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Abstract

The authors used the international classification of medications used in modern hematologic practice. The first
attempt at using chemotherapy began with the introduction of deoxyribonucleic acid (DNA) alkylating drugs
into clinical practice, along with antimetabolites and antitubulin agents, the activity of which was caused by
mitotic band disruption and/or altered DNA replication. Despite the definite success achieved by DNA-
interacting agents, they have typical myelotoxic dose-dependent effects that limit the possibility of treatment
for many hematologic malignancies (HMs). An important event in onco-hematology is the development and
use of targeted drugs, such as highly specific small molecules and monoclonal antibodies (mAbs) that inhibit
molecular targets involved in the growth and spread of malignant cells, as antitumor agents in clinical practice.
An important development in hematology for the treatment of HMs was the introduction of mAbs into clinical
practice. Following the successful use of anti-CD20 (rituximab) therapy, various modifications, including the
currently approved immunotoxin and one bispecific mAb, have been developed to improve the therapeutic
efficacy of mAbs. The Food and Drug Administration approved the world’s first genetically modified chimeric
antigen receptor T therapy in the past decade. Chimeric antigen receptor T-cells are significantly different from
other anticancer drugs due to their ability to proliferate and expand. They can persist in the patient’s blood for
months or even years and, for this reason, are called “live drugs.” Chimeric antigen receptor T-cells are the
most promising type of anticancer therapy, especially for patients with relapsed or refractory HMs who do
not respond to standard therapy. New medications are still being developed due to the need to reduce adverse
effects and improve the management of HMs.

Abbreviations

ABVD  chemotherapy with doxorubicin, bleomycin, vinblastine, and dacarbazine
ADCC  antibody-dependent cell-mediated cytotoxicity
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ADCP  antibody-dependent cellular phagocytosis

AEs adverse events

ALL acute lymphoblastic leukemia
AML acute myeloid leukemia

AZA azacitidine

BCMA  B-cell mature antigen

BEN bendamustine

bsAb bispecific antibody

BTK Bruton'’s tyrosine kinase

BTZ bortezomib

CAR-T  chimeric antigen receptor-T
CFZ carfilzomib

CLL chronic lymphocytic leukemia
CML chronic myeloid leukemia

CR complete remission

CRh partial hematologic recovery
CRi incomplete hematologic recovery
CTCL cutaneous T-cell lymphoma
DEX dexamethasone

DLBCL  diffuse large B-cell lymphoma
DOX doxorubicin
EMA the European Medicines Agency

FDA Food and Drug Administration
FL follicular lymphoma

IFN interferon

IL interleukin

IMiDs immunomodulatory drugs

HCT hematopoietic cell transplantation
HDACis pan-histone deacetylase inhibitors
HL Hodgkin lymphoma

HM hematologic malignancy

LPD lymphoproliferative disorder
mAbs monoclonal antibodies

MCL mantle cell lymphoma

MDR multidrug resistance

MDS myelodysplastic syndrome

MM multiple myeloma

MOPP chemotherapy with chloromethine, vincristine, procarbazine, and prednisolone
mOS median overall survival

mPFS median progression-free survival
MZL marginal zone B-cell lymphoma
ORR overall response rate

(OF) overall survival

PD-1 programmed death-1

PFS progression-free survival

Ph+ Philadelphia chromosome-positive

PMF primary myelofibrosis
PTCL peripheral T-cell lymphoma
NHL non-Hodgkin lymphoma

NK natural killer cells

R rituximab

RR relapsed /refractory

sCR stringent complete response

SMI small-molecule inhibitor
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STC stem cell transplantation

TKs tyrosine kinases

TKI tyrosine kinase inhibitor

TNF tumor necrosis factor

VCR vincristine

VEGF vascular endothelial growth factor
VEN venetoclax

VGPR  very good partial response
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Introduction

Chemotherapy is an effective treatment method for patients with hematologic malignan-
cies (HMs), a group of diseases affecting blood, marrow, and lymphatic nodules. These dis-
eases are classified into two types: lymphoid and myeloid [1]. Despite the undoubted success
in the treatment of these diseases, some patients have a high risk of death. This risk is due to
the large number of disease subtypes, high heterogeneity, primary refractoriness, and pro-
gression with early or multiple relapses. This category of patients seems to be the most dif-
ficult in terms of achieving an antitumor effect, since some tumor cells may be resistant to
cytostatic drugs even before the start of therapy.

Different forms of multidrug resistance (MDR) have been proposed, each corresponding to
different approaches to overcome MDR: substituting the current chemotherapy regimen with
a more potent regimen, employing high-dose chemotherapy coupled with hematopoietic
stem cell transplantation (SCT), utilizing noncytostatic therapeutic drugs, and employing
other methods that actively influence the apoptosis of tumor cells. Drugs used to treat
HMs can be divided into two groups according to their mechanism of action:
deoxyribonucleic acid (DNA)-interacting agents and molecularly targeted agents, such as
highly specific small molecules and monoclonal antibodies (mAbs) [2,3].

This chapter provides a brief overview of the drugs adopted by the Food and Drug Admin-
istration (FDA) and European Medicines Agency (EMA) in recent decades for the treatment
of patients with HMs.

DNA-interacting agents are the oldest group of anticancer agents and can be divided into
alkylating agents, cross-linking agents, intercalating agents, DNA topoisomerase inhibitors,
and DNA-cleaving agents. The first alkylating agent approved by the FDA in 1949 was
chloromethamine (mechlorethamine). This drug is used to treat lymphoma and leukemia.
Folic acid antagonists (antifolates) became the next class of drugs for the treatment of HMs
[3]. In 1948, Farber [4] reported the use of aminopterin (a derivative of folic acid) to treat chil-
dren with acute leukemia. Subsequently, methotrexate (ametopterin), which has a better ratio
of therapeutic efficacy to toxicity, was introduced into clinical practice for the treatment of
solid and hematologic neoplasia. Later, mercaptopurine was discovered as the first structural
analog of purine.

Thus folate, purine, and pyrimidine antagonists constitute one of the oldest classes of an-
ticancer drugs, that is, antimetabolites. Natural plant alkaloids with antitubulin activity
(vinca alkaloids) have become other useful agents in the treatment of HMs. Other natural
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products include cytotoxic antibiotics such as bleomycin and doxorubicin (DOX). Bleomycin
was the first approved DNA-cleaving agent. This drug is used to treat malignant lymphomas
[5]. DOX was approved by the FDA in 1974 and has shown antitumor activity in the treatment
of various HMs through multiple mechanisms, including intercalation into DNA and inhibi-
tion of topoisomerase II activity [6]. Four years later (1978), the FDA approved cisplatin,
which inhibits cell division by cross-linking purine bases, preferentially guanines. Cisplatin
was subsequently tested against a wide range of cancers and exhibited potent antitumor ac-
tivity. Imatinib, the first small-molecule inhibitor (SMI) of several tyrosine protein kinases, is
indicated primarily for the treatment of patients with chronic myeloid leukemia (CML) [3].

Animportant step in the development of onco-hematologic treatment is the introduction of
targeted therapy with effective SMIs or with specific mAbs after humanization. An important
development in hematology for treating HMs has been the introduction of mAbs into clinical
practice. The first mAb approved by the FDA in 1997 for the treatment of relapsed or refrac-
tory B-cell lymphoma, poorly differentiated lymphoma, or follicular non-Hodgkin lym-
phoma (NHL) was rituximab (R) (anti-CD20) [7].

Finally, the FDA and EMA approved the first therapy using genetically modified T-cells,
known as chimeric antigen receptor T (CAR-T) therapy. Cellular therapies, including CAR-T
cells, have the advantage of remaining in the body for long periods of time, allowing them to
proliferate and expand. This property has earned them the nickname “living drugs” because
they can remain in a patient’s bloodstream for months or even years. CAR-T cells represent a
promising form of antitumor therapy, particularly for patients with relapsed or refractory
HMs who do not respond to standard treatments [8§-10]. According to focused research, their
application in the treatment of solid tumors could be expected. Chemotherapy is one of the
most important methods for treating onco-hematologic diseases. Various chemotherapeutic
agents, including alkylating agents, antimetabolites, antitumor antibiotics, antimitogenic
drugs, and topoisomerase inhibitors, are used in modern hematology.

Chemotherapeutic drugs

Alkylating agents

The first drugs that began to be used to treat tumors were alkylating agents [11]. Alkylating
agents cause damage to DNA and RNA through alkylation of the guanine backbone at the
nitrogen atom at position 7. As a result, cross-links and DNA breaks are formed, the replica-
tion process is disrupted, mutations occur, and cells die [12].

This process leads to a disruption of the DNA structure and the inability of malignant cells
to undergo mitosis. This process, in turn, triggers the apoptosis mechanism in damaged cells.
The cytostatic effect of alkylating agents occurs regardless of the phase of the cell cycle. Sev-
eral alkylating agents have been developed. They are chlorethinamine derivatives, aziridine
derivatives, disulfonic acid esters, nitrosourea derivatives, triazines, platinum complexes,
and several more recently developed groups. The first alkylating agent approved by the
FDA was nitrogen mustard mechlorethamine (chlormethine) [3]. Currently, chloroethyl
amine derivatives have a broad spectrum of action and are used to treat chronic lymphopro-
liferative disorders (LPDs).
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Alkylating agents have been developed whose antitumor effects require their transforma-
tion into active metabolites in cells. In tumor cells, the concentration and activity of the nec-
essary enzymes that “transform” the inactive prodrug into its active form are usually
significantly higher than those in healthy tissues. This property substantially expands the
antitumor action of these drugs on different types of tumors compared with the spectrum
of action of “nonspecific” alkylating drugs, such as mechlorethamine and chlorambucil. This
mechanism is precisely the principle of action of alkylating medications from the group of
chloroethylamine derivatives (the so-called “phosphoramide mustard”): cyclophospha-
mide, ifosfamide, etc. Cyclophosphamide undergoes biological transformation by enzymes
such as phosphatases in malignant cells. These drugs are metabolized in the liver by cyto-
chrome P450 [13]. The intermediates phosphoramide mustard and acrolein are
cytotoxic. A typical complication of this group of cytostatics is hemorrhagic cystitis leading
to fibrosis of the bladder.

Several alkylating agents have been specially synthesized so that the active alkylating
group (in most cases, a bis-f-chloroethylamine group) is combined with one or another body
metabolite, the need for which has increased in cancer cells [13]. Thus melphalan, which is
widely used in LPD and multiple myeloma (MM) [14], was synthesized. Agents in which an
alkylating group is combined with a hormonally active substance to selectively act on the
DNA of cells expressing specific hormone receptors have been synthesized.

Dialkylating alkylating agents can simultaneously react with two different 7-N-guanine
nucleotide residues of the DNA molecule they attack [15]. If the attacked 7-N-guanine bases
are on different strands of double-stranded DNA, a cross-link forms between the two DNA
strands. This cross-linking leads to the impossibility of unfolding the DNA molecule and di-
viding the helix into two strands. As a result, the cell, deprived of the ability to divide, starts
the process of apoptosis. If two 7-N-guanine residues with which the alkylating agent mol-
ecule reacts are located on the same DNA strand, “intrastrand binding” of DNA occurs,
which disrupts the spatial structure of DNA and its function [16]. A classic example of an
alkylating agent is busulfan; the main indication for its use is CML [13]. Monoalkylating agents
can react with one molecule only with one 7-N atom of one guanine residue. Unlike
dialkylation, neither intrastrand binding nor monoalkylation can prevent double-stranded
DNA from unfolding and separating. However, both prevent enzymes vital for the division
process from gaining access to DNA. This effect inhibits or suppresses tumor growth and/or
stimulates apoptosis [15]. Monoalkylating drugs include Leukeran [16].

Nitrosourea derivatives include carmustine and lomustine. The mechanism of action of
carmustine is the action of active metabolites on tumor cells through alkylation, resulting in
the formation of breaks and cross-linking of the DNA of malignant cells, which leads to the
arrest of mitosis and possibly DNA replication. In combination with prednisone, carmustine
is used for Hodgkin lymphoma (HL) and NHL [16].

