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Abstract

HHT has emerged as a notable compound in the realm of cancer treatment, particularly for hematological malignan-
cies. Its multifaceted pharmacological properties extend beyond traditional applications, warranting an extensive
review of its mechanisms and efficacy. This review aims to synthesize comprehensive insights into the efficacy of HHT
in treating hematological malignancies, diverse cancers, and other biomedical applications. It focuses on elucidating
the molecular mechanisms, therapeutic potential, and broader applications of HHT. A comprehensive search for peer-
reviewed papers was conducted across various academic databases, including ScienceDirect, Web of Science, Scopus,
American Chemical Society, Google Scholar, PubMed/MedLine, and Wiley. The review highlights HHT's diverse mecha-
nisms of action, ranging from its role in leukemia treatment to its emerging applications in managing other cancers
and various biomedical conditions. It underscores HHT's influence on cellular processes, its efficacy in clinical settings,
and its potential to alter pathological pathways. HHT demonstrates significant promise in treating various hematologi-
cal malignancies and cancers, offering a multifaceted approach to disease management. Its ability to impact various
physiological pathways opens new avenues for therapeutic applications. This review provides a consolidated founda-
tion for future research and clinical applications of HHT in diverse medical fields.
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Introduction

Blood cancers, a diverse collection of malignancies
impacting the blood, bone marrow, and lymphatic sys-
tem, are marked by the uncontrolled growth of lympho-
cytes, myeloid cells, or various blood cell precursors.
This group includes various diseases, such as leukemias,
lymphomas, and multiple myeloma, each with its distinct
genetic, molecular, and clinical characteristics [1]. Glob-
ally, hematological cancers represent a significant health
burden with variable incidence across different popula-
tions [2]. Leukemia, a blood-related malignancy charac-
terized by transformed hematopoietic progenitors and
diffused infiltration of bone marrow, poses a significant
health burden globally, affecting both developed and
developing countries [3].

Leukemia is mainly categorized into four key types, dis-
tinguished by the primary cell type involved (myeloid or
lymphoid) and the speed of disease advancement (acute
or chronic). These types are chronic myeloid leukemia
(CML), acute myeloid leukemia (AML), chronic lympho-
cytic leukemia (CLL), and acute lymphocytic leukemia
(ALL). Notably, CML and AML account for about half of
all new leukemia diagnoses worldwide [4, 5].

CML, a slow-growing leukemia, accounts for about
15% of newly diagnosed cases in adults [6]. It is primarily
characterized by forming the Philadelphia (Ph) chromo-
some, which encodes the p210BCR-ABL oncoprotein.
This protein exhibits constitutive tyrosine kinase activity,
inhibiting apoptosis and promoting independent growth
[7]. In the 1980s, interferon (IFN)-a was the front-
line treatment for patients in the chronic phase (CP) of
CML. The landscape of medical therapy for this disease
was revolutionized with the development of the tyrosine
kinase inhibitor (TKI), imatinib mesylate. This medica-
tion has been shown to yield a 98% complete hematologic
response (CHR) and an 83% major cytogenetic response
(MCyR) in newly diagnosed CP CML patients. However,
resistance to this drug, primarily due to BCR-ABL muta-
tions, remains a significant challenge, highlighting the
need for additional non-cross-resistant therapies [8].

AML presents an even more daunting challenge,
accounting for the highest incidence rate among leuke-
mias and contributing to the highest rate (62%) of leu-
kemic deaths [9]. The standard treatment, dating back
to the 1970s, involves cytotoxic chemotherapy aimed at
impairing nucleic acid synthesis. This regimen, known as
the “3+7 regimen,” combines continuous 7-day admin-
istration of cytarabine (ara-C) with short infusions of an
anthracycline during the first 3 days. Although this treat-
ment can be effective, it is often poorly tolerated, espe-
cially by elderly, relapsed/refractory, and secondary AML
patients, underscoring the need for a milder, yet highly
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effective and sensitive chemotherapeutic regimen with
reduced toxicity [10].

In this context, HHT, a plant-derived alkaloid [Cepha-
lotaxine, 40-methyl (20R)-hydroxy-20-(400-hydroxy-
400-methylpentyl)-butanedioate (ester), [3(R)]-(9CI)]
has been recognized for its antitumor properties. Used
extensively in China for over 40 years, HHT has shown
efficacy in treating hematological malignancies, including
CML, AML, and myelodysplastic syndrome (MDS) [11].
Substantial research in the United States has also con-
firmed its effectiveness against CML [12]. HHT’s anti-
leukemic mechanism involves inhibiting the translation
process by affecting the A site in the ribosome, leading
to rapid loss of several short-lived proteins crucial for cell
survival, such as myeloid cell leukemia (MCL)-1, cyclin
D1, the pro-oncoprotein c-Myc, and the X-linked inhibi-
tor of apoptosis. This process triggers cell death. HHT
also targets the phosphorylated serine 209 residues of
the eukaryotic translation initiation factor eIF4E, result-
ing in the degradation of the phosphorylated protein
and hindering the growth of leukemia cells both in-vitro
and in-vivo [13]. In addition, HHT has been shown to
reduce the expression level of the p210BCR-ABL protein
in BCR-ABL +cells, thus emerging as an effective treat-
ment for CML patients who are unresponsive to IFN-a
therapy [7]. Notably, HHT has led to remission in 92% of
treated patients, with a cytogenetic response observed in
68% [15]. The development of a semisynthetic purified
HHT compound, omacetaxine mepesuccinate (OM), has
further enhanced its clinical utility. OM’s effectiveness
in recent studies has led to its approval by the American
Food and Drug Administration (FDA) on October 26,
2012, for the treatment of CP or accelerated phase (AP)
CML after failure of two or more TKIs, thus garnering
widespread attention for HHT [14].

Recent research has also indicated a synergistic rela-
tionship between OM and HHT when combined with
ara-C, imatinib, or IFN-«a in clinical therapy [7, 12]. Cur-
rent investigations are thus directed towards augmenting
therapeutic prospects by combining the pure compound
with other treatments in low dosages, particularly in
patients with worse prognoses [15].

Furthermore, HHT has been identified as an active
anticancer agent in a spectrum of disorders, includ-
ing AML, MDS, acute promyelocytic leukemia, poly-
cythemia vera, and as an intrathecal cure for central
nervous system leukemia [14]. Its inhibitory effects on
solid tumor cells, such as lung, breast, liver, colorectal,
and skin cancer, have also been documented [16-18].
Beyond its anticancer effects, HHT has been found to
possess a range of beneficial properties, including anti-
inflammatory, antiviral, antimicrobial, anti-diabetic,
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anti-allergic, and neuroprotective properties [13, 19, 20].
Recent publications have highlighted the anti-leukemic
effects of HHT [14, 21], but a comprehensive aggrega-
tion of all data on its biological effects remains to be
synthesized. Despite advancements in diagnosis and
treatment, hematological malignancies remain a thera-
peutic challenge due to their complexity and the fre-
quent development of resistance to current therapies; in
this landscape, HHT has emerged as a promising agent.
This paper reviews updated insights into the efficacy of
HHT in treating various hematological malignancies,
solid tumors, and its potential applications in other bio-
medical areas. By delineating the molecular mechanisms
of HHT and its clinical outcomes, it aims to underscore
its role in the evolving paradigm of targeted cancer
therapy.

Review methodology

For this comprehensive review, an extensive search for
peer-reviewed papers was carried out across a wide
range of academic databases: ScienceDirect, Web of
Science, Scopus, American Chemical Society, Google
Scholar, PubMed/MedLine and Wiley. To streamline the
search process, a strategic combination of keywords and
phrases was employed.; including specific terms, such
as “leukemia,” “chronic myeloid leukemia,” “treatment
strategy in CML,” “acute myeloid leukemia,” “treatment
strategy in AML,” “HHT, “HHT mode of action,” “HHT
combined regimen,” “HHT structure’, “HHT antiviral
effect’, “HHT bioactivity’, and “HHT anti-inflammatory
effect” In addition, Boolean operators such as “AND,
“OR; and “NOT” were used to refine and expand the lit-
erature search, ensuring a comprehensive collection of
relevant research articles and review articles. The selec-
tion criteria focused on the innovativeness of the studies,
the clarity and systematic nature of their explanations,
and their impact on the scientific community.

The inclusion criteria for selecting these manuscripts
were primarily based on their relevance to the specific
topics of interest and their contribution to advancing our
understanding of HHT; published articles that offered
innovative insights, systematic reviews, or were of high
impact in the field were given priority. Exclusion criteria
were applied to filter out studies that were not directly
relevant to the keywords, lacked substantial novelty or
systematic analysis, or did not significantly contribute
to the field’s understanding mechanisms of HHT. The
chemical formulas have been validated according to
PubChem [22], and taxonomy of the plant has been vali-
dated according to World Flora Online [23]. The most
representative data are summarized in tables and figures.
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A brief overview on HHT: from natural

origins to synthetic derivatives—structural,
physicochemical and biosynthetic aspects

Natural sources and traditional uses of HHT

Plants have long been the most significant source of
potential bioactive natural compounds for obvious novel
reasons. In nature, harringtonine and HHT are present
in the coniferous tree Cephalotaxus commonly known
as Plum Yew or Cowtail Pine which is the sole member
of the family Cephalotaxaceae [24]. The genus having at
least 9 species are found in Asia, concentrated mostly in
China, but are also reported from Thailand, India, Japan
and the Korean peninsula [21, 25]. The genus consists
of evergreen, mostly dioecious, occasionally monoe-
cious shrubs or small trees thriving in rich, humic soils
in damp subtropical or mild temperate forests. These
slow-growing conifers feature dark olive to black—green
leaves. Their branches are arranged in whorls or oppo-
sitely. The buds, ovate in shape, are encased in numerous,
overlapping, persistent scales. The needle-like leaves, spi-
rally arranged on the terminal shoots but angled at the
base to appear in two flat rows on side shoots, are linear,
4-12 cm long and 3—-4 mm wide, with a soft texture and
blunt end. Male cones are spherical and axillary, form-
ing in flat-topped clusters of several small anther clus-
ters, about 1 cm in diameter, and positioned in the axils
along the branchlets. Female cones are grouped in clus-
ters of 6-12 ovules, in pairs at the axils of terminal bud
scales, hanging down, drupe-like, elliptical, 2—3 c¢m long,
with a leathery, fleshy exterior. In general, one seed rip-
ens per cone, with 3-5 female cones growing on stalks at
or near the tip of the current or previous year’s shoots.
Female cones are wind-pollinated. The seeds lack wings
and undergo a relatively extended development period
[26-28]. The genus having eight species from which
two different groups of alkaloids viz. cephalotaxine and
homoerythrina are obtained and comprise 28 different
compounds. Cephalotaxine series contains 18 of those
compounds, whereas homoerythrina series comprises 10
of those compounds belong to the class of alkaloid. HHT
is a Cephalotaxine series of alkaloid obtained from leaves,
bark and seeds of different species of Cephalotaxus, such
as C. harrintonia, C. hainanensis, C. ginensis, C. fortunei,
and C. griffithii [25, 29].

