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Preface

In this study, we focus on the search for a novel microbial extracellular protease that
induces apoptosis in cancer cells. This involves employing a robust screening approach
to environmental microbial isolates, followed by the identification and characterisation
of the protease. Several pieces of evidence suggest that microbial proteases possess
anticancer effects. Hence, the protease activity could potentially enhance anti-
carcinogenesis by disrupting the balance of pro and antiapoptotic proteins. However,
the mechanisms underlying such effects and whether they entail any potential signalling
pathways remain poorly understood. Based on this, we purified Peptidase M84 from the
culture supernatant of Bacillus altitudinis strain GDL-186, which exhibited cytotoxicity

against ovarian cancer cells. This finding has significant implications for cancer therapy.

Highlights of the study

Peptidase M84, derived from an environmental isolate of Bacillus altitudinis, exhibits

anti-cancer properties.

This metalloprotease triggers ROS-dependent apoptosis in PAR-1-positive ovarian

cancer cells.

PAR-1-negative healthy cells remain unaffected by Peptidase M84 treatment.

Peptidase M84 enhances the efficacy of PAR-1 targeted therapy for ovarian cancer.
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CHAPTER 1

Introduction
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Despite significant advancements in chemotherapy regimens for ovarian cancer, it
remains one of the most lethal gynaecological malignancies, characterised by high
recurrence and mortality rates. While cytoreductive surgery combined with platinum-
based chemotherapy is the standard treatment for epithelial ovarian cancer (EOC),
mortality rates have not seen a significant decrease (Kurnit et al., 2021). For example,
according to Globocan 2018, ovarian cancer ranks eighth among the most common
malignancies affecting Indian females. Consequently, there is an urgent need for new
therapies and alternative targets to combat ovarian cancer. In this context, the anticancer
potential of natural microbial enzymes has been extensively explored. Microorganisms
abundantly provide structurally diverse natural products, making them valuable
resources for drug discovery (Huang et al., 2021). Compared to chemically synthesised
drugs, the extraction and purification of natural bacterial products are relatively cost-
effective (Sahayasheela et al., 2022). Bacterial toxins and enzymes have been
recognised for their anti-cancer effects, modulating various cellular processes such as
apoptosis, differentiation, and proliferation. When used alone or in combination with
other anticancer drugs or irradiation, bacterial products can enhance the efficacy of

cancer therapy (Trivanovic et al., 2021).

Extracellular or secreted proteases are crucial for the survival of protease-secreting
bacteria and are found ubiquitously in nature, originating from plants, animals, and
microbes. These degradative enzymes hydrolyse the peptide bonds in polypeptide
chains of amino acids, selectively modifying proteins (Tapader et al., 2019). Bacillus
species are extensively studied and recognised as dynamic, active, and industrially
significant producers of extracellular alkaline proteases (EC.3.4.21-24.99). The global
market for these enzymes is rapidly expanding, with proteases accounting for 20% of
the 60% of all marketed enzymes. Proteases are fundamental to nearly all forms of life
on Earth and can be isolated and purified through various fermentation processes in a
relatively short time, exhibiting high substrate specificity and catalytic activity. These
producers thrive in diverse environments, including water, soil, and highly alkaline
conditions. Alkaline proteases have been segregated from sources like detergent
contamination, dried fish, sand soil, and slaughterhouses (Razzaq et al., 2019; Song et
al., 2023). Research has shown that alkaline fibrinolytic proteases can degrade fibrin,
indicating potential applications as anticancer drugs and in future thrombolytic therapy.

Proteases play roles in normal and pathological processes, potentially serving as
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therapeutic agents against diseases such as cancer and AIDS (Rawlings et al., 2004).
Our study involved extensive screening of various environmental microbial isolates to
identify a naturally occurring microbial extracellular protease capable of inducing

apoptosis in ovarian cancer cells, with the aim of elucidating its anticancer mechanism.

The purification of these enzymes is a complex process involving various methods to
recover value-added products. The choice of purification technique depends on whether
the enzyme is extracellular or intracellular. The primary goal during enzyme production
and purification is to produce cost-effective, high-value end products using economical
techniques. Typically, protein recovery from a crude biological mixture involves
precipitation methods, using reagents such as salts and organic solvents. Ammonium
sulphate is commonly used for protein precipitation in aqueous solutions with acidic,
neutral, or alkaline pH, enhancing salt solubility under alkaline conditions, unlike
sodium sulphate which has limited solubility at low temperatures. For the purification
of proteases, ion exchange (e.g., CM-Sephadex, DEAE-Sephadex) and gel filtration
chromatography are effective techniques, particularly for alkaline, acidic, and neutral
proteases from bacterial sources like Bacillus cereus AT and Bacillus circulans. Dialysis
membranes are preferred for enzyme recovery, while ultrafiltration, a pressure-driven
separation process, is cost-effective and results in minimal enzyme activity loss.
Additionally, gel filtration is used to determine the molecular mass of proteins,
employing reference standards of proteins with known molecular weights (Razzaq et

al., 2019; Song et al., 2023; Tapader et al., 2019).

Proteases can induce bio-signalling pathways and control cellular functions through the
cleavage of protease-activated receptors (PARs), a notable G-protein coupled receptors
(GPCRs). The subtypes of PARs, ranging from PAR 1-4, have been found to be
overexpressed in cancer cells with respect to healthy normal cells. PARs play important
roles in the apoptosis of cancer cells and carcinogenesis depending on the stimuli (Flynn
& Buret, 2004). Studies demonstrated the differential expression pattern of PAR-1 in
both transcriptional and translational levels in ovarian carcinoma tissue samples, while,
negligible or none in the normal ovarian surface epithelium (Grisaru-Granovsky et al.,
2005). Moreover, PAR-1 agonists also showed apoptosis in intestinal epithelial cells
(Chin et al., 2003). Nevertheless, the molecular mechanism by which overexpression of
PAR-1 can perturb the viability of cancer cells remains a less examined area of cancer

research. PAR-1 activation can trigger ROS generation in cancer cells (Mul3bach et al.,
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2015; Ray & Pal, 2016). Depending on their concentration, reactive oxygen species
(ROS) can have contrasting effects on cancer development. Oxidative stress,
characterised by an imbalance between reactive oxygen species (ROS) and antioxidants,
has been associated with various health conditions They may either trigger or promote
tumorigenesis by facilitating the transformation and proliferation of cancer cells, or
induce cell death (Hayes et al., 2020). The realignment of redox balance is crucial for
how tumour cells tolerate high ROS levels. Both PAR-1 and ROS are also reported to
be associated with the activation of NF-kB and MAP kinases imparting apoptosis of
cancer cells (Ray & Pal, 2016; Sheng et al., 2020). Abundant evidence suggests that p38
and NF-«xB are involved in enhancing cellular ROS levels and the intrinsic pathway of
cell apoptosis (Ray & Pal, 2016; Tapader et al., 2018). When there's an excessive
production of reactive oxygen species (ROS) surpassing the cellular antioxidant
capacity, it results in oxidative stress, which ultimately affects a wide range of signalling
pathways. Excessive ROS generation can lead to oxidative damage and cell death (Ray
& Pal, 2016; Tapader et al., 2018). Therefore, PAR-1 mediated ROS targeting therapy

using proteases may be proven to be advantageous to selectively kill cancer cells.