Platinum complex compounds are sometimes classified as a separate group, but their
mechanism of action is the same as that of other representative alkylating agents. In 1965, Ro-
senberg et al. discovered that cisplatin, a platinum coordination complex, inhibited cell divi-
sion [17]. Cisplatin was introduced into trials against a wide range of tumor types, where it
showed antitumor activity by cross-linking DNA. The drug was approved by the FDA in 1978
and has since been in use as a first-line treatment for patients with various forms of HMs.
A representative triazine is dacarbazine, and its antitumor effect is due to the active
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metabolite 5-aminoimidazole-4-carboxamide, which forms methyl carbon ions that bind nu-
cleophiles in the DNA molecule. Dacarbazine is used to treat patients with advanced-stage
HL who are considered incurable. The introduction of poly-chemotherapy according to the
MOPP regimen [chloromethine, vincristine (VCR), procarbazine, and prednisolone] [18] into
medical practice led to favorable treatment results in approximately 50% of patients with late-
stage HL.

The dose-limiting toxicity of all representative alkylating agents is the inhibition of hema-
topoiesis, which is often persistent. The use of these drugs can have mutagenic and terato-
genic effects. The development of secondary leukemia is possible. The most common
undesirable effects are nausea, vomiting, and sometimes alopecia and dry skin [11].

Antimetabolites

As a result of the work on folic acid antagonists conducted by S. Farber, antifolates were
developed. One of these drugs is aminopterin (4-aminofolic acid), which is used for the treat-
ment of children with acute leukemia [4]. Then, mercaptopurine and fluorouracil were de-
veloped as the first structural analogs of purines and pyrimidines. Mercaptopurine was
synthesized by Elion et al. in 1952 [19] and was first approved by the FDA in 1953 [20], while
fluorouracil has been used in practice since 1962. These drugs are widely used for the treat-
ment of HMs, such as acute leukemia [4]. Mercaptopurine was commercially available only
as 50mg tablets until 2014, when the FDA approved a new liquid formula, mercaptopurine
(PURIXAN) [21]. PURIXAN is a 20mg/mL oral suspension indicated for treating patients
with acute lymphoblastic leukemia (ALL) as part of a combined treatment. This drug causes
a delay in DNA synthesis without disrupting the synthesis of RNA. Researchers believe that
the selective (selective) antimetabolic (opposite to the action of metabolites—natural meta-
bolic products in the body) effect is associated with a disruption of the enzymatic conversion
of ribonucleotides into deoxyribonucleotides. Additionally, hydroxyurea may delay the in-
corporation of thymidine into DNA.

Bendamustine (BEN) was first considered a synthetic alkylating agent for use in patients
with refractory and relapsed HL. Recently, it has been characterized by the terminological
oxymoron “new old” drug [22]. BEN is a drug that combines the properties of an alkylating
agent and an antimetabolite [23]. BEN is widely used to treat chronic lymphocytic leukemia
(CLL) [24-28], NHL [29-31] and MM [32,33]. In the United States, the drug was approved in
March 2008 as a first-line treatment for patients with CLL and for the treatment of NHL. The
BEN molecule consists of three structural elements: a mechlorethamine group, a benzimid-
azole ring, and butyric acid. Mechlorethamine (mustargen) has alkylating properties similar
to those of cyclophosphamide and chlorambucil. The benzimidazole ring, which replaces the
benzene ring as in the chlorambucil molecule, has antimetabolic activity identical to that of
the purine analogs. Finally, the hydroxylated butyric acid chain provides water solubility
[23]. The mechanism of action of BEN is not completely clear [34]. Molecular studies have
revealed the differences between BEN and traditional alkylating agents and their
multifunctional effects on tumor cells [35].

For less than two decades, BEN has been confirmed to be a highly effective treatment for
CLL and indolent lymphomas [36]. As a bifunctional anticancer drug with alkylating activity
and additional antimetabolic properties [37], BEN has pronounced antiproliferative and
proapoptotic effects on quiescent and dividing malignant cells, regardless of the status of
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the p53 gene. In this case, the cells die due to the arrest of the cell division cycle at the control
point G2/M and mitotic catastrophe [34].

The drug initiates “classical” p53-dependent apoptosis. Nevertheless, its unique feature is
more pronounced and faster formation of an intracellular proapoptotic signal, irreparable
DNA damage, and inhibition of several mitotic checkpoints, ultimately leading to mitotic
catastrophe. Along with the robust activation of the “classical” cascade of programmed cell
death, including alternative cell death through mitotic catastrophe, parallel induction may
explain the high effectiveness of BEN in treating patients with refractory courses of various
types of lymphomas [25]. The leading role of this powerful proapoptotic drug is the presence
of additional antimetabolic agents with a purine-like effect. The effect of BEN on intracellular
signal transduction cascades at the molecular level leads to necrosis and p53-dependent and
p53-independent apoptosis in target cells through DNA alkylation [26]. In vitro evidence that
BEN and R exhibit synergistic effects [27] allowed the introduction of this regimen into clinical
practice as a “rescue” therapy. In addition, this immuno-chemotherapy regimen has shown to
be a highly effective anticancer therapy for patients with progression of HL after high-dose
chemotherapy with autoSCT and for patients with continuously relapsing disease [28]. BEN
is combined with etoposide, cytarabine, and melphalan (BeEAM scheme) as a conditioning
regimen in patients with refractory/recurrent (RR) NHL. BEN has been successfully used as
part of chemotherapy regimens such as BR (BEN+R) [38], R-BAC (R+BEN +cytarabine),
VBR (R+BEN +bortezomib), and others for the treatment of chronic LPD.

Natural alkaloids with antitubulin activity

Natural alkaloids with antitubulin activity have received good clinical evaluations and
were approved by the FDA in 1963 as a therapy for various HMs. R. L. Noble isolated the first
two vinca alkaloids, vinblastine and VCR, which bind to tubulin proteins and thus inhibit
their polymerization in microtubules [39].

Changes in microtubule structure cause the breakdown of the mitotic spindle and the
accumulation of chromosomes, leading to the activation of apoptotic pathways and cell death
(Fig. 1). Anew VCR formulation for the treatment of adults with rare leukemias (pH-negative
ALL) is vincristine sulfate encapsulated in sphingomyelin and cholesterol-based
nanoparticles (vincristine sulfate liposome injection; MARQIBO). Vincristine sulfate
liposome injection comprises a unique slow-release liposomal system suitable for VCR
delivery and dose enhancement. The liposomal carrier prolongs the circulation time of the
drug, optimizes delivery to target tissues, and increases the therapeutic index [40].

Cytotoxic antibiotics

Other natural products include cytotoxic antibiotics such as bleomycin and DOX.
Bleomycin was the first DNA cleavage agent registered in 1973 [5] for treating NHL, and
DOX was first approved by the FDA in 1974 [40]. The drug showed antitumor activity through
several mechanisms, including intercalation into DNA and inhibition of topoisomerase Il activ-
ity. DOX entered clinical practice as part of the ABVD regimen (DOX, bleomycin, vinblastine,
and dacarbazine) in 1975 [41]. This treatment option was recommended for patients who ex-
perienced HL relapse after first-line MOPP therapy. The choice of drugs was determined
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Mitosis blocked by Vinca alkaloids

Tubulin molecules fail to
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FIG. 1 The schematic representation of the mitosis blocked by Vinca alkaloid. The vinca alkaloid’s cytotoxicity is
due to its synergy with tubulin and disruption of microtubule activity. This primarily happens in the microtubules
that comprise the mitotic spindles, resulting in a halt in the metaphase phase of the cell cycle.

because vinblastine, a natural alkaloid with antitubulin activity, has shown high efficacy as a
monotherapy for several malignant neoplasms and is not cross-resistant to other cytostatics.
DOX and bleomycin are known to be effective antitumor drugs. These agents produce a pos-
itive response to treatment in approximately 50% of patients, and dacarbazine was added to the
regimen as an effective drug in monotherapy and in synergistic therapy with DOX [41-43]. An
analysis of treatment results using three courses of ABVD or MOPP followed by radiation ther-
apy revealed the advantage of the ABVD regimen over the MOPP regimen: survival and free-
dom from progression for ABVD were 81% versus 63% for MOPP [44,45]. Subsequent
multicenter studies showed that the effectiveness of the MOPP and ABVD regimens and their
combination is approximately 80%-90%. At the same time, the rates of freedom from treatment
failure and overall survival (OS) at the 5-year follow-up were only 65%-70% and 75%—85%,
respectively [45,46]. The hybrid MOPP / ABV regimen (chlormethine, VCR, procarbazine, pred-
nisone, DOX, bleomycin, and vinblastine) was compared with the alternating MOPP/ABVD
regimen and two sequential courses of MOPP and ABVD. The efficacy of the ABVD regimen
is similar to that of the MOPP/ABYV regimen. Nevertheless, at the same time, it is less toxic
[42,47,48]. The Stanford V regimen (DOX, vinblastine, chlormethine, bleomycin, VCR,
etoposide, and prednisolone) was created according to a regimen with reduced toxicity. The
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5-year event-free survival rate in this centralized training group was 89%, and the OS rate was
96% at a median follow-up of 5.4 years [49]. DOX has been widely used to treat HMs [50].

Fixed-dose combination drugs

Almost 40years later, fixed-dose combination drugs, which are combinations of two or
more active agents and are a promising strategy for antitumor therapy, have been synthesized
and approved by the FDA as anticancer agents since all their ingredients act on the target
malignant cell simultaneously through different mechanisms. Disruption of the cell cycle
in different phases leads to better suppression of malignant cells.

VYXEOS is the first FDA-approved liposomal encapsulation formulation. It consists of
cytarabine and daunorubicin at a molar ratio of 5:1, which are enclosed in liposomes. After
the liposome is destroyed during the internalization of the drug into the target cells,
cytarabine and daunorubicine enter the cell. Cytarabine, a pyrimidine nucleoside analog ap-
proved in 1969, is incorporated into DNA and inhibits DNA synthesis in the S phase of the cell
cycle, followed by apoptosis [51,52]. Daunorubicine, an anthracycline antibiotic approved for
medical use in 1979, inhibits DNA synthesis by intercalating and blocking topoisomerase 11
activity [53]. Both drugs work synergistically to induce the death of leukemic cells. VYXEOS
produced a clinically significant improvement in OS compared with conventional chemother-
apy in scheme “7 + 3” (cytarabine and daunorubicine) in adults with different forms of acute
myeloid leukemia (AML) [54,55]. CLTR0310-301, a multicenter, randomized, phase Il trial of
liposomal VYXEOS injection compared with a standard “7+3” regimen in patients aged
60-75years with untreated high-risk AML showed a statistically significant difference in
OS between the two groups. OS was more than double at 5 years of treatment with VYXEOS
(18%) versus “7 +3” (8%). The median overall survival (mOS) was 9.56 months in the VYXEOS
group compared with 5.95months for standard chemotherapy, reducing the risk of death by
31% [54,55]. While cancer therapy might increase survival time, it can also lead to major ad-
verse events (AEs) that negatively impact patients” quality of life. The most common side ef-
fects were hypersensitivity, including rash, febrile neutropenia, edema, diarrhea/colitis,
mucositis, fatigue, musculoskeletal pain, abdominal pain, and decreased appetite [56].

Small-molecule anticancer drugs

Tyrosine kinase inhibitors

The next agents for treating HMs are inhibitors of various kinases. Tyrosine kinases (TKs)
are enzymes that selectively phosphorylate the hydroxyl groups of tyrosine residues in var-
ious proteins using ATP and are involved in regulating growth, differentiation, proliferation,
migration, cell metabolism, and apoptosis. Imatinib was the first SMI to be selective for var-
ious protein TKs. It was synthesized by Buchdunger in 1996 and approved by the FDA in
2001. The indications for usage are newly diagnosed adult and pediatric patients with Phil-
adelphia chromosome-positive (Ph+), BCR-ABL fused gene-positive CML (Ph+cCML) in the
chronic phase; patients with Ph+ CML in the blast crisis, accelerated phase, or chronic phase
after the failure of interferon-alpha therapy; adult patients with RR Ph+ or Ph+ ALL, pediatric
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patients with newly diagnosed Ph+ ALL in combination with chemotherapy; and adult pa-
tients with hypereosinophilic syndrome and chronic eosinophilic leukemia who have the
FIP1L1-PDGFRa fusion kinase (mutational analysis or FISH evidence of CHIC2 allele dele-
tion) [57-62]. The main AEs of imatinib that require medical attention are bleeding problems;
bloating or swelling of the face, hands, lower legs, and feet; chest pain; chills; cough; de-
creased urination; painful or difficult urination; fever; pale skin; rapid weight gain; weight
loss; shortness of breath or trouble breathing on exertion; convulsions (seizures); muscle pain
or cramps; nausea and vomiting; chest tightness; wheezing; bone pain; loose stools; constipa-
tion; headache; joint pain; and night sweats [63].

