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ABSTRACT

INTRODUCTION

Chemotherapy is widely used as a successful treatment option for cancer patients, showing a
higher success rate in hematological cancers than solid tumours. Chemotherapy-induced
neutropenia (CIN), defined as “a reduction in the number of circulating neutrophils due to
administration of myelotoxic chemotherapy”, is one of the major side effects of chemotherapy.
As chemotherapy targets, all the rapidly dividing cells of the body along with cancerous cells
such as bone marrow cells and all blood cells including red blood cells, platelets, and
neutrophils are compromised. It also disrupts the mucosal lining of the gut which prevents entry
of normal flora into the bloodstream.

Neutrophils are the first line of defence against infections and the most abundant leukocytes in
peripheral circulation, and when they are decreased, cancer patients are left unprotected. On
the other hand, when the mucosal lining is destroyed and normal gut floral gets access to the
bloodstream, these cancer patients on chemotherapy develop infections along with fever known

as febrile neutropenia.

Major risk factors of febrile neutropenia (FN) include old age, comorbid conditions, and the
type of cancer, the type and number of myelosuppressive chemotherapy agents used. The
treatment options available to date for FN are the administration of antibiotics and growth
factors. While these treatments may shorten the period of neutropenia, infection - especially
fungal infections - remains the major cause of septic death in the cancer patient. Cancer patients
on chemotherapy are diagnosed as high risk or low risk on basis of MASCC score and high-
risk patients are given G-CSFs which per dose can cost about $3000-$4000, along with
antibiotics to prevent infection. Still, these options do not improve the overall survival of these

cancer patients.

The other major issue faced by cancer patients on chemotherapy is that to date there is no
method to detect neutropenia prior to the onset of infection. FN is diagnosed when patients
develop fever and come to A&E at a point that is already too late to prevent infection onset.
Timely detection and neutrophil transfusion can prevent neutropenic sepsis in cancer patients

on chemotherapy.
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This project aims:
e To provide proof-of-concept that dielectric spectroscopy can be used to detect early
onset of neutropenia in cancer patients on chemotherapy.

e To identify the effects of chemotherapy on the liver and renal functions from the

analysis of blood biochemistry reports of neutropenic patients.

e To develop a strategy for the generation of mature neutrophils from human umbilical

cord blood-derived hematopoietic stem cells (UCB-HSC) to manage CIN in cancer

patients.
Objectives:
1. To detect the change in the number of neutrophils of cancer patients on

chemotherapy/post-chemo by measuring the permittivity and identifying any variation in
dielectric properties at optimum microwave frequency by using dielectric spectroscopy.

2. To identify the effects of chemotherapy on the liver and renal functions from the
analysis of blood biochemistry reports of neutropenic patients.

3. To isolate CD34+ HSCs from UCB, ex vivo expansion and differentiation of these ex

vivo expanded HSCs in to mature neutrophils.
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RESULTS CHAPTER 1: Dielectric spectroscopy can detect chemotherapy-induced
changes in Neutrophils.

Results and conclusion: This study intends to develop a non-invasive medical device that can
be used by cancer patients to monitor their neutrophil levels after receiving chemotherapy,
allowing early detection of neutropenia. Blood has different components with different
dielectric properties. As the number of WBC, RBC, or platelets changes, the electrical
properties also change, which can be measured by the dielectric spectroscopic method even in
a small blood sample. This device will help patients to keep track of their neutrophil count after
the chemotherapy dose. The results presented in this chapter show that alteration induced in
the blood composition due to the toxic effects of the chemotherapy causing permittivity
changes or changes in dielectric properties could be detected by dielectric spectroscopy.
Further, the achieved results represent the proof of concept for using the above-described
technique to detect the changes in dielectric properties of blood to the toxicity of the
chemotherapy. Finally, the results demonstrate great development towards the manufacturing
of a portable, cost-effective, and user-friendly device for the diagnosis and monitoring of
neutrophils (and other blood cells) as label-free and cell destruction free, along with other broad

applicability in the field of medicine.