Our study presents a novel approach to selectively kill ovarian cancer cells of both
human and murine origin using Peptidase M84, a major secretory protein from Bacillus
altitudinis. We purified Peptidase M84 from an environmental isolate of Bacillus
altitudinis and identified it as a potent anticancer agent for the first time. Peptidase M84
induces apoptosis in ovarian cancer cells with high selective toxicity, while showing no
significant apoptotic effects on normal human ovarian epithelial cells or mouse
peritoneal macrophage cells. More than 90% of all ovarian malignancies are classified
as epithelial ovarian cancer (EOC), including aggressive high-grade serous carcinoma,
we believed that initially testing Peptidase M84 for its apoptosis-inducing capabilities
in an in vitro setup could help design a more effective treatment strategy. Our findings
broaden the prospects for apoptosis-inducing proteases from environmental isolates in
cancer treatment. In the present study, we have gone through various experimental
approaches to show that Peptidase M84 secreted by Bacillus altitudinis has anticancer
properties. Our current study depicts a deeper understanding of the mechanism by which
Peptidase M84 induces apoptosis in ovarian cancer cells, specifically through a PAR-
1/ROS-dependent pathway, which was previously unexplored. Thus, Peptidase M84

holds potential for future chemotherapeutic use in treating ovarian cancer.
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2.1. Cancer Therapy and Natural Compounds

Cancer persists as a formidable challenge of the 21st century, posing a fatal threat to
humanity. It stands as the second leading cause of global mortality, claiming
approximately 9.6 million lives in 2018 alone. Roughly one in six deaths worldwide is
attributed to this devastating disease (Patra, 2008; Siegel et al., 2020). The array of
treatments and therapies available varies according to cancer type. Nevertheless,
researchers persistently strive to refine anticancer compounds for therapeutic
application. A wealth of cytotoxic compounds, sourced from nature, demonstrate
promising antitumor and anticarcinogenic properties. Through meticulous isolation,
purification, and development processes, numerous anticancer compounds have
emerged from diverse natural reservoirs such as plants and microbes (Huang et al.,
2021; Trivanovic¢ et al., 2021) . A concerted effort, driven by focused objectives and
collaborative endeavours, holds the potential to expedite the discovery of novel
anticancer drugs boasting enhanced efficacy. The bounty of nature offers humanity a
rich trove of resources ripe for drug discovery. Nearly half of the pharmaceuticals in use
today, designed to combat human ailments, are sourced from natural products found on
land. While conventional chemotherapy has proven its efficacy, its utility is hampered
by significant side effects. Thus, in the realm of cancer research, emphasis is placed on

prevention, early detection, and the exploration of innovative alternative therapies.

2.2. Ovarian Cancer

Exploring the gravity of ovarian cancer in women, it ranks as the seventh most prevalent
cancer and the second highest contributor to gynaecological malignancy-related deaths.
On a global scale, it stands as the eighth most common cause of cancer-induced
mortality. Alarmingly, the five-year survival rate hovers at a mere 47%. Epithelial
Ovarian Cancer (EOC) constitutes the lion's share, representing 85-90% of all cases (Z.
Liu et al., 2024). This variant can be further classified into five subtypes, distinguished
by their origin, pathogenesis, risk factors, prognosis, and molecular characteristics
(Torre et al., 2018). In 2020, the global incidence of ovarian carcinoma (OvCa) saw an

estimated 313,959 new cases, resulting in 207,252 deaths. Among malignant ovarian
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tumours, approximately 90% originate from epithelial cells, while 5-6% are attributed
to sex cord-stromal tumours (such as granulosa cell tumours and thecomas), and 2-3%
are germ cell tumours (including teratomas and dysgerminomas) (Brett M. et al., 2017).
Most epidemiological research, including our study, predominantly focuses on
epithelial ovarian carcinoma. Ovarian cancer has the worst prognosis among
gynaecologic cancers, with approximately 314,000 new cases and 207,000 deaths
annually (Cabasag et al., 2022). This disease is characterised by heterogeneity and
distinct histotypes, each with unique molecular features, clinical presentations, and
prognoses (Soslow, 2008; Peres et al., 2018). According to the WHO classification, 90%
of ovarian tumours originate from the epithelium, 3% from germ cells, and 2% from
sex-cord stromal cells (Hanby and Walker, 2004; Herrington and Herrington, 2020). The
5-year survival of OVCa patients in India is about 45% (Mbhatre et al., 2023).

2.3. Classification and histological subtypes

Epithelial ovarian carcinoma (EOC) encompasses a diverse range of histologic subtypes
(histotypes) characterised by variations in cellular origin, pathogenesis, molecular
profiles, gene expression patterns, and prognosis. The main malignant histotypes
include high-grade serous (HGSOC; 70%), endometrioid (ENOC; 10%), clear cell
(CCOC; 10%), mucinous (MOC; 3%), and low-grade serous (LGSOC; <5%).
Additionally, within these categories, particularly among serous and mucinous tumours,
there exist borderline or low malignant potential (LMP) tumours, which exhibit
microscopic features of malignancy without evident invasion into surrounding stromal

tissues (Ciucci et al., 2022a; G. Li et al., 2023).