The seeds of this coniferous genus are toxic to humans
but were used in ancient Chinese medicine. In the 1970s,
collaborative research by Chinese and American sci-
entists led to the extraction of active compounds from
the bark of Cephalotaxus. Chinese researchers, through
various screening tests and initial clinical trials, found
that the total alkaloids from C. fortunei showed signifi-
cant anti-cancer properties. Both water-based and later
alcohol-based extracts of the seeds from Cephalotaxus
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harringtonia var drupacea demonstrated effectiveness
against leukemia cells when tested in vitro. Powell and
his team conducted a detailed separation of the seed
extract from this particular variety and other types of
Cephalotaxus. Through this process, they were the first
to describe the structure of cephalotaxine and related
alkaloids, which were found to lack biological activity
[30]. Subsequently, in 1972, Powell and his team pub-
lished findings on the anti-cancer properties of extracts
from various Cephalotaxus species. They isolated a series
of cephalotaxine esters, including harringtonine, isohar-
ringtonine, HHT, and doxyharringtonine. Among these,
HHT was identified as the most effective in extending
the survival of mice with P388 leukemia [29]. Recently, to
address the substantial market demand for HHT, exten-
sive research has been conducted to identify endophytic
fungi in Cephalotaxus that produce HHT. A variety of
endophytic fungi associated with Cephalotaxus have
been discovered, from which several bioactive com-
pounds such as anthraquinone, sesquiterpenoids, and
aromatic metabolites have been isolated. These com-
pounds exhibit cytotoxic and antimicrobial properties.
However, there has been no report of any endophytic
fungus capable of synthesizing HHT [31-35]. Hu et al.
for the first time reported HHT producing endophytic
fungi from the bark of C. hainanensis and the fungus was
identified as Alternaria tenuissima [36].

Structural features of HHT

HHT (NSC no 141633, 4-methy-2-hydroxy-4-methyl-
pentyl butanedioate), a polycyclic alkaloid, is the alkyl-
substituted succinic acid ester derivative of another
alkaloid (—)-Cephalotaxine [12] (Fig. 1).

HHT has a methylene group in its side chain and differs
from its bio-inactive parent Cephalotaxine. The func-
tional groups in the compound are arene, benzene ring,
alkene, amine, amine, tertiary, acetal, alkanol, carbonyl,
enol ether, ester (carboxylate ester), ether [37].

Physio-chemical properties of HHT

HHT has a molecular formula C,,H3,NO,. Structurally,
it can assume two forms such as amorphous and crys-
talline. The amorphous HHT was reported to be more
soluble in water when compared with its crystalline coun-
terpart. Furthermore, at 95% relative humidity, crystal-
line HHT was more prone to structural alternation [38].
Furthermore, force degradation of HHT to the acidic and
alkaline stress showed that degradation of HHT followed
different paths, such as linkage hydrolysis of 1,3-diox-
ole ring, N-oxide derivatives, hydrolysis of methyl ester
etc. [39]. LC-MS characterization revealed the exact
mass of HHT as 545.26251 g/mol (https://massbank.
eu/MassBank). The top four peaks in the positive mode
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Cephalotaxine nucleus

Homoharringtonine

Fig. 1 Molecular structure of HHT highlighting the cephalotaxine
core. The figure presents the chemical structure of HHT

with the cephalotaxine nucleus central to its molecular

architecture outlined in red; key functional groups are

depicted, including the ester linkages (highlighted in red)

and the nitrogen-containing heterocycle (marked in blue), which are
important for HHT's pharmacological activity

LC-ESI-ITFT are 546.2696, 999, 298.1435 and 30. Fur-
thermore, Hu et al. [36] reported LC/MS molecular ions
of HHT as m/z 298.2 [M—C,;H,o0,]*, m/z 266.4 [M-
C,,H,404-CH;0]*, m/z 251.3 [M—C,,H,,0,—CH,0,]",
m/z 240.4 [M—C,;H,0~C;H:0]*, and m/z 226.3 [M-
C,;H;40,~C,H;O]*. Previously, similar LC-MS spectra
were reported by Choi et al. [40].

Biosynthesis of HHT

The biosynthesis pathway of HHT is not yet understood
completely. However, a few attempts have been made to
elucidate the biosynthesis of HHT using isotope label-
ling. Nett et al. [41] utilized the D20 labelling technique
to comprehend the HHT biosynthesis in the needle of
C. harringtonia. Roughly, it was found that the cephalo-
taxine core of HHT was derived from two amino acids,
namely tyrosine and phenylalanine. These two amino
acids contribute to forming the skeleton via ring con-
traction of l-phenethyl-tetrahydro-isoquinoline deriva-
tive and a dienone. Specifically, it was hypothesized
that C-6, C-7, and C-8 side chain of Cephalotaxine was
synthesized from C-3, C-2, and C-1 side chains of phe-
nylalanine, respectively. Similarly, C-10 and C-11 of the
skeleton were sourced from C-2 and C-3 of the tyrosine
side chain, respectively. Finally, the esterification of the
side chain is naturally done by a chain elongation mecha-
nism similar to the Leucine biosynthesis pathway [42]
(Figs. 2 and 3).
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. 4

Isoharringtonine Homoharringtonine Harringtonine

Fig. 2 Comparative molecular structures of cephalotaxine and its derivatives. The figure displays the chemical structures of cephalotaxine and its
notable derivatives: isoharringtonine, homoharringtonine, and harringtonine. Central to each molecule is the cephalotaxine core, denoted

by the blue arrows, which serves as the foundational scaffold for these compounds. Homoharringtonine is specifically marked with a green check
to highlight its clinical significance
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Fig. 3 Biosynthetic pathway of HHT. The schematic diagram outlines the biosynthesis of HHT from tyrosine and phenylalanine. Initial steps form

a 1-phenethyl-tetrahydroisoquinoline derivative, which transforms into a dienone and then the cephalotaxine skeleton; the final step results in HHT,
emphasizing the compound’s complex natural production [42]
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Synthetic derivatives of HHT

As mentioned earlier, HHT is in general derived syn-
thetically from the plant alkaloid Cephalotaxine. How-
ever, several methodologies for the chemical synthesis
of Cephalotaxine as an immediate precursor of HHT are
recorded in the literature. In the seventies, early synthe-
sis of Cephalotaxine was reported. Semmelhack et al.
[43] synthesized Cephalotaxine using p nitrobenzenesul-
fonate ester as a precursor compound. Similarly, Weinreb
and Auerbach [44] produced Cephalotaxine in eight steps
from 1-prolinol and 3,4 methylenedioxyphenylacetyl
chloride. Later, Gouthami et al. [45] synthesized it with
a 10% yield using an aryne insertion reaction as a critical
step. Ju and Beaudry [46] developed a novel technique for
the chemical synthesis of HHT. They showed a complete
nine-step synthesis of Cephalotaxine and HHT, involv-
ing oxidative furan opening, transannular Mannnich and
Noyori reduction reactions. Recently, Dang et al. [47]
reacted an oxo-containing a-tetrasubstituted lactone
with Cephalotaxine and synthesized HHT, with a high
yield. Synthetic analogs of HHT, specifically Homohar-
ringtonine 2 and Dehydrodesoxy Homoharringtonine 4,
have been synthesized through a process of partial esteri-
fication of Cephalotaxine [48].

Table 1 summarizes the diverse synthetic methodolo-
gies for HHT and cephalotaxine, detailing the precursor-
intermediates used, the end products synthesized, and
the yields where available; consolidates various synthetic
approaches towards HHT and its precursors, highlight-
ing the evolution of synthesis techniques.
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HHT's anticancer effects in hematological
malignancies

Chronological development and clinical advancement

of HHT

The journey of HHT in the realm of cancer therapeutics
commenced shortly after its discovery (Table 2, Fig. 4),
with preclinical studies highlighting its broad cytotoxic
properties, especially against rapidly proliferating cells
of both lymphoid and myeloid origins [52]. These initial
findings propelled the commencement of preclinical
trials in China, targeting patients with leukemic disor-
ders. This endeavor set the stage for subsequent clinical
trials in the United States, further elucidating HHT’s
mechanism of action. Research demonstrated that
HHT exerts its anticancer effects primarily through the
inhibition of the protein translation process. Omac-
etaxine mepesuccinate (OM), a semi-synthetic deriva-
tive of HHT, was found to bind to the A-site cleft of the
peptidyltransferase center in the large subunit of the
eukaryotic ribosome. This binding disrupts the correct
positioning of amino acid side chains of incoming ami-
noacyl-tRNAs, effectively inhibiting the initial elonga-
tion step of protein synthesis, a process that is vital for
cancer cell survival and proliferation [53]. The capacity
of HHT to induce apoptosis was confirmed in a vari-
ety of tumor types, including leukemia, lymphoma,
neuroblastoma, carcinoma, and specifically in primary
leukemic cells from AML patients [54]. However, the
progress in HHT research was initially hampered by
the lack of a consistent source of purified HHT. To
overcome this hurdle, ChemGenex in the USA devel-
oped a semi-synthetic form of HHT, initially named

Table 1 Synthesis methodologies for Cephalotaxine and HHT derivatives

Methodology Precursor-intermediate Synthesized compound Yield Refs.
p-Nitrobenzenesulfonate ester reaction p-Nitrobenzenesulfonate ester (=) Cephalotaxine N/A [43]
Eight-step synthesis from 1-Prolinol 1-Prolinol (—) Cephalotaxine N/A [44]
methylenedioxyphenylacetyl chloride
Aryne insertion reaction Aryne (—) Cephalotaxine 10% [45]
Nine-step oxidative furan opening Various intermediates including furan derivatives ~ HHT N/A [46]
Lactone reaction with cephalotaxine a-Tetrasubstituted lactone HHT High  [47]
Partial esterification Cephalotaxine Homoharringtonine 2 N/A [48]
Dehydrodesoxy
Homoharringtonine 4
Alkylidene Carbene 1,5-CH insertion reaction Alkylidene carbene (=) Cephalotaxine N/A [49]
Palladium-Catalyzed Enantioselective Tsuji Allylation  Allyl enol carbonate (—) Cephalotaxine N/A [50]
Ester Enolate Claisen rearrangement a-Amino allylic esters (=) Cephalotaxine N/A [50]
Gold(l)-catalyzed cascade reaction Norhydrastinine DemethylCephalotaxinone, ~ N/A [33]
Cephalotaxine
Facile stevens rearrangement Weinreb amide (+) cephalotaxine N/A
Hydrogenation B-Substituted itaconic acid monoesters HHT N/A [51]

N/A: Not Available
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Table 2 Key milestones in HHT's clinical development: a chronological overview
Years Milestone Description Significance References
2006 Initial Discovery and Preclinical Studies  Identification of HHT's cytotoxic Foundation for the clinical potential [52]
properties against lymphoid and mye-  of HHT
loid cells
2007 Confirmation of Apoptotic Efficacy HHT shown effective in various tumors,  Broadened therapeutic scope of HHT [54]
including primary leukemic cells
from AML patients
20M Regulatory Approval of Omacetaxine OM, a semi-synthetic HHT derivative, Marked HHT's entry into clinical use [53]
(OM) approved by EMA and FDA for CML for CML
treatment
2011-2016 Advanced Efficacy Studies Studies highlighted OM’s mechanism Reinforced HHT's effectiveness in hema- [55, 56]
in rapid protein degradation tologic malignancies
and the up-regulation of myosin-9
2014 Elucidation of Mechanism of Action Detailed understanding of how HHT Clarified the molecular basis of HHT's [53]

and OM inhibit protein translation

in cancer cells

anticancer action

AML: Acute Myeloid Leukemia; CML: Chronic Myeloid Leukemia; EMA: European Medicines Agency; FDA: Food and Drug Administration; HHT: Homoharringtonine;

OM: Omacetaxine Mepesuccinate

%. ‘..