RESULTS CHAPTER 2: Serum protein and electrolyte imbalances are associated with
chemotherapy-induced neutropenia.

Results and conclusion: Blood samples of cancer patients in the study group showed a
reduction in hemoglobin, neutrophils, and platelets. The neutropenic group showed a
significant reduction in serum albumin, total protein, calcium, and potassium. Our results show
that patients with severe neutropenia had pronounced changes in serum protein and electrolytes
and an increased incidence of abnormal serum protein and electrolyte levels. The changes in
the neutrophil counts showed a positive correlation with the changes in serum protein and
electrolyte levels. A similar trend was seen in both the patient cohorts: the discovery set (176
patients) and the validation set (200 patients). We report two cases of chemotherapy-induced
neutropenia that showed a reduction in serum albumin and protein as well as an increase in

serum urea and creatinine during neutrophil nadir. Taken together our results suggest that
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chemotherapy-induced neutropenia is associated with a dysregulation in hemoglobin, platelets,

serum proteins, and electrolytes.

RESULTS CHAPTER 3: Optimization of Ex-vivo expansion of CD34+ HSC and
differentiation into neutrophils.

Results and conclusion: We also aim to produce “Neutropack” -mature neutrophils from UCB-
derived CD34+cells which can be transfused to patients who developed CIN to prevent further
infections. UCB is a good source of HSCs; the only disadvantage of UCB it has a low number
of HSCs, due to which its therapeutic transfusion is limited. The results presented in this
chapter show the strategies to isolate, enrich and expand CD34+ cells from UBC blood. Further
results show the condition for optimal differentiation of HL60 cells into neutrophils as
determined by the combination of staining for multi-lobed nuclei and qRT-PCR for markers of

neutrophils.
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CHAPTER 1: INTRODUCTION

1 GENERAL INTRODUCTION

1.1 Introduction

1.1.1 Overview of cancer

Cancer is considered to be one of the leading causes of death globally. According to a World
Health Organization (WHO) report published in 2019, cancer is thought to be one of the most
common reasons behind death in a group of the population under the age of 70 years and ranked
it to be the first or second cause of death in almost 112 countries. Cancer is considered the third
or fourth leading cause of death in further 23 countries [1].

Globally, the rapid increase in incidence and mortality due to cancer is probably due to a
number of factors such as ageing and increasing population; apart from this several other
factors causing changes in the prevalence and distribution of major risk factors are mainly
associated with social and economic growth [2] [3]. Figure 1.1, sourced from the WHO
website in 2019 shows the countries where cancer causes death in people less than the age of

70 years.
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The boundaries and names shown and the designations used on this map do not imply the expression of any opinion whatsoever Data source: GHE 2020 World Health
on the part of the World Health Organization concerning the legal status of any country, territory, city or area or of its authorities, Map production: CSU | Organization
or concerning the delimitation of its frontiers or boundaries. Dotted and dashed lines on maps represent approximate border lines World Health Organization

for which there may not yet be full agreement. © WHO 2020. Al rights reserved

Figure 1.1:National Ranking of Cancer as a Cause of Death at Ages <70 Years in 2019. The number of countries
represented in each ranking group is included in the legend. Source: World Health Organization [4].

A study published in 2021 reports the burden of cancer globally using the GLOBOCAN
database of 185 countries and 36 different types of cancer in males and females, to assess the

incidence and mortality. Overall 19.3 million new cases amongst which incidence in male
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patients (10.1 million) was higher than the females (9.2 million) whereas the overall mortality
rate was shown to be 9.9 million deaths including 5.5 million deaths in male patients and 4.4
million in female patients [4]. Furthermore, it reports that lung cancer is the most common

type of cancer in men, and breast cancer in women is the leading cause of death.

Cancer is one of the major diseases which became worse during the COVID-19 pandemic in
2020, due to reduced access to hospitals and delays in either diagnosis, treatment, or side effects
of the treatment [5].