11| Page



| Ovarian Cancer |

el By Ty

A| Epithelial (~90%) I Sex-cord stromal I Germ cell | Mixed-cell type |Cell of Origin

B I Epithelial ovarian cancer I

Mostly arise
Mostly originat
Includes: from S Includes: : oh yf;,l;"".a 4
endometriosis 7 in the fallopian
* Low-grade serous ) ioid *  High-grade serous < tube epithelium
carcinoma (LGSC) bisrehias: carcinoma (HGSC)

clear-cell,
seromucinous
carcinoma), or
fallopian tubal-

* Undifferentiated
carcinoma *
¢ Carcinosarcoma *

Endometrioid carcinoma
Clear-cell carcinoma
Mucinous carcinoma

Malignant Brenner
RS related serous T
. borderline
* Seromucinous AR Characterized by mutations in: TP53
ke g ovarian tumors
(LGsC) '

A

Overall, genomic alterations in KRAS, BRAF,
PTEN, PIK3CA, CTNNB1, ARID1A are
relatively common in type | tumors.

Figure 2.1. Classification of ovarian cancer based on histological subtypes

(A) Histological subtypes of ovarian cancer; and (B) Epithelial ovarian cancer
classification paradigm based on molecular and clinicopathologic evidence that type I
and type II tumours develop through different pathways (Kurman et al., 2015). * Rare
tumour; T Mucinous and malignant Brenner tumours are considered to be possible
exceptions that may arise from transitional cells at or close to the junction of the

fallopian tube and the peritoneum; Sourced from (Rojas et al., 2016).

The majority of patients with epithelial ovarian cancer are diagnosed at an advanced
stage. Despite significant advances in treatment over the past several decades, recurrent
ovarian cancer remains almost uniformly fatal. More than 70% of those diagnosed with
International Federation of Gynaecology and Obstetrics (FIGO) stage III or IV ovarian
cancer (2014) will experience a recurrence within the first five years. Given the critical
clinical needs of these patients, our focus here is on the treatment of advanced disease

(Kurnit et al., 2021).
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Figure 2.2. Schematic representation of ovarian cancer classification into Type |
and Type Il tumours depending on histology, clinical features, and molecular profile
with commonly associated mutations. Type | tumours tend to be slow growing, less
aggressive, and more likely to be diagnosed at earlier stages of disease associated with
genetic stability. Type Il tumours usually present with more aggressive, rapid growing
disease that is diagnosed in more advanced stages, and are associated with a higher

degree of genetic instability; Sourced from (Zhu et al., 2022)

2.4. Worldwide scenario

Ovarian cancer (OC) incidence exhibits significant geographic variation. The highest
age-adjusted incidence rates are observed in developed regions such as North America
and Central and Eastern Europe, where rates generally exceed 8 per 100,000. In contrast,
rates are intermediate in South America (5.8 per 100,000) and lowest in Asia and Africa
(<3 per 100,000). Migration from low-incidence to high-incidence countries increases
risk, emphasising the importance of non-genetic risk factors. Within the United States,

racial differences in incidence and mortality reflect international patterns: rates are
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highest among Whites, intermediate among Hispanics, and lowest among Blacks and
Asians. Similarly, in large countries like China, incidence and mortality are higher in
developed, urban regions compared to less developed, rural areas. In most developed
countries, including North America and Europe, OC incidence and mortality have
gradually declined since the 1990s. Conversely, historically less developed countries
experiencing recent economic growth and lifestyle changes have seen increases in OC

incidence and mortality rates (Brett M. et al., 2017).

In India, the estimated incidence of ovarian cancer is the second highest globally,
following China. Among South Central Asian countries, India accounts for 76.5% of
ovarian cancer cases and 77.5% of the mortality associated with the disease (Globocan

2020, geo/iarc.fr).

High-grade serous ovarian cancer (HGSOC) is the most common histologic type of
epithelial ovarian cancer (EOC). It typically presents at an advanced stage (III-IV).
Despite an initial response to surgical debulking and first-line therapy with carboplatin
and paclitaxel (with or without bevacizumab), most tumours eventually develop drug
resistance. As a result, the 5-year survival rate generally remains below 30% (Y. Zhang

et al., 2019).

(Ovarian cancer age-standardized rate (werld) incidence

3.8
Bl s
s
s
N

Figure 2.3. Estimated international variation in age-standardized (world) ovarian

cancer incidence rates for all ages. National OC incidence estimates in 2012 for 184
countries were extracted from the GLOBOCAN 2012 database (http://globocan.iarc.fr)
(Y. Zhang et al., 2019).
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2.5. Current treatment strategy, challenges and limitations

Currently, the main treatment modalities for ovarian cancer (OC) include surgical
debulking, radiotherapy, and chemotherapy. However, these treatments often result in
unwanted side effects and drug resistance due to the lack of targeted therapies. This
highlights the urgent need to decipher complex disease biology and identify potential
biomarkers that could significantly enhance early diagnosis and predict responses to
specific therapies. Chemotherapy for OC, in particular, adversely affects patients'
quality of life with severe side effects such as fatigue, arthralgia, and neurotoxicity.
Understanding the biology of heterogeneous OCs is crucial for accurately exploring the
disease’s mechanisms. Researchers are investigating potential therapeutic targets for
OC management, including intrinsic signalling pathways, angiogenesis, hormone

receptors, and immunologic factors (Kurnit et al., 2021).

Newly diagnosed high-grade serous epithelial ovarian cancer (EOC) patients typically
undergo radical surgery followed by adjuvant platinum and taxane combination
chemotherapy. However, for patients where upfront surgery is contraindicated due to
medical reasons such as comorbidities or poor performance status, or where complete
cytoreduction is unachievable, neoadjuvant chemotherapy (NACT) followed by interval

debulking surgery (IDS) and adjuvant chemotherapy is an alternative option. Currently,
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there is a lack of consensus on the best candidates for NACT, with some authors
suggesting that this approach may be harmful for certain patients by promoting early

chemoresistance (Moschetta et al., 2020).

The majority of newly diagnosed epithelial ovarian cancer (EOC) patients undergo
radical surgery, a treatment approach initially proposed by Meigs et al. in 1934 and later
refined by Griffiths et al. in 1975. This surgery is typically followed by six to eight
cycles of adjuvant platinum and taxane combination chemotherapy. Despite aggressive
treatment at diagnosis, most patients experience disease relapse within the first five

years, and only about a quarter of cases are ultimately cured (Moschetta et al., 2020).