Recently, the FDA and EMA have approved four new drugs known as TK inhibitors (TKIs).
These drugs include agents that target the nonreceptor Bruton TK (BTK) or nonreceptor sar-
coma and Abelson kinases. Ibrutinib [64,65], acalabrutinib [66], and zanubrutinib were devel-
oped as second-line therapies for treating mantle cell lymphoma (MCL) [67].

The mechanism of action of these drugs is the irreversible inhibition of BTK activity. This
inhibition results in the blockade of B-cell antigen receptor signaling [i.e., nuclear factor of
activated T-cell pathway, nuclear factor kappa light chain enhancer of activated B-cells
(NF-kB) pathway, and mitogen-activated protein kinase pathway]. As a result of these pro-
cesses, the proliferation and survival of malignant B-cells are impaired [67-69]. The overall
response rate (ORR) for the use of a TKI (ibrutinib) was 62% (CR—14%) [70]. The most com-
mon AEs leading to treatment interruption or discontinuation in ibrutinib-treated patients
with CLL are atrial fibrillation, infections, and cytopenias, as well as joint/bone pain, muscle
cramps, and hypertension [71].

To date, ibrutinib has been used as a therapy for patients with Waldenstrom macroglob-
ulinemia [72] and CLL with a deletion of chromosome 17 (17p deletion) [71]. In 2019, the FDA
approved ibrutinib in combination with obinutuzumab, an anti-CD20 mAb, as the first reg-
imen for patients with previously untreated CLL [73]. Acalabrutinib is a second-generation,
highly selective, potent, covalent BTK inhibitor that exhibits minimal off-target activity in
in vitro assays, providing the potential to improve tolerability over the first-in-class BTK in-
hibitor ibrutinib [66,74]. The FDA approved acalabrutinib for treating RR MCL and CLL in the
USin 2017 and 2019, respectively. Acalabrutinib is also undergoing trials for other B-cell ma-
lignancies, both as a monotherapy and in combination therapy [75-80].

Bosutinib is a dual inhibitor of nonreceptor sarcoma and Abelson kinases [81]. It is ap-
proved for the treatment of patients with Ph+ CML who are resistant or intolerant to prior
therapy [82,83]. Preclinical and clinical data on the use of bosutinib in both hematologic dis-
eases (CML or ALL) and solid tumors indicate the clinical effectiveness of this drug [82-87].
Bosutinib has a distinct side effect profile with very few cardiovascular and thromboembolic
events compared with other TKIs. Common side effects are gastrointestinal symptoms (fre-
quent diarrhea in more than 80% of patients) [86].

Multikinase inhibitors

Resistance to TKIs has necessitated the development of new mutation-resistant inhibitors,
such as ponatinib, midostaurin, and gilteritinib [88]. Ponatinib is a multitarget inhibitor
with high affinity and optimized binding to the active site of the BCR-ABL kinase domain,
which may contain T315. This mutation is the main cause of inhibition of drug access to
the ATP-binding site of the enzyme, which leads to resistance to first- and second-generation
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TKIs [89,90]. Ponatinib is effective at inhibiting native and mutant BCR-ABL and is used in
patients with Ph+ leukemia who are resistant or intolerant to all other TKIs [89,91-93]. The
drug is also indicated for Ph+ ALL [94].

Midostaurin and gilteritinib are FDA-approved agents for treating patients with newly
diagnosed FLT3-mutated AML. Midostaurin is a type III receptor TKI that inhibits FLT3
and other receptor TKs, including platelet-derived growth factor receptors, cyclin-dependent
kinase 1, src, c-kit, and vascular endothelial growth factor [95-97]. In combination with all-
trans retinoic acid, midostaurin shows antitumor activity against AML with wild-type
FLT3 mutations both in vitro and in vivo. These results may provide new therapeutic strat-
egies for some patients with AML without FLT3 mutations and indicate a new target for
midostaurin [98]. Midostaurin has been approved by the FDA and EMA for treating AML
with FLT3 mutations in combination with intensive induction and consolidation therapy,
as well as for treating systemic mastocytosis with an associated HM [99,100]. Midostaurin
in combination with standard chemotherapy effectively improved the OS of patients with
FLT3-mutated AML, with a median of 57months and an mOS of 74.7months versus
26 months for the placebo group (P =.007), indicating a 23% reduction in the risk of death after
treatment with midostaurin. Compared with the placebo, midostaurin significantly im-
proved the median progression-free survival (mPFS): the mPFS was 8 months for
midostaurin compared with 3.6months for the placebo (P=.003) [100]. The results of the
UNIFY trial showed that the clinical effect of midostaurin on AML is manifested mainly
in patients with FLT3 mutations [101-104]. The most common adverse events (AEs) associ-
ated with midostaurin that led to discontinuation were infections (7.8%) and gastrointestinal
disorders (4.5%) [97].

The mechanism of action of gilteritinib involves binding to the active conformation of
FLT3 at the ATP-binding site, which leads to a decrease in the proliferation of malignant cells
that overexpress the mutant protein [105,106]. Gilteritinib is an oral, potent FLT3 inhibitor
active against FLT3-ITD and FLT3-TKD mutations. Gilteritinib became the first and only
FDA-approved targeted drug that can be used as monotherapy to treat RR AML with
FLT3 mutations [107,108]. In the randomized phase Il ADMIRAL trial comparing gilteritinib
[106] with salvage therapy in patients with RR FLT3-mutated AML, gilteritinib improved OS
(mOS of 9.3months vs. 5.6months with chemotherapy; P<.001). In addition, the use of
gilteritinib in this study suppressed transfusion dependency.

Gilteritinib combined with venetoclax (VEN), a BCL-2 inhibitor, enhances BCL-2 depen-
dency and reduces BCL-xL. and MCL-1 expression [109-111]. In a phase Ib clinical trial of
gilteritinib plus VEN in patients with RR FLT3-mutated AML, the combination achieved
modified composite complete remission, defined as complete remission (CR) with incomplete
hematologic recovery (CRi), a morphological leukemia-free state rate of 75% and an mOS of
10.0months [112]. These results compare favorably with those of gilteritinib monotherapy in
the ADMIRAL study—for which the modified composite CR rate was 54% [109]—although
patients in the gilteritinib plus VEN study were more heavily pretreated.

The standard of care for patients with newly diagnosed AML who are unfit for intensive
chemotherapy is a combination of azacitidine (AZA) plus VEN [113,114]. However, FLT3 mu-
tations are a common mechanism of resistance to this regimen. Adding gilteritinib, an oral
FLT3 inhibitor, to AZA and VEN improved outcomes in patients with FLT3-mutated AML
[106]. The CR/CRi rate was 96% (CR, 90%; CRi, 6%). Sixty-five percent of the evaluated pa-
tients with the FLT3-ITD mutant achieved measurable residual disease [115].
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Mutations that activate the intracellular JAK kinase and signal transducer and activator of
transcription pathways (STAT) (JAK2, V617F, and JAK2 exon 12) have been identified in pa-
tients with chronic myeloproliferative disorders. Two drugs have been registered for the
treatment of primary myelofibrosis (PMF), namely, ruxolitinib and fedratinib [116].
Ruxolitinib is a JAK inhibitor that selectively inhibits the JAK1 and JAK2 protein kinases.
The application of ruxolitinib (a JAK1/2 inhibitor) results in improved blood counts, spleen
size, and quality of life in patients with PMF [117-121]. It is an oral medication approved by
the FDA for the treatment of high-risk myelofibrosis, patients with polycythemia vera who
are intolerant or resistant to hydroxyurea, and patients with steroid-refractory acute graft-
versus-host disease [116-122].

Fedratinib, an alternative-approved JAK inhibitor, is potent and selective for JAK2, re-
gardless of its mutational status [123]. Fedratinib, an oral JAK2 inhibitor, is approved for pa-
tients with PMF and platelet counts >50 x 10°/L, based on outcomes from the phase III
placebo-controlled JAKARTA trial in JAK-inhibitor-naive myelofibrosis and the phase II,
single-arm JAKARTA? trial in patients previously treated with ruxolitinib [120]. Compared
with ruxolitinib, fedratinib causes a more significant reduction in spleen size and disease-
related symptoms [120-124].

The most common nonhematologic AEs included ecchymosis, headache, dizziness, ab-
dominal pain, fatigue, and diarrhea. The most common hematologic AEs observed with
ruxolitinib during the trials included anemia and thrombocytopenia [120].

Phosphatidylinositol 3-kinase inhibitors

Phosphatidylinositol 3-kinases are a family of lipid kinases that phosphorylate phosphoi-
nositides at the 3-hydroxyl group of the inositol ring. Dysregulation of the phosphatidy-
linositol 3-kinase pathway, particularly aberrant activation, is one of the most commonly
observed alterations in HMs and is an important target for selective anticancer therapy
[121]. Three phosphatidylinositol 3-kinase inhibitors have been approved since 2011:
idelalisib, copanlisib, and duvelisib [125-127]. These drugs directly reduce the proliferation
and survival of malignant B-cell leukemia and lymphoma cells. As a result, the FDA has ap-
proved these drugs for the treatment of various types of leukemia and lymphoma [127-131].
Idelalisib is a potent SMI of phosphoinositide 3-kinases [132]. A phase I study of idelalisib
monotherapy in patients with RR CLL showed an ORR of 72% and an mPFS of 15.8 months
[125]. A randomized, double-blind, placebo-controlled phase III study in patients with pre-
viously treated, high-risk CLL with the del17p mutation, TP53, or no immunoglobulin heavy
chain hypermutation was stopped early due to the high efficacy of idelalisib in combination
with R. The median progression-free survival (PFS) in the idelalisib and placebo groups at
24 weeks was 93% and 46%, respectively (P <.001), and the OS at 12months was 92% and
80%, respectively (P =.02) [130].

A phase II study examining the role of idelalisib in combination with R in treatment-naive
CLL patients reported an ORR of 96.9%. CLL patients with del17p/TP53 mutations also had
similar ORRs. The median duration of response and mPFS were not reached at the time of
analysis, with mPFS rates of 92.9% at 24 months and 82% at 36 months [131]. Based on the re-
sults of these studies, the researchers concluded that idelalisib is a highly effective, new
targeted therapy for treating patients with NHL and CLL [131], as it induces high long-term
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response rates with favorable mPFS, PFS, and mOS. Combinations of idelalisib with BEN + R
(BR) chemotherapy in the RR CLL population are safe, producing both mPFS and mOS ben-
efits. Combined targeted therapy including idelalisib is crucial for treating CLL/NHL
[131,133-136].

Copanlisib showed efficacy and safety as a monotherapy in patients with RR NHL who
had received at least two anti-CD20 mAb-containing therapies and who were progression-
free and treatment-free for at least 12months or at least 6 months for patients unwilling or
unfit to receive chemotherapy [137]. The combination of copanlisib with R significantly im-
proved the mPFS compared with placebo plus R, with an mPFS of 21.5months versus
13.8months (P <.0001) [138,139]. The most common grade 3—4 AEs were hyperglycemia at
56% in the copanlisib plus R group versus 8% in the placebo plus rituximab group and hy-
pertension at 40% versus 9%, respectively [139]. The high efficiency of copanlisib in treating
chronic LPDs in combination with other drugs has been noted [140,141].

Duvelisib, a first-in-class dual phosphatidylinositol 3-kinase inhibitor, inhibits phosphati-
dylinositol 3-kinase activity, resulting in decreased differentiation and migration of various
components of the tumor microenvironment, such as T helper cells and M2 tumor-associated
macrophages [142,143]. Duvelisib was effective in treating CLL, follicular lymphoma (FL),
and marginal zone B-cell lymphoma (MZL): the ORR of patients with CLL, FL, and MZL
was 67.9%, 42.2%, and 38.9%, respectively, and the mPFR was 9.5months [64,144,145]. Com-
mon AEs of any grade were diarrhea (48.8%), nausea (29.5%), neutropenia (28.7%), fatigue
(27.9%), and cough (27.1%).

Enzyme inhibitors

Histone deacetylase inhibitors

Since 2011, two histone deacetylase inhibitors have been approved for the treatment of HMs.
These agents include belinostat (for patients with RR peripheral T-cell lymphoma (PTCL)) and
panobinostat (for patients with recurrent MM), who have received at least two prior treatment
regimens, including bortezomib (BTZ) and immunomodulators [146-149].

