecific (with albumin conjugates), trivalent
bispecific, and bispecific chimeric antigen receptor (CAR) T cell have been developed
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and entered the clinic [10]. In addition to IgG-based bsAbs, IgM has also been used to
create novel T-cell redirected bsAb. IGM-2323, currently in Phase I study, contains ten
CD20 and one CD3 [single-chain variable fragment (scFv)] binding arms. IGM-2323 is
under investigation for treatment of B cell non-Hodgkin’s lymphoma (NHL) and other
B cell malignancies. In vitro studies have suggested a lower cytokine release profile with
IGM-2323 compared to an IgG based CD20/CD3 bsAb with the same binding units [11].

Table 3. All approved antibody-drug conjugates (ADCs) by CDER of FDA are for oncology indications.

Approval Year Trade Name Drug Name Sponsor Properties Indication
2001 * Mylotarg Gemtuzu.rr}ab Wyeth Pharmas CD33-directed ADC CD33-positive acute myeloid
ozogamicin leukemia
Ibritumomab Relapsed or refractory,
2002 Zevalin tiuxetan Spectrum Pharms CD20-directed ADC low-grade or follicular B-cell
non-Hodgkin’s lymphoma
Hodgkin lymphoma and
2011 Adcetris Brentuximab vedotin Seattle Genetics CD30-directed ADC systemic anaplastic large cell
lymphoma
2013 Kadcyla Trastuzumab Genetech HER2-directed ADC HER2-positive, metastatic
emtansine breast cancer
Inotuzumab To treat adults with relapsed
2017 Besponsa - Pfizer CD22-directed ADC or refractory acute
ozogamicin 1 hoblastic leukemi
ymphoblastic leukemia
2018 Lumoxiti Moxetumomab AstraZeneca CD22-directed ADC Hairy cell leukemia
pasudotox-tdfx
Polivy Polatuzumab vedotin Roche CD79b- directed ADC Relapsed or refractory diffuse
large B-cell lymphoma
2019 Padcev EnforFum.a b Astellas Nectin-4-directed ADC Refractory bladder cancer
vedotin-ejfv
Enhertu Fam-trastuzuma.b Daiichi HER2-directed ADC Metastatic breast cancer
deruxtecan-nxki Sankyo/AstraZeneca
To treat adult patients with
Sacituzumab metastatic triple-negative
Trodelvy ovitecan-hzi Immunomedics TROP2-directed ADC  breast cancer who received at
& Y least two prior therapies for
9/2020 o
metastatic disease
Belantamab B-cell maturation
Blenrep GlaxoSmithKline antigen To treat multiple myeloma

mafodotin-blmf (BCMA)-directed ADC

Source: Drugs@FDA. * Mylotarg was withdrawn in 2010, and re-approved in 2017. Dosage form is injection for all ADC drugs.

The two main classes of therapeutics, antibodies and small molecules, are separated
by a huge gap in their molecular weight. Peptides, defined by FDA as polymers containing
40 or less amino acids, can bridge this gap. Peptides are unique and can combine the
advantages of small molecules with that of antibodies. As of September 2020, about
67 peptide-based drugs were approved in the US [12]. The two peptide-based drugs
(Lutathera and Ga 68 DOTATOC) approved for oncology indication in the past five years
are radioactive diagnostic agents for neuroendocrine tumors.

1.3. Cell and Gene Therapies

Cell and gene therapies (oligonucleotides, viral vector delivery and gene editing)
have recently been given a lot of attention. It is important to note that oligonucleotide-
based therapeutics are categorized as novel drugs and are regulated by the Center for Drug
Evaluation and Research (CDER) of FDA, whereas cellular and gene therapy products (viral
vector based and gene editing therapy) are categorized as “Vaccine, Blood and Biologics’
and are regulated by the Center for Biologics Evaluation and Research (CBER) of FDA. The
approved cell and gene therapies by CBER are summarized in Table 4.
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Table 4. Select approved cell and gene therapy for oncology by CBER (FDA).

Ap$:::al Trade Name Drug Name Sponsor Properties Indication for Use
2010 PROVENGE Sipuleucel-T CDendre(?n Cell-based im- Prostate cancer
orporation munotherapy
Talimogene Genetically
2015 Imlygic laherparepvec Amgen modified Melanoma
parep oncolytic virus
CD19-directed B-cell precursor
2017 Kymriah Tisagenlecleucel Novartis CART acute lymphqblastl—
therapy cleukemia
(ALL)
. Kite CD19-directed
2017 Yescarta Atﬁs}:ﬁfg‘ € Pharma/Gilead CART }al;ie E;Ielg
Sciences therapy ymp
Kite CD19-directed ~ Relapsed/refractory
2020 Tecartus  DPOUCABONC  praraGilead  CART ity
Sciences therapy y pMCL)

CBER: the Center for Biologics Evaluation and Research; CAR T: Chimeric antigen receptor T cell; Novel
oligonucleotide-based drugs are categorized as novel entities reviewed by CDER.

Cell therapies are genetically engineered live cell products to repair or replace damage
cells or tissues. This approach demands extensive characterization to ensure safety, efficacy,
compatibility profiles, and lack of off-target activities. Stem and immune cell transplanta-
tion qualify as cell therapy. Immune cells can be proliferated and/or genetically engineered
to enhance their anti-tumor capability prior to transplant. Different strategies including
stem cell, tumor-infiltrating lymphocyte (TIL), engineered T cell receptor (TCR), chimeric
antigen receptor (CAR) T cell, natural killer (NK) cell, and macrophage-based therapy
have been employed to increase effectiveness of cell therapy. Over 1400 active agents are
included in the cancer cell therapy pipeline globally. CD19 and B cell maturation antigen
(BCMA) continue to be the highest priority targets in cell therapy against blood cancer in
2020 [13]. Up to date, four cell-based therapies, all for cancer, have been approved. These
include a dendritic cell-based cancer vaccine (sipuleucel-T) for prostate cancer and three
CAR T therapies for the treatment of non-solid tumors. The most recent CAR T therapy
approved by FDA on July 2020, Tecartus (brexucabtagene autoleucel), is for the treatment
of relapsed or refractory mantle cell lymphoma (MCL). Almost 87% of patients responded
to a single infusion of Tecartus and 62% showed complete response [14]. This remarkable
efficacy gained Tecartus a breakthrough designation. Currently, over 600 CAR Ts are being
evaluated in the early stages of clinical development as single agent or in combination with
other therapeutics for oncology. About 23 active CAR T studies have entered phase III with
focus on non-solid tumors, such as multiple myeloma and lymphoma.

Gene therapy is defined as genetic engineering through the use of viral vectors.
Currently there are two adeno-associated virus (AAV)-based gene therapies approved by
FDA (Table 4). In 2015, FDA approved Imlygic (talimogene laherparepvec) as the first
oncolytic virus therapy for melanoma. Oncolytic viruses are genetically modified virus
that selectively replicate within tumor cell to induce lysis [15,16]. Imlygic is engineered
to express human granulocyte-macrophage colony stimulating factor (GM-CSF). Other
oncolytic virus that have entered clinical trials include engineered adenovirus, vaccinia
virus, herpesvirus, reovirus, Seneca valley virus, and coxsackievirus [17,18].

Oligonucleotide (ON) therapy blocks translation of disease-causing proteins, includ-
ing antisense oligonucleotide (ASO), aptamer, short interfering RNA (siRNA), mRNA,
ribozyme, and modified mRNA (modRNA) [19]. They can directly target RNA moieties,
ribosomes, or proteins in the cytosol [4,19]. Thus far, ten oligonucleotide-based drugs have
gained FDA approval, including ASO, aptamer, and siRNA. Cellular uptake and cytosolic
delivery of ONs have proved to be a challenging task due their large molecular weight
and negative charge. To overcome this challenge, chemical modifications (phosphoroth-
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ioate linkage and 2’-O-methyl replacement) and systemic delivery (lipid nanoparticles
and liposome) have been exploited [19]. For example, appending N-acetylgalactosamine
(GalNac) to one end of ASO and siRNA strands have shown promise in sustained target
knockdown in liver hepatocytes in vivo, confirming successful cellular delivery and <1%
endosomal escape [20,21]. There are more than 15 GalNac-conjugated ONs at various
stages of clinical development. Givlaari (givosiran sodium) is a GalNac-siRNA conjugate
available in the market for the treatment of acute hepatic porphyria in adults [4]. Thus
far, there is no approved ON for cancer. To improve ON cellular uptake, conjugation to
various carriers such as small molecules, antibodies, peptides, and carbohydrate have been
investigated [19,22].

Gene therapy has gained a great deal of enthusiasm after the advent of site-specific
genetic engineering called gene editing. Current approaches include Zinc finger nuclease
(ZFN), Transcription activator-like effector nucleases (TALENSs) and clustered regularly
interspaced short palindromic repeats (CRISPR) for DNA targeting [23,24], and adenosine
deaminase acting on RNA (ADAR) for site-directed RNA-editing [25,26]. RNA editing
is yet to be tested in human and it might offer a safer approach due to transient and
potentially reversible edits to RNA instead of DNA [27]. The CRISPR-Cas9-guide RNA
allows precise and efficient targeting of DNA [28,29]. However, cellular delivery has
hindered its progress as delivering Cas9 protein or mRNA and short guide RNA to target
cells remains a challenging task. Combination of the CRISPR/Cas9 technology with CAR
T platform created a unique opportunity in 2019 to test the technology in ex vivo format
in human studies against cancer and blood disorders. For cancer indication, T cells were
harvested from two patients (one with multiple myeloma and one with sarcoma) and
were subjected to ex vivo gene editing to disable the PD-1 gene. The edited T-cells were
infused back into patients. For blood disorder indication, the harvested bone marrow stem
cells were edited to express fetal hemoglobin. The goal was to replace cells with defective
hemoglobin by the healthy cells [30,31]. Remarkably, none of the two patients with blood
disorders had disease relapse for nine months post therapy [32]. Currently, 27 active early
stage CRISPR/Cas-based studies are registered in clinicaltrial.gov (accessed on 1 September
2020) with the majority of indications in non-solid tumors and blood disorders [33].