2.6. Need for new anticancer agents

Recent treatments for ovarian cancer primarily include surgery and chemotherapy, with
the standard regimen involving a combination of platinum-based drugs and taxanes.
While these treatments can be effective, they often come with significant disadvantages.
Chemotherapy is associated with severe side effects, such as nausea, fatigue, and
neuropathy, and many patients eventually develop resistance to these drugs, leading to
relapse. Additionally, current treatments are generally not tailored to individual patients,
resulting in variable effectiveness. These limitations underscore the need for alternative
precision medicine approaches, which aim to develop targeted therapies based on the
specific genetic and molecular profiles of each patient's cancer. Precision medicine
holds the promise of improving efficacy, reducing side effects, and overcoming drug

resistance by offering more personalized and targeted treatment options (Cristea et al.,
2010) .

Ultimately, the goal is to create more effective methods for detecting and treating this
lethal disease. Achieving these ambitious objectives requires the careful selection of
preclinical models and meticulous study design to ensure that preclinical data can be

successfully translated to clinical settings.
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Figure 2.5. Current treatment strategy in ovarian cancer is illustrated. HGSOC,
high-grade serous ovarian cancer; LGSOC, low-grade serous ovarian cancer; mBRCA,

breast cancer gene mutation; Source (Lheureux et al., 2015).
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Figure 2.6. Tools in the pharmacologic arsenal for treatment of ovarian cancer.
SERM: selective oestrogen receptor modulator; LHRH: Luteinizing-hormone-releasing

hormone; PARP: poly (ADP-ribose) polymerase; Source (Di Lorenzo et al., 2018).
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2.7. Currently available drugs, targeted pathways and their limitations

Bevacizumab, the most-studied anti-VEGF therapy that inhibits angiogenesis in the
tumour microenvironment, holds great promise for ovarian cancer (OC) treatment.
However, its efficacy is only modest due to redundant angiogenic pathways.
Concurrently, there has been a surge in clinical trials with several drug candidates that
precisely target signal enzymes to induce apoptosis and autophagy, focusing on

inhibiting angiogenesis in site-specific OC cells.

Surgery and chemoradiotherapy are the most frequently used treatment options for
ovarian cancer (OC). However, chemoradiotherapy is associated with severe side
effects, and radiotherapy (RT) provides only minor therapeutic benefits, often resulting
in poor survival outcomes. Therefore, targeting specific signalling pathways presents a
promising molecular approach for OC therapy. This strategy aims to inhibit tumour
growth, cell invasion, migration, and metastasis, offering a potentially more effective

treatment with fewer side effects (Akter et al., 2022)

Enzastaurin (LY317615.HCI) is a radiosensitising, ATP-competitive, selective inhibitor
of protein kinase C beta (PKC-beta). It inhibits tumour cell growth by upregulating the
proapoptotic activity of caspase-9 and caspase-3. (I. Vergote, 2014; 1. B. Vergote et al.,
2013).

Resveratrol, a small polyphenol compound, increases apoptosis induction in ovarian
cancer cells by activating it in an AMPK-dependent manner. It also activates caspase 3,
leading to the inhibition of mTOR expression and activation, a downstream signalling

target of AMPK. (Akter et al., 2022; Y. Liu et al., 2018).

Better prognosis in ovarian cancer (OC) has been associated with the identification of
novel therapeutic targets. Recent advancements in understanding OC biology have led
to the discovery of numerous molecular targets, such as growth factor receptors, cell
cycle regulators, signal transduction pathways, and angiogenic mechanisms. These
molecular targets offer promising avenues for therapy. Unlike conventional
chemotherapy, molecularly targeted agents exhibit higher selectivity and lower toxicity,
providing new hope for more effective and tolerable treatments for OC (Akter et al.,

2022).
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Trastuzumab (Herceptin), a targeted monoclonal antibody for ErbB2, is approved for
treating ErbB2-positive breast cancer. However, according to the GOC study,
trastuzumab has limited efficacy in ovarian cancer. Nonetheless, a partial but long-
lasting response was observed when combination therapy with trastuzumab. Other
receptor-binding inhibitors, such as cetuximab, have different mechanisms of action
compared to tyrosine kinase inhibitors (TKIs) like gefitinib and erlotinib. (Akter et al.,
2022; Wilken et al., 2010, J. Zhang et al., 2015).

The proteasome's activity presents a promising therapeutic avenue for cancer treatment.
PS341 (bortezomib), a dipeptide boronic acid derivative, achieves this by reversibly
inhibiting the 20S proteasome, thereby preventing protein degradation. Cyclins (CDKs)
and IkB proteins, which act as corepressors of nuclear factor-kappa B (NF-kB)
activation, emerge as potential targets. Inhibiting IkB degradation leads to reduced NF-
kB transcription factor activity. Despite NF-kB's prominent antiapoptotic role, the use
of PS-341 and NF-kB blockers tends to enhance chemotherapy-induced apoptosis
(Akter et al., 2022).

Anticancer drugs targeting microtubules, such as taxanes and vinca alkaloids, have been
longstanding first-line treatments for breast cancer and various other cancers, including
ovarian, prostate, head and neck, and lung cancers. In phase III clinical trials,
polyglutamated paclitaxel (CT2103), a cytotoxic agent, demonstrated superior
treatment responses and fewer side effects compared to traditional paclitaxel. (Akter et

al., 2022).

CA125 antigen has been utilized for over two decades in the US for screening high-risk
women for ovarian cancer (OC). Initially used as a predictive marker in preinvasive OC,
CA125, despite its limited sensitivity and specificity, is strongly associated with
epithelial OC. Consequently, combining non-invasive immunotherapy with
chemotherapy may represent a promising therapeutic strategy for improving survival

outcomes in OC (Akter et al., 2022; Kurnit et al., 2021).