@

HHT apoptotic FDA and OM and HHT Efficacy studics
Sy Lo elucidation of in hematologic
confirmation in Approval of i of malignancics
leukemia Omacetaxine action in

for CML

leukemias

@

Fig.4 Developmental timeline of HHT from its discovery in 2006 to pivotal studies conducted through 2016. Key events include the discovery

of HHT, validation of its apoptotic effects in leukemia, regulatory approvals, understanding of its action mechanism, and the span of efficacy studies
in various hematologic cancers. HHT: Homoharringtonine; FDA: Food and Drug Administration; EMA: European Medicines Agency; CML: Chronic
Myeloid Leukemia; OM: Omacetaxine (a semi-synthetic form of HHT used for treatment)

OP1384. This compound was later acquired by Cepha-
lon and rebranded as CEP-41443. In 2011, following the
merger of Cephalon with Teva Pharmaceuticals, OM,
commercially known as Synribo with a purity of 99.7%,
was introduced to the market. The European Medicines
Agency (EMA) and the Food and Drug Administration
(FDA) approved the subcutaneous use of OM for treat-
ing adult CML patients in chronic or accelerated phases
who were intolerant or resistant to two or more tyros-
ine kinase inhibitors (TKIs) [53]. Subsequent studies
have focused on elucidating the efficacy of omacetax-
ine; these investigations revealed that OM can induce
the rapid degradation (in less than 4 h) of several short-
lived proteins crucial for cancer cell survival, such as
Mcl-1, Cyclin D1, c-Myc, XIAP, B-Catenin, and the long
isoform of cellular FLICE inhibitory protein (c-FLIPL),
across various cell lines derived from CML, AML, CLL,
and multiple myeloma patients [55]. In addition, HHT
was found to up-regulate the expression of myosin-9,
a skeletal contractile protein, thereby enhancing the

sensitivity of leukemia cells to the alkaloid in both AML
and CML cell lines [56].

The impact of HHT on AML treatment

Disease overview

Acute myeloid leukemia (AML), also referred to as acute
myeloblastic leukemia, acute granulocytic leukemia, or
acute nonlymphocytic leukemia, arises from leukemia
stem cells or precursor cells. It is among the most preva-
lent and deadly types of blood cancers. AML is marked
by a proliferation of myeloid cells in the bone marrow
and an interruption in their maturation process. This
frequently results in hematopoietic insufficiency, which
can manifest with or without an increase in white blood
cells [57]. It is the most common form of acute leukemia
among adults accounting for approximately 70% of acute
leukemias with a survival of only a few weeks to a few
months, if untreated [58]. Even considering the present-
day therapies, a high proportion of AML patients cannot
survive beyond 5 years. Indeed, genomically heterogene-
ous AML has a trend to evolve, mostly under selective
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treatment pressure contributing varied responses to the
curing process [59]. Among the different sub-types of
AML, t(8;21) translocation is one of the most frequent
chromosome abnormalities in AML. The chromosomal
aberration results in the fusion of AMLI gene (also
called RUNX1) on chromosome 21 with ETO gene (also
referred to as RUNXIT]I that encodes CBFA2T1 protein)
on chromosome 8 [60]. Protein product of the transloca-
tion, AML1-ETO, blocks hematological cell differentia-
tion and thus plays a principal pathogenic role in t(8;21)
leukemia [61]. Alongside, Fms-related tyrosine kinase 3
(FLT3) mutations have also been evident in the disease
encompassing almost 15-25% of all AML, with higher
prevalence in younger patients (<60 years). About 75%
of FLT3 mutations possess internal tandem duplication
mutation and thus are called ITD subtype. The remain-
ing 25% of FLT3 mutations are TKD subtypes including
point mutation in the tyrosine kinase domain [62]. Both
types induce ligand-independent auto-phosphorylation
and stimulation of receptors leading to aberrant overex-
pression of a set of oncogenes, such as MYC. The mode
of action is mediated through constitutive activation
of PI3k/Akt/mTOR and MEK/ERK pathways, as well
as STAT5. As a result, autonomous cell proliferation
is augmented playing a key role in the pathogenesis of
AML [63]. During the early 70 s, the treatment of AML
included induction chemotherapy followed by con-
solidation or allo-HSCT. However, the recovery time of
myelosuppression triggered by chemotherapy is time-
consuming and most of the patients died of diverse pro-
gression or toxicity of repeated but futile chemotherapy
[64]. At the present day, the contemporary treatment
paradigm employs remission-inducing chemotherapy
and certain inhibitors. The conventional induction ther-
apy for AML is an anthracycline-based “3+7” regimen
denoting a 3-day anthracycline (generally 45-60 mg/
m? daunorubicin or DNR or 12 mg/m? idarubicin) and
1 week 100-200 mg/m? cytarabine as a constant infu-
sion ensuring long-term remedies of 30 to 40% younger
patients with AML [65]. However, anthracycline-asso-
ciated cardiac toxicity delineates the use, particularly in
elderly patients with cardiac disease. Disease relapse and
drug resistance are still two key impediments in long-
term remission and overall survival of patients. Finding
new novel available strategies with high efficiency that
might overcome multidrug resistance and decrease toxic-
ities is therefore urgently required for AML therapy [10].

Pre-clinical studies

In this context, HHT has been used in China for more
than 40 years to treat AML, although concomitant
research published till date is limited [66]. The find-
ing reported by Zhou et al. [67] was one of the early
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investigations, where HHT predominantly inhibited pro-
tein synthesis in HL-60 cells and showed a synergistic
effect with 1-B-D-arabinofuranosylcytosine (an inhibitor
of DNA synthesis). Later on, several experiments have
shown that the plant alkaloid can accelerate apoptosis in
a range of AML cells, possibly by enhancing Bax expres-
sion and has no apparent cross-resistance to medications
like DNR and cytarabine [68]. A significant reduction
in cell proliferation of KG1, a human AML cell line, has
also been noticed when challenged with HHT [10]. It
also demonstrated effectiveness in enhancing MCL-1
degradation, leading to mitochondrial disruption and
the release of Cytochrome C, which in turn activates cas-
pases in the HL60 and HL60/MRP myeloid leukemia cell
lines [69].

The idea of synergistic interactions between drugs has
been an essential concern in the biomedical world. In
this context, HHT presented additive effects with other
chemotherapeutic drugs as reported in several prior
studies. For instance, HHT exerted a synergistic anti-
leukaemia effect with venetoclax by decreasing mito-
chondrial membrane potential (MMP) (A¥m), reducing
expression of Mcl-1 protein, inhibiting PI3k/Akt and
MAPK/ERK pathways, activating p53 pathway, arresting
cell cycle progression and inducing apoptosis in AML
cells.

Moreover, the combination also inhibited AML pro-
gression and significantly prolonged survival time in
xenograft mice [70]. HHT and oridonin (a compound
derived from herb, Isodon rubescencs) have also been
shown to exert synergistic effects in AML cell line viabil-
ity. The combination triggered MMP loss, downregu-
lation of Mcl-1, decrease in total and phosphorylated
¢-KIT protein levels, and increase in caspase-3 activa-
tion and induction of apoptosis. Besides, HHT elevated
intracellular levels of oridonin enhancing the overall
effect. The combination also prolonged t(8;21) leukemia
mouse survival suggesting its probable use as an effec-
tive therapy [61]. Wang et al. [71] reported that combin-
ing HHT with aclarubicin can synergistically suppress
PI3k/Akt and WNT/B-catenin signalling in AML cells.
In another study, HHT together with aclarubicin and
cytarabine (HAA) was validated as a highly effective
treatment for AML, especially for t (8;21). The regimen
synergistically promoted apoptosis in leukemia cells
inducing caspase-3-mediated cleavage of AML1-ETO
oncoprotein [72]. In contrast, He et al. [68] advocated
that HHT in combination with cytarabine and etopo-
side (HAE) regimen might function as an effective and
tolerable program for first-line treatment of AML. HHT
and etoposide exhibited synergistic cytotoxicity in AML
cell lines and primary AML cells mediated through the
increase of reactive oxygen species (ROS) synthesis and



Khatua et al. European Journal of Medical Research (2024) 29:269

restricting thioredoxin-mediated antioxidant defence
[73]. HHT alone or in combination exhibited a potent
cytotoxic effect against FLT3-ITD positive cell lines and
primary leukemia cells [74]. Li et al. [75] performed an
extensive study showing that HHT and ibrutinib possess
high sensitivity towards FLT3-ITD positive cells than
wild type. The drugs in combination enhanced cell cycle
arrest and apoptosis in MV4-11 and MOLM-13 leukemia
cells indicating a synergistic effect. Further elucidation
of the mechanism unveiled that the effect was mainly
through regulating STAT5/Pim-2/C-Myc pathway which
was concomitant with in vitro studies. In another study,
quizartinib (also known as AC220) and HHT exhibited
a synergistic effect to decrease FLT3-ITD cell viability.
Mechanistically, both of them cooperatively arrested the
cell cycle at the G1 phase [76]. The combination of Vene-
toclax (also known as ABT-199) and HHT effectively
hindered the proliferation of AML cells with the FLT3—
ITD mutation by inducing apoptosis in a dose- and time-
dependent manner. The underlying mechanism involved
the suppression of anti-apoptotic proteins such as Bcl-2
and MCL-1 and the activation of caspases, including
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caspase-3 and caspase-9. In addition, the cell cycle was
arrested, inhibiting DNA synthesis and thereby reducing
cell proliferation, which contributed to the anti-leukemic
effects. Notably, the study found that this combination
could significantly reduce the expression of p-FLT3 and
its downstream signaling proteins, such as p-Stat5 and
MCL-1, leading to apoptosis in AML cell lines. Further-
more, this treatment also suppressed the growth and pro-
gression of AML cells in an in vivo xenograft model [77].
The combined cytotoxic effect of ABT-199 and HHT was
further corroborated in vivo using mouse xenograft mod-
els with primary cells derived from Diffuse Large B-Cell
Lymphoma (DLBCL) [78].