In this article, we present a comprehensive review of therapeutic modalities in three
major types of cancers (Figure 1). We provide an in-depth discussion of the novel therapeu-
tics that are developed in the last five years and summarize the advances and challenges
for each approach. The advancement was made possible because of the discovery platform
optimization, novel target identification, and innovative technologies. Current trends
might help better understand the future developments and inspiration for novel drugs that
would benefit patient.
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Figure 1. Therapeutic modalities for breast cancer, lung cancer, and multiple myeloma discussed in
this article. Approaches shown in black are drugs in the market. Approaches labeled in orange are
drugs in clinical development. mTOR: Mammalian target of rapamycin; CDK: Cyclic-dependent
kinase; ADC: Antibody-drug conjugate; AKT: Protein kinase B; HDAC: Histone deacetylase; AR:
Androgen receptor; PARP: Poly ADP-ribose polymerase; PI3K: Phosphatidylinostitol 3-kinase; EGFR:
Epidermal growth factor receptor; VEGF: vascular endothelial growth factor; mAb: Monoclonal
antibody; ALK: Anaplastic lymphoma kinase; ROS1: proto-oncogene tyrosine-protein kinase; NTRK:
Neutrophilic receptor tyrosine kinase; PD-1: Programmed cell death protein 1; CTLA-4: Cytotoxic
T-lymphocyte-associated protein 4; IMiDs: Immunomodulatory drugs; SLAMF7: Signaling lympho-
cytic activation molecule F7; BCMA: B-cell maturation antigen; BCL-2: B-cell lymphoma 2; CAR T:
Chimeric antigen receptor; BiTE: Bispecific T cell engager; CELMoDS: Cereblon E3 ligase modulators.
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2. Breast Cancer

Breast cancer is the most common type of cancer in women. The estimated number of
new cases in 2020 is 2.7 million [34]. The stage of breast cancer at diagnosis has remained the
most critical factor in determining the survival outcome. However, increased awareness,
early detection, and better screening have increased the survival rate in the last three
decades. In fact, the death rate in breast cancer patients in the US had declined 40% among
women in 2017 compared to 1989 [34]. Half a century ago, breast cancer was considered
a local disease and the primary treatment was radical surgery (Mastectomy). Over the
time, lumpectomy with radiation has become the primary treatment. FDA approved
chemotherapy drugs for breast cancer include taxanes, anthracyclines, and platinum.
Compared to the standard schedule of treatment (every three-weeks), combination of
doxorubicin, cyclophosphamide, and paclitaxel administered every two weeks with high
density has slowed cancer growth and extended survival without introducing additional
adverse side effects [35].

Tumor size, involvement of lymph nodes, and receptor expression profile dictate the
benefits of chemotherapy in breast cancer patients. A hallmark study in 2001 categorized
various breast cancer subtypes and provided a guideline for treatment plans. The four
subtypes, Basal-like, HER2 /neu-positive, Luminal A, and Luminal B [36] (Table 5), are
defined based on the presence or absence of the hormone receptors (estrogen and proges-
terone receptors) and Human Epidermal Growth Factor Receptor 2 (HER2). In particular,
it was shown that activities of 21 genes can influence cancer growth and its response to
treatment [37]. The 21-gene oncotype DX recurrence score has been used to sort early-stage
ER-positive/HER2-negative breast cancer into a low, medium, or high-risk group. Among
the subtypes listed in Table 5, only the high-risk group ER-positive/HER2-negative has
benefited from adjuvant chemotherapy. Triple negative breast cancer (TNBC) and HER2-
positive breast cancer tend to be more sensitive to chemotherapy but have increased risk of
brain metastases [38].

Table 5. Subtypes of breast cancer based on receptor expression and the five-year survival rate.

Breast Cancer

5-Year Survival at Different Stages of

Subtype Prevalence Receptor Ki67 Level * Breast Cancer Treatment Option
Localized Regional Distant
HR+ (ER+ Hormonal therapy, CDK
Luminal A 50-60% and/or PR+), Low 100% 89.9 30.4% inhibitor, often resistant to
Her2— chemotherapy
HR+ (ER+ Chemotherapy, CDK
Luminal B 15-20% and/or PR+), High 98.7% 89.5% 43.5% inhibitor, HER? targeted,
HER2—/+ and hormonal therapy
HER2/neu+ 15-20% HER2+ High 96.1% 81.7% 36.8%v ~ Chemotherapy and HER2
Non-luminal targeted therapy
i Chemotherapy,
Basal-like (80% o ER-, PR-, . o o o . /
TNBC) 8-37% ductal HERD- High 91.1% 65% 11.5% immunotherapy,

antibody-drug conjugate

* Ki67 (Prognostic marker for Breast cancer): level indicates cell proliferation rate. CDK: cyclic-dependent kinase; +: positive; —: negative;

-/ +: either positive or negative.

2.1. Hormone Receptor Positive (HR-Positive) Breast Cancer

HR-positive subtype of breast cancer is categorized by slow-growing cancer cells that
are fueled by overexpressed hormone estrogen receptor (ER) and progesterone receptor
(PR). Hormone or endocrine therapy was the first treatment offered to block hormone
receptors and/or to lower hormone levels. The first selective estrogen receptor modu-
lator (SERM) called Novaldex (tamoxifen) was approved in 1977 for both pre- and post-
menopausal women to control invasive breast cancer [39]. It was shown that tamoxifen
administration for 10 years can lower risks of breast cancer recurrence and prevent con-
tralateral breast cancer in premenopausal patients [40]. Faslodex (fulvestrant) is another
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agent that is approved for HR-positive postmenopausal women with disease progres-
sion that had previously received other anti-estrogen therapy. Fulvestrant therapy results
in ER degradation, therefore, halts ER signaling. Fulvestrant was approved in 2017 for
advanced HR-positive breast cancer. Another class of drugs for systemic treatment of
cancer is aromatase inhibitor (Als). Aromatase is an enzyme that converts androgen into
estrogen. It was shown that Als block estrogen production in certain tissues (other than
ovaries) in postmenopausal women. Currently approved Als for treatment of HR-positive
postmenopausal women with disease progression who had previously received tamoxifen
include non-steroidal Femara (letrozole), Arimidex (anastrozole), and steroidal Aromasin
(exemestane) [41]. The result of 2015 clinical study SOFT suggested that combination of
Als with ovarian suppressor Zoladex (goserelin) or Lupron (leuprolide) is effective in
premenopausal women with HR-positive breast cancer. The US Preventive Services Task
Force recently recommended to include Als and SERMs for breast cancer risk reduction in
high-risk women [42]. Despite all the advancements, the intrinsic and acquired resistance
to the hormonal therapies limits their success. For instance, metastatic breast cancer that
has reoccurred post adjuvant therapy can develop resistance to anti-estrogen therapies.
Different mechanisms for hormonal resistance include loss of ER in the cancer cells, ER
mutation, HER2 mutation, epigenetic alteration, and most importantly Phosphoinositide
3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) mTOR signaling pathway
activation [43].

In the last decade, target specific therapeutics have been developed to address the drug
resistance of HR-positive breast cancer. These include drugs against intracellular targets
such as mTOR, cyclic-dependent kinase (CDK) 4/6, and PIK3CA gene mutation. The mTOR
inhibitor Afinitor (everolimus) was approved in 2012 for metastatic HR-positive/HER-
negative breast cancer in combination with an Al exemestane in patients whose cancer
had progressed despite treatment with letrozole or anastrozole [44]. In 2015, CDK 4/6
inhibitors that block phosphorylation of retinoblastoma protein Rb was approved. Inhi-
bition of Rb phosphorylation leads to cell cycle arrest and reverses endocrine resistance.
The approved CDKs inhibitors, Ibrance (palbociclib), Kisqali (ribociclib), and Verzenio
(abemaciclib) are to be used in combination with Al as initial hormone-based therapy in
post-menopausal women or with fulvestrant in patients whose disease progressed even
with hormonal therapy [45]. The timeline of approved CDK 4/6 inhibitors is summarized
in Figure 2. In 2019, FDA approved Pigray (alpelisib) in combination with fulvestrant to
treat postmenopausal women and men with advanced HR-positive/HER2-negative breast
cancer with a PIK3CA gene mutation that had occurred during or after treatment with
Als. Randomized SOLAR-I trial estimated improved progression-free survival (PFS) by
11 months with remarkable consistency [46].

Two novel therapies for endocrine resistance metastatic breast cancer include Capi-
vasertib (AZD5363) in combination with fulvestrant and Histone deacetylase (HDAC)
inhibitor in combination with exemestane. Capivasertib inhibits PI3K/AKT (E17K), one of
the most frequently activated pathways in cancer. Phase II FAKTION trial with capivasertib
and fulvestrant showed significantly longer PFS (10.3 months) and improved overall sur-
vival (OS) by six months in patients with hormonal therapy-resistant breast cancer [47]. The
second novel treatment option is HDAC inhibitor, Epidaza (tucidinostat), in combination
with exemestane. HDAC inhibitor is an epigenetic therapy and can reverse the resistance
to hormone therapy by increasing histone acetylation. The combination of steroid and
Al exemestane is used to target the disease systemically. This combination has shown
promising anti-tumor activity in patients with metastatic HR-positive/HER-negative breast
cancer with PFS of 7.8 months compared to 3.8 months in placebo group that was given
exemestane alone. Patients in this study had previously received hormonal therapy [48].
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2015:

Palbociclib approved with
letrozole for ER+/HER2- aBC in
PM women as initial HR therapy

2016:

Palbociclib approved
with Fulvestrant for
ER+/HER2- mBC with
progressed disease
after hormonal
therapy

2017:

Palbociclib approved with Al for
ER+/HER2- mBC in PM women
as initial HR therapy

2017:

Ribociclib in
combination with Al
letrozole as initial HR
therapy for PM
women (HR+/HER2-)
aBC

2017:

Approved Abemaciclib with
Fulvestrant for ER+/HER2-or
mBC with disease progression
after hormone therapy

Also approved Abemaciclib as
monotherapy for women and
men with HR+/HER2- mBC with

disease progression

2018:
Abemaciclib in
combination with Al
as initial HR therapy
for for ER+/HER2-
metastatic BC in
postmenstrual

2018:

Approved Ribociclib in combined
with Al for pre-, peri- or
postmenopausal women with
HR+/HER2-) aBC as initial

hormone-based therapy

2019:

Approved
Abemaciclib with Al
as initial hormone-
based therapy for PM
women with HR+/
HER2- mBC therapy

2019:

Approved Alpelisib in
combination with Al
or fulvestrant for
treatment of male
patient with HR+/
HER2- aBC

women

»

Figure 2. Timeline for the discovery of CDK4/6 inhibitors for HR-positive/HER2-negative breast cancer. aBC: Advanced
breast cancer; mBC: Metastatic breast cancer; PM: Postmenopausal.

2.2. Human Epidermal Growth Factor Receptor 2/neu Positive (HER2-Positive) Breast Cancer

One in five women with breast cancer have an amplified transcript of ERBB2/neu
oncogene and /or overexpression of growth-promoting protein HER2 [49]. Elevated level
of HER? receptor has been correlated with aggressive disease concomitant with high
occurrence rate and mortality [49]. The HER2 humanized antagonist mAb Herceptin
(trastuzumab) binds to the extracellular domain of HER2 and blocks its signaling. Mul-
tiple approval granted for trastuzumab is depicted in Figure 3. Although a successful
treatment for breast cancer, intrinsic and acquired resistance post trastuzumab therapy
has limited its use. Another HER2 antibody, pertuzumab, was developed as a neoadju-
vant along with trastuzumab to reduce cancer reoccurrence [50]. Interestingly, adding
pertuzumab did not increase the rate of heart problems, which was the greatest concern
with HER2-targeted therapy. In 2020, FDA approved a new fixed-dose combination of
pertuzumab, trastuzumab, and hyaluronidase—zzxf (phesgo) with chemotherapy as neoad-
juvant therapy. The combination is now used as part of the complete treatment regimen
for locally advanced or early-stage HER2-positive cancer and as adjuvant treatment for
early-stage HER2-positive breast cancer with high risk of reoccurrence. This therapy is also
approved in combination with docetaxel for HER-positive patients who had not received
prior anti-HER2 therapy or chemotherapy [51]. Despite major advances for targeted treat-
ment, 30-50% of advanced HER2-positive patients develop CNS metastases [52]. The onset
of symptomatic brain disease can be delayed by the administration of HER2 antibodies
but their efficacy is hindered possibly due to the inability of the antibody to cross the
blood-brain barrier (BBB) [53].