More than half (58%) of ovarian cancer (OC) patients are diagnosed at an advanced
stage (III or IV), resulting in poor prognosis due to the lack of early detection. The
standard treatment for advanced OC typically involves cytoreductive tumour surgery
followed by chemotherapy and/or radiotherapy, regardless of tumour heterogeneity or

hormone therapy options. However, chemotherapy resistance remains a significant
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challenge in achieving a cure and favourable prognosis. The choice of treatment
depends on various factors, including the cancer's molecular subtype, stemness, clinical
stage, disease dynamics, and the patient's age and overall health. A range of
chemotherapeutic agents is available for treating ovarian cancer, either alone or in
combination. Platinum-based drugs (cisplatin and carboplatin). Unfortunately, these
agents are associated with severe side effects, including sustained nausea and vomiting,
hair loss, mouth sores, acute renal injury, ototoxicity, infertility, anaemia, leukopenia,
thrombocytopenia, and  long-term  peripheral = neuropathy.  Additionally,
chemotherapeutic agents suffer from poor bioavailability, high dose requirements, low
therapeutic indices, and nonspecific targeting, leading to elevated toxicity in normal
cells and drug resistance in cancer cells (Akter et al., 2022). Currently, only two targeted
agents have received approval for the treatment of ovarian cancer from both the U.S.
Food and Drug Administration and the European Medicines Agency (EMA). These are
the polyadenosine diphosphate (ADP)-ribose polymerase (PARP) inhibitor, olaparib,
and the antiangiogenic agent, bevacizumab, both approved for patients with advanced
disease previously treated with chemotherapy. Additionally, first-line bevacizumab has
been approved by the EMA for the treatment of ovarian cancer. In Europe, trabectedin,
which inhibits DNA replication and transcription and induces DNA double-strand
breaks and loss of homologous recombination repair, is also available for the treatment

of patients with advanced ovarian cancer (Akter et al., 2022).
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Figure 2.7. Multiple potential therapies targeting specific molecular alterations are
currently under investigation for the treatment of ovarian cancer. Source: (Rojas et

al., 2016)

2.8. Microbes and microbial products in cancer therapy

Microorganisms, ubiquitous in nature, wield remarkable therapeutic potential in the
realm of anticancer therapies. The historical utilisation of bacteria in cancer treatment
traces back centuries, with the observation of tumour regression in patients with gas
gangrene after infection by C. Perfringens in 1813 marking a significant milestone. This
paved the way for subsequent exploration, wherein wild-type Clostridium perfringens
was detected in cancer patients in the early 19th century. Subsequent experiments
injected live anaerobic bacteria into animal models, probing their oncolytic effects. A
pivotal figure in this narrative is Dr. William Coley (1862-1936), a bone sarcoma
surgeon at New York Cancer Hospital. Dr. Coley's systematic experimental therapy,

initiated nearly a century ago, showcased the remarkable potential of bacterial infection
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in tumour regression. He meticulously documented nearly 47 cases wherein bacterial
infection exhibited beneficial effects in tumorigenesis. Notably, the administration of
Streptococcus pyogenes led to significant tumour regression in a patient with inoperable
bone sarcoma (McCarthy, n.d.; Trivanovi¢ et al., 2021). Over the following four
decades, Dr. Coley explored various microbial mixtures, such as heat-killed
streptococcal organisms combined with Serratia marsceacens, each demonstrating
varying effectiveness. These mixtures functioned akin to vaccines, stimulating patient
immunity by leveraging bacterial components as antigens, collectively termed Coley’s
toxin. The widespread application of Coley’s toxin in cancer treatment during this
period yielded promising outcomes, with over a quarter of patients experiencing cure.
These limitations often curtail the application of such approaches in cancer treatment
due to the unpredictable efficacy, heightened immune response, and associated side
effects and toxicities. Despite these challenges, the relentless pursuit of new alternative
anticancer therapies with enhanced selective toxicity persists, aiming to transcend
conventional chemotherapies and propel the frontier of cancer research and therapeutics
forward for the betterment of patient outcomes (Chakrabarty et al., 2014; Zahaf &
Schmidt, 2017).

Bacterial toxins have emerged as potent agents in the fight against cancer, demonstrating
significant success in various studies (Nag et al., 2024). These toxins possess the ability
to modulate fundamental cellular processes crucial to cancer progression, including the
regulation of cell proliferation, apoptosis, and differentiation, ultimately culminating in
cell death. Notably, these cellular alterations are intricately linked with the intricate
pathways of carcinogenesis. In the contemporary landscape of cancer treatment, while
conventional therapies abound, their efficacy is often overshadowed by the burden of
side effects. Consequently, there is a concerted effort to explore alternative targets for
cancer therapy. In this pursuit, bacterial enzymes have emerged as promising candidates,
offering novel avenues for combating cancer with potentially fewer adverse effects
(Craik et al., 2011; Nag et al., 2024). In the context of cancer therapy, it is imperative to
delve into the realm of microbial enzymes and their pivotal roles, elucidating the major
molecular mechanisms that render them valuable in cancer biology. Understanding the
collective knowledge surrounding the use of various microbial enzymes in anticancer
therapy can pave the way for the development of effective strategies for prevention,

treatment, and management (Chakrabarty et al., 2014; Zahaf & Schmidt, 2017).
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2.9. Microbial enzymes as cancer therapeutics

Microbial enzymes have diverse applications as anti-cancer agents. The hallmark of
cancer cells is their uncontrolled proliferation and rapid growth, which necessitates
metabolic reprogramming to meet their increased nutrient demands (Vachher et al.,
2021). Consequently, cancer cells often depend on normal cells for certain nutrients,
primarily amino acids, making them auxotrophic. In contrast, normal cells have lower
amino acid requirements (Cantor et al., 2012). This difference in amino acid needs
creates a metabolic vulnerability in cancer cells, providing a rationale for amino acid
depletion therapy (AADT) (Tabe et al., 2019). Microbial enzymes that degrade amino
acids are particularly useful in AADT due to their ready availability, high productivity,
and ease of manipulation. However, being foreign proteins, these enzymes can be
unstable and may elicit an immune response. To improve the pharmacokinetic properties
of these anticancer enzymes, various strategies such as genetic manipulation,
encapsulation, and the creation of fusion proteins need to be developed before their
administration to cancer patients. Therefore, a deep understanding of cancer cell
metabolism can help define novel therapeutic approaches to inhibit tumour growth

(Vachher et al., 2021).