Histone deacetylase (HDAC) inhibitors have shown efficacy in treating PTCL, as well as
other hematologic and solid malignancies [150,151]. HDAC inhibitors lower the apoptotic
threshold of malignant cells by downregulating antiapoptotic proteins, upregulating
proapoptotic proteins, inhibiting DNA repair, and inducing DNA damage [152]. In patients
with RR PTCL, the ORR was 26% after belinostat monotherapy at a dosage of 1000mg/m?/
day administered as an intravenous infusion for 30min on days 1-5 of a 21-daycycle [150],
including a CR rate of 11% and a PR frequency of 15%. The median time to respond was
5.6weeks (range 4.3-50.4weeks), with a mean duration of response of approximately
8.3months. The BELIEF study analyzed patients with variable platelet counts [146]. In
patients with platelet counts >100,000/puL, the ORR was 28%, including 11% of patients
who achieved a CR. The researchers concluded that even patients with a poor bone marrow
reserve and low platelet counts tolerated and benefited from belinostat treatment. Another
interesting finding of the BELIEF trial was the response rate in patients with angio-
immunoblastic T-cell lymphoma; among 22 patients with angioimmunoblastic T-cell
lymphoma, the ORR was 46%.
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The BELIEF study included an analysis of ORR rates stratified by different RR PTCL
subtypes.

Despite the magnitude of this response, this trial still included a small number of patients,
and the study could not describe differences in response rates between different subtypes.
However, the results of the BELIEF study suggest that belinostat may target some discrete
biological factors in angioimmunoblastic T-cell lymphoma that are not targeted by other
HDAC inhibitors. A study [151] supported the conclusion that this class of drugs produces
ORRs in the 25%-30% range, with a very favorable safety profile. Belinostat has been shown
to be safe as an ambulatory intravenous infusion for more than 30min. Common AEs
included nausea, fatigue, pyrexia, anemia, and vomiting. The most common serious AEs
(>5%) were pneumonia (5%), pyrexia, infection, anemia, increased creatinine levels, throm-
bocytopenia (13%), neutropenia (13%), and anemia (10%) (6%) [151]. HDAC inhibitors
synergize with various drugs and can be combined with targeted therapy and traditional
cytotoxic agents [147-157]. Thus belinostat, a new-generation HDAC inhibitor, has shown
promising activity in patients with heavily treated PTCL and has a very favorable safety
profile with minimal grade 3 and 4 toxicities. It is exceptionally well tolerated in patients with
thrombocytopenia.

Panobinostat monotherapy in patients with RR MM resulted in limited clinical activity,
with 2/38 patients achieving a partial and minor response [153]. At the same time, after a
course of therapy using the “BTZ + panobinostat” regimen, 26.3% of patients achieved PR
[154]. In the Panorama clinical trial (“panobinostat-BTZ-dexamethasone (DEX)” scheme),
CR was diagnosed in 34.5% of patients, with an mPFS of 5.4months [155]. The combination
of panobinostat with carfilzomib (CFZ) was further studied in another trial [156]: 57% of pa-
tients achieved CR with an mPFS of 8 months and an mOS of 23 months. Positive results from
clinical studies were obtained using other combinations: BTZ or thalidomide-panobinostat,
lenalidomide and panobinostat [157], BTZ, thalidomide, DEX-panobinostat [158], CFZ-
panobinostat [159,160].

Isocitrate dehydrogenase inhibitors

Isocitrate dehydrogenases play essential roles in many cellular processes, including mod-
ulation of the response to glucose by regulating insulin secretion, glutamine metabolism or
synthesis, and lipid metabolism. In addition, enzymes exhibit antioxidant activity associated
with the regulation of the redox status of cells, which protects against lipid peroxidation and
oxidative DNA damage [161]. Isocitrate dehydrogenase mutations are found in many solid
tumors, as well as in AML [162,163]. Since 2011, first-in-class mutant isocitrate dehydroge-
nase inhibitors, such as enasidenid and ivosidenib, have been approved by the FDA for
the treatment of RR AML. Both induce terminal differentiation of bone marrow leukemic
blast cells [162,163]. Ivosidenib is safe and well tolerated as maintenance therapy following
allogeneic SCT. The 2-year mPFS was 81%, and the 2-year OS was 88% [164]. Studies have
documented the effectiveness of ivosidenib as a monotherapy for RR AML [164-166] and
in combination with AZA [167-169].

Enhancer ofzZeste homolog 2 inhibitor

Tazemetostat is a first-in-class, potent, and highly selective inhibitor of enhancer of zeste
homolog 2 (a histone lysine methyltransferase). Its mechanism of action is to block enhancer
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of zeste homolog 2 activity and lysine trimethylation, which leads to tumor regression [170].
During clinical development, tazemetostat showed favorable safety and response profiles in
patients with lymphomas [171-173]. Tazemetostat showed antitumor activity as a
monotherapy in patients with RR FL who received >2 prior lines of therapy. In clinical studies
of patients with RR FL, tazemetostat in combination with lenalidomide and R generated an
objective response rate of 73%-78% and an mPFS of 36-39 months [174].

DNA and RNA methyliransferases inhibitor

DNA and RNA methyltransferases are enzymes that catalyze DNA and RNA methylation,
respectively. DNA methyltransferases play important roles in epigenetic gene regulation, in-
cluding transcriptional silencing and transcriptional activation, while RNA methyltransferases
are involved in RNA stability, splicing, and epigenetic mechanisms [175,176]. AZA is a cytidine
nucleoside analog that is phosphorylated in the cell to its active form, thatis, AZA triphosphate,
and is included in DNA and RNA [177]. AZA further reduces DNA and RNA methylation
through noncompetitive inhibition of DNA methyltransferases and RNA methyltransferases.
The resulting DNA hypomethylation leads to the activation and expression of genes that reg-
ulate tumor suppressor functions and cellular differentiation. Decreased RNA methylation
leads to decreased RNA stability and decreased protein synthesis. AZA also exhibits direct cy-
totoxicity to abnormal hematopoietic bone marrow cells [177].

AZA was approved by the EMA for the treatment of patients with malignancies caused by
defective differentiation in the myeloid branch of hematopoiesis who are not suitable for SCT.
The EMA has recommended the use of AZA for patients with myelodysplastic syndrome
(MDS), chronic myelomonocytic leukemia, AML with 20%—-30% blasts, and multilineage dys-
plasia, and for adult patients aged 65years or older with AML with >30% blasts in the bone
marrow [178]. In the USA, Vidaza was also approved by the FDA for the treatment of patients
with MDS and chronic myelomonocytic leukemia [179].

The AZA-001 trial showed that compared with conventional care regimens, AZA signifi-
cantly prolonged the mOS (24.5 vs. 15.0months; P=.0001) [180]. In the study by Yamauchi
et al. [181], the 1-year OS rate of all MDS patients was 60.5%. The prognosis was slightly
poorer than the 1-year OS in the AZA-001 trial (approximately 70%). One study [181] in-
cluded patients with treatment-related MDS (58.6%). Additionally, AZA was administered
for a median of four cycles in the study by Yamauchi but for six cycles in the AZA-001 trial.
These differences may cause a shorter mOS and poorer prognosis [181]. More patients with
very poor risk karyotypes tended to be included in the treatment-related MDS group, but no
significant differences in 1-year OS or PFS were observed between the treatment-related MDS
group and the de novo MDS group. The immunomodulatory effect of AZA on dysplastic he-
matopoiesis in MDS patients was manifested by significant increases in effector and naive T
lymphocytes [167].

Good results of AZA treatment have been obtained in patients with MPZ in the phase of
transformation to MDS or AML [168], as well as when using AZA with VEN in patients with
AML [168] and AZA in combination with enasidenib [167,169] and ivosidenib [168].

Compared with conventional/supportive care, AZA significantly prolongs OS [182].
Based on these data, hypomethylating agent therapies are now the standard of care for the
management of higher-risk MDS [183,184].



16 1. Drug classification for the treatment of hematologic malignancies

After 16years, a new oral formulation of film-coated tablets was approved as a first-line
treatment for AML (ONUREG). ONUREG is the first drug approved by the FDA for
maintenance therapy [184]. Oral AZA (ONUREG) is approved for the treatment of adult pa-
tients with AML in first CR or CR/CRIi following intensive induction chemotherapy who are
ineligible for SCT [185]. A many clinical trials for AML, MDS, and other HMs have assessed
hypomethylating agents used alone or in combination with other drugs in frontline, mainte-
nance, and peri-transplant settings (QUAZAR AML-001, HOVON 97 AML, UK NCRI
AML16, and QoLESS-AZA-AMLE) [186-189]. In the QUAZAR AML-001 trial, compared with
the placebo, oral AZA significantly improved OS, with an increase in OS of 9.9months
(24.7 months versus 14.8 months, P <.001). The median time to relapse was also better for oral
AZA, and the incidences of TEAEs were similar for the two arms [190]. The most frequent grade
34 AEs associated with oral AZA therapy were hematologic and gastrointestinal disorders.
Nevertheless, implementing effective management of AEs may optimize the survival benefits
of oral AZA AML therapy to maintain remission [191].

In 2006, decitabine was approved as an intravenous drug because it is broken down by
cytidine deaminase in the gastrointestinal tract and liver [192]. INQOVI is a fixed-dose com-
bination of decitabine and cedazuridine. INQOVI is intended for oral administration of
decitabine through the inhibition of cytidine deaminase activity by cedazuridine [185].

The mechanism of action of decitabine, a deoxycytidine analog, involves its incorporation
into replicating DNA and inactivation of DNA methyltransferases. Subsequent DNA
hypomethylation leads to the death of malignant cells through several mechanisms [193].
INQOVIis indicated for the treatment of adult patients with newly diagnosed and secondary
MDS, a group of bone marrow diseases that change the production of functional blood cells
(refractory anemia, refractory anemia with ringed sideroblasts, refractory anemia with excess
blasts and chronic myelomonocytic leukemia [194]).

Smoothed receptor antagonists

Deregulation of smoothed receptor activity is common in human malignant cells and is of
great biomedical importance for the development of new anticancer agents. Smoothed recep-
tor activity can be modulated by SMIs, several of which are currently FDA-approved antican-
cer drugs, including glasdegib, vismodegib, and sonidegib. Glasdegib potently inhibits the
Hedgehog signaling pathway and has clinical activity in elderly patients with newly diag-
nosed AML [195]. In a randomized study [196], glasdegib combined with low-dose
cytarabine (LDAC) significantly increased the OS of patients with AML compared with
cytarabine alone. After 20months of observation, the probabilities of survival in the
glasdegib +cytarabine and cytarabine groups were 28.2% and 7.9%, respectively. Compared
with patients treated with cytarabine, patients treated with glasdegib + cytarabine had a
significantly longer mean duration without symptoms of disease progression or toxicity.
These results indicate that when chemotherapy, that is, cytarabine, is used, a statistically sig-
nificant increase in OS occurs [196,197]. Glasdegib is a next-generation smoothed receptor
activity inhibitor and does not share the same binding site as vismodegib and sonidegib
[198]. Therefore it is not susceptible to MDR evolution, mainly acquired mutations in smooth
receptor activity receptors. Vismodegib and sonidegib are antineoplastic agents used for the
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treatment of locally advanced recurrent basal cell carcinoma following surgery and radiation
therapy or in cases where surgery or radiation therapy is not appropriate [199,200].

However, vismodegib and sonidegib are being intensively investigated in ongoing clin-
ical trials as therapies for HMs, such as PMF, CML, and MDS. The most common adverse
effects include muscle spasm (72%), fatigue (40%), alopecia (64%), dysgeusia (55%), and
weight loss (45%). Additionally, elevated creatine phosphokinase levels and azotemia may
occur [201].

Various protein inhibitors

Over the past 10years, significant progress has been achieved in the development of SMIs
as anticancer agents targeting various types of proteins, including BCL-2 (B-cell leukemia/
lymphoma-2), XPO1 (exportin-1), proteolytic subunits of the proteasome and the tubulin pro-
tein. BCL-2 family proteins are key regulators of the mitochondrial apoptotic pathway. They
control cell death by forming pores within the mitochondrial outer membrane, which leads to
the release of proteins (cytochrome C) from the intermembrane space with subsequent acti-
vation of the initiating caspase, executive caspase 3/7, and apoptosis cascade.