1.1.2 Cancer and types of cancer

Changes in cellular function occurring due to the series of successive gene mutations causing
cancer have various intrinsic and extrinsic causes; intrinsic causes (discussed in detail below)
are capable of causing gene mutations, resulting in an increased rate of cellular proliferation,
whereas extrinsic causes are carcinogenic chemical compounds in cigarettes, environmental
carcinogens, radiation, some viruses [6] [7] [8] [9] [10]. Commonly, cellular disruption and
gene mutation leads to abnormal cell differentiation and proliferation [11] [12]. The oncogenes,
insufficient tumour-suppressing genes, and compromised repair genes unable to function
properly and repair DNA play an important role in cell division and proliferation during cancer
[13] [14] [15]. Furthermore, an article published in 2000 proposed a set of six acquired
biological capabilities of the cell involved in cancer development known as cancer hallmarks
[16]. These six hallmarks of cancer, shown in Figure 1.2, on the left, include sustaining
proliferative signalling, evading growth suppressors, resisting cell death, enabling replicative
immortality, inducing angiogenesis, and activating invasion and metastasis [16]. About a
decade later, in 2011, with a better understanding of the cellular and molecular mechanism, an
updated version of the same study was published, which apart from the six hallmarks of cancer,
reported two more functional capabilities as emerging or provisional hallmarks (Avoiding
immune destruction and deregulating cellular energetics) and 2 enabling characteristics
(Tumour promoting inflammation and Genome instability and mutation) illustrated in Figure
1.2, on the right [17]. The enabling characteristics are mainly responsible for activating the six

cancer hallmark capabilities for cancer development and progress.
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Figure 1.2: Hallmarks of cancer proposed in 2011. On the left, the figure illustrates the cancer hallmarks and on the right
panel, two emerging hallmarks and two enabling characteristics are shown. Source: Hallmarks of Cancer: The Next
Generation [17].

Enabling replicative
immortality

Later in 2022, with progress in research and improving conceptualization, hallmarks of cancer
with new dimensions were published, in which the previously 2 emerging hallmarks were
validated and included in the core set of cancer hallmarks, creating a total of eight hallmarks
(Figure 1.3, on left). Additionally, in this article, two new emerging hallmarks (non-mutational
epigenetic reprogramming and polymorphic microbiomes) and two enabling characteristics
(unlocking phenotypic plasticity and senescent cells ) were proposed (shown in Figure 1.3, on
the right) [18].
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Figure 1.3: Hallmarks of cancer, proposed in 2021. On the left, the figure illustrates the eight cancer hallmarks as the
previous emerging hallmarks were validated and included in the core set of hallmarks a decade later, and on the right, the
figures show two emerging hallmarks recently added to the list and further addition of two more enabling characteristics.
Source: Hallmarks of Cancer: New Dimensions [18].

With continued interest and progressed conceptualizations in the field of cancer research, there
is a strong possibility of these emerging hallmarks being incorporated into the core set of
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capabilities and the addition of new hallmarks to the list. To understand the developmental
process of cancer, along with the acquired capabilities of cells progressing to cancer, it is also
important to get familiar with the concept of the tumour microenvironment at the single-cell
level which involves several steps responsible for tumourigenesis (Figure 1.4, lower panel)
[18]. Unlike the earlier concept about the homogeneity of the cancer cells within the tumour, a
new concept known as intratumour heterogeneity, proposing the tumour consists of different
types of the cell population: cancer stem cells (CSCs), a subclass of cancerous cells and a
variety of stromal cell types (Figure 1.4, upper panel) [17] [18]. The CSCs were initially
thought to be involved in hematopoietic cancers, but later the presence of CSCs was also
confirmed in solid tumours [19] [20] [21] [22]. Studies have reported that the CSCs show
chemotherapy resistance to a great extent and also play role in the recurrence of cancer even
after complete surgical resection of solid tumours or radiation and chemotherapy treatment [23]
[24]. Apart from resistance, recurrence could be possible due to CSCs undergoing a latent
phase and becoming dormant for a year and recurring again due to the regenerative ability,
these CSCs possess [18].