A significant breakthrough in the treatment of HER-positive breast cancer came from
the discovery of kinase inhibitors. Kinase inhibitors can penetrate BBB with much higher
efficacy compared to antibodies, hence they can be useful against brain metastasis [54]. The
first approved tyrosine kinase inhibitor to treat HER2-positive metastatic breast cancer was
Tykerb (lapatinib), which was used in combination with capecitabine [52]. The addition of
the chemotherapy agent capecitabine strongly enhanced the efficacy of Lapatinib. Nerl-
ynx (neratinib), an irreversible pan-HER tyrosine kinase inhibitor was the first extended
adjuvant therapy approved in 2017 [50]. Three years later, Neratinib was approved in com-
bination with capecitabine for treatment of advanced or metastatic HER2-positive breast
cancer in patients who had received two or more prior anti-HER?2 therapies. Combination
therapy with Neratinib and capecitabine showed 24% reduction in disease progression
or death compared to Lapatinib plus capecitabine. The reported PFS for Neratinib with
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1998 :

Tastuzumab approved as stand
alone or in combination with
paclitaxel

2006: 2012: 2017:

Trastuzumab as Pertuzumab + trastuzumab Pertuzumab + trastuzumab
adjuvant for eBC as and docetaxel as new SoC and docetaxel as adjuvant
part of regimen for mBC treatment for EBC in PM
doxorubicin, paclitaxel women

and cyclophosphamide

capecitabine and Lapatinib with capecitabine were 47% vs. 38% at 6 months, 29% vs. 15%
at 12 months, and 16% vs. 7% at 18 months, respectively. More importantly, treatment with
Neratinib and capecitabine significantly delayed the time of intervention for symptomatic
disease in CNS. The intervention therapy mostly included ionizing radiation treatment,
which was needed less for neratinib arm (11% vs. 15%) [51]. Another HER2 selective
inhibitor, Tukysa (tucatinib) was approved in 2020 in combination with trastuzumab and
capecitabine for patients with metastatic unresectable or advanced HER2 breast cancer with
brain metastases who had received prior anti-HER?2 therapy. HER2CLIMB trial showed
improved PFS, OS, and overall response rate (ORR) in patients who received combined
modalities compared to the patients that received trastuzumab and capecitabine. This
newly approved combination with the addition of tucatinib decreased the risk of death
by 37%. More importantly, the disease progression or death was reduced to 52% in pa-
tients with brain metastases [55]. Disease prognosis was compared in recurrent and/or
metastatic ERBB2-positive breast cancer patients treated with neratinib plus paclitaxel vs.
trastuzumab plus paclitaxel as the first line of treatment. It was shown that the incidence
of symptomatic or progressive CNS reoccurrence was lower (10.1 months vs. 20.2 months)
with neratinib plus paclitaxel and the timeline of CNS metastases was delayed. While
promising, this result needs to be confirmed in a larger clinical study [56]. In another trial
(TBCRC 022), patients with progressive HER2-positive brain metastases received neratinib
along with capecitabine. Two additional cohorts of patients, Lapatinib naive (cohort 3A)
and Lapatinib treated (cohort 3B), were also enrolled in this trial. The composite CNS
ORR was 49% in cohort 3A vs. 33% in cohort 3B. Median PFS was 5.5 and 3.1 months
and median survival was 13.3 and 15.1 months in cohorts 3A and 3B, respectively [57].
Overall, tyrosine kinases have offered promising results when used in combination with
other modalities for treatment of HER-positive breast cancer.

2008: 2013: 2020:

Trastuzumab as standalone Pertuzumab + trastuzumab and Pertuzumab + trastuzumab +

treatment in adjuvant setting docetaxel for eBC in phesgo as adjuvant and
neoadjuvant setting neoadjuvant treatment for eBC

and locally advanced BC

»

Figure 3. Approval timeline of tastuzumab in combination with different drugs for different stages of breast cancer. aBC:

Advanced breast cancer; mBC: Metastatic breast cancer; Ebc: Early breast cancer; PM: Postmenopausal.

Another landmark in breast cancer treatment was the introduction of a two-in-one
antibody-drug conjugate (ADC). Unlike traditional chemotherapy, ADCs are intended
to target cancerous cells. Properties of the two approved ADCs against HER2-positive
breast cancer is summarized in Table 6. Kadcyla or T-DM1 (ado-trastuzumab emtansine)
was first-in-class ADC approved as monotherapy [58] to treat HER2-positive breast cancer
patients with progressed disease despite prior trastuzumab and taxane therapy. T-DM1
is also approved as adjuvant therapy [59] for early breast cancer patients with residual
invasive disease after receiving neoadjuvant taxane and trastuzumab. Despite high efficacy
and improved treatment outcome, primary and acquired resistance is frequently developed
against T-DM1. A variety of explanations is provided for the resistance and downmodu-
lation of HER? is identified as a common reason [60]. Second-generation ADC, Enhertu
or T-Dxd (fam-trastuzumab deruxtecan-nxki), was approved in December 2019 to treat
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metastatic or unresectable HER2-positive tumors in patients who were previously treated
with at least two anti-HER2 drugs. A cleavable linker was designed to promote drug
release to extracellular space to cause a stronger bystander effect. In addition, higher drug
to antibody ratio (DAR) was implemented in the design of ADC to deliver a higher payload
to tumor cells that have lower HER2 expression [61]. Currently, three trials are ongoing to
explore the efficacy of T-DXd. These include DESTINY-BREAST02 (T-DXd vs. standard of
care T-DM1) [62], DESTINY-BREASTO03 (T-DXd vs. T-DM1) [63], and DESTINY-BREAST04
(T-DXd vs. chemotherapy in HER2 low expressing disease) [64] (Table 7).

Table 6. Approved ADCs for HER2-positive breast cancer.

. Cytotoxic . Target X
Drug Name Antibody Payload Linkage DAR Population Efficacy Data
In T-DM1,0S 30.9 months;
HER2+ advanced PFS 9 months compared to
. 25.1 months and 6.4 months
Maytansinoid, breast cancer in control arm (lapatinib
Kadcyla or DM1 Stable thioether A
T-DM1 Trastuzumab (microtubule linkage 35 +capecitabine)
inhibitor) As adjuvant Three-year disease free
therapy in HER2+ survival in T-DM1 was
early breast 88.3% vs. 77% in
cancer trastuzumab
In T-Dxd arm,PFS-16.4
Topoisomerase I Tetrapeptide Metastatic or months; ORR-60.3% (4.3%
Enhertu or T-Dxd Trastuzumab inEibi tor (DXd) based cleavable 7.7 unresectable CR and 56% PR)
0 linker HER2+ CNS subgroup: ORR 58.3%
and PFS was 18.1 months
HER2+: HER2-positive; Dxd: Dexatecan derivative.

Currently, there are several HER2 targeting ADCs in different phases of clinical
trials [65] (Table 7), including ADCs against HER3 and novel site-specific conjugates. HER3
overexpression in breast cancer (50-70%) is associated with diminished survival, however,
no effective treatment is available [66]. U3-1402 is the first-in-class investigational anti-
HER3 ADC. In traditional ADCs, surface exposed lysine or cysteine residues are utilized
for conjugation of the cytotoxic payload. The non-specific conjugation might result in
variability in DAR and conjugation sites, as well as ADCs that are often unstable in systemic
circulation. To overcome this limitation, non-natural amino acids were incorporated into
the recombinantly expressed antibody. An example is ARX788, in which a cytotoxic
payload is conjugated to the non-canonical amino acid (para-acetyl phenylalanine) in the
heavy chain at a predetermined site [67].

Table 7. ADCs against HER2 breast cancer in clinical trials.
Investigational Antibod Cytotoxic Linkage DAR Clinical Results Remarks Reference
ADC y Payload
ve-seco-DUBA Cleavable It): %ﬁ%ﬁ??&?ﬁ:ﬁ?gﬁfg Fast-track
SYD985 Trastuzumab (cause DNA . 2.8 . designation [68]
. linker low HER2 expressing
alkylation) from FDA
aBC
Amberstatin269 Phase I showed
(AS269) Stable oxim: dose-dependent Novel
ARX788 Trastuzumab (cytotoxic a bZr(\) d ¢ 2 anti-tumor activity site-specific [69]
tubulin against HER2+ breast conjugation
inhibitor) xenograft tumors
Topoisomerase  Peptide-based
U3-1402 Patritumab Iinhibitor cleavable 7-8 Phase I/II ORR 43.9% HERS3 targeting [70]
(DXd) linker

ve-seco-DUBA: Valine-citrulline-seco duocarmycin hydroxybenzamide azaindole. HER2+: HER2-positive; Dxd: Dexatecan derivative.
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A clever interplay on antibody mediated immunotherapy led to the development of
margetuximab. The Ab binds HER2 on tumor cells while engaging Fc receptors (FcyRs)
on immune cells, causing eradication of cancer cells through antibody-dependent cellular
cytotoxicity (ADCC). Margetuximab exhibits comparable HER2 binding and antiprolifera-
tive effects as trastuzumab. Fc region of the antibody is engineered for improved binding
affinity to CD16A to enhance engagement of the immune system, in particular NK cells.
Ongoing phase III SOPHIA trials showed margetuximab combined with chemotherapy
significantly improves PFS and reduces risk of progression in heavily pretreated patients
with metastatic breast cancer compared to trastuzumab plus chemotherapy. The benefits
were enhanced in patients with low-affinity CD16A-158F genotype (32% reduction in
disease progression), which is associated with a diminished response to trastuzumab [71].
Utomilumab is another antibody-based therapy with similar concept. Utomilumab binds
to the checkpoint receptor 4-1BB (CD-137) that is expressed in activated CD4* and CD8* T
cells and NK cells to activate immune response against tumor cells.

2.3. Triple Negative Breast Cancer (TNBC)

TNBC is a heterogeneous cancer that is associated with poor prognosis. Lack of
therapeutic targets (ER-, PR- and HER2-) limits treatment options. Approved chemotherapy
regimen includes platinum compounds, anthracyclines, and taxanes, which are used
in both adjuvant and neoadjuvant setting. Common first-line treatment for TNBC is
the combination of anthracycline and taxanes followed by capecitabine upon disease
progression [72]. Chemoresistance and high frequency of relapsed disease coupled with
metastases are key challenges for treatment of TNBC. Only a small population of patients
with early TNBC have shown chemosensitivity, while patients with advanced disease
respond poorly to standard chemotherapy regimen [73].

TNBC can be further divided into six subtypes based on the tumor gene expres-
sion profiles. The six subtypes include two basal-like (BL1 and BL2), mesenchymal (M),
mesenchymal stem-like (MSL), immunomodulatory (IM), and luminal androgen receptor
(LAR) [74]. Each subtype has unique biological features and deregulation signature of
specific signaling pathways [75]. The subtype BL1 is characterized by its high proliferative
nature. BL2 subtype is characterized by growth factor signaling pathways, glycolysis, and
gluconeogenesis. Both the mesenchymal subtypes M and MSL subtypes are heavily associ-
ated with increased expression of genes involved in cell motility, cellular differentiation,
and cell growth. IM subtype is identified by factors involved in immune processes and
cell signaling. The LAR subtype is characterized by hormonal regulated pathways and
dependence on androgen receptors [75].