Microbial enzymes with anti-cancerous potential.
Enzyme Class Producer Mechanism of action Targeted cancers
microorganism
Asparaginase  Hydrolase  Escherichia coli, Hydrolysis of L-asparagine into ammonia and ~ Acute Lymphoblastic Leukemia, T cell lymphoma,
Erwinia chrysanthemi  aspartate ovarian carcinoma, lymphosarcoma
Arginine Hydrolase ~Mycoplasma arginini, Hydrolysis of L-arginine into ammonia and ~ Hepatocellular carcinoma, melanoma, plural
deiminase Mycaoplasma homininis  citrulline mesothelioma, Hodgkin's lymphoma, prostrate,
renal, breast cancer
Methioninase  Lyase Clostridium sporogenes, —The w,y elimination reaction of L-methionine Melanoma, Walker 256 carcinoma, glioma,
Pseudomonas putida to a-ketobutyrate, ammonia and kidney, prostate, bladder, colon cancer
methanethiol
Lysine oxidase Oxido- Trichoderma viride Oxidative deamination of L-lysine into « Intracranial gliomas, colorectal cancer, Human
reductase —keto-E-amnocaproic acid, hydrogen tumor xenografts
peroxide and ammonia
Glutaminase Hydrolase Bacillus cereus, Hydrolysis of L-glutamine to glutamate and  Hela cells, Hepatocellular carcinoma cells
Achromobacter sp, ammonia (HepG2), Acute lymphocytic leukemia
Aeromonas veroni
Phenylalanine  Lyase Rhodosporidium Transformation of L-phenylalanine to Leukemia, colorectal cancer
ammonia toruloides ammonia and trans-cinnamic acid
lyase

Table 2.1. Microbial enzymes with anti-cancer properties; Source (Vachher et

al., 2021)
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As biopharmaceuticals, enzymes offer several advantages, including high substrate
specificity and affinity, efficient catalysis with reduced toxicity, and minimal side
effects. Enzymatic catalysis allows the simultaneous conversion of multiple targets,
including prodrugs, into the desired products, enabling the administration of smaller
quantities of therapeutics (Yari et al., 2017). Microorganisms produce a vast array of
enzymes due to their physiological, geographic, and genomic diversity. These microbial
enzymes are increasingly utilised in the healthcare sector both as therapeutic and
diagnostic agents. In 2019, the market size for microbial enzymes was estimated to be
approximately 9.9 billion USD and is projected to grow at a compound annual growth
rate (CAGR) of 7.1% from 2020 to 2027 (Enzymes Market Size, Share & Trends
Analysis Report by Application, 2020). Microbial enzymes are highly valuable as
therapeutic agents because they are economical, consistent, and easy to isolate. The
primary advantage of microbial enzyme production is the ability to achieve high yields
on inexpensive media in a short time. Additionally, techniques such as fusion proteins,
PEGylation, point mutations, nanocarrier encapsulation, and other genetic manipulation
methods can be employed to enhance the efficiency and ensure a standardized supply
of enzymes through microbial fermentation (Taipa et al., 2019). Globally, scientists are
increasingly recognising the broad potential of various microbial enzymes in
therapeutics and biopharmaceuticals, leading to a rapid rise in the application of these

enzymes as curative agents (Taipa et al., 2019; UmaMaheswari et al., 2016).
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Figure 2.8. Major therapeutic aspect of proteases; Source (Shankar et al., 2021)

2.10. Microbial protease; the star player

One such key player is the protease, a ubiquitous enzyme known for its ability to
catalyse the hydrolysis of peptide bonds in proteins. Proteases are widely distributed in
nature, spanning microorganisms, animals, plants, and even viruses. This ubiquity
underscores their significance as potential candidates for therapeutic intervention in
cancer. Proteases, enzymes renowned for their ability to break down proteins, hold a
paramount position due to their widespread applications in both physiological and
commercial realms. Their significant industrial relevance is evidenced by their
involvement in nearly 25% of the total global enzyme sales, with approximately two-
thirds of commercially synthesized proteases originating from microbial sources.
Protease production is a common trait across all living organisms, but it is primarily
exploited commercially in microorganisms that produce one or more extracellular
proteases. These versatile enzymes demonstrate the capability to degrade various
biomolecules such as proteins, lipids, chitin, pectin, and starch. Operating at the
forefront of physiological processes in both prokaryotes and eukaryotes, proteases
present a formidable challenge for precise classification due to their immense diversity.

Their classification defies simple categorization based on traditional enzyme
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nomenclature rules or evolutionary relatedness grounded in amino acid sequences

(Razzaq et al., 2019; Shankar et al., 2021).

Delving deeper into their classification reveals six distinct types, delineated by the
nature of the functional group involved in catalytic reactions. These types include
metalloproteases, serine proteases, aspartic proteases, cysteine proteases, threonine
proteases, and glutamic proteases. However, among these, the first three types undergo
extensive study, reflecting their prominence and significance in various biological
processes. Further classification of proteases is based on their site of action on the
substrate, dividing them into endo and exopeptidases. These enzymes catalyse the
cleavage of polypeptides at distinct sites. Endopeptidases target peptide bonds located
internally within the peptide, proximal to both the amino and carboxyl terminal ends.
Conversely, exopeptidases cleave peptide bonds close to the amino and carboxyl termini
of polypeptide chains. Among exopeptidases, those acting on the amino termini are
termed aminopeptidases, while those targeting the carboxyl termini are referred to as
carboxypeptidases. Another classification criterion, rooted in amino acid sequence,
enables the categorization of proteases into different families and subsequently into
distinct "clans," grouping proteases that have evolved divergently from a common
ancestor. Additionally, enzymes exhibit variations in their pH optima, a significant
determinant of enzyme activity. This discrepancy in pH optima serves as another basis
for classification, with proteases classified as acidic, alkaline, or neutral based on their

optimal pH conditions (Rao et al., 1998; Tapader et al., 2018, 2019).

Microbial extracellular secreted proteases serve as potent virulence factors (VFs)
implicated in the pathogenesis of various pathogenic microorganisms, contributing
significantly to disease progression. Their roles in aiding pathogens to infiltrate host
tissues, target a plethora of extracellular and intracellular host molecules, and
circumvent host defence mechanisms are well-documented. Proteases represent a
rapidly growing class of drugs with significant potential. The U.S. Food and Drug
Administration has already approved 12 protease-based therapies, and numerous next-
generation or entirely novel proteases are currently in clinical development.
Consequently, proteases have a promising future as a distinct therapeutic category with

a wide range of clinical applications (Rao et al., 1998; Tapader et al., 2019).
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2.11. Microbial proteases can be classified into several categories

1. Proteases that hydrolyse specific proteins, such as collagenase, elastase, and
keratinase.

ii. Proteases similar to well-known proteolytic enzymes, including chymotrypsin,
trypsin, and pepsin.

iii. Proteases active across different pH ranges, such as alkaline, acid, or neutral
proteases.

iv. Proteases are categorised by their catalytic mechanisms, involving specific amino
acid residues at their active sites, such as aspartic proteases, cysteine proteases,
metalloproteases, and serine proteases (Rao et al., 1998).

v. Proteases classified by their hydrolysis site specificity: endopeptidases, which act
internally within polypeptide chains, and exopeptidases, which act near the termini of
polypeptide chains. Various subtypes of endopeptidases and exopeptidases have been
identified by the Enzyme Commission (EC).