Cancer Stem Cell (CSC)

Endothelial Cell (EC)

Immune
Inflammatory Cells

Pericyte (PC)~ '€ (ica)
: s

© Local & Bone marrow-
derived Stromal Stem
& Progenitor Cells

Core of Primary Tumor Invasive Tumor Metastatic Tumor
microenvironment microenvironment microenvironment

Figure 1.4: Tumour microenvironment. The upper panel shows the different types of cells in a solid tumour and the lower
panel illustrates the typical microenvironment at different stages of cancer. Source: Hallmarks of Cancer: The Next
Generation [17].
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Although the aetiology of cancer over the decades is considered to be due to various
environmental, hereditary, and genetic factors, a huge controversy started in 2015, when an
article published in Science proposed the ‘bad luck hypothesis’, or cancer being a matter of
chance, suggesting the theory of random mutations occurring in normal healthy cells during
DNA replication [25]. Furthermore, the author suggested that two-thirds of cancers are mainly
caused due to intrinsic factors and showed a strong correlation between the lifetime risk of
developing cancer with several stem cell divisions occurring in a given tissue, and added that
only one-third are because of environmental and hereditary factors [25]. Several concerns have
been raised after this publication, with critics, the majority being epidemiologists and public
health researchers, highlighting the role of an extrinsic factor in cancer causation and its
primary prevention, such as by improvement of a modifiable factor related to lifestyle or by
decreasing cancer incidence through avoiding exposure to occupational chemicals [26].
However, if cancer is accepted to be a matter of chance, that leads to the conclusion that the
development of cancer is unavoidable and primary prevention plays no role; instead, secondary
prevention should be the focus [26]. This controversy has gained huge focus and led to more
research to understand the role of extrinsic and intrinsic factors in cancer causation by cell
biologists and epidemiologists [27]. All these factors, including gene mutation and
environmental and hereditary factors (controversies to be solved in coming years with further
advances in cancer research) involved in causing cancer, are reported to be responsible for
giving rise to 277 different types of cancers [28]. A study published in 2021, reports the global
incidence rate to be 19% higher amongst men than in women in 2020 for all types of cancer
cumulatively, whereas the mortality rate of cancer worldwide was 43% higher in men than in
women — probably due to differences in the distribution of types of cancer, mortality rate,
overall is considered to be double the rate of incidence [4]. Figure 1.5 shows the percentage
and number of cancer cases of the world’s most common types of cancer incidence and
mortality in men and women. The incidence of breast cancer in females worldwide in 2020
was estimated to be the highest among all types of cancer, representing 28.9% of all cancers,
followed by cervical cancer at 8.6%; however, the mortality rate for breast cancer was 18.3%,
followed by lung cancer (12.1.%) [4]. The incidence of lung cancer was reported to be 10.2%,
with higher mortality of 17.1% in both genders. The lung cancer incidence was noticed to be
highest in males (13.8%) followed by prostate cancer (11.8%), whereas the mortality rate was
reported to be 21% for lung cancer and the second leading cause of cancer-related death was
liver cancer (9.8% in both genders).
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Figure 1.5: Incidence and mortality of cancer in males and females worldwide. (A) incidence, on left and mortality, on right
in males, (B) incidence, on left and mortality, on right in females, (C) incidence, on left and mortality, on right in both genders.
Source: Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185
Countries [4].

1.1.3 Different types of treatment options available
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A wide range of treatment options are available for cancer patients depending on the type(solid
or blood) and stage of the disease, however, the treatment alternatives have different side

effects and outcomes for every individual [29] [30].

1.1.3.1 Surgery
The decision of which treatment or combination of treatments will benefit the patient most

depends on the invasiveness or metastasis of cancer. Usually, there are four different steps
involved in the progression of cancer: first, it is non-invasive; second, it could be locally
invasive without involving other tissue, organs, or lymph nodes; third is locally invasive,
spreading to regional lymph nodes; and finally, it becomes systemic when spreading and
invading other tissues and organs of the body. The most common treatment of choice for solid
tumours is the surgical removal of the tumour and resection of the lymph nodes [31]. Surgery
is one of the most successful and accepted treatment options, given alone or along with chemo
or radiotherapy which is known as ‘neoadjuvant’ and adjuvant,” meaning combination
treatment before or after the main treatment; in this case, it could be before or after the surgery
[32]. Neoadjuvant means ‘given before the first line of treatment’: such as chemotherapy or
radiotherapy before the surgery for a better outcome, to reduce the size of the tumour and/or
kill the cancerous cells that have spread. After surgery, combination therapy is used to clear

the residual cancerous cell respectively.