B-cell leukemia/lymphoma-2 protein inhibitors

Since impaired apoptosis plays a crucial role in cancer resistance to therapy, pharmacolog-
ical inhibition of antiapoptotic proteins, especially BCL2, is an attractive way to induce clonal
cell death. Blockade of antiapoptotic proteins leading to the release of proapoptotic proteins
can restart the process of apoptosis in malignant cells. VEN is a first-in-class, highly selective
BCL-2 inhibitor. VEN (ABT-199, GDC-0199, Venclexta) is a unique, small, and highly selective
orally bioavailable molecule that has been explicitly designed to target the BH3 domain of
BCL2 [202]. VEN can displace proapoptotic proteins associated with BCL2. Thus free proteins
activate apoptotic effectors (BAX and BAK) or inhibit other antiapoptotic members (MCL-1).
Thus VEN triggers and restores apoptosis in tumor cells by releasing proapoptotic proteins
from BCL2 [203] (Fig. 2).

The drug received its first approval as monotherapy in patients with RR CLL with 17p
deletion who received at least one prior therapy. ORR was achieved in 79% of patients,
and CR was achieved in 20% of patients. The most common serious AEs (grade 3—4) were
neutropenia, febrile neutropenia, pneumonia, upper respiratory tract infection, and immune
thrombocytopenia [204]. VEN monotherapy in patients with RR CLL with del17p contributed
to an ORR of 79% and a CR of 8%. The 1-year PFS and OS were 72% and 87%, respectively
[205]. Another study evaluated the efficacy of VEN monotherapy in patients who experi-
enced relapse after treatment with B-cell receptor inhibitors (idelalisib or ibrutinib). In the
group of patients who received ibrutinib for a median of 17months, 70% responded to
VEN, and 2% achieved CR. In the group of patients who previously received idelalisib
for 8 months, a PR was obtained after treatment with VEN. The one-year PFS and OS were
72% and 90%, respectively. Hematologic toxicity (neutropenia, anemia, and thrombocytope-
nia), febrile neutropenia, and pneumonia were the most common grade 3—4 AEs [205].

Positive results of treatment with VEN have been achieved in patients with MCL and
MM, especially in patients with the chromosomal translocation t(11, 14), even in the



18 1. Drug classification for the treatment of hematologic malignancies

A restoration of apoptosis through BCL2 inhibition
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FIG. 2 The schematic representation of restoration of apoptosis BCL2 inhibition. Venetoclax is a selective BCL2
inhibitor that releases proapoptotic proteins upon binding, hence inducing apoptosis.

presence of high-risk deletions (dell17p) [206-210], in elderly patients with AML in whom
inhibition of BCL2 contributed to a significant increase in the effectiveness of low doses of
cytarabine or hypomethylating agents [211-213], and in patients with Waldenstrom
macroglobulinemia [214]. The results of clinical trials revealed that VEN, in combination
with R (a phase I study of RR CLL), was feasible in 86% of patients, with 51% achieving
CR. The 2-year estimated PFS and OS were 82% and 89%, respectively. Toxicity appeared
to be similar to that of VEN in monotherapy [215,216]. Good results were obtained from
using VEN with ibrutinib [217]. In June 2018, the indications were expanded to include
R as a combination therapy for CLL, and in May 2019, R in combination with
obinutuzumab was used for previously untreated patients with CLL. Encouraging results
were obtained in patients who did not respond to treatment and in RR CLL patients who
received obinutuzumab, ibrutinib, or VEN [218-220]. Eichhorst et al. [221] determined
the effectiveness of four treatment regimens: fludarabine-cyclophosphamide-R, BEN-R,
VEN-obinutuzumab and VEN-obinutuzumab-ibrutinib. After month 15, the percentage
of patients with undetectable MRD was significantly greater in the VEN-obinutuzumab
group (86.5%) and the VEN-obinutuzumab-ibrutinib group (92.2%) than in the chemo-
immunotherapy group (52.0%). However, this percentage was not significantly higher in
the VEN-R group (57.0%). Based on the data obtained, the authors [221] concluded
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that VEN-obinutuzumab with or without ibrutinib is superior as a first-line treatment for fit
patients with CLL.

Finally, in October 2020, the FDA approved the combination of VEN with AZA,
decitabine, or cytarabine for patients with AML. Clinical studies have confirmed the
effectiveness of these combinations in patients with HMs. When the combination of AZA
and VEN was used, the mOS was 14.7 in the VEN-AZA group and 9.6 months in the control
group, respectively (P <.001). The incidence of CR was higher with VEN-AZA than with the
control regimen (36.7% vs. 17.9%) [222]. The combination of AZA, VEN, and gilteritinib
resulted in high rates of CR/CRi, deep FLT3 molecular responses, and improved survival
in patients with newly diagnosed FLT3-mutated AML; the CR/CRi rate was 96%
(CR—90%; Cri—6%). Sixty-five percent of the evaluated patients achieved FLT3-ITD measur-
able residual disease within four cycles. With a median follow-up of 19.3 months, the mRFS
and OS were not reached, and the 18-month RFS and OS rates were 71% and 72%, respec-
tively. The most common grade 3 or higher nonhematologic AEs were infection (62%) and
febrile neutropenia (38%) [115].

The high effectiveness of VEN in the treatment of HMs makes it possible to consider the
appearance of this drug as a new wave in onco-hematology [223].

Exportin-1 inhibitors

Exportin-1 is a karyopherin that exports a range of cargo proteins and several classes of
RNAs from the nucleus to the cytosol. This transporter is involved in the trafficking of tumor
suppressor proteins (such as p53, p21, and IkB) between the nucleus and cytosol. As Exportin-
1is expressed in most malignant cells, it represents a promising target for anticancer therapy.
Selinexor is a first-in-class selective inhibitor of nuclear export that ultimately induces cell
cycle arrest and apoptosis [224] and is responsible for the translocation of approximately
220 nuclear proteins into the cytoplasm through nuclear pores [225]. Selinexor has shown
synergistic activity in combination with DEX [226], BTZ [227], and CFZ [228]. The combina-
tion of selinexor and DEX (STORM trial) contributed to an ORR in 26% of MM patients, with
an mOS of 15.6months [228].

Selinexor received its first approval in combination with DEX for the treatment of adults
with RR diffuse large B-cell lymphoma (DLBCL), and in 2020, selinexor was also approved
for the treatment of adults with RR DLBCL who had previously attempted at least two lines of
systemic therapy [229]. In December 2020, the indications were expanded to XVd therapy,
which includes selinexor in combination with BTZ and DEX, for the treatment of adult pa-
tients with MM after at least one prior therapy [229,230]. The high efficacy of this combination
was confirmed in the BOSTON study [231]: the ORR of 76%, very good partial response
(VGPR) of 45%, and stringent complete response (SCR)/CR of 17% were significantly higher
than those of Vd therapy (62%, 32%, and 11%, respectively), with mPFS values of 13.9 versus
9.5months, respectively. Additional selinexor-based triplet regimens, including selinexor
plus (1) an immunomodulatory drug and DEX [232,233] and (2) daratumumab-DEX [234],
have shown high efficacy (ORR of 54%—69% and >VGPR of 23%-34%) and outcomes (mPFS
of 8.9-12.5months). The SELIBORDARA trial evaluated a selinexor-based quadruplet
regimen including XVd therapy combined with daratumumab, resulting in an ORR of
82% and an sCR/CR rate of 24% [235]. Good responses were also observed in patients with
t(11;14) MM treated with selinexor-VEN, with or without CFZ. [236]. Selinexor received its



20 1. Drug classification for the treatment of hematologic malignancies

first approval in combination with DEX for the treatment of adults with RR DLBCL, and in
2020, selinexor was also approved for the treatment of adults with RR DLBCL who had pre-
viously attempted at least two lines of systemic therapy. In December 2020, the indications
were expanded to include selinexor in combination with BTZ and DEX for treating adult
patients with MM after at least one prior therapy [237].

Proteasome inhibitors

The discovery of the role of the ubiquitin-proteasome pathway in the development of
malignant tumors provided the key to solving the problem of blocking the action of NFxB
(Nuclear factor kappa-light-chain-enhancer of activated B-cells). Proteasomes represent
potential targets for new anticancer drugs [238] since the ubiquitin-mediated degradation
system is central to the regulation of the cell cycle, apoptosis, and angiogenesis. The re-
searchers’ theoretical premises led to the synthesis of a drug based on a dipeptylboronic acid
backbone that has the ability to inhibit proteasomal degradation by attacking the proteolytic
B5 subunit of the 20S proteasome [238,239]. This drug is called PS-341 or BTZ [240].

In the complex and multistage process of apoptosis, the activation of the transcription
NFxB factor plays a unique role. The main effects of NF«kB on the cell nucleus are the enhance-
ment of malignant cell growth (activation of the transcription of growth factors, cell adhesion,
and angiogenesis), inhibition of apoptosis (production of BCL-2), and activation of the MDR
gene. The mechanisms underlying each of these effects are mediated by their own complex set
of factors released under the influence of NFkB on the cell nucleus [241]. The I|B inhibitor be-
longs to a class of regulatory short-lived intracellular proteins that are destroyed after
ubiquitin (an intracellular protein) binds to them. The addition of ubiquitin indicates that
the protein is subject to degradation in the proteasome (the so-called “kiss of death”). The
interaction of proteasomes with the NFkB-I|B complex leads to the release and proteolysis
of the inhibitor, and liberated [241].

In the mid-1990s, Adams [238] suggested that the proteasome is responsible for eliminating
damaged or harmful proteins in the cell and beneficial proteins, which initially prevent com-
plex diseases such as cancer [242]. Experimental studies have suggested a close connection be-
tween proteasome dysfunction and cancer progression [243]. This pathophysiological
association has helped researchers develop an entirely new class of anticancer drugs called
proteasome inhibitors, such as BTZ [244]. BTZ binds to proteasomes and inhibits intracellular
ubiquitinated protein degradation. Moreover, this process is associated with the interruption of
the interaction of malignant cells with stromal cells, which leads to the restoration of impaired
regulation of TRAIL (tumor necrosis factor-related apoptosis-inducing ligand) and DR5 receptor
(drug resistance 5) [245]; consequently, apoptosis progression in tumor cells could occur. BTZ
potentially limits chymotrypsin-like proteasomal activation by reversibly interacting with
the B5 subunit of the 20S proteasome, leading to complete inhibition of proteasomal activity
followed by the accumulation of polyubiquitinated proteins in cells [245].

In 2003, the FDA approved BTZ for the treatment of RR MM [238]. In 2005, the FDA fully
approved BTZ for use as a second-line MM therapy and as a first-line therapy for patients
with newly diagnosed MM after only 3 years [246]. In 2006, BTZ was approved for treating
RR MCL, and in 2014, it was approved for treating previously untreated MCL and DLBCL
[247]. Currently, BTZ is being studied for the treatment of various blood cancers and solid
tumors [248,249].
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BTZ monotherapy prolonged the mOS and restricted the mean survival time by 33.9 and
42 9months, respectively, compared with lower rates in chemotherapy-only patients (27.9
and 38.4months, respectively) [250]. Currently, combination therapy with BTZ,
lenalidomide, and DEX is the first-line regimen for RR MM, as well as newly diagnosed
MM [250], achieving higher ORR, PFS, and OS rates (98%, 85%, and 95%, respectively). Six
28-day cycles of BTZ-lenalidomide-DEX therapy resulted in an ORR of 100% and a CR in
43.8% of patients [250]. At the same time, PFS and OS after 2.5years were 66.6% and
77.3%, respectively, without hematologic or nonhematologic AEs of grade 3 or 4 [251].

Two proteasome inhibitors, namely, carfilzomib (2012) and ixazomib (2015), have been
approved by the FDA for the treatment of patients with RR MM. CFZ and ixazomib citrate
(a second-generation proteasome inhibitor) are highly effective in combination with DEX and
an immunomodulatory drug (lenalidomide) in patients with MM who have received at least
one previous therapy [252,253]. Ixazomib citrate is the first orally administered second-
generation proteasome inhibitor that contains a citrate-protected boric acid moiety. The drug
is hydrolyzed under physiological conditions (in the gastrointestinal tract and plasma) to its
biologically active metabolite, that is, ixazomib.