Figure 5 summarizes the anticancer mechanisms of
HHT in the treatment of AML.

Clinical studies

Till date, several studies have been performed focusing
the clinical trials of HHT or OM against AML (Table 3).
The HHT, venetoclax, and azacitidine combination
(HVA) demonstrated improved treatment responses in
patients with refractory/relapsed acute myeloid leukemia

teaspase 3

Fig. 5 lllustrative figure regarding multifaceted mechanisms by which HHT exerts its antileukemic effects in AML treatment. HHT influences various
cellular pathways leading to increased Reactive Oxygen Species (ROS), upregulation of Bax, and downregulation of Bcl-2 within the mitochondria,
contributing to cytochrome ¢ (Cyt C) release and apoptosis induction. It also inhibits the STATS5, Pim-2, and c-Myc oncoproteins, disrupts cell

cycle progression by arresting at the G1/S and G2/M checkpoints through PI3K/Akt pathway modulation, and enhances the tumor suppressor

p53 activity. Furthermore, HHT reduces MCL-1 levels, thereby facilitating apoptosis. These actions culminate in the activation of caspase 3,

a pivotal executioner of apoptosis, leading to the death of cancer cells. AML: Acute Myeloid Leukemia; Bax: Bcl-2-associated X Protein; Bcl-2: B-cell
lymphoma 2; Cyt C: Cytochrome ¢; ERK: Extracellular Signal-Regulated Kinase; HHT: Homoharringtonine; MAPK: Mitogen-Activated Protein Kinase;
MCL-1: Myeloid Cell Leukemia 1; PI3K/Akt: Phosphoinositide 3-Kinase/Protein Kinase B; ROS: Reactive Oxygen Species; STAT5: Signal Transducer

and Activator of Transcription 5
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Table 3 Preclinical and clinical studies regarding the efficacy of HHT and OM in AML: mechanisms and synergistic interactions

Types of studies

Preclinical studies using cell lines (in vitro) or animal model (in vivo)

Experimental model Mechanisms Results References
HL-60 cells | Protein synthesis | Protein synthesis 67]
(In vitro) Synergy with |-3-p-arabinofuranosylcytosine Synergistic effect with DNA synthesis inhibitor
AML cells 1 Bax T Apoptosis [68]
(In vitro) No cross-resistance with DNR and cytarabine
HL60 TMCL-1 turnover 1 Apoptosis through mitochondrial pathway [69]
HL60/MRP cells TMitochondrial disruption
(In vitro) TCaspases
AML cell lines I MMP 1t Apoptosis 61]
Xenograft mice I Mcl-1 Prolonged t(8;21) leukemia mouse survival
(In vitro/In vivo) L cKIT levels TSynergy with oridonin
TCaspase-3
AML cells | PI3K/AKT T Apoptosis [71,72]
(In vitro) VWNT/B-catenin signalling TCaspase-3 mediated cleavage of AML1-ETO
oncoprotein
Tsynergy with aclarubicin
AML cell lines 1 ROS synthesis Synergistic cytotoxicity with etoposide (73]
Primary AML cells Restriction of antioxidant defence T Apoptosis
(In vitro)
FLT3-ITD positive cell lines LSTAT5/Pim-2/C-Myc T Apoptosis (74, 83]
Primary leukemia cells 1 Cell cycle arrest Alone or in combination: 1 Sensitivity to chemo-
(In vitro) therapeuthic drugs
AML cells : L AML progression [70]
Xenograft mice (In vitro/In vivo) ¥ MMP, ¥ Mcl-1, ¥ PI3K-AKT/MAPK/ERK pathways ~ Prolonged survival in mice
Synergistic effect with venetoclax
Clinical studies
Cancer type Study design Primary outcomes References
R/R-AML Combination of HHT with venetoclax and Better treatment response [79]
azacitidine (HVA) Well tolerated
Focus on patients with allo-HSCT
R/R-AML Single-center Phase Il study with 46 patients 80% achieved Complete Remission (CR) [80]
HHT with aclarubicin and cytarabine (HAA) 42% OS rate
De Novo AML National, multicenter, randomized, double-blinded, High CR rate [56, 81]

prospective Phase Il clinical trial; HAA regimen

Prolonged OS
Suggested as a treatment option for young
and newly diagnosed patients

AML: Acute Myeloid Leukemia; Bax: Bcl-2-associated X protein; CR: Complete Remission; DNR: Daunorubicin; FLT3-ITD: FMS-like tyrosine kinase 3-internal tandem
duplication; HHT: Homoharringtonine; HVA: HHT, Venetoclax, and Azacitidine combination; HAA: HHT, Aclarubicin, and Cytarabine combination; MCL-1: Myeloid cell
leukemia 1; MMP: Mitochondrial membrane potential; OM: Omacetaxine Mepesuccinate; OS: Overall Survival; PI3K-AKT: Phosphoinositide 3-kinase—Protein kinase B;
R/R-AML: Refractory/Relapsed Acute Myeloid Leukemia; ROS: Reactive oxygen species; STAT5/Pim-2/C-Myc: Signal transducer and activator of transcription 5 / Proviral
integration site for Moloney murine leukemia virus-2/Cellular Myelocytomatosis; allo-HSCT: Allogeneic Hematopoietic Stem Cell Transplantation

(R/R-AML), particularly in those who underwent allo-
geneic hematopoietic stem cell transplantation (allo-
HSCT), and was well tolerated [79]. In another study, a
single-centre phase II study with 46 patients (R/R-AML)
was conducted by Yu et al. [80] to determine the effect
of HAA. Eighty percent of patients achieved CR with an
overall survival (OS) rate of 42%. Recently, researchers
conducted a national, multicenter, randomized, double-
blind, phase III clinical trial to assess the effectiveness
of the HAA regimen in newly diagnosed AML patients.
The trial’s results indicated that the HAA regimen,

an HHT-based triple drug combination, significantly
increased the complete remission rate and extended
overall survival, making it a promising treatment choice
for young patients with newly diagnosed AML [81, 82].

The impact of HHT on CML treatment

Disease overview

CML, also known as chronic myeloid leukemia, is a slow
progressing hematopoetic disorder featured by malignant
expansion of the pluripotent bone marrow stem cells and
their accumulation in the blood (Table 4). The disease is
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Table 4 Summarized data of acute myeloid leukemia (AML) and chronic myelogenous leukemia (CML): disease characteristics and

treatment modalities

Disease characteristics AML CML References
Nature of disease Originates from leukemia stem cells; marked Slow-progressing expansion of pluripotent bone [57]; [84]
by increased myeloid cells in bone marrow marrow stem cells
Prevalence Most common acute leukemia in adults; 70% Accounts for 15-20% of adult leukemia cases [58]; [84]
of acute leukemias
Clinical features Hematopoietic insufficiency with/without Leucocytosis, basophilia, splenomegaly [571; 8]
leukocytosis
Risk factors Genomic heterogeneity, selective treatment Smoking, radiation, pesticides, obesity, solvents [59]; [85]
pressure
Age of onset Higher prevalence in patients <60 years Median age 53 years, affects all age groups [62]; [84]
Cytogenetic markers t(8;21) translocation, FLT3 mutations Philadelphia chromosome from BCR-ABL gene [60, 62, 86]
fusion
Initial treatment approaches  Induction chemotherapy, 3+ 7"regimen, allo-HSCT  IFN-a, BCR-ABL TKis (e.g., imatinib) [64, 65, 87, 88]
Challenges and resistance Disease relapse, drug resistance Resistance via BCR-ABL kinase domain mutations  [65, 89]
Advanced treatment options Exploration of novel, less toxic strategies Ponatinib for T3151 mutation; exploration of new [65,90, 93]
therapies
Role of HHT Effective in enhancing apoptosis, reducing Alternative therapy for BCR-ABL TKl-resistant cases  [67,68,91]

proliferation

AML: Acute Myeloid Leukemia; BCR-ABL: Breakpoint Cluster Region-Abelson; CML: Chronic Myelogenous Leukemia; FLT3: Fms-related tyrosine kinase 3; HHT:

Homoharringtonine; IFN-a: Interferon Alpha; TKI: Tyrosine Kinase Inhibitor

slightly more common in men and has a reported inci-
dence of 1-2 cases per 100,000, accounting for 15-20%
of newly diagnosed leukemia cases in adults [84]. The
clinical manifestations of this disease include leucocy-
tosis (high white blood cell count), basophilia (elevated
absolute basophil count) and splenomegaly (an enlarged
spleen) [8]. It has been hypothesized that various factors
such as smoking, exposure to high-dose radiation, pes-
ticides, obesity, weight gain in adulthood, benzene and
solvents, hair dye, and extremely low frequency electro-
magnetic fields, may contribute as potential risk factors
[85]. The overall median age at diagnosis is 53 years; how-
ever, the disorder is manifested in all age groups, includ-
ing children [84]. The characteristic cytogenetic feature
of Chronic Myeloid Leukemia (CML) is the fusion of the
Abelson murine leukemia (ABL1) gene on chromosome
9 with the breakpoint cluster region (BCR) gene on chro-
mosome 22, known as translocation t(9;22)(q34;q11).
This leads to the formation of the Philadelphia (Ph) chro-
mosome, resulting in a BCR—ABL fusion oncogene and
the production of a BCR-ABL fusion oncoprotein. The
BCR-ABL protein is a constantly active tyrosine kinase
that activates several intracellular signaling pathways,
including RAS, RAF, JUN Kinase, MYC, and STAT. This
activation contributes to genomic instability, abnormal
cell proliferation, and the expansion of CML cell popu-
lations [86]. Starting in the 1980s, interferon (IFN)-a
was the primary treatment for Chronic Myeloid Leuke-
mia (CML), offering a reduction in disease burden and
a modest improvement in survival compared to other

treatments. However, the limited effectiveness of IFN-a
and its frequent severe side effects led to its replacement
in 2001 by targeted therapies using BCR-ABL tyrosine
kinase inhibitors (TKIs) [87]. In 2002, FDA approved
TKI namely imatinib mesylate (a small molecule Abl
kinase inhibitor) to cure CML that has revolutionized the
treatment. Imatinib directly binds to BCR-ABL kinase
domain, prevents transfer of a phosphate group to tyros-
ine residue, hinders subsequent activation of phospho-
rylated protein and induces leukemic cell apoptosis [88].
Resistance to imatinib, a common issue in patients, often
arises due to point mutations, such as T315I, Y253H,
and F317L. These mutations lead to amino acid sub-
stitutions in the ABL kinase domain of the BCR-ABL
protein, which disrupt the binding of imatinib [89]. In
cases where resistance to imatinib occurs, second-gen-
eration tyrosine kinase inhibitors (TKIs) such as dasat-
inib (Sprycel; Bristol-Myers Squibb), nilotinib (Tasigna;
Novartis Pharmaceuticals), and bosutinib are typically
used. If a patient shows treatment failure with a second
TKI, another TKI may be administered, or they might
undergo allogeneic hematopoietic stem cell transplan-
tation (allo-HSCT). Despite the significant successes of
these treatments, resistance in CML patients has been
observed, particularly in those with a mutation leading
to the substitution of threonine with isoleucine at posi-
tion 315 (T315I) in the BCR-ABL1 kinase domain. The
T315I mutation, occurring in approximately 2-20% of
CML cases, is notably problematic as it confers resist-
ance to all currently available TKIs and represents one
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of the most challenging aspects in the treatment of CML
[90]. Ponatinib, a third-generation tyrosine kinase inhibi-
tor (TKI), is currently the only TKI recognized as effec-
tive in treating patients with the T315] mutation. [91,
92]. However, the responses observed with Ponatinib are
typically short-lived, and the rates of discontinuation due
to various reasons are high. Therefore, there is an urgent
need for new therapeutic options for patients who have
experienced treatment failure after trying multiple TKIs
[91, 93]. In this scenario, HHT could be considered as an
effective alternative as the drug is not a TKI and thus is
independent on BCR-ABL binding for its therapeutic
effects [91].