1.1.3.2 Radiation therapy

Radiation therapy (also known as radiotherapy) is a well-known therapeutic clinical approach,
used since 1942. Radioactive compounds are given through injection or ingestion. The first
ever radioactive compound used was iodine-131 to treat Graves’ disease [33]. Since then
molecular radiation therapy (MRT) is used to treat malignant and benign cancers with simple
radioactive substances such as sodium iodide or labelled antibodies with radionuclides targeted
to cancerous cells [34] [35]. Radiotherapy is considered to be a targeted treatment as it can be
used for specific tissues or areas of cancer using radioactive substances [36]. Molecular
radiation therapy is also used in the case of metastasis; for example, 89Sr-Strontium chloride
and 32P-Sodium phosphate have been used since 1978 for treating bone metastasis [37].
Systemic radioactive compounds have significantly less radiation-related damage to other
normal tissues of the body [38]. Several conjugated radioactive substances are used in clinical
practice; the most commonly used are Radium-223 chloride, Strontium-89 chloride,
Samarium-153 EDTMP, Phosphorus-32, Yttrium-90, lodine-131 and MIBG (131I-MIBG
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metaiodobenzyl-guanidine) for palliative and therapeutic purposes [39] [36]. Amongst these
radioactive substances, lodine-131 is the most commonly and first-ever used
radiopharmaceutical substance for thyroid cancers [40]; it is also used for some benign diseases
[41].

1.1.3.3 Discovery of Chemotherapy and common chemotherapeutics

Paul Ehrlich was the first scientist to introduce the word ‘chemotherapy’ which means chemical
treatment; his area of interest was alkylating agents after the discovery that nitrogen mustard,
a derivative of iprite used in the second world war, had toxic effects on bone marrow, causing
leukopenia by decreasing white blood cells (WBCs) [37] [42]. Moreover, an incident took place
in 1943; a ship was attacked and toxic gases were released from the nitrogen mustard bombs
which were carried by ship, as a result of which thousands of passengers later developed bone
marrow aplasia and died [43]. After this incident, nitrogen mustard came into clinical practice

as the first chemotherapy drug to be used to treat lymphomas by Gilman [42].

1.1.3.3.1 Alkylating Agents

The nitrogen mustard-derived alkylating agent usually inhibits DNA replication and
transcription. ‘Mechlorethamine’ was the first chemotherapeutic to be used in clinical practice
to treat prostate cancer and some other lymphoid cancers such as leukemias, lymphoma-
reticulosarcomatosis, and Hodgkin’s disease [44] [45]. Due to the severe toxic effects and
resistance developed by cancerous cells, they are no longer used in clinical practice. Later,
some new alkylating agents such as cyclophosphamide and chlorambucil were introduced into
clinical practice to treat cancers [46] [47]. Cyclophosphamide, which usually inhibits active as
well as quiescent cells, is not only used to treat cancers but is also used to treat several
autoimmune diseases [48] [49] [50]. The classification of alkylating agents is shown in Table
1.1 [51].
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Table 1.1: Classification of Alkylating agents

S.no Class Agents

Nitrogen Cyclophosphamide, bendamustine, ifosfamide
' mustard

Nitrosoureas | Lomustine, carmustine, semustin, streptozocin, nimustine,
? tallimustine, photemustine

Platinum Cisplatin  (first generation), carboplatin (second generation),
3 analogs oxaliplatin (third generation)
4 Triazenes Dacarbazine, procarbazine, temozolamide