According to the Nomenclature Committee of the International Union of Biochemistry
and Molecular Biology (1992), proteases are categorized under subgroup 4 of group 3
(hydrolase).

Researchers have successfully produced proteases from various microbial sources,
accounting for two-thirds of the global commercial protease market (Beg and Gupta,
2003). Since the advent of enzymology, microbial proteolytic proteases have been the
most widely studied enzymes due to their vital role in metabolic activities and their
extensive industrial applications (Rao et al., 1998; Sandhya et al., 2005; Younes and
Rinaudo, 2015). Microbial proteases are preferred in the market because of their high
yield, low time and space requirements, ease of genetic manipulation, and cost-
effectiveness (Razzaq et al., 2019). These characteristics make them more suitable for
biotechnological applications compared to plant and animal proteases (Razzaq et al.,
2019).

Proteolytic enzymes from microbes and mammalian systems are typically small, dense,
and structurally spherical (Oberoi et al., 2001). Microbial proteases are extensively
utilized across various industrial sectors. These extracellular alkaline proteases are

secreted into the liquid broth from which they are extracted and purified through
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downstream processes to produce the final product. Microbial proteases are less labour-
intensive to produce than plant and animal proteases.

Bacillus subtilis, being non-pathogenic and capable of producing extracellular proteins,
is a promising host for the production of recombinant protease enzymes. B.subtilis
secretes industrially important proteases, such as subtilisin (apr) and metalloproteases
(npr). Bacillus spp. are among the most widely utilized microbes for protease
production, making them a key player in the commercial exploitation of proteases.
Proteases are increasingly recognised as eco-friendly alternatives to chemicals, serving
as valuable indicators for environmental health and sustainability (Razzaq et al., 2019).
The study of the biochemical and molecular aspects of proteolytic systems, such as
proteases, is increasingly attracting researchers' attention for several reasons. The
commercial value of robust and novel bacterial enzymes is becoming more evident,
driving researchers and engineers to seek out these enzymes. In the future, protein
engineering will be crucial in developing proteases with new properties. Among these,
alkaline bacterial proteases are particularly important for various industries, and their
use is expected to grow. Therefore, researchers are adopting advanced strategies like
protein/genetic engineering, molecular biology, and computational biology to create
improved protease-producing strains. By inducing in vitro evolutionary changes in
protein primary structures, bacterial strains with desirable traits can be developed. A
major goal for scientists is to achieve bacterial proteases with enhanced characteristics
such as improved yield, altered substrate specificity, increased thermal stability,
adjusted optimal pH, and prevention of auto-proteolytic inactivation (Razzaq et al.,

2019; Tapader et al., 2019; Vachher et al., 2021).

2.12. Metalloprotease

Metalloproteases are categorized based on their specificity and action into four groups:
neutral, alkaline, Myxobacter I, and Myxobacter I1. Neutral proteases exhibit specificity
for hydrophobic acids and are inhibited by chelating agents like EDTA. Among protease
types, metalloproteases show the greatest diversity. For instance, thermolysin, a well-
studied neutral protease produced by B. stearothermophilus, lacks disulfide bridges in
its single peptide structure. With a molecular weight of 34 kDa, thermolysin contains an

essential Zn atom and four Ca atoms embedded between its two folded lobes, which
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impart thermotolerance. This neutral protease is highly stable, with a half-life of 1 hour
at 80°C (Razzaq et al., 2019; Song et al., 2023; Vachher et al., 2021). Metalloproteases

(classified as 3.4.17) active sites contain metal ions.

2.13. Therapeutic applications of microbial proteases

Over recent decades, the therapeutic application of proteases has yielded promising
clinical outcomes, indicating a promising trajectory for their expanded utilization. When
administered in their active state, proteases typically exhibit a biological half-life
measured in minutes, which can be extended by several hours through various methods.
Protease engineering has proven successful in modifying their properties and will
continue to be utilised for this purpose. Moreover, the therapeutic advantages of
protease drugs need not be limited to their primary proteolytic functions; they can be
employed in contexts where their involvement is unconventional. Notably, proteases
can be co-administered with conventional small molecule therapies and formulated
alongside other proteins without compromising their integrity prior to patient
administration. Given the pivotal roles of proteases in both normal physiology and
disease processes, there exists a wide array of opportunities to harness their potential
for therapeutic applications.

Didemnin B from 7rididemnum solidum, one of the earliest anti-cancer drugs of marine
origin, entered clinical studies (Xu et al., 2012). Similarly, Azurin from Pseudomonas
aeruginosa and MakA from Vibrio cholerae have shown promising anticancer effects
(Punj et al., 2004; Toh et al., 2022, Nadeem et al., 2021). Microbial proteases contribute
to cancer therapy through various mechanisms, including the inactivation of
antimicrobial peptides, disruption of the defensive mucosal barrier, and induction of
apoptosis in target cells (Nag et al., 2024). For example, a protease obtained from
Serratia mercescens kums 3958 induced significant tumour regression when injected
into solid tumours in BALB/c mice (Maeda et al., n.d.). Previously, bacterial subtilisin,
a serine protease, was reported to potentiate apoptosis via the ubiquitin-mediated tubulin

degradation pathway in breast cancer cells (Singh et al., 2022).
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Some important therapeutic enzymes and their
applications

Enzyme
L-Asparaginase
L-glutaminase
Serratiopeptidase
Collagenase
Lipases
Streptokinase
Urokinase
Laccase
L-Arginase
L-Tyrosinase
Ribonuclease

Application
Anti-tumour
Anti-tumour
Anti-inflammatory
Skin ulcers
Digest lipids
Anticoagulant
Anti-coagulant
Detoxifier
Anti-tumour
Anti-tumour
Anti-viral

Table 2.2. Some important therapeutic enzymes and their application; Source

(Shankar et al., 2021)