The mechanism of action of CFZ and ixazomib is the formation of irreversible and revers-
ible adducts, respectively, with the 20S unit of the 26S proteasome, mainly at the
chymotrypsin-like p5 subunit [254]. At higher concentrations, both drugs exert additional in-
hibitory effects on caspase-like sites (f1) and trypsin-like (f2) subunits of the 20S proteasomal
core [255]. Due to the inhibition of protein degradation by the proteasome, these drugs in-
crease the levels of ubiquitinated proteins, which leads to the activation of the extensive pro-
tein stress response, cell cycle arrest, and apoptosis. Programmed cell death induced by CFZ
is associated with the activation of caspase pathways and c-Jun-N-terminal kinase, as well as
depolarization of the mitochondrial membrane and release of cytochrome C [255]. The
antimyeloma effect induced by ixazomib is mainly due to blocking the NF-xB pathway,
which reduces the release of cytokines secreted by bone marrow cells that are important
for the proliferation of myeloma cells [255]. This drug also causes activation of caspase path-
ways, overexpression of the tumor suppressor gene miR33b, and decreased angiogenesis by
blocking the expression of VEGFR-2 and platelet endothelial cell adhesion molecule. In ad-
dition, ixazomib administration leads to the upregulation of signaling pathways such as
p53-p21, p53-NOXA-PUMA, and E2F [254].

CFZ is used as monotherapy or in combination with other drugs [253,256,257]. Compared
with BTZ, CFZ has been shown to have a tolerable safety profile, with a significant reduction
in neuropathy but a greater incidence of cardiotoxicity [256,257]. However, the ORR ranges
between 80% and 100% [257]. Achievement of MRD negativity, as measured by
multiparameter flow cytometry, ranged between 60% and 95% [257]. Ixazomib, the first oral
PI, has been approved in combination with lenalidomide and DEX (Rd) for the treatment of
patients with MM who have received at least one prior therapy [258]. Ixazomib exhibits
antimyeloma activity as a single agent in patients refractory to BTZ. When combined with
alkylating agents and immuno-modulatory drugs (IMiDs), ixazomib resulted in adverse
MRD effects on a significant proportion of patients [254]. Compared with the placebo,
ixazomib-lenalidomide-DEX significantly improved PFS (median 20.6 versus 14.7 months)
[259]. The oral route of administration of ixazomib at a fixed dose allows its long-term use
while maintaining optimal quality of life for patients.
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Protein translation inhibitors

Disruption of protein translation mechanisms in tumor diseases prompted researchers to
use protein synthesis inhibitors as a promising group of antitumor drugs. Omacetaxine
mepesuccinate is the first cephalotaxine analog approved by the FDA for the treatment of
CML that is resistant or intolerant to two or more TKIs [260-262]. The application of this drug
additionally leads to the degradation of the Philadelphia gene product (i.e., BCR-ABL fusion
protein) by inhibiting heat shock protein 90 function in a dose-dependent manner. In addi-
tion, in vitro studies have shown that the apoptotic activity of omacetaxine mepesuccinate is
associated with the activation of caspase-9, -8, and -3 and poly(ADP-ribose) polymerase
[261,262].

Immunomodulators

IMiDs are a group of compounds that are structural and functional analogs of thalidomide
and exhibit immunomodulatory, antiangiogenic, and antiinflammatory properties.

IMiDs are currently under investigation and have shown efficacy against various HMs,
including MM, AML, CLL, NHL, and PMF [263,264]. The ORR of patients with RR MM
treated with the single agent thalidomide ranged from 32% to 48% [265]. The addition of
BTZ to thalidomide and DEX induction treatment also improved the CR rate. Lenalidomide,
an IMiD, is well-established and approved for the treatment of MM and 5q-MDS [266]. Its
mode of action includes immune modulation and antiangiogenic, antiinflammatory, and
antiproliferative effects [267]. Consequently, when lenalidomide was combined with R in pa-
tients with DLBCL, the ORR was 50.8%, with a CR rate of 27.7%. After a median follow-up of
24months, the mPFS was 14months, and the 2-year duration of response was 64% [264].
Pomalidomide (a third-generation immunomodulatory drug), the newest IMiD, was ap-
proved in February 2013 for the treatment of patients with RR MM whose disease progressed
after previous lines of therapy, including lenalidomide and BTZ [268]. In May 2020, the
indications for pomalidomide treatment were expanded to patients with AIDS-associated
Kaposi’s sarcoma refractory to highly active antiretroviral therapy or patients with
HIV-negative Kaposi’s sarcoma. The mechanism of action of pomalidomide involves various
molecular and cellular elements in the bone marrow microenvironment, cytokine production,
immunomodulation, and direct antimyeloma activity. Pomalidomide decreases the levels of
various proinflammatory cytokines, including TNF-a, IL-18, and IL-6. In addition, the
antiinflammatory effect of the drug is associated with the inhibition of COX-2 (cyclooxygen-
ase-2) and the production of prostaglandins by monocytes. Inmunomodulatory mechanisms
include enhanced T-cell proliferation, which leads to increased production of IL-2 and IFN-y,
in addition to enhanced NK cell activity and antibody-dependent cell-mediated cytotoxicity
(ADCC) toward myeloma cells [267]. Clinical trials have shown that pomalidomide has the
most potent immunomodulatory effect [269]. Pomalidomide has been observed to be
effective in IMiD- and BTZ-refractory patients [270]. Clinical trials have shown that
pomalidomide in combination with low doses of DEX reduces the PFS and OS of patients with
RR MM [271,272]. The median PFS and OS for all patients were 3.6 months and 7.7 months,
respectively. For patients who achieved a >PR, the mPFS and mOS were 10.6months and
16.3months, respectively [272]. Myelosuppression is associated with dose-limiting toxicity
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for both lenalidomide and pomalidomide. Peripheral neuropathies are generally less severe
than those caused by thalidomide. The incidence of venous thromboembolism is approxi-
mately 78% [273,274].

Macromolecule anticancer drugs

Monoclonal antibodies

An essential event in oncohematology was developing and using mAbs as antitumor
agents in clinical practice. mAbs represent a clonal version of a specified antibody that can
bind to antigens found on the surface of cancer cells. mAb activity induces malignant cell
death through various mechanisms, affects the tumor microenvironment, and inhibits angio-
genesis. mAbs consist of two heavy and two light chains, which form three functional protein
domains: two identical fragments for antigen binding (Fab regions) and a permanent or crys-
tallizable fragment (Fc region). Depending on the type of Fab region, mAbs are divided into
four classes: murine, chimeric, humanized, and human [275,276]. IgG mAbs are the most
commonly used for tumor immunotherapy. These proteins are classified as IgGl1, IgG2,
IgG3, or IgG4. mAbs approved by the FDA for the treatment of HMs target CD19, CD20,
CD38, signaling lymphocyte activation molecule family member 7 (SLAMEF7), and
programmed death receptor-1 (PD-1).

Anti-CD19 monoclonal antibody

Anti-CD19-mAbs—Tafasitamab-cxix is an Fc-modified humanized mAb that binds to the
CD19 antigen on the surface of B lymphocytes. The drug induces the lysis of tumor B-cells
through ADCC/antibody-dependent cellular phagocytosis (ADCP). This drug is used in
combination with lenalidomide as a treatment for adult patients with RR DLBCL who cannot
undergo autoSKT [277]. The final analysis of the phase Il L-MIND study revealed an objective
response rate of 57.5% and a complete response rate of 41.3%. With a median follow-up of
45.6months, the mPFS was 11.6months, while the mOS was 33.5months. Interestingly,
patients who received only one frontline treatment exhibited a greater incidence of objective
response (67.5%; 52.5% CR) than those who received two or more frontlines (47.5%; 30% CR),
although the median subgroup value was not reached in either subgroup. This analysis in-
dicated the efficacy of the combination of tafasitamab and lenalidomide [277].

Anti-CD20 monoclonal antibodies

Anti-CD20 mAb is the first FDA-approved mAD for the treatment of HMs. The drug was
first registered in 1997 for the treatment of RR B-cell disease, poorly differentiated disease or
FL. The CD20 cluster of differentiation molecule consists of multiple transmembrane do-
mains and is expressed exclusively by B-cells. The interaction of CD20 with antigen-
presenting cells leads to the regulation of transmembrane Ca** transport and cell cycle pro-
gression during B-cell activation and proliferation [278]. Anti-CD20 mAbs bind to various
epitopes on CD20, resulting in the inhibition of B-cell progression to the S/G2+M stage of
the cell cycle [278]. It is used to treat many LPDs, including NHL and CLL. Depending on
the mechanisms that cause the death of malignant B-cells, two types of anti-CD20 mAbs exist.
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Type I antibodies against CD20, such as R or its analogs rituximab-abbc, rituximab-pvvr, or
rituximab-arrx, redistribute CD20 molecules into large insoluble lipid microdomains (lipid
rafts) and induce complement-dependent cytotoxicity.

R reduced peripheral B-cell counts by approximately 90% within 3 days in patients
with RR indolent NHL. Lymphocyte levels remained depressed for 6 months and recovered
by 9-12months after the administration of four doses of 375mg/m” R once weekly. The
clinical response rates were 46% and 48% in patients with RR NHL [279]. The response rate
to R was higher in patients with FL than in patients with CLL (56% or 60% versus 13% or 15%).
In total, 85%-94% of patients experienced AEs during clinical studies; 90% of patients expe-
rienced mild or moderate AEs. The most common AE was a transient set of flu-like symptoms
during the first infusion in approximately 50%-87% of patients, which usually resolved
entirely within <3h [279].

Rituximab-abbs has received approval for the treatment of NHL as a single agent or in
combination with chemotherapy [280], while rituximab-pvvr and rituximab-arrx are
approved as single agents or in combination with first-line chemotherapy for the treatment
of patients with NHL and CLL [281-283].

Type II antibodies (obinutuzumab) induce less accumulation of CD20 in lipid rafts and
initiate weak complement-dependent cytotoxic activity. Obinutuzumab exhibits an en-
hanced ability to bind and recruit effector cells, thereby inducing ADCC through
glycoengineering of the Fc region [92]. Obinutuzumab is approved in combination with
chlorambucil as a treatment for CLL and in combination with BEN as a treatment for FL.
Obinutuzumab was approved by the FDA in November 2013 for use in combination with
chlorambucil for the treatment of patients with previously untreated CLL [284,285].

Obinutuzumab is a mAb that targets the CD20 antigen expressed on the surface of pre-B-
and mature B-lymphocytes. Upon binding to CD20, obinutuzumab mediates B-cell lysis
through (1) the engagement of immune effector cells, (2) direct activation of intracellular
death signaling pathways, and/or (3) activation of the complement cascade [286]. The im-
mune effector cell mechanisms include ADCC and ADCP [287].

The first study was conducted to determine the effectiveness and safety of obinutuzumab
in patients with previously untreated CD20 CLL. Patients received control therapy
with chlorambucil (Group 1), obinutuzumab plus chlorambucil (Group 2), or R plus
chlorambucil (Group 3). The results showed that the mPFS of the obinutuzumab plus
chlorambucil group was 23.0months and that in the chlorambucil monotherapy group
was 11.1months (median follow-up time 14.2months) [284]. The most common adverse re-
actions (incidence >10%) were infusion reactions, neutropenia, thrombocytopenia, anemia,
fever, cough, and musculoskeletal disorders. Further clinical studies confirmed the effective-
ness of obinutuzumab [288-290].

Anti-CD38 monoclonal antibodies

Anti-CD38 mAbs represent a promising therapy for MM because CD38 is expressed at
high levels in a variety of malignant plasma cells. Daratumumab and isatuximab kill MM
tumor cells through Fc-dependent immune effector mechanisms, that is, complement-
dependent cytotoxicity, ADCC/ADCP, and apoptosis. Both drugs also exhibit indirect
antitumor activity against CD38 regulatory T-cells, thereby restoring immune effector func-
tions against MM, while isatuximab does not reduce CD38 levels. Daratumumab is approved
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as a monotherapy and in combination with various chemotherapy modalities for the treat-
ment of both newly diagnosed and RR MM patients. Isatuximab, in combination with
pomalidomide and DEX, is approved for the treatment of adult patients with MM who have
received at least two prior therapies. Isatuximab in combination with CFZ and DEX is
registered for the treatment of adult patients with RR MM who have received one to three
previous lines of therapy.