Alkyl Busulfan, treosulfan, mannosulfan
° sulfonate

6 | Ethyleneimine | Thiotepa, triazichinone

7 | Epoxides Etoglucide

Apart from nitrogen mustard-derived alkylating agents, platinum compounds and triazenes
such as dacarbazine are also commonly used agents as first or second-line treatments for
various cancers; for example, non-small cell lung carcinoma (NSCLC), Hodgkin's lymphomas
(HL), genitourinary tumours, ovarian cancer, neck cancer, melanomas, oesophageal cancers,
bladder and testicular cancers [52] [53]. Other than common side effects such as mucositis,
nausea and vomiting, neurotoxicity, and alopecia, the major dose-limiting toxicity of alkylating
agents is myelosuppression due to which the patients suffer from neutropenic nadir from day
6 to day 10, recovering between day 14 to 21, whereas the long-term side effects reported are
secondary malignancies, infertility, and pulmonary fibrosis.

1.1.3.3.2 Antimetabolites

Antimetabolites work by inhibiting the replication of DNA and cell proliferation, they were
developed after the second world war and used as a new class of chemotherapeutic agents.

Table 1.2, indicates the classification of antimetabolite.
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Table 1.2: Classification of Antimetabolites

S.no Class Agents

1 Folate . .
Methotrexate, pemetrexed and aminopterin

antagonists

2 Cytidine Azacitidine, decitabine, cytarabine, gemcitabine

analogs

3 Pyrimidine | fluorouracil (5-FU), capecitabine (prodrug of 5-FU) and gemcitabine
analogs

4 Purine Cladribine, clofarabine, nelarabine and mercaptopurine

analogs

Antifolates agents usually reduce folate, which is mainly required for the synthesis of purine
nucleotides and thymidylate. Aminopterin was the first class of folate antagonists to be used
for the treatment of acute lymphoblastic leukemia (ALL) in a child and it is reported to inhibit
the proliferation of cancer cells and re-establish bone marrow homeostasis [54] [55]. This led
to the development of a methylated derivative of endopterin, a folate antagonist, with less
toxicity but with the same efficacy named methotrexate. Studies have reported it to induce
apoptosis by binding and inhibiting the enzyme called dihydrofolate reductase (DHFR), which
in turn inhibits thymidylate and purine synthesis; ultimately inducing the process of apoptosis
[56]. Methotrexate is currently used to treat various cancers, for example, ALL, non- Hodgkin's
lymphomas (NHL), and CNS sarcoma. Pemetrexed, which is another antineoplastics agent
belonging to the same class, is used for the treatment of malignant pleural mesothelioma,
NSCLC (non-squamous). The main toxicity of folate antagonists is shown to be
myelosuppression along with other common side effects such as mucositis, hepatotoxicity,
nephrotoxicity, and cutaneous reactions. More recently, purine analog such as mercaptopurine
and pyrimidine analog, 5-fluorouracil (5-FU) were developed and brought into clinical practice
to treat many solid tumours and blood cancers [57] [58]. Mercaptopurine inhibits several
enzymes, in particular an enzyme required for the synthesis of DNA and RNA known as 5'-
adenylic acid (AMP) [59]. Mercaptopurine is effective in treating patients with ALL and acute
myeloid leukemia (AML) [60]. Pyrimidine analog 5-fluorouracil, was introduced in clinical
practice in 1957 to treat colorectal cancer and is still widely used to treat gastrointestinal
tumours in combination with other chemotherapeutics [61]. There are several toxic effects of
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purine analogs amongst which the most toxic is myelosuppression. Pyrimidine analog side
effects are reported as dose-limiting myelosuppression [62] which is major toxicity. Cardiac
dysfunction, colitis, encephalopathy, mucositis, and diarrhoea are some other 5-fluorouracil-
related toxicities.