The molecular subtype profiling is used as a guideline to determine what therapies are
best suited for certain patient population. Researchers have investigated intracellular sig-
naling pathways such as PI3K/AKT/mTOR (PAM), poly ADP-ribose polymerase (PARP),
androgen receptor network, and cancer driven genes like BRCA and PIK3CA to develop
new therapeutics. The PI3K/AKT1/mTOR pathway is responsible for multiple cellular
processes such as cell survival, metabolism, proliferation, and angiogenesis [76]. This
signaling pathway is frequently triggered in TNBC due to activating mutations in PIK3CA
or AKT1 and/or inactivating mutation in PTEN [76]. The PIK3CA activating mutations
appear to be more prevalent in mesenchymal and LAR molecular subtypes. The deficient
expression of PTEN is common in TNBC and is shown to be associated with activation of
AKT pathway, poor prognosis, and resistance leading to tumor growth and survival [77].
AKT inhibitors, ipatasertib and capivasertib, have shown promising results in phase II
trials. Inhibition of PI3K/AKT pathway by ipatasertib might even contribute to the rever-
sal of T-cell-mediated immunotherapy resistance [78,79]. The two clinical trials LOTUS
and PAKT indicate that the addition of AKT inhibitors to the first-line paclitaxel therapy
for TNBC improves PFS, although benefits were limited mostly to PIK3CA/AKT1/PTEN
altered tumors. These finding identifies PI3K/AKT signaling cascade as a promising thera-
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peutic target of TNBC. A few promising novel targets in clinical development for treatment
of TNBC are summarized in Table 8.

Table 8. Novel targets in clinical trial against TNBC.

Target Drug Name Trial/Combination Efficacy Data Reference
For normal PTEN, OS-28 months vs. 17.1
LOTUS, phase months; one-year survival was 85% vs.
II/ipatasertib + paclitaxel 68%; [78,79]

PIK3CA, AKT1, PTEN

Ipatasertib (AKT inhibitor)

vs. placebo+ paclitaxel

For low PTEN, OS 23.1 months vs. 15.8
months; one-year survival 79% vs. 64%.

Phase Ib/ipatasertib +
atezolizumab and
paclitaxel as first-line

Triplet regimen showed ORR 73% and
anti-tumor activity irrespective of tumor
biomarker status

[80]

aberration therapy
In ITT population, PFS and OS 5.9
months and 19.1 months vs. 4.2 months
. . PAKT trial, phase and 12.6 months;

Capli\:;f}fit’:srgAKT I/ capivasertib+ paclitaxel ~ in PIK3CA, AKT1 or PTEN alteration grp: [81]

vs. placebo+ paclitaxel ORR and PFS was 35.3% and 9.3 months

vs. 18.2% and 3.7 months; AE grade 3 or

4 was 54.4% vs. 25.7%
PFS, OS was 2.9 months, 12 months in

Androgen Receptor (AR) . ITT population and 3.3 months and 17.6

(12-55% of TNBC) [82] Enzalutamide Phase IT months in patients with > 10% AR+ 1831
tumors
Histone deacetylase Panobinostat (HDAC Pl}c}?ri)ezlo/lgirsl()ll)elggiffe+ [84]
(HDAC) inhibitor) ’

+placebo

OS: Overall survival; ITT: Intend to treat; PFS: Progression free survival.

Androgen receptor (AR) is expressed in 10-15% of TNBC patients. LAR subtype is
characterized with enriched AR expression, making it a potential therapeutic target for this
subtype. The AR antagonists including enzalutamide [85], Casodex (bicalutamide) [86],
and Seviteronel (VT-464) [87] alone or in combination with different modalities are currently
under investigations.

Elevated level of lymphocytic infiltration in TNBC patients suggests higher immuno-
genicity and potentially higher responsiveness to immunotherapies [88]. In some cases,
adding chemotherapy to the treatment regimen was shown to recruit T-cells to the tumor
microenvironment [89]. In 2019, Tecentriq (atezolizumab), a PD-L1 checkpoint inhibitor in
combination with Abraxane (albumin-bound paclitaxel) was approved for unresectable
locally advanced or advanced TNBC. The approval was based on the phase III Impas-
sion130 trial, in which PFS was improved by nearly three months [90]. Administration of
PD-1 inhibitor, Keytruda (pembrolizumab) in combination with chemotherapy vs. placebo
and chemotherapy in untreated patient population with locally recurrent inoperable or
metastatic TNBC also showed promising results in PSF and pathological complete response
(pCR) [91]. Other immune checkpoint inhibitors that have been explored for treatment of
TNBC include LAG3 and TIM3 antibodies [92].

Trodelvy (sacituzumab govitecan) was the first novel ADC approved in 2020 for
relapsed, refractory, or metastatic TNBC patients who had received at least two prior
therapies. The mAb component of Trodelvy, sacituzumab, is against pan-epithelial cancer
antigen called Trop2 that is expressed in more than 90% of TNBC cells. Sacituzumab is con-
jugated to an anti-neoplastic topoisomerase I inhibitor called SN-38, which interrupts the
DNA replication in cancer cells. About 55.6% of patients that responded to Trodelvy
maintained their response for six or more months [93]. SGN-LIV1A (ladiratuzumab
vedotin) is another ADC comprised of a humanized antibody against zinc transporter
LIV-1 conjugated to an anti-tubulin drug called monomethyl auristatin E (MMAE) via
a protease-cleavable linker. SGN-LIV1A is currently in phase I clinic alone or in com-
bination with trastuzumab [94]. Additionally, efficacy of SGN-LIV1A in combination
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with pembrolizumab is being evaluated as first-line therapy in patients with unresectable
locally-advanced or metastatic TNBC [95].

Fibroblast Growth Factor Receptors (FGFRs) are over-expressed in TNBC cells. FGFRs
are a family of four highly conserved transmembrane receptor tyrosine kinases (RTK)
namely FGFR1, FGFR2, FGFR3, and FGFR4. Activation of FGFR stimulates cell growth,
survival, and differentiation. Around 9% and 4% of TNBC cells have amplified FGFR1
and FGFR?2, respectively, making FGFRs potential targets for basal-like TNBCs. Two multi-
tyrosine kinase inhibitors currently in clinic, Dovitinib and Erdafitinib, have shown FGFR
inhibitory activity [96].

Panobinostat is a potent HDAC inhibitor under investigation for metastatic TNBC.
Additional HDAC inhibitors tested in combination with chemotherapy or immune check-
point inhibitors are romidepsin [97] and entinostat [98]. Other experimental targets under
investigation for TNBC includes AMP-activated protein kinase (AMPK), Mouse Double
Minute 2 Homolog (MDM?2), E3 ubiquitin-protein ligase, Metadherin (MTDH), and cell
cycle regulating targets such as Aurora kinase, ATR, CHK1, WEE1, CDC25, and Heat Shock
Protein 90 (HSP90) [99].

BRCA (BReast CAncer Gene) Mutation

The lifetime risk of developing breast cancer in individuals that carry BRCA1 and
BRCA2 mutation is 72% and 68%, respectively, compared to 12% in noncarriers [100].
BRCA1 and BRCA2 are considered as tumor suppressors responsible for the repair of
dsDNA via homologous recombination repair (HRR) pathway. RAD51 assay is used to
identify patients with increased risk of homologous recombination deficiency (HRD) and,
therefore, can be utilized to identify patients with BRCA mutation [101]. Mutations in
BRCA cause dysfunction of the HRR pathway, preventing DNA repair. As a result, cancer
ensues. Since a significant amount of DNA damage leads to cell death [102], pathways
such as PARP1 are exploited to treat patients. PARP1 (Poly ADP-ribose polymerase) repairs
single-stranded DNAs. PARP1 inhibitors halt the enzyme, preventing repair of single-
stranded DNA breaks. Single-stranded breaks will translate into double stranded breaks
that cannot be repaired by HRP pathway due to BRCA mutation. Consequently, cancer
cells die [103]. Currently approved PARP inhibitors are Lynparza (olaparib) and Talzenna
(talazoparib). Olaparib is the first-in-class PARP inhibitor approved in 2018 for metastatic
breast cancer with germline mutation (gBRCA) but not for patients with a somatic mutation
or low expression of BRCA [104]. FDA-approved genetic test (BRACAnalysis CDx) is used
to identify patient population eligible to receive olaparib. Less severe AEs were observed
with olaparib (37 vs. 50%) compared to the chemotherapy-treated group [104]. Several
other large clinical trials are underway to investigate olaparib in somatic mutation in
combination with radiation, chemotherapy, and immunotherapy [105]. Another PARP
inhibitor talazoparib was approved in 2019 for metastatic breast cancer with gBRCA
mutation in patients who had received no more than three prior cytotoxic chemotherapy
regimens. PFS and ORR were improved in talazoparib arm compared to the group receiving
standard chemotherapy. Main reported AE included hematologic grade 3—4 and non-
hematologic grade 3 in talazoparib arm [106].

Unfortunately, patients develop resistance to PARP inhibitors through homologous
recombination (HR) by BRCA undergoing a second alteration to repair itself [107]. If HR is
prevented, tumor cells will remain HR deficient and can be treated with PARP inhibitors.
This would be useful for patients who were initially sensitive to PARP and the ones with
normal BRCA protein if cancer cells are sensitized to PARP. The ongoing clinical trials to
sensitize HR-proficient cancer cells include combination of PARP inhibitors with CDK12
inhibitor (dinaciclib) to block phosphorylation of BRCA1 [108].

Alternatively, BRCA mutation can be treated with sapacitabine that acts on HR path-
way [109]. Combination therapy of sapacitabine and olaparib (PARP inhibitor) is inves-
tigated in phase II trial [110]. Ataxia telangiectasia mutated protein (ATM) deficiency
predisposes cells to become cancerous and it is noted that expression of both ataxia telang-
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iectasia and Rad3-related (ATR) kinase are required for cell survival [111]. A novel ATR
kinase inhibitor, BAY 1895344, has shown strong efficacy in cancer xenograft models defi-
cient in DNA damage repair (DDR) as monotherapy or in combination with DDR inhibitors
or PARP inhibitors. Additionally, BAY 1895344 in combination with nonsteroidal androgen
receptor antagonist darolutamide and eternal beam radiotherapy (EBRT) resulted in im-
proved antitumor efficacy [112]. Future directions in TNBC include combination therapies
using multiple agents and diagnosis at earlier-stage.

In the last few decades, FDA has approved more drugs for breast cancer than for any
other solid tumors. The novel therapeutics in the field include kinase inhibitors, ADCs,
and immunotherapies. These advancements hold promise for addressing the unmet needs
for patients, especially for patients with metastatic breast cancer and TNBC.

3. Lung Cancer

Lung cancer is the leading cause of death among cancer-related mortalities worldwide.
It is estimated to result in 2.2 million new cases and 1.3 million deaths in 2020 [113]. Lung
cancer is a disease of the elderly (>60 years) and it can remain asymptomatic until the
advanced stages [114]. Early detection using low dose computed tomography (LDCT) has
led to a 4-20% reduction in mortality among the high-risk population. However, use of
LDCT introduces the risk of exposure to radiation, requires follow-up tests such as biopsy
and FDG-PET to confirm the result, and most importantly, it does not detect all types of
cancer. Lung cancer is categorized into non-small cell lung cancer (NSCLC) and Small cell
lung cancer (SCLC). NSCLC comprises 85% of lung cancers, including adenocarcinoma,
squamous, large cell and bronchial carcinoid. SCLC is strongly associated with smoking, it
is more aggressive, and grows rapidly [115].