Pre-clinical studies

Initial studies evaluating the effect of HHT in CML were
predominantly performed in the 1990s [94]. Several
in vitro studies have been conducted till date to under-
stand the efficacy of HHT on CML cells both along or
in combination with IFN-a and/or ara-C. Visani et al.
[95] described that HHT could exert more cytotoxicity
against CP CML cells in comparison with normal bone
marrow. OM has demonstrated preclinical activity in
ponatinib-resistant BCR-ABL™" cell lines with Y253H,
E255K, and T315I mutations [96]. In addition, a study
employing primitive CD347CD38~ leukemia initiating
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cells (LICs) from CML patients showed that OM can
effectively kill BCR-ABL™ LICs in vitro [55].

Chen et al. [97] also conferred that OM effectively tar-
gets BCR-ABL* LICs in animal models of Ph™ CML also
and deliberates a substantial survival benefit for leukemic
mice. They postulated three underlying potent pathways:

(a) By directly suppressing the expression of BCR—
ABL.

(b) By decreasing the level of heat shock protein-90
(HSP90), a stabilizing protein of BCR—ABL, which
may lead to the degradation of BCR-ABL.

(c) By diminishing expression of the short-lived antia-
poptotic Bcl-2 family protein MCL-1 which is capa-
ble of stimulating cell survival (Fig. 6).

In another research, HHT has been shown to possess
a synergistic or additive effect with imatinib against a
BCR-ABL" cell line with an imatinib-resistant E255K
mutation and cells from patients with CML in blastic
phase (BP) [98, 99]. Nguyen et al. indicated that HHT
and bortezomib an inhibitor of 20S proteasome) coop-
eratively can kill diffuse large B-cell lymphoma (DLBCL)
and mantle cell lymphoma cells through a process involv-
ing MCL-1 down-regulation, NOXA up-regulation and
Bak activation [100]. The combination of bortezomib and

Fig. 6 Impact of HHT on apoptosis induction in CML. HHT disrupts the BCR-ABL oncogenic signaling in CML, leading to the inhibition

of the Heat Shock Protein 90 (HSP90) chaperone function. This disruption contributes to the downregulation of Myeloid Cell Leukemia 1 (MCL-1)
and upregulation of NOXA, both of which are key regulators of apoptosis. Furthermore, the figure depicts the increase in Bcl-2-associated X
Protein (Bax) and the activation of BAK, triggering the apoptosis cascade. The combination of HHT with other cytotoxic agents is shown to result

in a synergistic effect, enhancing the apoptotic response in CML cells. Abbreviations and symbols: HHT: Homoharringtonine; CML: Chronic Myeloid
Leukemia; BCR-ABL: Breakpoint Cluster Region—Abelson; HSP90: Heat Shock Protein 90; MCL-1: Myeloid Cell Leukemia 1; NOXA: Latin for ‘damage;’
a pro-apoptotic Bcl-2 family member; Bax: Bcl-2-associated X Protein; BAK: Bcl-2 homologous antagonist/killer; 1: Increase/upregulation; V:

Decrease/downregulation; X: Inhibition/blockage.
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HHT also exerted synergistic anti-proliferative activity
against K562 cells and induced apoptosis via suppression
of Bcl-2 protein and up-regulation of Bax protein [101].
All these scientific findings along with traditional use
encouraged for further clinical trials of HHT.

Clinical studies

One of the early studies on clinical trial of HHT in CML
patients was reported by O’Brien et al. in 1995 [102]. A
continuous infusion of HHT at a daily dose of 2.5 mg/
m? was considered for 2 weeks for remission induction
and for 1 week every month for maintenance. Results
enumerated 72% complete hematologic response (CHR)
and 31% cytogenetic (CG) response rate [complete CG
response (Ph 0%) in 15% of patients]. Later on, the same
research team administered six courses of HHT to 90
CML patients at early CP (<1 year from diagnosis); they
were later switched to maintenance therapy with IFN-
a. Analysis showed that both the CHR and CG rates in
patients treated with natural HHT and INF-a were mark-
edly higher than those recorded in historical control
patients receiving 6 months of only INF-a therapy [103].
O’Brien et al. [104] also reported CG responses in 66% of
47 CML patients in CP using HHT at a dose of 2.5 mg/m?
per day by constant infusion over 5 days in combination
with IFN-a (intended dose 5 MU/m? per day).

The combination regimen of HHT and ara-C is also
considered as effective and safe in patients with CML
who have experienced treatment failure with IFN-a. In
a clinical trial, 100 patients were subjected to 2.5 mg/m>
HHT daily for 5 days and 15 mg/m? ara-C daily for 5 days
every month. Interestingly, response rates were found to
be identical with HHT together with ara-C versus HHT
alone; but the survival rate was comparatively longer
with the combination [105]. Recently, Stone et al. [8]
performed a phase II trial of HHT (2.5 mg/m? per day)
plus cytarabine (7.5 mg/m? per day), given together via
continuous intravenous infusion for 7 days in previously
untreated patients with Ph chromosome positive CP
CML and the cycles were repeated every 28 days. Results
showed that 36 of 44 patients (82%) achieved a complete
hematologic remission, whereas a major cytogenetic
response (MCyR) was achieved by 17%.

To understand the pharmacokinetics of HHT along
with TKI, 13 patients with CML who accomplished a
suboptimal response to imatinib alone had s.c. semisyn-
thetic HHT at a dose of 1.25 mg/m? twice daily for 1 day
every 28 days supplemented with their ongoing imatinib
therapy. Amongst them, 10 patients were evaluated, of
them 5 had their BCR-ABL transcript levels decreased
by more than 1-log [106]. The effectiveness of HHT
after imatinib failure was evaluated by Quintas-Cardama
et al. [107] by administrating an i.v. loading dose of HHT
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2.5 mg/m? for 1 day, followed by 1.25 mg/m? s.c. (twice
daily for 2 weeks every month). Amongst the five evalu-
able patients, three had CG response; while the BCR-
ABL kinase domain mutations became undetectable in
two patients. Triple therapy with natural HHT, INF-a,
and cytarabine, followed by imatinib, resulted in an esti-
mated 5-year survival rate of 88% [69]. Recently, a multi-
center phase II trial has been performed encompassing
46 CML patients who had failed two/more prior TKIs.
To understand the efficacy of OM, the drug was admin-
istered at the level of 1.25 mg/m? subcutaneously twice
daily for continuous 2 weeks every 28 days. People who
tolerated them were subjected to OM at the same dose
for 1 week every 28 days. Strikingly, 67% of hematologic
responses were reported and MCyR was achieved in 22%
of patients. The observed tolerability profile of OM was
acceptable [91]. The same fashion of OM has been used
in another phase II trial including 62 patients who had
failed prior TKI therapy and harboured the T315I muta-
tion. Results showed that 48 and 14 patients achieved
CHR and MCYyR, respectively. The therapy was well-
tolerated but cytopenias (reduction in the number of
mature blood cells) were frequent. This study highlighted
the potential of OM as therapy for patients with CML
carrying T315] mutated clones [89]. A triple combina-
tion regimen of IFN-a, ara-C, and HHT has also been
assessed in patients with newly diagnosed Ph-positive
CML. The treatment was followed by imatinib adminis-
tration resulting an estimated 5-year survival rate of 88%.
The outcome thus suggested that imatinib combination
regimen might improve the prognosis in CML [108].
Overall, several Phase II studies tested HHT or OM
either alone or in combination with other active agents
for the treatment of patients with CML in different dis-
ease stages (Table 5).

Today, HHT has been proved to be significantly active
as salvage therapy for patients with CML after failure
on IFN-a therapy. However, the noteworthy success of
imatinib mesylate in this context shadowed potent activ-
ity of HHT. The therapeutic effect of OM in imatinib-
resistant CML has again established this medication for
the second time as a valuable option to manage the dis-
ease [12].