On November 16, 2015, the FDA approved the first mAb, daratumumab, for the treatment
of patients with MM who received at least 3 previous lines of therapy, including a proteasome
inhibitor and an IMiD, or for the treatment of patients whose disease is double refractory to
proteasome inhibitors and IMiDs [291,292]. The efficacy and safety of daratumumab in MM
were documented in the SIRIUS (MMY2002) and the GEN501 early-phase, open-label clinical
trials evaluating the use of the single agent daratumumab in patients with RR MM [293-295].
The ORR was 29%-36%, which included a 3% stringent CR, 9% VGPR, and 17% partial
response. The median time to disease progression was 3.7months, and the mOS was not
reached. The most common (>20%) AEs (all grades) reported by the 156 patients who
received daratumumab were infusion reactions (48%), fatigue (39%), nausea (27%), back pain
(23%), pyrexia (21%), cough (21%), and upper respiratory tract infection (20%). None of these
nonhematologic AEs were life-threatening (grade 4).

DARZALEX FASPRO is a new subcutaneous formulation of daratumumab that was
codeveloped with recombinant human hyaluronidase. The drug is administered in signifi-
cantly less time (i.e., 3-5 min) than the intravenous infusion hours required to administer
DARZALEX. Hyaluronidase increases the permeability of subcutaneous tissue. At the
administered doses, hyaluronidase in DARZALEX FASPRO acts locally, and its effects
are reversible. The drug was approved as a monotherapy and in combination with four
chemotherapy regimens for MM, including for newly diagnosed patients not eligible for
transplantation, as well as patients with RR disease [296,297].

Isatuximab is an anti-CD38 mAb approved for use in the treatment of adults with MM; it is
used in combination with pomalidomide and DEX for patients with RR MM who have re-
ceived >2 prior therapies, including lenalidomide and a proteasome inhibitor. Isatuximab, in
combination with pomalidomide and DEX, is approved for the treatment of adult patients
with MM who have received at least two prior therapies. Isatuximab in combination with
CFZ and DEX is registered for the treatment of adult patients with RR MM who have received
one to three previous lines of therapy. Isatuximab induces direct apoptosis of plasma cells
through caspase-dependent apoptotic and lysosomal-mediated pathways [298]. Anti-
SLAMF7 mAbs—Signaling lymphocyte activation family member molecule 7 (SLAMF?) is
a transmembrane receptor that is expressed on hematopoietic cells such as NK, B cells;
dendritic cells; and monocytes. The receptor modulates the function of immune cells via
immunoreceptor tyrosine switch motifs that mediate an interaction with Ewing’s sarcoma-
associated transcript 2. SLAMF7 has both activating and inhibitory functions in NK cells, in-
duces the proliferation and production of autocrine cytokines in B-cells, and inhibits the pro-
duction of proinflammatory cytokines by activated monocytes. Elotuzumab is a humanized
IgG1 mAb that binds to SLAMF7 on MM tumor cells and NK cells and exerts antimyeloma
effects by directly activating NK cells and NK-mediated ADCC, preventing MM cell adhesion
to bone marrow stromal cells, which can impair growth and MM cell survival [299].
Elotuzumab has received FDA approval in combination with lenalidomide and DEX or
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pomalidomide and DEX for the treatment of adult patients with RR MM who have previ-
ously received therapy [299]. Elotuzumab with pomalidomide and DEX has indicated to
have a superior clinical benefit over pomalidomide and DEX with a manageable toxicity pro-
file, leading to its approval for the treatment of patients with RR MM [300]. Elotuzumab-Pd is
a safe and possible therapeutic choice for patients with RR MM who have received atleast two
prior therapies, including lenalidomide and a proteasome inhibitor.

Anti-PD-1 monoclonal antibody

Anti-PD-1 mAbs. PD-1 (programmed death-1) ligands are overexpressed in MM, lympho-
mas, and various types of leukemia, which leads to inhibition of the T-cell immune response
in these diseases. Blocking the PD-1/PD-L1 signaling pathway with mAbs restores the
effectiveness of tumor-specific T-cells, allowing them to recognize and target malignant cells
[301,302]. Nivolumab and pembrolizumab are the first two FDA-approved mAbs that target
PD-1 [303]. These drugs selectively interfere with the interaction between PD-1 and PD-L1
and lead to the release of T-cells from pathological immunosuppression [39,301].

Nivolumab has received accelerated approval for adult patients with RR classic HL after
autologous SCT and treatment with brentuximab vedotin [338]. Pembrolizumab is registered
as monotherapy for the treatment of pediatric and adult patients with RR classical HL [302].

Anti-CCR4 monoclonal antibody

Anti-CCR4 mAbs. CCR4 (chemokine receptor 4) is overexpressed in several subtypes of
cutaneous T-cell lymphoma, including mycosis fungoides and Sezary syndrome [304].
Mogamulizumab-kpke is a first-in-class defucosylated, humanized mAb against CCR4 that
is used to treat adult patients with RR mycosis fungoides and Sezary syndrome who have
received at least one prior systemic therapy [305]. By selectively binding to CCR4,
mogamulizumab-kpkc marks T-cells for ADCC exhaustion and kills target malignant cells
[306,307].

Bispecific antibodies

The use of bispecific antibodies as antitumor agents significantly increases the selectivity
and effectiveness of therapy for various diseases, including HMs. Bispecific antibodies vary
in structure, size, and production methods [308]. Blinatumomab is a first-in-class bispecific
T-cell Ab that has been approved by the FDA for MRD-positive or RR B-cell ALL patients.

The drug binds to CD19 and CD3, which are expressed on the surface of malignant B-cells
and endogenous T-cells. A cytolytic synapse is formed between B-cells and T-cells, resulting in
the activation of cytotoxic T-cells, which leads to the induction of apoptosis and lysis of CD19+
B-cells by perforin and granzymes released from cytotoxic T-cell granules [309]. Various clinical
trials have investigated the effect of blinatumomab on MRD+ B-cell ALL patients [310].

Antibody-drug conjugates

Antibody-drug conjugates have been developed to reduce off-target toxicity and improve
the efficacy of cytotoxic drugs in patients by limiting their exposure to normal tissues [311].
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Antibody-drug conjugates are complexes consisting of an antibody, a cytotoxic agent, known
as the payload, and a chemical linker. The antibody fragment provides selective delivery of
the payload to target tumor cells by directly binding to a specific cancer-associated antigen.
After internalization of the antibody-drug conjugate-antigen complex into the tumor cell, the
antibody-drug conjugates are degraded in the lysosome due to cleavage of the linker, which
allows the effective release of the “payload” to induce the death of the target cell [311]. By the
end of 2020, four antibody-drug conjugates had received FDA approval, including CD22,
CD30, CD79Db, and BCMA.

Anti-CD22 antibody-drug conjugate

CD22 is a transmembrane sialoglycoprotein expressed on mature B-cells. The expression
of CD22 antigens is generally limited by the line. It is not lost with tumor transformation and
is absent in normal hematopoietic stem cells, which makes them ideal targets for HM therapy.
Inotuzumab ozogamicin is a conjugate of an anti-CD22 antibody (IgG4) and the low-molec-
ular-weight substance calicheamicin, a toxic product isolated from Micromonospora
echinospora subsp. [312,313]. Calecheamicin is connected to antibodies through an
acetophenone-butanoic acid bifunctional linker. The linker forms an amide bond with the
lysine residues of the mAb and a hydrazone bond with the N-acetyl-calecheamicin DMG. Hy-
drolysis of the hydrazone functional group allows the release of the cytotoxic component into
the acidic environment of the lysosomes of malignant cells. The calecheamicin derivative is
then activated by the reduction of the disulfide bond in the presence of intracellular glutathi-
one, a cytoplasmic thiol cofactor. Calecheamicin exhibits a different mechanism of action than
other tubulin-binding classes of cytotoxic agents: after a certain rearrangement of the
calecheamicin fragment, which is reduced by cellular thiols, hydrogen atoms are released
from the phosphodiester bonds of double-stranded DNA and rupture. This process results
in cell cycle arrest between gap phase Il and mitosis (G2/M) and apoptotic cell death. By bind-
ing to the minor groove of DNA and causing double-stranded DNA breaks, regardless of cell
cycle progression, calecheamicin induces apoptosis even in rapidly dividing cells [313].
Inotuzumab ozogamicin was approved by the FDA in 2017 for treating adults with RR B-cell
precursor ALL [312]. In the USA, a phase III trial evaluating inotuzumab ozogamicin in com-
bination with frontline chemotherapy in adults with newly diagnosed B-cell ALL was
recently initiated, and inotuzumab ozogamicin was evaluated in a phase II trial in pediatric
CD22-positive B-cell ALL patients. Inotuzumab ozogamicin combination therapies are also
being evaluated in the phase I/1I or II setting for ALL and CML and in the phase I setting
for Burkitt’s lymphoma [312,314].

Anti-CD30 and anti-CD79b antibody-drug conjugates

CD30 is a transmembrane glycoprotein member of the TNF receptor superfamily
expressed on B- or T-lymphocytes in classical HL and anaplastic large cell lymphoma.
CD30 induces biological effects on cell growth and survival through the activation of the
NF-xB pathway. CD79b, a component of B-cell receptors, is expressed on mature and tumor
B-cells. CD79b plays a key role in B-cell receptor signaling [313]. Brentuximab vedotin and
polatuzumab vedotin are mixtures of two mAbs directed against CD30 and CD79b, respec-
tively. Both antibodies are conjugated with monomethyl auristatin E, a potent antimitotic
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FIG. 3 The schematic representation of the action of Brentuximab vedotin. Brentuximab vedotin is intended to be
stable in the bloodstream while releasing MMAE once absorbed into CD30-expressing tumor cells. MMAE binds to
tubulin, disrupting the microtubule network within the cell, resulting in cell cycle arrest and apoptotic cell death.

agent. After the internalization of these conjugates into malignant cells, the linker is selec-
tively cleaved by lysosomal enzymes, and monomethyl auristatin E is released (Fig. 3).
The antimitotic agent then binds to tubulin and blocks polymerization, which leads to the ar-
rest in G2/M phase of the cell cycle and the induction of cell apoptosis. Both drugs induce
tumor cell death via ADCP. Brentuximab vedotin alone is used as a therapy in patients after
failure of previous combination chemotherapy regimens [315]. This drug is also approved for
the treatment of adult patients with primary cutaneous anaplastic large cell lymphoma and
mycosis fungoides after the failure of previous systemic therapy. In addition, combination
chemotherapy with this drug is a first-line treatment for adult patients with stage III or IV
classical HL who have not previously received treatment [316].

Clinical trials have shown that a regimen including brentuximab vedotin with BEN is a
promising treatment for patients with high-risk HL. Polatuzumab vedotin is combined with
BEN and R to treat adults with RR DLBCL who have previously received two other treat-
ments [317]. Brentuximab vedotin, in combination with DOX, vinblastine, and dacarbazine,
is increasingly being used for the treatment of stage III/IV classical HL. The 2-year PFS of
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patients with advanced-stage classical HL was 82.7%, and the OS was 97.4%. Peripheral neu-
ropathy was reported by 80% of patients at the time of treatment. Patients who received
brentuximab vedotin for peripheral neuropathy did not have a lower PFS rate.

Anti-BCMA antibody-drug conjugate

BCMA is a transmembrane glycoprotein belonging to the TNF receptor family 17.
Overexpression of this receptor was detected on both standard and plasma cells in MM.
BCMA plays an essential role in the survival of bone marrow plasma cells [318,319].
Belantamab mafodotin-blmf is a first-in-class anti-BCMA drug indicated for the treatment
of MM. The drug contains an IgG1 Ab covalently bound to the cytotoxic microtubule inhibitor
monomethyl auristatin F. The antibody fragment delivers monomethyl auristatin F to cells
expressing BCMA. Following the internalization of the conjugate and release of monomethyl
auristatin F, the cytotoxic agent disrupts microtubule formation by inhibiting tubulin poly-
merization. This inhibition subsequently causes cell cycle arrest in G2/M phase and apopto-
sis. In addition, belantamab mafodotin-blmf induces tumor cell lysis through ADCC and
ADCP. The drug received FDA approval as monotherapy for adults with RR MM after at least
four prior treatments [319]. Belantamab mafodotin (belamaf) is a novel antibody—-drug con-
jugate targeting B-cell maturation antigen that has shown antimyeloma activity in patients
with RR MM [320,321].