Twenty years ago, the conventional treatment regimen for lung cancer included
surgery, chemotherapy, and radiation therapy. Patients with early-stage, localized NSCLC
(Stage 1 and 2) were successfully treated by surgery. About 40% of NSCLC patients were
diagnosed with lung cancer at stage IV [114]. For this population, adjuvant chemotherapy
and common radiation therapy (extreme radiation therapy and brachytherapy) were
used [116]. For SCLC, surgery was rarely practiced because around 70% of SCLC patients
were diagnosed with extended disease [114]. Although patients often relapse, SCLC is
very sensitive to chemotherapy and radiotherapy. Topoisomerase-I inhibitor, Hycamtin
(topotecan), approved in 1996 remains the most reliable chemotherapeutic agent to manage
relapsed SCLC. In 2007, oral Topotecan was approved [117]. The most common standard
of care for SCLC includes chemo drugs Etopophos (etoposide) or Camptosar (irinotecan)
plus a platinum-based drug [118].

The use of conventional therapies is limited due to patient old age and side effects
caused by lack of specificity. This drawback was overcome by targeting the tumor promot-
ing tyrosine kinases that were identified by genomic testing for personalized treatment.
The currently approved therapies for lung tumors with genetic variation are summarized
in Table 9 [119]. Most of the tyrosine kinase blockers are either small molecule inhibitors
or antibodies that block tyrosine kinase receptors on cancer cells. In 2016, FDA approved
the liquid biopsy test (Cobas EGFR mutation V2) for NSCLC patients. This test detects 42
EGFR mutations, including exon 19 deletion, T790, and L858R mutations [120].

Currently, molecular targeted therapy is being investigated for SCLC in the clinic [121].
Aurora A kinase, a key regulator of mitosis is a potential target due to its high expression
in SCLC. Takeda’s aurora A kinase inhibitor Alisertib is in phase II with promising results
of improved PFS [122]. Unfortunately, resistance to tyrosine kinase inhibitors remains a
challenge for patients.



Int. J. Mol. Sci. 2021, 22, 2008 19 of 39

Table 9. Approved therapies for NSCLC patients with genetic aberration.

Target Gene and
Frequency in Mutation Targeted Drug Molecule Type Drug Generation Approved Year Reference
NSCLC
EGFR exon 19 T?rceva (erfl.z.t“.‘;b)' SM Ist 2004; 2004
deletion (dell9) or ressa (gefitinib)
EGFR (20%) exon 21 (L858R) Gilotrif (afatinib) or ,
substitution Vizimpro (dacomitinib) SM 2nd 2013; 2018
T790 mutation Tagrisso (osimertinib) SM 3rd 2018
EGFR ECD Portrazza Ab 1st 2015
(necitumumab)
Gene fusion with C
EMIA Xalkori (crizotinib) SM Ist 2011
ALK (5%) L1169M and Zykadia (ceritinib),
° C1156Y Alecensa (alectinib), and SM 2nd 2017
mutations Alunbrig (brigatinib)
G1202R mutation Lorbrena (lorlatinib) SM 3rd 2018
Tafinlar (dabrafenib) [123]
BRA-F(1-2%)  V600E mutation with Mekinist SM 1st 2017
¢ 0 (trametinib) which is a s
MEK inhibitor
Xalkori (crizotinib),
G . Zykadia (ceritinib), SM 1st 2017
ROS1 * (1-2%) enetlcl Alecensa (alectinib)
translocation
Rozlytrek (entrectinib) SM 1st 2019
Avastin (bevacizumab),
Angiogenesis Cyramza
VEGF B1Og€ (ramucirumab) both Ab
Inhibitor . .
combined with
chemotherapy
Rozlytrek (entrectinib) SM 1st 2019
NTRK (>1%) Mutation
Vitrakvi (larotrectinib) Ist 2018
MET exon 14
MET (4%) skipping Tabrecta (capmatinib) SM 1st 2020 [124]
deletions
Gene fusion and Retevmo (selpercatinib)
RET (1-2%) Gavreto (pralsetinib) SM 1st 2020 [126]

mutation [125]

EGFR: Epidermal growth factor receptor; ECD: Extracellular domain; ALK: Anaplastic lymphoma kinase; ROS1: Proto-oncogene tyrosine-
protein kinase; EML4: Echinoderm microtubule-associated protein-like 4; VEGF: Vascular endothelial growth factor; NTRK: Neutrophilic
receptor tyrosine kinase; SM: Small molecule; Ab: Antibody; ROS1 * shows a high degree of structural homology with ALK.

Most drugs for lung cancer were small molecule inhibitors until 2015, when advent of
immunotherapy created a paradigm shift in the treatment of lung cancer. Immunotherapy
targets immune checkpoint inhibitor (ICI) proteins to help restore T-cell response to fight
cancer. Examples include antibodies against PD-1 [Opdivo (nivolumab) and Keytruda
(pembrolizumab)], PD-L1 [Tecentriq (atezolizumab), Imfinzi (durvalumab)], and CTLA-4
[Yervoy (ipilimumab)]. The approved immunotherapies, as monotherapy or in combi-
nation with chemotherapy, for lung cancer are summarized in Figure 4. The first dual
immunotherapy, PD-1 inhibitor (nivolumab) plus CTLA-4 inhibitor (ipilimumab) was
approved in 2020 [127,128]. We have summarized the efficacy data of the first-line im-
munotherapies for EGFR"/ALK" in Table 10. Tyrosine kinase inhibitors are used as the first
line of treatment for EGFR*/ALK" lung cancer.
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Immunotherapy: Lung cancer

|

[

EGFR- / ALK-

SCLC

[ |

EGFR+ / ALK+

[

Non-squamous NSCLC ‘

‘ Squamous NSCLC

Atezolizumab + chemotherapy
(carboplatin + etoposide)
IMpower133

Pembrolizumab + chemotherapy
(pemetrexed and platinum)
regardless of PD-L1 KEYNOTE-189

Durvalumab + chemotherapy
(carboplatin / cisplatin) +
etoposide CASPIAN

Pembrolizumab* for patients with
— disease progression after
chemotherapy KEYNOTE-158

Pembrolizumab for stage IV tumors with
PD-L1 expression (21%) KEYNOTE-024/042

Atezolizumab monotherapy for tumors with high
PD-L1 expression (TC 250% or IC 210%)
IMpower110

[

Atezolizumab + chemotherapy
(paclitaxel + carboplatin) IMpower150

| | Atezolizumab + bevacizumab + chemotherapy
(paclitaxel + carboplatin) IMpower130

|| Nivolumab + Ipilimumab for tumors with
PD-L1 expression (21%) CheckMate-227

Nivolumab + Ipilimumab +
2 cycles of carboplatin / cisplatin + etoposide
CheckMate-9LA

Squamous
NSCLC

Pembrolizumab + chemotherapy
(carboplatin and pacilitaxel / paxitaxel
protein bound) KEYNOTE-407

Non-squamous
NSCLC

Pembrolizumab after chemotherapy for tumors
with PD-L1 expression (21%) with
disease progression*

Atezolizumab after chemotherapy*

Figure 4. Approved Immunotherapies for Lung cancer. PD-1: Programmed death protein-1; PD-L1: Programmed death
ligand-1; NSCLC: Non-small cell lung cancer; SCLC: Small cell lung cancer; TC: Tumor cells; IC: Immune cells. * Either
second-line or third-line treatment. Highlighted in red are the clinical trial names.

In general, the unresectable NSCLC at stage III/IV have a poor prognosis with
chemoradiotherapy being the only treatment option. However, PD-L1 inhibitor, dur-
valumab given as consolidation therapy, has generated hope for the patients. Efficacy of
durvalumab was investigated in the locally advanced unresectable stage III NSCLC in
PACIFIC trials. The antibody showed remarkable improvement in PFS by 11.2 months.
The adverse effect including pneumonia, rash, and diarrhea were more common in patients
on durvalumab therapy vs. placebo. In 2019, the three-year OS for durvalumab was
57% compared to 43.5% in placebo. FDA granted durvalumab a breakthrough therapy

designation in 2017 [129].

Table 10. Efficacy data of immunotherapies approved as first-line of treatment for lung cancer.

Typéa(;fcl‘;;mg Trail Name Combination OS (months) PFS (months) ORR (%) Reference
Pembrolizumab + NR 8.8 48
KEYNOTE-189 chemotherapy : [130]
Chemotherapy alone 113 4.9 19
Atezolizumab + bevacizumab +
chemotherapy (paclitaxel + 19.2 8.3 64
Non-squamous IMpower150 carboplatin) [131]
NSCLC Bevacizumab + chemotherapy
. . 14.7 6.8 48
(paclitaxel +carboplatin)
Atezolizumab + chemotherapy
(paclitaxel +carboplatin) 186 7 49
IMpower130 [132]
Chemotherapy (paclitaxel 13.9 55 2

+carboplatin)
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Table 10. Cont.
Typ(e:a(:lfclg:ng Trail Name Combination OS (months) PFS (months) ORR (%) Reference
Pembrolizumab only 30 10.3 45
KEYNOTE-024 [133]
Chemotherapy 14.2 6 28
Nivolumab + Ipilimumab 17.1 5.1 36
CheckMate-227 h th [127]
(cark?ogllzl}cci)n/eclir:gl};ltin) 149 56 30
Non-squamous
NSCLC and Nivolumab + Ipilimumab +
L . 14.1 38
Squamous carboplatin/cisplatin
NSCLC CheckMate 9LA - [128]
Ipilimumab + 107 35
carboplatin/cisplatin '
Atezolizumab only 20.2 8.1 38
IMpower110 Chemotherapy (cisplatin or 131 5 29 [134]
carboplatin) ’
Atezolizumab + chemotherapy
. . 12.3 52
(carboplatin + etoposide)
IMpower133 [135]
Chemotherapy (carboplatin +
) 10.3 43
etoposide)
SCLC Durvalumab + chemotherapy
(carboplatin/cisplatin) + 13 5.1 68
etoposide
[136]
Chemotherapy
(carboplatin/cisplatin) + 10.3 54 58
etoposide

ZEPZELCA (lurbinectedin), a potential new treatment for relapsed SCLC since topote-
can’s approval in 1996, was granted accelerated approval in 2020. This selective oncogenic
transcription inhibitor is approved as second-line therapy for metastatic SCLC with disease
progression during or after platinum-based chemotherapy. Small molecule lurbinectedin is
an analog of ET-736 found in sea squirt Ecteinacidia turbinate. Clinical studies of lurbinecte-
din demonstrated 35% ORR and 4.6 months PES in patients with a chemotherapy-free
interval of >90 days [137]. In the same year, a first-in-class therapy was approved for
patients with MET and RET gene alteration. MET exon 14 skipping mutation is present
in 3-4% of NSCLC and is associated with poor prognosis [138]. Kinase inhibitor Tabrecta
(capmatinib) is the first FDA approved therapy for treatment of NSCLC with MET exon
14 skipping mutation. The trial demonstrated ORR of 68% (with 4% complete response
and 64% partial response) in naive patients and 41% partial response in previously treated
patients [124]. RET encodes single pass transmembrane receptor tyrosine kinase. RET
fusions or rearrangements are somatic juxtapositions of 5’ sequences of other genes with
3’ RET sequence. Two selective oral RET-inhibitor approved for RET-fusion positive
metastatic NSCLC are Retevmo (selpercatinib) and Gavreto (pralsetinib) [126]. Cyramza
(ramucirumab) combined with EGFR inhibitor Tarceva (erlotinib) were approved in June
2020 as the first-line treatment for metastatic NSCLC patients with EGFR exon 19 deletions
or exon 21 (L858R) mutation. Ramucirumab was discovered from phage display library
and its use extended PFS when combined with erlotinib vs. placebo plus erlotinib [139].
FDA also approved the diagnostic test called Oncomine Dx target to identify metastatic
NSCLC patients with RET-fusion eligible for pralsetinib [125].