Efficacy of HHT in other hematological malignancies

In addition to its application in the treatment of Chronic
Myelogenous Leukemia (CML) and Acute Myeloid Leu-
kemia (AML), Omacetaxine Mepesuccinate (OM) is also
utilized in managing other blood malignancies. These
include Myelodysplastic Syndromes (MDS), Chronic
Lymphocytic Leukemia (CLL), B-cell Acute Lymphoblas-
tic Leukemia (B-ALL), and Multiple Myeloma (MM).
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Table 5 Preclinical and clinical studies regarding the efficacy of HHT and OM in CML: mechanisms and synergistic interactions

Types of studies

Preclinical studies using cell lines (in vitro) or animal model (in vivo)

Experimental model Mechanisms Results References
CP CML cells Cytotoxicity comparison with normal bone * Cytotoxicity against CP CML cells compared  [95]
(In vitro) marrow to normal bone marrow
Ponatinib-resistant Activity against Y253H, E255K, and T315I OM demonstrated efficacy in ponatinib-resist-  [96]
BCR-ABL +cell lines mutations ant BCR-ABL +cell lines
(In vitro)
CD34+(CD38-LICs from CML patients  Targeting leukemia initiating cells OM effectively killed BCR—ABL +LICs [55]
(In vitro)
BCR-ABL +cell line with E255K Synergistic/additive effect with imatinib HHT showed synergistic effects with imatinib ~ [98, 99]
mutation and CML BP cells in resistant CML cell lines
(In vitro)
DLBCL and mantle cell ymphoma cells - Combination with bortezomib: * Apoptosis [100,101]
(In vitro) L MCL-1, T NOXA, 1 BAK anti-proliferative activity against K562 cells
Ph+CML animal models Targeting BCR-ABL + LICs; Substantial survival benefit in leukemic mice [97]
(In vivo) } BCR-ABL; T HSP-90 and MCL-1 levels
Clinical studies
Cancer Type Study design Primary outcomes References
CML Phase II: Continuous infusion of HHT for remis-  72% CHR, 319% CG response rate, 15% [102]
sion induction and maintenance complete CG response
Phase II: Six courses of HHT followed by IFN-a  Higher CHR and CG rates compared to IFN-a [103]
maintenance in 90 early CP CML patients alone
Phase Il: HHT with IFN-a in 47 CP CML patients  66% CG responses [104]
Phase Il: HHT and ara-C combination in 100 Similar response rates with HHT and ara-C vs.  [105]
CML patients failing IFN-a therapy HHT alone; longer survival with combination
Phase II: HHT plus cytarabine in 44 untreated ~ 82% achieved hematologic remission; 17% (8]
Ph chromosome positive CP CML patients MCyR
Phase II: HHT with ongoing imatinib therapy 509% decrease in BCR-ABL transcript levels [106]
in 13 patients with suboptimal response
to imatinib
Phase Il: HHT after imatinib failure in 5 CG response in 60%; undetectable BCR—ABL [1071
evaluable CML patients mutations in 40%
Phase II: Triple therapy with HHT, INF-q, Estimated 5-year survival rate of 88% [69]
and cytarabine, followed by imatinib
Phase Il: OM in 46 CML patients failing two 67% hematologic responses; 22% MCyR [91]
or more prior TKIs
Phase Il: OM in 62 CML patients with T315I CHR in 48 patients; MCyR in 14 patients [89]
mutation
Phase II: Triple combination of IFN-q, ara-C, Improved prognosis with an estimated 5-year ~ [108]

and HHT, followed by imatinib

survival rate of 88%

BAK: Bcl-2 homologous antagonist/killer; BCR-ABL: Breakpoint Cluster Region-Abelson; CML: Chronic Myeloid Leukemia; CP: Chronic Phase; DLBCL: Diffuse Large
B-cell Lymphoma; HHT: Homoharringtonine; HSP-90: Heat Shock Protein-90; LICs: Leukemia Initiating Cells; MCL-1: Myeloid cell leukemia 1; NOXA: Phorbol-12-
myristate-13-acetate-induced protein 1; OM: Omacetaxine Mepesuccinate; Ph+: Philadelphia chromosome positive; BAK: Bcl-2 homologous antagonist/killer;
BCR-ABL: Breakpoint Cluster Region—-Abelson; BP: Blastic Phase; CHR: Complete Hematologic Response; CG: Cytogenetic; CML: Chronic Myeloid Leukemia; CP: Chronic
Phase; DLBCL: Diffuse Large B-cell Lymphoma; HHT: Homoharringtonine; HSP-90: Heat Shock Protein-90; IFN-a: Interferon Alpha; LICs: Leukemia Initiating Cells; MCL-1:
Myeloid cell leukemia 1; MCyR: Major Cytogenetic Response; NOXA: Phorbol-12-myristate-13-acetate-induced protein 1; OM: Omacetaxine Mepesuccinate; Ph+:

Philadelphia chromosome positive

Chen et al. [109] showed that HHT can induce apop-
tosis in CLL cells at nanomolar levels. The activity was
mediated through protein synthesis inhibition, decrease
in Mcl-1 concentration, loss of AYm, PARP cleavage and
proteasome degradation. Furthermore, HHT induced
synergistic cell killing with SNS-032 (a transcription

inhibitor) suggesting clinical development of the alkaloid
in CLL as a single entity or in combination. In another
research, Chen et al. [97] showed that OM can inhibit the
proliferation of B-ALL stem cells. Further investigation
described that all B-ALL mice treated with OM survived
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in contrast to all placebo-treated recipients conferring
potent activity of OM.

Jin et al. demonstrated that HHT can effectively sup-
press the proliferation of HMC-1.2, HMC-1.1, and P815
mastocytoma cell line derived from a mouse. This inhi-
bition is mediated through the decreased expression and
phosphorylation of receptor tyrosine kinase KIT, along
with the inhibition of phosphorylation in KIT-dependent
downstream signaling molecules, including Akt, signal
transducer and activator of transcription (STAT) 3 and
5, and extracellular signal-regulated kinase (ERK) 1/2.
In addition, HHT significantly prolonged the survival of
mice with aggressive systemic mastocytosis or mast cell
leukemia, indicating its potential effectiveness in treating
systemic mastocytosis (SM) [110].

Essential thrombocythemia (ET) is a myeloprolifera-
tive neoplasm, a type of blood malignancy characterized
by the overproduction of platelets in the bone marrow
[111]; this disorder leads to an increased risk of blood
clot formation; often associated with genetic mutations
like JAK2, ET may present with symptoms related to clot-
ting or may be asymptomatic [111]. Treatment focuses
on managing the risk of thrombosis and alleviating
symptoms. In a clinical study, patients who are intoler-
ant to IFN-a therapy or hydroxycarbamide were treated
with a dose of 1.5 mg/m* of HHT every month. After
six courses of HHT therapy, the hematological response
rate in essential thrombocythemia was observed to be
72.2% (13 out of 18 patients), and the remission rates for

Table 6 Effectiveness of HHT in diverse cancer types
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symptomatic splenomegaly and constitutional symptoms
were 71.4% and 66.7%, respectively. However, the limited
efficacy of lower doses of HHT alone was not long-lasting
in cases of severe essential thrombocythemia. Therefore,
HHT has been considered a second-line drug for treat-
ing essential thrombocythemia, particularly following
hydroxycarbamide or IEN-a therapy [112].

Effects of HHT on other types of cancers

Breast cancer

Breast cancer is a malignancy that develops in breast
tissue, it often originates in the ducts or glands and
can spread to other body parts and treatment typically
includes surgery, radiation, and medication [113, 114].
Recent reports indicate that HHT can be effective in the
treatment of solid tumors, particularly in breast can-
cer [69]. For instance, Yakhni et al. [115] reported that
HHT at the levels of 20-100 ng/mL could inhibit the
proliferation of MDA-MB-157, MDA-MB-468, CAL-51
and MDA-MB-231 by more than 80% within 2-3 days
resulting low ICgy, (half-maximal inhibitory concentra-
tion) values (Table 6). Further analysis portrayed in vivo
growth inhibitory effects of HHT against two different
models of aggressive TNBC following administration of
a 7-day regimen. Recently, Wang et al. [11] demonstrated
that HHT inhibited human breast cancer cell growth
and proliferation in vivo and in vitro. Besides, HHT can
also induce breast cancer cell apoptosis by regulated the
expression of apoptosis-related protein, such as Bax/

Cancer type Model Mechanisms Results References
Breast cancer (TNBC) In vitro 1 Bax/Bcl-2, | Proliferation [18,69, 115,116, 120]
MDA-MB-157 T Caspase 3,— 9 T Apoptosis synergy with paclitaxel
MDA-MB-468 CAL-51 1 PARP
MDA-MB-231 | STAT3/Nanog
Lung cancer In vitro L TMEM16A, ¥ Tumor cells growth [17,117-119]
A549 | MAPK pathway VMEK1/2, VERK1/2 1 Cell cycle arrest
H1975 A549B/VP29 | IL-6/JAK/STAT3 T Apoptosis
Hepatocellular carcinoma  In vitro * Cell cycle arrest at S phase ¥ Tumor growth 1 Apoptosis [51,120,121]
HepG2, Hep3B * Hippo pathway 1 Colony formation
SMMC-7721 T EphB4/B-catenin | Cell invasion/migration
Bel-7402, Bel-7404
In vivo
Mice
Colon cancer In vitro | EphB4, { p-MEK { Cell viability [119, 123-126]
LoVo | p-ERK1/2 | Colony formation * Apoptosis
SW480 L Wnt/B-catenin 1 Sensitivity in drug-resistant cell lines
HCT116 1 Caspases
HCTI16/VP48 | Bcl-2/Mcl-1, 1 Bax/Bad

Bax: Bcl-2-associated X protein, Bcl-2: B-cell ymphoma 2, 3-catenin: Protein in Wnt signaling, Caspase: Cysteine-aspartic proteases, EphB4: Erythropoietin-producing
hepatocellular receptor B4, ERK1/2: Extracellular signal-regulated kinases 1 and 2, Hippo: Signaling pathway, IL-6: Interleukin 6, JAK: Janus kinase, MAPK: Mitogen-
activated protein kinase, Mcl-1: Myeloid cell leukemia 1, MEK1/2: Mitogen-activated protein kinase kinase 1 and 2, Nanog: Stem cell proliferation protein, PARP:

Poly (ADP-ribose) polymerase, p-ERK1/2: Phosphorylated ERK1/2, p-MEK: Phosphorylated MEK, STAT3: Signal transducer and activator of transcription 3, TMEM16A:
Transmembrane protein 16A, TNBC: Triple-Negative Breast Cancer, Wnt/B-catenin: Cell proliferation and differentiation pathway.t:increase, |: decrease
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Bcl-2, Caspase3/Caspase9 and PARP. HHT consistently
showed the most cytotoxicity towards an additional six
TNBC cell lines (BT549, HCC1395, HCC38, Hs578T,
MDA-MB-157, MDA-MB-436), and several luminal A
breast cancer cell lines (HCC1428, MCF7, T47D, ZR-75-
1). A strong synergy was observed using the combi-
nation of HHT and paclitaxel, with high cytotoxicity
towards TNBC cells at lower concentrations than when
each was used separately [18]. Isoharringtonine (IHT), a
natural analogue of HHT, was found to have functional
properties of decreasing the proliferation and migration
of breast cancer stem cells via inhibition of the STAT3/
Nanog pathway as well [116].