A study was conducted to determine the effectiveness of belantamab mafodotin as
monotherapy in patients with RR MM [321,322]. The results showed that the ORR was
41.8% (>CR 13.5%, VGPR 9%, PR 17.3%, minor response 2%). The mPFS was 3.61 months
and 14.47months for patients who achieved at least a minor response, respectively
(P<.001). The median OS in both patients with a minor response and the entire cohort
was 23.35 and 11.05months, respectively. The most frequent AEs were corneal events
(87.9%; grade >3, 33.7%), with thrombocytopenia and infections occurring in 15.4% and
15% of patients, respectively [322]. Good results have also been reported when Belamaf is
used in combination therapy [323].

Recombinant immunotoxins

The production of recombinant immunotoxins, a complex of a molecule containing the Fv
fragment of a mAb and a protein toxin produced by bacteria, fungi, or plants, has led to the
generation of highly cytotoxic molecules that induce apoptotic cell death by inhibiting protein
synthesis. Inmunotoxins have antitumor activity against various HMs [324]. Moxetumomab
pasudotox is FDA-approved for the treatment of adult patients with RR hairy cell leukemia
after at least two prior systemic therapies [325]. Moxetumomab pasudotox consists of an Fv
fragment of the anti-CD22 mAb genetically fused to a fragment of Pseudomonas aeruginosa exo-
toxin A. The Fv portion of this drug binds to CD22 and thus delivers the toxin fragment di-
rectly to target cells. After binding, the recombinant immunotoxin-CD22 complex is
internalized into the cell, where it induces apoptosis [325]. The drug was approved by the
FDA in September 2018 to treat patients with hairy cell leukemia who have received at least
two lines of standard treatment. [324]. Studies have been conducted on the effectiveness of
this drug in patients with RR hairy cell leukemia [326]. CR was achieved in 30% of patients,
ORR was achieved in 75%, and MDR negativity was achieved in 85% of patients [327].
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Enzymes

Enzymes that target the metabolism of amino acids such as asparagine, arginine, and me-
thionine are currently used as antitumor agents, causing some tumor cells to become auxo-
trophic. Amino acid deprivation leads to the inhibition and disruption of tumor growth
[328,329]. Asparaginase from Erwinia chrysanthemi (a gram-negative bacterium) is a therapeu-
tically applicable enzyme (L-asparaginase). This drug is immunologically different from
L-asparaginase derived from Escherichia coli and has increased enzymatic activity. The advan-
tage of this enzyme/drug combination is the absence of side effects such as the development
of hypersensitivity, pancreatitis, and hyperglycemia associated with previously approved
L-asparaginase therapy from other sources [328]. Calaspargase pegol-mknl (E. coli-derived
enzyme) is also a specific, long-acting enzyme targeting L-asparagine [329]. The asparaginase
from E. chrysanthemi was approved for the treatment of patients with ALL who had to stop
treatment with commonly used E. coli-derived asparaginase due to patient hypersensitivity
[328]. In contrast, calaspargase pegol-mknl was approved for treating pediatric and young
adult patients with ALL [329]. Both drugs are used as components of a multiagent chemother-
apy regimen. Their mechanism of action involves the hydrolysis of L-asparagine to aspartic
acid and ammonia, which depletes the levels of L-asparagine required for protein metabolism,
growth, and survival. Subsequently, L-asparagine deprivation in leukemic cells induces
cell death.

CAR-T cells

CAR-T-cell therapy is a new and promising method for treating various HMs [325]. In
CAR-T therapy, T-cells isolated from a patient’s blood are engineered with genetic recombi-
nant receptors known as chimeric antigen receptors. The chimeric antigen receptor is a
chimeric protein composed of three parts: an antibody-derived extracellular domain, a
transmembrane domain, and an intracellular T-cell signaling domain. The extracellular
domain targets specific tumor-associated antigens on neoplastically transformed cells, while
the intracellular domain enhances T-cell proliferation and differentiation, as well as their cy-
totoxicity against cancer cells.

Four generations of chimeric antigen receptor proteins that differ in the structure of their
intracellular signaling domain have been developed. CAR-T cells lead to the death of tumor
cells through the secretion of cytotoxic granules containing granzymes and perforin and the
release of cytokines (IFN and TNF) [330]. CAR-T cells mediate antigen recognition independent
of the major histocompatibility complex. For this reason, the immune response during CAR-T-
cell therapy may become uncontrolled and cause some toxic side effects [331].
Tisagenlecleucel, axicabtagene ciloleucel, and brexucabtagene autoleucel are second-
generation CD19-targeted CAR-T cells. Tisagenlecleucel is the first gene therapy consisting
of autologous T-cells modified by lentiviral transduction to express a chimeric antigen receptor
consisting of a murine single-chain antibody fragment, a transmembrane domain, and CD3{
(intracellular signaling domain) fused to a costimulatory domain (4-1BB) [331]. It acts by bind-
ing to cells expressing CD19 and then initiating T-cell activation through the CD3 £ component.

Currently, tisagenlecleucel is registered for two different indications for RR B-cell ALL
and certain types of RR B-large cell lymphomas, including DLBCL, high-grade B-cell
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lymphoma, and DLBCL arising from FL, for which other treatment methods are ineffective
[331,332]. The pivotal ELIANA clinical trial was conducted in pediatric and young adult pa-
tients with RR ALL. The results showed that the ORR of patients who achieved CR plus
CR/CRi was 82%. The most recent analysis of this study reported that the 5-year relapse-free
survival of patients who initially achieved a CR or CRi after tisagenlecleucel administration
was 49% [332]. The impressive overall efficacy in this patient population was also confirmed
in a real-world setting [333]. For adults, a phase I trial of 53 patients with relapsed B-ALL
showed that a different CAR-T-cell therapy resulted in a CR rate of 83% and a mOS of
12.9months. However, 26% of patients developed severe cytokine release syndrome, and
44% developed grade 2 or higher neurotoxic effects [333].

Axicabtagene ciloleucel and brexucabtagene autoleucel are autologous T-cells expressing
a chimeric antigen receptor that contains a murine single chain variable fragment, a transmem-
brane domain, and CD3( integrated with CD28 [334]. Axicabtagene ciloleucel is an autologous
anti-CD19 chimeric antigen receptor T-cell therapy approved for RR FL. The results of the phase
II, multicenter, single-arm ZUMA-5 study of axicabtagene ciloleucel for patients with RR in-
dolent NHL, including FL. and MZL showed that the ORR was 92% (CR—74%). S. S. Neelapu
et al. [335] reported long-term outcomes from the ZUMA-5 trial. Eligible patients with RR in-
dolent NHL underwent leukapheresis after receiving>two lines of therapy, followed by
lymphodepletion chemotherapy and axis-cell infusion (2 x 10°CAR-T cells/kg). After a median
follow-up of 41.7months in FL patients and 31.8 months in MZL patients, the ORR was com-
parable to that of the primary analysis (FL, 94%; MZL, 77%). The mPFS was 40.2 months for FL
patients and was not reached for MZL patients. The median OS was not reached for patients
with either disease type. Patients experiencing grade >3 AEs of interest after the prior analyses
were considered recently treated patients. After 3 years of follow-up in ZUMA-5, axicabtagene
ciloleucel exhibited continued durable responses, with very few relapses beyond 2 years, and
manageable safety in patients with RR indolent NHL [336]. Brexucabtagene autoleucel is an
autologous CD19-directed CAR-T-cell approved for RR MCL. The results of the single-arm
phase II ZUMA-2 trial showed the best ORR and CR of 91% and 68%, respectively. Wang
et al. [337] reported the clinical outcomes of patients treated with brexucabtagene autoleucel
in the standard-of-care setting for approved indications. The best ORR and CR rates were 90%
and 82%, respectively. At a median follow-up of 14.3 months after infusion, the 6- and 12-month
PFS estimates were 69% and 59%, respectively. The nonrelapse mortality rate was 9.1% at 1 year,
primarily because of infections. Grade 3 or higher cytokine release syndrome and neurotoxicity
occurred in 8% and 32% of patients, respectively. According to the univariate analysis, a high-
risk simplified MCL international prognostic index, high Ki-67 expression, TP53 aberration,
complex karyotype, and blastoid /pleomorphic variant were associated with shorter PFS after
Brexit-cell infusion. Patients with recent bendamustine exposure (within 24months before
leukapheresis) had shorter PFS and OS after leukapheresis according to the intention-to-treat
univariable analysis [337]. In summary, brexucabtagene autoleucel represents an effective
treatment option for adult patients with DLBCL and RR MCL [336].

These drugs are administered to the patient after conditioning with lymphodepleting che-
motherapy. The mechanism of action of these drugs includes binding to tumor cells
expressing CD19, followed by the activation of signaling pathways through the CD28 and
CD3¢ domains, which leads to the activation and proliferation of T-cells and the secretion
of inflammatory cytokines and chemokines, the actions of which are aimed at the effective
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eradication of malignant cells. Although tisagenlecleucel, axicabtagene ciloleucel, and
brexucabtagene autoleucel have potent anticancer effects, they may cause severe adverse re-
actions, including cytokine release syndrome and neurological toxicity.

Conclusions

Modern trends in the early diagnosis and clarification of the pathogenesis of HMs have
allowed us to reconsider therapeutic approaches for HM management. Chemotherapy is
an effective method for treating patients with HMs. The first attempt at chemotherapy usage
began with the introduction of agents that alkylate DNA, antimetabolites, and antitubulin
agents into clinical practice, the activity of which was caused by disruption of both the mitotic
band and/or DNA replication. Despite the definite success achieved through the use of DNA-
interacting agents, they have typical myelotoxic dose-dependent effects that limit the possi-
bility of treating many forms of HMs. Clinicians are seeking to replace chemotherapy pro-
grams with more effective treatments using high-dose chemotherapy followed by SCT or
the use of less toxic therapeutic drugs in modern treatment options that actively increase
the apoptosis of malignant cells. Nevertheless, MDR mechanisms that can still protect cells
against apoptosis exist; therefore MDR remains an actual problem in HM therapy.

An important advancement in onco-hematology has been the development and clinical im-
plementation of targeted drugs as antitumor agents. These drugs include highly specific
small molecules and mAbs that inhibit molecular targets involved in the growth and spread
of malignant cells. Significant results in overcoming drug resistance have been achieved over
the past two decades. Fifty-two new drugs have been registered for the treatment of various
HMs. Most such medications are small-molecule drugs, and 23 are macromolecules. Accord-
ingly, drugs containing antitumor-active compounds such as E. chrysanthemi asparaginase,
mercaptopurine, vincristine sulfate, decitabine, AZA, and a combination of cytarabine and
daunorubicin at fixed doses have been registered. The new oral forms of these drugs improve
the dosage, reduce side effects, and could improve treatment efficacy and quality of life for
patients.

In recent years, eight small-molecule medications have been characterized by new mech-
anisms of action, such as inhibiting different intracellular proteins and signaling pathways
(ibrutinib, idelalisib, dulvalisib, enasidenib, ivosidenib, tazemetostat, VEN, and selinexor).
Preparations containing a fixed dose of a combination of two active antitumor ingredients
have been synthesized and approved for use in clinical practice. Medications belonging to
the category of macromolecules, such as antibodies, enzymes, and cell therapies such as
CAR-T cells, are starting to be utilized. An important development in hematology for the
treatment of lymphoproliferative diseases was the introduction of mAbs into clinical practice.
Following the successful use of anti-CD20 (R), various modifications, including the currently
approved immunotoxin and one bispecific mAb, have been developed to improve the ther-
apeutic efficacy of mAbs.

The FDA approved the world’s first genetically modified CAR-T therapy in the past de-
cade. As of the end of 2020, three CAR-T therapies (i.e., KYMRIAH, YESCARTA, and
TECARTUS) [8-10] were used to treat certain types of leukemia and lymphoma. Cell therapy,
including CAR-T-cell therapy, has the advantage of allowing cells to proliferate and expand
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for longer periods of time. Therefore they can persist in the patient’s blood for months or even
years and, for this reason, are called “live drugs.” CAR-T cells seem to be a highly promising
type of antitumor therapy, especially for patients with RR HMs who have not responded to
standard therapy and after targeted treatment of solid tumors.

Thus over the past 20years, large-scale innovations in treating HMs have been introduced
into clinical practice. Due to the expansion of the therapeutic arsenal and the inclusion of
many new classes of drugs in therapy, according to the National Cancer Institute, the 5-year
relative survival rate for some nosological forms of HM has increased from 34.5% in 2000 to
almost 60% today [338].
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