EGFR exon 20 insertion mutation is the third common EGFR mutation. Unlike com-
mon EGFR exon 19 deletion, which comprises 45% of EGFR mutations, EGFR exon 20 has
low frequency of occurrence (5-10%) and is associated with inducing resistance to EGFR
inhibitors [140] and poor prognosis. Mobocertinib, a small molecule kinase inhibitor, target
EGEFR with exon 20 activating insertions. The therapy was granted a breakthrough status
based on the phase II trial data with 43% ORR [141]. There are ongoing phase II/1II trials
to check the effect of LCT in combination with tyrosine kinase inhibitors and immune



Int. J. Mol. Sci. 2021, 22, 2008

22 of 39

checkpoint blockers. Another ongoing trial called Lung-MAP is an umbrella trial for testing
genetic changes in NSCLC [142]. Liquid biopsy of plasma circulating DNA (ctDNA) can
provide results faster than a tissue biopsy to identify mutations. It is anticipated that liquid
biopsy might be used for monitoring the treatment response after therapies.

High molecular heterogenicity and complexity of lung cancer demands diverse treat-
ment options and early detection techniques. Novel approaches such as molecular targeted
therapy and immunotherapy have changed the treatment landscape, however, chemother-
apy remains the main therapy. Survival rate for lung cancer patients in the advance stages
remains low, emphasizing the necessity for novel modalities for treatment of this cancer.

4. Multiple Myeloma

Multiple myeloma (MM) is a heterogeneous cancer of plasma cells originating in the
bone marrow and accounting for 10% of all hematologic malignancies [143]. Accumulation
of malignant plasma cells in bone marrow results in bone lesions and growth suppression
of red blood cells, causing anemia. MM is associated with the production of abnormal
antibody (M protein), which can build up in blood and kidney, resulting in renal abnor-
malities. Two decades ago, treatment regimen for MM was limited to alkylating agents
such as Alkeran (melphalan), Cytoxan (cyclophosphamide), and traditional chemotherapy
with corticosteroid Decadron (dexamethasone), and Rayos (prednisone) for palliative care.
Melphalan plus prednisone remained mainstay therapy for MM [144] until 1990s, when
it was observed that administration of high dose Melphan followed by autologous stem
cell transplant (ASCT) results in improved response rate (RR). Since then, this approach
has remained a standard therapy for MM [145]. Drug resistance and relapse are the main
challenges for treatment of MM.

Based on the clinicopathological criteria, hallmark characteristics of MM include the
evidence of monoclonal plasma cell proliferation (>10% plasma cells are plasmacytoma)
and end-organ damage including hypercalcemia, renal insufficiency, anemia, and bone
lesions abbreviated as CRAB [146]. Asymptomatic patients with plasmacytoma either have
monoclonal gammopathy of undetermined significance (MGUS) or smoldering multiple
myeloma (SMM). Lack of early intervention in patients with MGUS and SMM introduce
the risk of disease progression to MM. Cytogenetic abnormalities in MM include primary
abnormalities that occur at an early stage during the transition of normal plasma cells
to the clonal premalignant cells (MGUS/SMM) and secondary abnormalities that occur
during disease progression. These abnormalities, summarized in Table 11, can be detected
by FISH (fluorescence in situ hybridization) and SNP (Single nucleotide polymorphism)
microarray [147]. Genes that are often mutated in MM are KRAS, NRAS, TP53, DIS3,
FAM46C, BRAF, TRAF3, ROBO1, CYLD, EGR1, SP140, FAT3, and CCND1 [148]. Patients
with symptomatic MM have the highest risk of disease progression, followed by SMM
(10%/year), and MGUS (1%/year) [149].

In 2014, International Myeloma Working Group (IMWG) revised the staging of MM
to encourage early diagnosis before end-organ damage [150]. Accordingly, patients with
>60% clonal bone marrow plasma cells, serum-free light chain (FLC) ratio > 100 (provided
involved FLC level is >100 mg/L), and more than one focal lesion detected by magnetic
resonance imaging (MRI) have more than 80% probability of progression to MM within
two years [151]. The new classification was made possible because of progress in imag-
ing modalities, discovery of new drugs, and identification of biomarkers. For example,
detection of early bone defects was facilitated by the advanced imagining techniques,
such as computed tomography (CT) and fluoro-deoxyglucose (FDG) positron emission
tomography/computed tomographic scans (PET/CT).

One breakthrough in the treatment of MM was the introduction of first-in-class protea-
some inhibitor (PI) Velcade (bortezomib) in 2003. Bortezomib is used as induction therapy
for patients eligible or ineligible for ASCT, it is also used as maintenance therapy (MT).
Although effective as single agent for relapsed MM, use of bortezomib is limited due to
drug resistance and toxicities such as peripheral neuropathy. Intravenously Administered
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Kyprolis (carfilzomib) is the second-generation PI with increased efficacy and lower tox-
icity. Shortly after approval of carfilzomib, Ninlaro (ixazomib), the first-in-class oral PI
for relapsed refractory MM (RRMM) with improved therapeutic index became available.
Notably, bortezomib and ixazomib are borate-based dipeptide drugs that bind reversibly to
proteasomes. Carfilzomib is an epoxyketone with irreversible binding mode. The approval

history of small molecule PIs for MM is summarized in Figure 5 [152].

Table 11. Patient subtypes in multiple myeloma.

Abnormality Type Subtype Subtype Classification Gene/Chromosome Affected Perce;;:igeitt)sf MM
t(11,14) CCDN, cyclic D1, CD20 15-20%
(6:14) CCND3 2%
. Deregulation of FGFR3 and o
t(4;14) MMSET 10-15%
IgH translocation Overexpression of the c-MAF
Primary abnormalities t(14;16) proto-oncogene and lack of 2-5%
CD56 expression
£(14:20) Upregulation of the MAFB 1%
oncogene
Hyperploidy Gain of the odd-numbered 50%
Trisomies chromosomes 3, 5,7,9, 11, 15, o
Non- Hyperploidy 19, and 21, IgG Kappa 45%
Partner loci include IGH, IGL,
Translocation Myc IGK, FAM46C, FOX03, and 15-20%
BMP6
121 gain CKS1B 35-40%
. . Common deletion: 1p32 o
Secondary abnormalities 1p deletion (CDKN2C), 1p22, and 1p12 30%
Copy number alteration Deletion of the long arm of
13q chromosome 13, interstitial 45-50%
deletions 13q14.11-13q14.3
17p TP53 deletion 10%

2003:

Bortezomib approved for MM
patients with disease
progression

2007:

Bortezomib approved
(without dose
adjustment) for MM
patient with impaired
kidney function

2008:

Bortezomib approved in
combination with melphalan
and prednisone for
untreated MM

2010:

Bortezomib approved
with recommended
dose for MM patient
with impaired kidney

function

2012:
Subcutaneous
Bortezomib
approved

2012:

Carfilzomib approved
for relapsed MM
patients who have
received two prior
therapies (Bortezomib
and IMiD)

2015:
i in ination with

PP
DEX and lenalidomide for MM patients
who have received 1-3 prior line of
therapy

2015:

Carfilzomib approved
in combination with
lenalidomide and DEX
for MM patient who
have received 1-3
prior line of therapy

2016:

Carfilzomib approved
as single agent for
RRMM patient who
have received 1-3
prior line of therapy

2018:

2016:

Carfilzomib approved
in combination with
lenalidomide and DEX
or DEX for RRMM
patient who have
received 1-3 prior line
of therapy

Carfilzomib approved
as once-weekly
dosing option in
combination with
DEX for RRMM
patients

4

Figure 5. Approval timeline of proteasome inhibitors for multiple myeloma. MM: Multiple myeloma; RRMM: Re-
lapsed/refractory multiple myeloma; DEX: Dexamethasone.

Three approved immunomodulatory drugs (IMiDs) for MM were developed by Cel-
gene. In 2006, first-in-class Thalomid (thalidomide) was approved in combination with
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dexamethasone (DEX) for the treatment of newly diagnosed MM (NDMM) [153]. To en-
hance potency and reduce the adverse effects of thalidomide, Revlimid (lenalidomide) and
Pomalyst (pomalidomide) were approved in 2006 and 2013, respectively. Lenalidomide
was originally approved as combination therapy with DEX for patients with NDMM or
RRMM who had received at least one prior therapy [154]. Currently, lenalidomide is used
as a first-line treatment for MM and is the only drug approved as maintenance therapy (MT)
following ASCT [155]. Unfortunately, the majority of the patients treated with IMiDs will
develop drug resistance due to the mutation or downregulation of Cereblon, the primary
target of IMiDs [156]. Pomalidomide is a hybrid structure of thalidomide and lenalidomide.
Pomalidomide combined with a low dose of DEX is shown to be effective in relapsed MM
patients with resistance to lenalidomide and PIs [153].

Treatment of NDMM patients, eligible or ineligible for ASCT and MT, with combina-
tion of PI, steroid, and IMiDs (thalidomide, lenalidomide, or cyclophosphamide) was a
groundbreaking step in treatment of MM. These first-line therapies include bortezomib
and dexamethasone combined with thalidomide (VTd), or with lenalidomide (VRd) or
with cyclophosphamide (VCd) [157]. Typically, 3-6 cycles of induction regimen are recom-
mended to have the maximum response. The triplet regiments improved RR compared
to the previously practiced doublet therapy with DEX combined with either thalidomide
(Thal-DEX) or lenalidomide (Rev/Dex). Clinical studies point to the superiority of VId
compared to VCd. However, VCd has lower risk of peripheral neuropathy and skin rash
and remains an attractive option for patients with renal impairment [158,159]. VRd is
shown to be associated with decreased peripheral neuropathy, increased efficacy, and supe-
rior RR compared to VTd [160]. In VRd regiment bortezomib is frequently replaced by the
next-generation Pls, such as carfilzomib (KRd) or ixazomib (IRd) to increase potency [161].
NDMM patients, not eligible for transplant, are usually treated with a combination of Mel-
phalan and prednisone (MP) plus thalidomide (MPT), bortezomib (MPV), or lenalidomide
(MPR). High-risk MM patients who are not eligible for ASCT are commonly treated with
VRd or VCd [152].

Farydak (panobinostat) is an oral HDAC inhibitor that is used with bortezomib
and DEX to treat RRMM patients that were previously treated with bortezomib and an
IMiD [162]. Panobinostat increases acetylation of proteins involved in oncogenic pathways
and has synergistic cytotoxicity in MM when combined with bortezomib. Combination of
carfilzomib with panobinostat is currently under investigation in clinic for treatment of
patients with relapsed disease who were previously treated with triplet regimen [163].