Lung cancer

Several researchers have validated HHT as a potent drug
for lung cancer owing to better safety and low cost. Guo
et al. [17] showed that HHT can bind to K697 residues on
TMEMI16A (a protein which is particularly expressed in
lung cancer tissues) blocking the ion channel activity. In
addition, HHT down-regulated expression of TMEM16A
protein causing de-phosphorylation of MEK1/2 and
ERK1/2 in MAPK pathway that in turn resulted cell cycle
halt and apoptosis induction. Further analysis at animal
model demonstrated that HHT did not reduce body
weight of mice verifying biological safety of HHT. It has
been demonstrated that HHT can effectively inhibit the
proliferation, viability, and soft-agar colony formation of
Gefitinib-resistant non-small cell lung cancer (NSCLC)
cells, specifically the A549 and H1975 lines. Further
investigations revealed significant disruptions in mito-
chondrial membrane potential (MMP), fluctuations in
Ca2+levels, release of cytochrome ¢, and activation of
caspase 9 and 3, along with the cleavage of PARP levels,
thereby indicating the activation of the intrinsic apop-
totic pathway. In addition, HHT significantly reduced
tumor growth in vivo within a 3-week treatment period.
Further molecular analysis indicated that HHT’s anti-
tumor effects are mediated through the inhibition of
the IL-6/JAK/STAT3 signaling pathway, leading to the
induction of cell apoptosis [117]. Similar to that, signifi-
cant reduction in expression of oncogenic and tumor
suppressor proteins were recorded when HHT was chal-
lenged against NSCLC cell lines in vitro and in vivo [118].
Moreover, etoposide, teniposide and vinblastine-resistant
human lung cancer cells (A549B/VP29) exhibited sensi-
tivity to HHT suggesting potent use of HHT in treating
tumors with this type of drug resistance [119].

Hepatocellular carcinoma
HHT could significantly inhibit hepatocellular carci-
noma (HCC) cell proliferation by suppressing colony

Page 16 of 25

formation, repressing cell invasion and migration, induc-
ing cell cycle arrest at S phase and promoting apopto-
sis mediated through Hippo pathway. In vivo analysis
further endorsed tumor inhibitory effect of HHT [120].
In a separate study, HHT was depicted to restrain HCC
proliferation and migration through an EphB4/B-catenin
dependent manner [121]. The antitumor and antifibrotic
effects of HHT were also validated by subcutaneous xen-
ograft tumor and CCL, induced liver fibrosis models.
Using Library of Integrated Cellular Signatures approach,
HHT was also identified as liver cancer preventive candi-
date [122].

Colon cancer

The impact of HHT on colorectal cancer and its poten-
tial mechanism of action have been subjects of recent
investigation. Research has shown that HHT significantly
inhibits the viability and colony formation of LoVo cells,
inducing cell cycle arrest at the S phase and depolariza-
tion of mitochondrial membrane potential (A¥m), while
not affecting normal cells, such as HEK293. Mechanistic
studies revealed that HHT suppresses EphB4 expression
in LoVo cells by inhibiting phosphorylated MEK (p-MEK)
and phosphorylated ERK1/2 (p-ERK1/2), and by acti-
vating phosphorylated P38 (p-P38). In addition, HHT
reduces the expression of Bcl-2 and Mcl-1, increases the
levels of Bax and Bad, and activates caspase 3, 7, and 9
[123].

Similar to that, Qu et al. [124] reported that HHT
inhibited LoVo and SW480 cell proliferation, cell cycle
progression, colony formation, migration and invasion,
and promoted apoptosis mediated through inactiva-
tion of PI3K/AKT/mTOR signaling. Moreover, HHT
repressed CRC tumor growth in nude mice. In another
study, HHT induced apoptosis in HCT116 cells through
suppressing [-catenin effect and inhibiting the protein
expression levels of Wnt/p-catenin signaling key factors
as well as short-lived proteins such as c-Myc [125]. HHT
has also been effective in suppressing colorectal can-
cer in vitro and in vivo by liaising with anti-TNF-related
apoptosis-inducing ligand (TRAIL) antibody [126].
Moreover, etoposide, vincristine and vinblastine-resist-
ant human colon cancer cells (HCT116/VP48) exhibited
sensitivity to HHT [119].

Table 6 and Fig. 7 present a summary of the effective-
ness of HHT across various cancer types, including
TNBC, lung cancer, hepatocellular carcinoma, and colon
cancer, highlighting specific molecular mechanisms and
observed results.
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Fig. 7 Anticancer mechanisms of HHT in various cancer types: inhibition of proliferation, induction of apoptosis, and disruption of cell signaling
pathways across multiple cancer types. Akt—Protein kinase B; Bax—Bcl-2-associated X; Bcl-2—B-cell lymphoma 2; Caspases—cysteine—

aspartic proteases; ERK—extracellular signal-regulated kinases; Hippo—signaling pathway; IL-6—Interleukin 6; JAK—Janus kinase; MAPK—
mitogen-activated protein kinase; MEK—mitogen-activated protein kinase kinase; Nanog—stem cell proliferation protein; PARP—poly-(ADP-ribose)
polymerase; STAT3—signal transducer and activator of transcription 3; TMEM16A—transmembrane protein. Symbols: *—increase/upregulation;

I—decrease/downregulation

Other pharmacological applications of HHT
Anti-inflammatory activity

Inflammatory diseases encompass a range of condi-
tions marked by immune-mediated inflammation in
the body, often resulting in pain, swelling, and reduced
function [127] Natural products with anti-inflamma-
tory properties have long been used as folk remedies for
conditions such as pain, arthritis, migraines, and fever
[128]. The variety of non-steroidal anti-inflammatory
drugs, as well as anti-inflammatory foods and products,
have become increasingly intriguing following detailed
studies of the underlying causes of inflammatory dis-
eases [129]. Reports indicate that post-laminectomy,
surgery-induced epidural fibrosis is often aggravating,
with fibroblast proliferation being a key factor in its
formation. Both in vitro and in vivo experiments have
shown that HHT suppresses fibroblast proliferation and
epidural fibrosis formation, while also inducing apopto-
sis. The expression of key endoplasmic reticulum (ER)
stress marker proteins, such as glucose-regulated pro-
tein and C/EBP homologous protein, were observed to
be positively altered. In summary, HHT may exert its

effects through the ER stress signaling pathway, leading
to the apoptosis of fibroblasts [20].

Anti-parasitic activity

In many tropical developing countries, parasitic dis-
eases continue to be a significant public health concern,
impacting the lives of millions. There is growing interest
in the potential of natural derivatives, which could con-
tribute to the development of much-needed new antipar-
asitic drugs [130]. Trypanosoma brucei, the parasite
responsible for the deadly sleeping sickness, commonly
referred to as Chagas disease, has a limited number of
available medications. Plant alkaloids, such as HHT, are
increasingly recognized as potent trypanocidal agents.
Research indicates that pretreatment with such alkaloids
significantly inhibits the growth and protein biosynthe-
sis of these parasites in both a concentration- and time-
dependent manner. Moreover, HHT disrupts the inner
mitochondrial membrane potential and arrests the nor-
mal cell cycle. However, it does not affect an essential
component of the trypanosomes’ redox system, the tryp-
anothione reductase [131].
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Neuroprotective activity

Alzheimer’s disease, commonly occurring in the elderly
population, is a chronic and progressive neurodegenera-
tive disorder responsible for age-related dementia and
cognitive impairment [132]. Recently, pharmacologically
active, nature-derived products with significant anti-
neuroinflammatory activity have garnered considerable
attention, positioning them as potential candidates for
the treatment of Alzheimer’s disease [133]. Research on
neuroprotective and anti-inflammatory phytochemicals,
including alkaloids, steroidal saponins, terpenoids, gly-
cosides, and phenolic derivatives, has shown promising
efficacy in mitigating the effects of devastating neuro-
degeneration [134]. HHT is an alkaloid reported to have
significant potential in slowing the progression of Alz-
heimer’s disease. In vivo experiments showed that injec-
tion of 2 mg/kg HHT for every alternative day into APP/
PS1 mice for half-yearly resulted in significant alleviation
of cognitive deficits [19]. Various studies demonstrated
that neuroinflammation connected with accumula-
tion of amyloid B peptide in the brain is a prime marker
towards the pathology of neurodegenerative diseases,
such as Alzheimer’s disease [135]. Treatment with HHT
has significantly reduced the accumulation of both solu-
ble and insoluble AB40 and AB42 peptides and alleviated
the impairment of synaptic function in the hippocampus
of Alzheimer’s disease mouse models. The mechanism
through which HHT mitigated neuroinflammation in
the APP/PS1 mouse hippocampus involved increasing
the expression of phosphorylated SOCS3 (Suppressor of
Cytokine Signaling 3) and decreasing the activation of
STAT3 (Signal Transducer and Activator of Transcrip-
tion 3) [19].

Antiallergic activity

The activation and degranulation of mast cell are the vital
inflammatory component of the allergic process; during
the allergic process variety of inflammatory mediators
such as histamine, leukotrienes, several cytokines and
platelet aggregating factor were released from mast cells
[136, 137]. Currently medicinal plants are widely used for
the treatment of every other disease which is connected
with folk medicine of various parts of the globe [138,
139]. The exploration for novel anti-allergic agents were
magnifying every day from the huge array of medicinal
plant resources which is available to us [140]. Studies
have shown that exposure to HHT suppressed allergic
reactions and alleviated clinical symptoms of atopic der-
matitis in a mouse model. This model was induced by
anaphylaxis using 2,4-dinitrophenyl-human serum albu-
min (DNP-HSA) and 2,4-dinitrofluorobenzene (DNFB).
HHT effectively reduced both passive systemic and cuta-
neous anaphylaxis, as well as the expression of cytokines
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like Th1/Th2. The results clearly indicate the potential of
HHT as a candidate for the development of anti-allergy
drugs, acting through the modulation of the NF-xB-miR-
183-5p-BTG1 axis in rat basophilic cells [141].

Cardioprotective effect in diabetes-induced ischemic heart
disease

Diabetes, a chronic condition marked by elevated blood
sugar levels, can lead to serious health complications,
such as heart disease, kidney failure, and vision impair-
ment; the global increase in diabetes is largely driven by
the widespread prevalence of unhealthy lifestyles [142].
Ischemic heart disease (IHD), one of the prime causes
for mortality in diabetic individuals [143]. Diabetes has
remarkably elevated the death of ischemic heart dis-
ease by worsening cardiac injury caused by ischemia
[144]. HHT selectively inhibited ribosomal function and
induced apoptosis in cardiomyocytes in both normal diet
(ND)-fed and high-fat diet (HFD)-induced diabetic mice.
This was evidenced by the elevated expression of caspase
3 and an increase in TUNEL-positive cardiomyocytes.
Consequently, HHT administration effectively negated
the effects of nucleostemin overexpression on protein
synthesis, as well as the cardioprotective effects of nucle-
ostemin against ischemia/reperfusion (I/R) injury [145].