L-asparaginase (ASNase), a clinically important microbial enzyme isolated from
various environmental sources, has shown promising outcomes in cancer therapy
(Alrumman et al., 2019; Vimal & Kumar, 2017). Studies on extracellular
metalloprotease arazyme from Serratia proteamaculans suggested its effectiveness in
inhibiting metastatic murine melanoma via MMP-8 cross-reactive antibody stimulation
(Pereira et al., 2014). These findings provide insights into the cytotoxic mechanisms of
action of microbial proteases on cancer cells. While the use of microbial proteases in
cancer therapy remains relatively underexplored, noteworthy observations date back
over 30 years. A protease isolated from Serratia marcescens kums 3958, exhibited
remarkable tumour regression potential in vivo. This protease demonstrated potent
antitumor activity upon injection into tumours in BALB/c mice (Maeda et al., 1987).
Similar in vivo tumour regression outcomes were observed with subtilisin from Bacillus
subtilis and thermolysin from Bacillus stearothermophilus. These studies shed light on
a potential mechanism underlying the cytotoxic action of proteases: a2M receptor-
mediated endocytosis of the protease complex, followed by the destruction of cellular
integrity post-regeneration of proteolytic activity (Maeda et al., n.d.). Moreover,
investigations into the purified hemagglutinin protease (HAP) from Vibrio cholerae,
lacking the cholera toxin gene, revealed a noteworthy cell-distending effect on cervical

cancer cell lines. Treatment with the 35 kDa purified protease and active 45 kDa form
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of HAP induced cellular morphological changes, including cell distention and rounding,
in Hela cells in a time- and dose-dependent manner. Notably, these effects were
effectively inhibited by EDTA, a metal ion chelator and inhibitor of metalloproteases
like HAP (A. Ghosh et al., 2006). Compelling evidence supporting the efficacy of
bacterial protease in cancer cell eradication stems from the analysis of the effects of
HAP purified from the culture supernatant of Vibrio cholerae C6709 in Swiss albino
mice. Notably, a mere one microgram of purified HAP has been shown to exert a potent
antitumor effect when administered via injection into Ehrlich ascites carcinoma (EAC)
tumours in an in vivo model (Ray et al., 2016; Ray & Pal, 2016). Further evidence of
protease-induced apoptosis comes from a subtilisin-like putative serine protease, F5,
derived from the Tiger Milk mushroom (Lignosus rhinocerus) sclerotium. This protease
exhibited apoptotic effects against MCF7 breast cancer cells in vitro, with activation of
both caspase 8 and 9 (Yap et al., 2018). Similarly, a serine protease CMP with anti-cell
proliferating activity was purified from the Cordyceps militaris. CMP displayed strong
cytotoxic effects against MCF7, 5637, and A549 cells (Park et al., 2009). Studies
conducted with secreted proteases from Actinomycetes spp. Isolated from natural
environmental soil samples revealed their potent cytotoxic effects on human lung

adenocarcinoma cells (Balachandran et al., 2012).

2.14. Apoptosis

Apoptosis is a crucial physiological process of cell death that occurs without releasing
intracellular contents, thereby avoiding the activation of an inflammatory response. This
process is vital for embryonic development, immune system regulation, and response to
DNA damage. However, dysregulation of apoptosis can have significant consequences,
including carcinogenesis. An imbalance between cell proliferation and cell death is a
hallmark of malignant tumours. Thus, maintaining cellular homeostasis between
proliferation and cell death is essential for normal physiological processes. Apoptosis
has been extensively studied over the last two decades and is now recognized as a
critical process of controlled cell death activated in response to cell injury and during
normal development and morphogenesis. For example, the apoptotic death of nearly
half of newly produced peripheral neurons during formation helps regulate their

quantity to match the needs of target organs in the periphery. The induction of apoptosis
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is essential for embryonic development and differentiation in complex organisms. It
occurs in a controlled manner, characterized by morphological markers such as cell
shrinkage, chromatin condensation, and blebbing of the cytoplasmic membrane.
Dysregulation of apoptosis is linked to various pathologies, including tumour growth
and the development of chemoresistance in cancer cells (Gorski and Marra, 2002). In
mammals, apoptosis is triggered by two well-known pathways. Extrinsic signals, such
as tumour necrosis factor (TNF), Fas (CD95/APO1), and TNF-related apoptosis-
inducing ligand receptors (TRAIL), can induce apoptosis. Internal stimuli, including
mitochondrial transduction, can also trigger apoptosis. For example, the activation of
cysteine aspartyl proteases (caspases) leads to the permeabilization of mitochondrial
membranes, chromatin condensation, and DNA fragmentation, resulting in cell death

(Chaudhry et al., 2022; Zo, n.d.).

2.15. Chemotherapeutic drugs target apoptosis

The signalling molecules involved in the apoptotic pathway play a key role in regulating
apoptosis. These molecular proteins are potential biomarkers for advanced cancer
treatment and therapeutics. The development of these biomarkers has led to the
emergence of targeted therapy as a more effective cancer treatment compared to
conventional methods. Standard chemotherapies affect both normal and cancerous
rapidly dividing cells, whereas targeted therapies act on specific molecular targets
related to particular cancers. Many targeted apoptotic biomarkers are currently in
clinical trials. Targeted therapies are designed to interact specifically with their targets,
while many standard chemotherapies were identified for their ability to kill cells.
Targeted therapies are often cytostatic, blocking tumour cell proliferation, whereas
standard chemotherapy agents are cytotoxic, killing tumour cells. Therefore, combining
apoptotic biomarkers with chemotherapy could enhance the efficacy of cancer
treatment. Further complicating the analysis of cell death is the fact that apoptosis is a
common response to cell stress. Not only can drugs induce an apoptotic response, but
so can disturbances in cell physiology caused by the loss of gene expression,
overexpression of genes, or expression of mutant genes. For example, the oncogene c-

myc can stimulate apoptosis when it is overexpressed or when its expression is suddenly
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reduced. Although the regulation of apoptosis is not an intrinsic function of most drugs
and genes, if the goal of a drug is to cause cancer cell death, its ability to induce cell
suicide indirectly might be just as important as its direct cytotoxic activity. Anti-cancer
treatments primarily aim to kill cancer cells and may or may not cause side effects to
healthy cells. Currently accepted cancer therapies include a combination of medications,
surgery, radiation, or a combination of these methods. Chemotherapeutic drugs can
relieve symptoms, extend life, and even cure cancer in some cases. The best cancer
drugs have a low risk of harming healthy cells during treatment. Apoptosis significantly
impacts the lifespan of healthy cells and the prognosis of malignant cells. Therefore,
regulating apoptosis could benefit cancer treatment and pre