Since MM patients usually relapse, the minimal residual disease (MRD) status has
become an important prognostic factor. MRD refers to the minimal number of myeloma
cells that remain in the patient’s bone marrow post treatment. More sensitive approaches
have recently been developed to increase detection sensitivity to threshold at the level of
10~°. These detection methods include next-generation flow cytometry and next-generation
sequencing [164].

Another breakthrough in treatment of MM was the development of mAbs targeting
resistant MM. Empliciti (elotuzumab) is the first-in-class humanized mAb against glyco-
protein CS1, also known as signaling lymphocytic activation molecule F7 (SLAMEF?7). CS1 is
expressed in 95% of bone marrow myeloma and NK cells. It mediates adhesion of myeloma
cells to bone marrow stromal cells, promoting their growth and survival. Elotuzumab facil-
itates interaction between NK cells and myeloma cells to induce ADCC [165]. Elotuzumab
was granted the Breakthrough status in 2015 when used in combination with lenalidomide
and DEX for RRMM patients who had received one to three prior therapies. Alternatively,
elotuzumab is used in combination with pomalidomide and DEX for RRMM patients
who had at least two prior therapies with PI and lenalidomide [166,167]. Elotuzumab is
currently under evaluation for first-line induction therapy for NDMM (transplant eligible
or non-eligible). At present, a phase II trial is ongoing to determine RR of elotuzumab in
combination with VRd in transplant eligible NDMM. High-risk cytogenetic patients are
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treated with elotuzumab-VRd as MT. After four cycles of the induction therapy, ORR was
100% with 24% achieving CR [168].

In 2015, FDA also approved another landmark drug Darzalex (daratumumab), an
IgG1-k fully human antibody directed against CD38. Daratumumab induces ADCC, ADCP,
and CDC against MM cells present in bone marrow [169]. A list of different trials with
daratumumab in combination with various drugs is summarized in Table 12 [170]. FDA
granted daratumumab a breakthrough therapy and orphan drug designation. The infusion
time for daratumumab is 7, 4.3, and 3.4 h for the first, second, and subsequent infusions,
respectively. In 2019, FDA approved spilled dose of daratumumab to allow infusion of
the first dose in two days, but the total infusion time remained the same [171,172]. One
year later, FDA approved Darzalex Faspro (daratumumab and hyaluronidase-fihj), a new
subcutaneous formulation of daratumumab [172]. This fixed-dose formulation can be
administered in 3-5 min.

Table 12. Overview of daratumumab approvals for multiple myeloma.

Drug Name (Year)

A Trial Name Efficacy Data Target Patient Reference
pproved
ORR 36%; PFS 5.6 months;
GEN501 one-year survival in 77% responder; RRMM pretreated with at
Daratumumab one-year disease-free survival in 65% least 3 lines of therapy (PI, [173]
monotherapy (2015) ORR 304%: OS 205 Py IMiD or double refractory
4%; .5 months; .
’ ¢ t IMiD and PI
SIRIUS three-year OS rate 36.5% o an VL an
Daratumumab with N o MM patients who have
bortezomib and DEX CASTOR PESNRvs. 7.1 (V.d)’ Mcllmm;?; MROD’ Risk of received at least 1 prior [174]
(2016) progression reduced by 61% therapy
. Risk of progression reduced by 63%;
Daratumumab with o o .
lenalidomide and DEX POLLUX MRD 30.4% vs. 5.3./0, PFS-NR vs. 18.4 months; RRMM [174]
(2016) Prolonged median time to next therapy from 23.1
months to 50.6 months
. ORR 60% (58% in double-refractory patients); MM patient who received
Daratumumab with Among responders at follow-up of 13.1 months PFS at least 2 prior thera
pomalidomide, and DEX EQUULEUS 8.8 months and OS 17.5 months; 12-month survival inclu d?n Pl and Py [175]
(2017) rate 66%; Higher MRD negativity rate 29% at a lenali dg id
threshold of 107° enatidomide
ORR 90% (PR-19.7%, VGPR- 28.6%, CR 24.6%,
Daratumumab with SCR-18%) vs. 73.9% (24.2%, 25.2%, 17.4%, 7%);
melphalan-bortezomib- ALCYONE Response lasted for 18 months 71.6% vs. 50.2%; [164]
prednisone (D-MVP) MRD negativity rate 22.3% vs. 6.2%; 50% reduction SoC for NDMM as
(2018) in disease progression; Median PFS NR vs. combination therapy for
18.1 months patient not eligible for
Daratumumab with Median follow up of 28 months showed PFS NR vs. ASCT
lenalidomide plus DEX MAIA 31.9 months; VGPR 79% vs. 53%; CR 47.6% vs. [164]
(D-Rd) (2%19) 24.9%; MRD negativity (24.2 vs. 7.3%); Risk of
progression reduced by 44%
Daratumumab with . .
bortezomib, thalidomide, sCR rate 28.9% vs. 20.3% in VTd group NDell\i/[gl\i/{)ﬁz a;éirggch; 18
a'nd DE.X (DVTd) during CASSIOPEIA MRD negatnzlty 64% OV s 4% This treatment regiment [176]
induction (4 cycles) and CR- 36% vs. 26% iven before and after
consolidation (2 cycles) Reduction in risk of death 53% compared to VTd 8
ASCT
(2019)
Median PFS was not reached for the DKd arm and
Daratumumab with CANDOR was 15.8 months for the Kd arm RRMM who have received [177]
carfilzomib plus DEX EQUULEUS ORR was 81%, with duration response of 1 to 3 lines of therapy
27.5 months
ORR in 108 (41%) patients in the subreast
(SCC?]]SLIII\S/IB(Q/) cancerutaneous group and 96 (37%) in the
Daratumumab with D intravenous group; ARR 13% in SC group and 34% NIIDMM ar;d . [172]
. s in IV erou transplant-ineligible
hyaluronidase-fihj (2020) group patients and RRMM

ORR 88.1% in the D-VMP cohort, 90.8% for the

PLEIADES D-Rd arm and 97% for the D-VRd arm

PR: Partial response; VGPR: Very good partial response; CR: Complete response; sCR: Stringent complete response; ARR: Administration
related reaction; ORR: Overall response rate; PFS: Progression free survival.
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Another CD-38 targeting antibody, Sarclisa (isatuximab-irfc), was approved in March
2020. The chimeric Ab is used in combination with pomalidomide and low dose DEX for
the treatment of RRMM patients who had received multiple prior therapies. Besides killing
myeloma cells by CDC, ADCC, and ADCP; Isatuximab induces production of reactive oxy-
gen species downstream of lysosomal-associated pathway, leading to cell death [178]. Based
on ICRIA-MM trial, this combination therapy demonstrated a significant improvement in
PFS (11.5 months vs. 6.5 months) and ORR (60.4% vs. 35.3%) compared to control arm
(pomalidomide and DEX) and showed 40% reduction in disease progression or death [179].
Isatuximab is administered in 3.3 h in first infusion and 2.8 h in subsequent infusions.
Isatuximab has been tested in ongoing trials as part of induction therapy in transplant
eligible or non-eligible NDMM [180]. MOR22 (TJ202), another CD38 antibody, induces
ADCC and ADCP and is currently under investigation in phase III trial in combination
with lenalidomide and DEX for RRMM [181].

Xpovio (selinexor), a first-in-class oral selective-inhibitor-of-nuclear-export (SINE),
was approved in combination with DEX for RRMM patients who had received at least
four prior therapies and whose disease was refractory to at least two PIs, two IMiDs,
and one anti-CD38 antibody [125]. This novel drug blocks exportin 1 (XPO1) and forces
nuclear accumulation and activation of tumor suppressor proteins such as p53, p73, p21,
p27, pRb, FOXOs, BRCA1/2, and IkB-«. It also inhibits NF-«kB and reduces oncoprotein
translation [182]. Selinexor provides a treatment option for delaying disease progression in
patients with no available therapy.

Oprozomib and marizomib are two promising PIs currently in the clinical trial. Opro-
zomib, currently in phase II, is an oral PI that is structurally related to carfilzomib. The drug
has shown efficacy in RRMM patients who were refractory to other PIs [183]. Marizomib,
an irreversible pan-PJ, is in clinical development for RRMM [184]. A new investigational
first-in-class anti-cancer peptide-drug conjugate (PDC) called Melphalan flufenamide
(melflufen) is also under development. Melflufen is a peptidase-potentiated alkylating
agent that is rapidly taken up by aminopeptidase positive myeloma cells due to its high
lipophilicity. Once internalized, it is immediately cleaved by peptidases to deliver an
entrapped hydrophilic alkylator payload into cancer cells [185]. Recently, FDA granted
priority review of melflufen in combination with DEX for patients with MM whose disease
were refractory to at least one PI, one immunomodulatory agent (IMiD), and one anti-CD38
mAb. Melflufen combination therapy elicited ORR of 26% in patients with triple refractory
disease [186].

Venetoclax is a selective orally bioavailable B-cell lymphoma 2 (BCL-2) inhibitor with
promising result for MM patient with t(11;14) genetic alteration. In t(11;14) translocation,
upregulation of the cell survival protein BCL-2 results in disease progress. Phase III
BELLINI trial showed that the addition of venetoclax to the combination of bortezomib and
DEX significantly improves PFS in the intent-to-treat population (22.4 months) compared
to placebo plus bortezomib and DEX (11.5 months). The reported ORR, CR, and MDR
negativity were 82%, 26%, and 13%, respectively, with ventoclax regimen vs. 68%, 5%, and
1% in the control arm. Although higher risk of death was observed in ventoclax arm (51 pts)
vs. control arm (19 pts), subgroup analysis indicated that patients with t(11;14) alteration
had no excess death. In fact, patients with high BCL-2 expression showed improved PFS
by 12.4 months, indicating that venetoclax in combination with bortezomib and DEX is
effective in patients with t(11;14) genetic alteration but might cause harm to others [187].
The CANOVA trial is currently investigating efficacy of venetoclax in combination with
bortezomib and DEX in RRMM patients with t(11;14) translocation [188,189].

CD38 mAbs and SLAMEF? therapies have significantly improved the patient prognosis
but MRD persists. To overcome this challenge, a novel cell-surface receptor target, BCMA
(B-cell maturation antigen), was exploited for targeted therapy. BCMA is unique to plasma
cells and is overexpressed on myeloma cells, making it a promising target with limited
risk of off-target toxicity [190]. BCMA promotes plasma cell growth and survival by
signal transduction through BAFF (B-cell activation factor) and APRIL (a proliferation-
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inducing ligand) [191]. Upregulation of BCMA also correlates with disease burden and
poor prognosis in MM [190]. Currently, multiple BCMA targeting modalities, including
ADCs, bsAbs, and CAR T are being explored. GSK’s belantamab mafodotin (GSK2857916)
is a humanized BCMA mAb conjugated to microtubule inhibitor monomethyl auristatin-F
(MMAF) [192]. GSK2857916 is a first-in-class ADC approved to treat RRMM patients
with prior therapies with IMID, PI, and CD38 antibody [193]. Binding of belantamab
to BCMA also enhances ADCC and ADCP in myeloma cells. The FDA approval was
based on a DREAMM trial with an ORR of 31% [194]. Additional clinical trials are in
progress to evaluate belantamab mafodotin efficacy in refractory MM patients [195]. Other
promising ADCs targeting BCMA include MEDI2228 by AstraZeneca [196] and CC-99712
by BMS/Sutro Biopharma.