Anti-viral activity

Viral infections play a crucial role in human diseases, and
the recent surge in globalization and ease of travel has
highlighted their prevention as a critical issue in protect-
ing public health [3]. In spite of the advancement made in
drug development and immunization, several viruses still
abide without any efficacious immunization, and hence,
significant antiviral therapies are needed [146]. Herbal
medicines and purified nature derived compounds fur-
nish a richest resource for new antiviral drug develop-
ment [147]. HHT, an alkaloid ester derived from the
genus Cephalotaxus, has been reported to exhibit potent
antiviral activity. In vitro experiments demonstrated
that a concentration of 10 ng/mL of HHT significantly
inhibited the replication of recombinant varicella-zoster
virus (VZV)-pOka luciferase. Furthermore, treating cells
with the same dose effectively suppressed the lytic gene
expression of varicella-zoster virus and showed potent
antiviral efficacy against a clinical isolate of the virus
[148]. The antiviral activity of HHT was evaluated against
Flavivirus, using bovine viral diarrhea virus (BVDV) as
a surrogate for hepatitis C virus (HCV). HHT demon-
strated toxicity in embryonic bovine trachea cells and
exhibited an inhibitory effect against bovine viral diar-
rhea virus. In addition, the alkaloid was capable of sup-
pressing hepatitis B virus production at concentrations
10 to 100 times lower than those required to induce cell
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toxicity. Therefore, HHT could potentially be benefi-
cial in combined therapy against hepatitis B virus. [149].
HHT displayed wide antiviral activity both in vitro as
well as in vivo. It has entirely prevented the infections of
vesicular stomatitis virus (VSV), porcine epidemic diar-
rhea virus (PEDV) and newcastle disease virus (NDV)
at a dosage of 50, 500 and 100 nmol/L, respectively.
The alkaloid ester was also capable of alleviating disease
symptoms along with suppressing viral load at a concen-
tration of 0.2 and 0.05 mg/kg in newcastle disease virus
(NDV) and porcine epidemic diarrhoea virus (PEDV),
respectively. The infection of echovirus 1 (EV1) [150],
herpes simplex virus type 1 (HSV-1) and avian influ-
enza virus (AIV) was moderately restricted by HHT,
though it also bear potent anti-viral efficacy against vari-
ous RNA viruses [13]. Porcine epidemic diarrhea virus
(PEDV) belongs to the Coronaviridae family has resulted
in huge economic losses in the swine husbandry indus-
try. At a low dose of 150 nM, HHT decreased the virus
titer in TCID50 by 30 and 3.5 fold, respectively, and the
combinatorial treatment has further lowered the virus
titer in TCID50 by 200 fold [151]. HHT remarkably
restricted the wild-type zika virus (ZIKV) infection at the
post-entry stage in cells of BHK-21 and human cell line
A549 in a dose dependent manner at a concentration of
0.9 pmol/L [152]. FDA-approved HHT for the treatment
of leukaemia as it effectively obstructs the elongation
of protein elongation [153]. Hence reports claimed that
HHT could efficiently repress the coronaviruses replica-
tion at lowest concentrations. In a recent in vivo experi-
ments demonstrated that within 3 day SARS-CoV-2 has

Page 19 of 25

been perfectly cleared with 40 pg HHT by nasal dripping.
Dogs were also used as an experimental model to validate
the safety of HHT delivery by nebulisation. Similarly Ma
et al. [154] also confirmed the safety of HHT nebulisa-
tion to combat the coronavirus disease 2019 (COVID-19)
which is caused by SARS-CoV-2. Other reports also con-
firmed the promising therapeutic activity of HHT against
the most dangerous virus SARS-CoV-2 (COVID-19)
with an ICy, value of 2.10 uM [155, 156]. Cumulatively
the studies indicate that HHT bear significant potency to
be repurposed as a wide-spectrum antiviral drug. Table 7
summarizes other pharmacological properties of HHT.

Limitations

HHT and its derivatives, such as Omacetaxine Mepesuc-
cinate (OM), hold significant promise for the treatment
of various malignancies, but there are several limitations
to the current body of research that should be addressed
in future studies. Although HHT is generally well-tol-
erated, the long-term side effects and optimal dosing
regimens require further investigation to minimize tox-
icity and maximize patient quality of life. The pharma-
cokinetic properties and bioavailability of HHT and its
analogs, particularly concerning oral administration,
need further refinement to enhance therapeutic out-
comes and patient compliance. The patient populations
in clinical trials have been heterogeneous, and there is a
need for studies in more narrowly defined patient sub-
sets to understand the differential responses to HHT-
based therapies and more comprehensive clinical trials
are needed to determine the efficacy and safety of HHT

Table 7 HHT biomedical applications: mechanisms and outcomes across various models

Pharmacological property Model Molecular Mechanisms Results References
Anti-inflammatory In vitro ER stress signaling pathway | Fibroblast Proliferation [75]
In vivo T Apoptosis
 Epidural fibrosis
Anti-parasitic In vitro Disruption of mitochondrial \ Tumor growth [131]
membrane potential, I Protein biosynthesis of Trypa-
1 Cell cycle arrest nosoma brucei, not affecting
trypanothione reductase
Neuroprotective In vivo { Neuroinflammation { Cognitive deficits [19]
APP/PS1 mice 150CS3 ¥ Amyloid 8 peptide
1 STAT3
Anti-allergic In vitro TNF-kB-miR-183-5p-BTG1 axis { Allergic reactions [141]
In vivo | Symptoms of atopic dermatitis
Cardioprotective effect In vivo | Ribosomal function I Cardiomyocyte apoptosis [145]

in diabetes-induced ischemic
heart disease

Anti-viral

ND-fed and HFD-
induced diabetic
mice

In vitro

In vivo

1 Cardiomyocyte apoptosis

| Viral replication { Lytic gene
expression
L RNA viruses

| Protective against ischemia/
reperfusion injury

{ Viral load in multiple viruses,
including SARS-CoV-2
reduced disease symptoms

[13,148-152, 154-156]

ER: Endoplasmic Reticulum; HFD: High Fat Diet; ND: Normal Diet; NF-kB: Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells; SOCS3: Suppressor of
Cytokine Signaling 3; STAT3: Signal Transducer and Activator of Transcription 3
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in treating non-hematological cancers. HHT has shown
potential in non-cancerous conditions such as diabetes,
Alzheimer’s disease, and inflammation-related disorders,
the research is preliminary, and there is a substantial gap
between current knowledge and clinical application. The
potential for HHT in combination therapy with other
conventional cytotoxic agents has been acknowledged,
but optimal combination strategies, sequencing, and
maintenance regimens require systematic exploration.
Regulatory approval processes for new drugs and their
analogs can be lengthy and complex, potentially delaying
the availability of improved formulations of HHT and its
analogs to patients who could benefit from them.

Conclusion and future perspectives

HHT has emerged as a promising therapeutic agent in
the realm of hematological malignancies, with clinical
evidence supporting its efficacy in managing treatment-
resistant Chronic Myeloid Leukemia (CML), particu-
larly in cases harboring the challenging BCR-ABL T3151
mutation. The possibility of reintroducing tyrosine kinase
inhibitors (TKIs) after HHT treatment offers a strate-
gic advantage in clinical scenarios. HHT’s remarkable
efficacy as a monotherapy or in combination with inter-
feron-alpha (IFN-a) and cytarabine (ara-C) for treat-
ing CML in chronic phase (CP) further underscores its
therapeutic potential. The impact of HHT, alongside its
oral methylated derivative Omacetaxine Mepesuccinate
(OM), on leukemia-initiating cells (LICs) has been nota-
ble, suggesting that further exploration into combination
treatments for newly diagnosed CML patients could be
beneficial. For relapsed/refractory acute myeloid leuke-
mia (R/R-AML), high-risk myelodysplastic syndromes
(MDS), and MDS/AML, particularly in elderly patients,
HHT-based regimens have been well-received, indicat-
ing both tolerability and efficacy. However, there is a pau-
city of clinical data concerning the use of OM in AML
and MDS treatment, an area ripe for future research. The
exploration of HHT’s applications beyond hematologi-
cal malignancies, particularly its cytotoxic effects against
solid tumors such as triple-negative breast cancer, liver,
colon, lung, and skin cancers, has opened new avenues
for research. The potential for HHT to be integrated into
combination, sequential, or maintenance therapy with
other anticancer agents is vast, with ongoing research
aiming to optimize such regimens. In parallel, HHT’s
utility is being investigated in other biomedical applica-
tions, including antimicrobial, antidiabetic, neuropro-
tective, and anti-inflammatory treatments. The initial
findings are promising, but they necessitate rigorous
research to translate these benefits into clinical practice.
Moving forward, the development of new HHT ana-
logs with enhanced safety profiles and improved oral
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bioavailability remains a priority. These endeavors could
broaden the spectrum of HHT’s clinical applications
and offer a more convenient administration route for
patients, potentially improving compliance and quality of
life. The future of HHT and its derivatives in the treat-
ment of diverse cancers and other diseases looks prom-
ising. Continued research is essential to fully harness
the therapeutic potentials of HHT, improve patient out-
comes, and expand its use in the ever-evolving landscape
of medical science.

Abbreviations

AML Acute myeloid leukemia

Akt Protein kinase B

allo-HSCT  Allogeneic hematopoietic stem cell transplantation
BAK Bcl-2 homologous antagonist/killer
Bax Bcl-2-associated X protein

Bcl-2 B-cell lymphoma 2

BCR-ABL Breakpoint Cluster Region—Abelson
BP Blastic phase

Caspases  Cysteine—aspartic proteases

cG Cytogenetic

CHR Complete hematologic response
CML Chronic myeloid leukemia

(@3 Chronic phase

CR Complete remission

CytC Cytochrome ¢

DLBCL Diffuse large B-cell lymphoma

DNR Daunorubicin

EMA European Medicines Agency

ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinase

ERK1/2 Extracellular signal-regulated kinases 1 and 2
FDA Food and Drug Administration

FLT3 Fms-related tyrosine kinase 3

FLT3-ITD FMS-like tyrosine kinase 3—internal tandem duplication
HAA HHT, Aclarubicin, and Cytarabine combination
HFD High fat diet

Hippo Signaling pathway

HHT Homoharringtonine

HSP90 Heat Shock Protein 90

HVA HHT, Venetoclax, and Azacitidine combination
IFN-a Interferon alpha

IL-6 Interleukin 6

JAK Janus kinase

LICs Leukemia initiating cells

MAPK Mitogen-activated protein kinase

MCL-1 Myeloid cell leukemia 1

MCyR Major cytogenetic response

MEK Mitogen-activated protein kinase kinase

MEK1/2 Mitogen-activated protein kinase kinase 1 and 2
MMP Mitochondrial membrane potential
Nanog Stem cell proliferation protein

ND Normal diet

NF-kB Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells
NOXA Phorbol-12-myristate-13-acetate-induced protein 1

oM Omacetaxine mepesuccinate

(o) Overall survival

PARP Poly (ADP-ribose) polymerase

Ph+ Philadelphia chromosome positive

PI3K-AKT  Phosphoinositide 3-kinase—protein kinase B

R/R-AML Refractory/relapsed acute myeloid leukemia

ROS Reactive oxygen species

SOCS3 Suppressor of cytokine signaling 3

STAT3 Signal transducer and activator of transcription 3
STATS Signal transducer and activator of transcription 5
TKI Tyrosine kinase inhibitor
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TNBC Triple-negative breast cancer
TMEM16A  Transmembrane protein 16A
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