Another pioneering modality for treatment of MM is BiTE (Bispecific T cell engager).
BiTE recruits the patient’s own T cells to fight cancer cell. BiTE is comprised of two flexibly-
linked scFvs, with one targeting a tumor-associated antigen on myeloma cell (BCMA) and
the other targeting CD3 on T cells [190]. Small size of BiTE enhances penetration to tumor
microenvironment but causes fast clearance through kidney. AMG420 (BI 836909) is the
first BiTE under investigation for treatment of RRMM that targets BCMA and CD3 [197].
Amgen recently designed a half-life extended (HLE) BiTE molecule by introducing Fc
domain. Half-life extended (HLE) anti-BMCA BiTE has shown efficacy in mouse xenograft
model [198]. Additionally, combination of daratumumab with the bsAb teclistamab (JNJ-
64007957) targeting BCMA and CD3 is under investigation in RRMM patients. The result
of phase I trial suggested no safety concerns and 78% ORR at the highest weekly dose [199].
Other promising bsAbs under clinical investigation that target both CD3 and BCMA include
CC-93269 (Celgene), REGN5458 (Regeneron), and PF-06863135 (Pfizer). There are many
bispecific antibodies for MM in clinic or preclinic targeting CD38, CD138, CD19, CD319,
GPRC5D, and FcRL5 [200].

CAR T cell therapy is actively being explored for treatment of MM. In CAR T cell
therapy, T cells are collected from the patient and engineered ex vivo by inserting an
artificial gene to help them recognize and fight cancer cells. In short, a new T cell receptor
that binds to tumor-associated antigens is introduced in patient’s T cell. Most of the CAR T
cell therapies for MM target BCMA. Examples include bb21217 (Celgene /bluebird bio),
JCARHI125 (Celgene/Juno Therapeutics), P-BCMA101 (Poseida Therapeutics), bb2121,
JNJ-4528 /LCAR-B38M (JNJ /Nanjing legend biotech), and ALLO-715 (Allogene). Bb2121 or
idecabtagene vicleucel (Ide-cel) targets BCMA using lentiviral transduction. The expressed
molecule is comprised of anti-BCMA (scFv-targeting domain for BCMA), a transmembrane
domain fused to cytoplasmic signaling domain of a CD3-zeta activation domain and 4-1BB
co-stimulatory domain. Phase Il KarMMA trial with Ide-cel demonstrated a significant
improvement in ORR in patients with RRMM. Transplant of CAR T cells at the target
dose range of 150-450 x 10° resulted in the median ORR of 73.4% [201]. Celgene and
Bluebird Bio developed next generation anti-BCMA investigational antibody bb21217
based on BB2121 that might have longer durability due to acquired memory. Enrichment of
T-cells with a memory like phenotype was achieved with their incubation with PI3 kinase
inhibitor (bb007) ex vivo. Data suggested that this strategy might help cells to persist
longer in vivo, resulting in prolonged remission [202]. JNJ-4528 (LCAR-B38M) isa CAR T
developed by Johnson & Johnson and Nanjing Legend Biotech. JNJ4528 is a structurally-
differentiated CAR T to improve avidity. JNJ4528 consists of two BCMA-targeting single-
domain fragments with a 4-1BB co-stimulatory domain. Phase Ib CARTITUDE-1 showed
early and durable response at low dose of CAR T cells in 90% of patients. Cytokine release
syndrome was manageable. ORR was 100% with 76% sCR and 3% PR [203].

CELMoDs are potent novel cereblon E3 Ligase modulators that are specifically de-
signed for rapid and maximal degradation of target proteins called Aiolos and Ikaros.
Aiolos and Ikaros are over-expressed in MM cells. The degradation of those proteins
leads to specific downregulation of c-Myc and IRF4, resulting in the apoptosis of myeloma
cells [204]. Two CELMoDs currently in the clinic are Iberdomide (CC-220) [205] and CC-
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92480 [206,207]. Both therapeutics have demonstrated enhanced anti-tumor and immune-
stimulatory effect in preclinical studies. More importantly, they have shown promising
results in overcoming IMiD resistance and a synergistic effect with daratumumab, borte-
zomib, and DEX [208]. In the phase I study, Iberdomide with DEX demonstrated significant
activity with a RR of 31% in patients with six prior therapies [209] and a better AE pro-
file compared to IMiDs. These novel CELMoDs have the potential to overcome clinical
resistance and offer a promising treatment for RRMM.

Great progress has been achieved in the past five years in the treatment of MM with
the introduction of mAbs. Combination of daratumumab with bortezomib, thalidomide,
and DEX has shown great efficacy and progression free durability. Novel combination
therapies with lower toxicity profile were approved. Development of novel modalities
like ADCs, bsAbs, CELLMoDs, and CAR T cell therapies offer great promise for treatment
of MM.

5. Emerging Modality in Targeting across Tumor Types

It is now possible to treat many types of cancer based on their specific molecular
signature and immune phenotype regardless of the tumor origin. Histology-agnostic
therapeutics target the common molecular markers across multiple cancer types, offering a
remarkable overall response rate that is durable [210] (Table 13). Keytruda was developed
based on specific genetic features of microsatellite instability-high or mismatch-repair defi-
ciency (MSI-H/dMMR) and was approved in 2017 for the treatment of solid tumors. MSI-H
is a biomarker for cancer cells with high number of mutations within tracts of microsatellite
DNAs and dMMR is the inability of cancer cells to repair mistakes introduced during
cell division. Tumors with deficiency in DNA mismatch repair should produce a large
amount of neoantigens that could trigger immune responses. Therefore, these cancers are
more sensitive to immune checkpoint blockade, regardless of the tumor origins [211,212].
In June 2020, Keytruda was awarded the accelerated approval as a histology-agnostic
drug for treatment of Tumor Mutational Burden-High (TMB-H) solid tumors. On this
note, Genentech and Eli Lilly are evaluating their PD-L1 antibodies, atezolizumab and
LY3300054, in solid tumors with and without MSI-H biomarker [212].

Table 13. Approved histology-agnostic therapeutics.

Targeted Tumor Types
Molecular Alteration Trade Name (Drug Drug Properties in Trials and Approval
Name) Year
Microsatellite instability-
high/mismatch-repair Keytruda g .
deficiency (pembrolizumab) PD-1 inhibitor antibody 15 tumor types (2017)
(MSI-H/dMMR)
Tumor Mutational Keytruda o .
Burden-High (TMB-H) (pembrolizumab) PD-1 inhibitor antibody 10 tumor types (2020)
Pan-tropomyosin-
Vitrakvi (larotrectinib) related kinase (TRK) 17 tumor types (2018)
inhibitor
NTRK fusions Tyrosine-kinase
Rozlytrek (entrectinib) inhibitor (TKI) targeting 10 tumor types (2019)

ROS1, ALK, TRKA,
TRKB and TRKC

Source: drug@FDA.

Vitrakvi (larotrectinib) and Rozlytrek (entrectinib) target NTRK fusions. The suc-
cess of these therapies is due to the fact that NTRK is the single dominant oncogenic
driver in fusion positive cancers [213]. Pharmaceutical industry is heavily investing in the
histology-agnostic agents as part of oncology pipeline. Tumor-agnostic therapies for cancer
patients with biomarkers RET fusion, HER2, FGFR mutations, KRAS mutations, ROS1,
ALK, G12C, neuregulin 1 (NRG1) fusion [210,212,214], PD-L1 overexpression, and APOBEC
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alteration [212] are under consideration. Retevmo (selpercatinib) was approved in May
2020 for the treatment of RET fusion-positive NSCLC, RET-mutant medullary thyroid
cancer (MTC), and RET fusion-positive thyroid cancer. In the same month, FDA granted
breakthrough approval to Enhertu (fam-trastuzumab deruxtecan-nxki), a HER2-directed
ADC for NSCLC and gastric cancer patients with HER2 expression in their tumors.

Early detection of different cancer types for immediate interventions might be immi-
nent. A few studies have shown promising results in predicting the occurrence of cancer
using ctDNA and their methylation signatures [215]. An algorithm was used to access DNA
methylation patterns in the ctDNA collected from 2482 cancer patients and 4207 healthy
individuals [216]. The test detected tumor signatures for more than 50 cancer types at
different stages (non-metastatic and metastatic). The sensitivity of the assay was 39-69%
for patients in early-stage cancer (stage I and II) and 83-92% in patients in advanced stages
(stage III and IV). The limitations of this assay include the false-positive rate and low sensi-
tivity due to the lack of ctDNA in the circulation [217,218]. In Taizhou longitudinal study;,
605 asymptomatic individuals were tested by PanSeer, a noninvasive blood test based on
ctDNA methylation [219]. Within four years, 191 individuals that were asymptomatic at
the time of testing were diagnosed with stomach, esophageal, colorectal, lung, or liver
cancer. Overall, the study showed a 95% accuracy for detection of cancer in asymptomatic
individuals.

6. Concluding Remarks

In this review, we have summarized and discussed the current and upcoming ther-
apies for oncology that focus on novel biological targets, new mechanisms of action,
and emerging technologies. Target-specific therapies and immunotherapies have shown
groundbreaking results in cancer treatment. T cell stimulating therapy include the check-
point inhibitors or agonist antibodies to improve T cell activity, the utilization of bsAbs
to redirect T cells to tumor cells, autologous T cell ex vivo activation combined with bis-
pecific antibodies, CAR T cells with engineered antibodies replacing TCRs, and T cells
expressing CD16a with anti-tumor antibodies (e.g., Anti-CD20, or anti-BCMA). Use of
Keytruda showed that tumors can be treated based on their genetic profile rather than
site-of-origin. Combination drugs have enabled specific targeting of proteins, cells, and
tissues. Conjugations or fusions of small molecules, antibodies, peptides, oligonucleotides,
lipids, or carbohydrates to mAb have been explored in various stages of preclinical and
clinical development for different cancers with many of them entering clinic. In addition,
emerging technologies, such as single-cell transcriptomics, machine learning, and stem-cell
based human organoids, have enabled acquisition of a vast amount of high-dimensional
data in both discovery and development stages that can enhance our understanding of
the disease.
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Abbreviations

FDA U.S. Food and Drug Administration

CDER immunohistochemistry

CBER Center for Biologics Evaluation and Research
WHO World Health Organization

mAb Monoclonal antibody

bsAb Bispecific antibody

ADC Antibody-drug conjugate

CART  Chimeric antigen receptor T cell

AAV adeno-associated virus
ON Oligonucleotide
ASO Antisense oligonucleotide

siRNA  Short interfering RNA

CRISPR  clustered regularly interspaced short palindromic repeats
PFS Progression-free-survival

HER2 Human epidermal growth factor receptor 2

TNBC Triple-negative breast cancer

BRCA Breast cancer gene

NSCLC  Non-small lung cancer

SCLC Small cell lung cancer

ASCT Autologous stem cell transformation
PI Proteasome inhibitor

IMiDs Immunomodulatory drugs

DEX Dexamethasone

NDMM  Newly-diagnosed multiple myeloma
RRMM  Relapsed/refractory myeloma
MRD Minimal residual disease
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