1.1.3.3.3 Antimicrotubular Agents

In the early 40s and 50s, a new class of chemotherapeutic agents of natural origin, having
cytotoxic effects because of their ability to inhibit mitosis and cell proliferation by interfering
with microtubule formation, were introduced in clinical practice. These showed to improve the
overall survival rate of cancer patients, especially those with hematological cancers [63] [64].
Vinca alkaloids were discovered in the late 1950s and were the first antimitotic agent extracted
from a plant source and used to treat diabetic patients. Later studies reported its mechanism of
action responsible for cell proliferation and anticarcinogenic activity in a mouse model [65]
[66]. After the discovery of vinca alkaloids, several vinca derivatives were synthesized such as
vinblastine, vincristine, vinorelbine, and vindesine with better therapeutic efficacy, and these
are still widely used as a first or second-line treatment or in combined regimens for different
types of cancer [67]. Table 1.3, shows the classification of antimicrotubular agents.
Taxanes (paclitaxel-first — generation, docetaxel-second generation, cabazitaxel-third
generation) extracted from Taxus Brevifolia and reported to be microtubular stabilizers, are
used to treat cancers including breast, lung, prostate, ovarian, cervical, gastric, head and neck
cancers, with common side effects such as hypersensitivity reactions, myelosuppression, and
peripheral neuropathy [60] [68] [69] [70] [71].

Table 1.3: Classification of Antimicrotubular agents

S.no: Class Agents
1 Vinca alkaloids | vinblastine, vincristine, vinorelbine
2 Taxanes paclitaxel, docetaxel, cabazitaxel

1.1.3.3.4 Cytotoxic Antibiotics

Antibiotics such as actinomycin D, bleomycin, daunomycin (daunorubicin), and

Topoisomerase | and Il inhibitors have cytotoxic/antitumour effects and are widely used to
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treat cancer alone or in combination with chemotherapeutics [72]. These antibiotics usually
inhibit DNA and RNA synthesis. The first antibiotic with anticancer properties was puromycin,
which is not widely used due to its high toxic effects and lower selectivity [73]. Actinomycin
D was obtained from the streptomyces strain named Streptomyces Griseus in the mid-50s and
used for the treatment of lymphomas, choriocarcinomas, and sarcomas, while bleomycin,
discovered in 1966 with anti-cancer properties, was used to treat cancers like cervical and
testicular cancer, HLs and NHLs [74] [75] [76]. Other antibiotics used for the treatment of
cancers are doxorubicin and mithramycin. The topoisomerase Il inhibitor (doxorubicin,
daunorubicin, idarubicin, mitoxantrone, Etoposide, and Teniposide), a derivative of
podophyllum peltatum, is reported to block topoisomerase I, which is essential for the
unwinding of DNA, resulting in the arrest of the cell proliferation [77]. Topoisomerase Il
inhibitors such as etoposide and teniposide are comparatively less toxic with higher selectivity
and are used to treat cancers like small cell lung carcinoma, acute monoblastic leukemia,
testicular cancer, and many more, whereas doxorubicin and daunorubicin are used to treat
cancers such as ALL, AML, breast, thyroid, ovarian, HL, NHL [78]. The toxic effects of these
agents include myelosuppression (especially leucoplakia) and cardiotoxicity. The
Topoisomerase | inhibitors (Irinotecan, Topotecan) are used mostly to treat various colorectal,
cervical, esophageal, sarcoma, pancreatic, lung, cervical, ovarian and non-SCLC cancers.
Irinotecan can cause dose-limiting diarrhoea and topotecan is reported to cause dose-limiting
neutropenia and/or thrombocytopenia [60] [79] [80].

1.1.3.4 Targeted therapy and Immunotherapy

Since the early 80s, targeted therapies were investigated to understand the molecular
mechanism behind the cancerous modification of the cells, to detect new targets to be inhibited,
and to target only the cancer cells rather than normal cells, unlike classic chemotherapeutics.
As targeted therapies usually aim to target a specific site without affecting the surrounding
cells, it is thought to be a highly specific treatment with fewer side effects. Targeted therapy
includes drugs or other substances, and they are classified according to their mechanism of
action and by the site they target. Immunotherapy (monoclonal antibodies and CAR-T therapy),
which is considered a targeted therapy, usually stimulates the patient’s immune system against
cancer cells [81]. Monoclonal antibodies are recombinant proteins, obtained through
biotechnology and specifically directed to the cellular receptors responsible for causing

cancers. They are also known as an artificial form of immune system proteins [82]. They
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usually carry a substance, such as a toxin or a radioisotope, to the targeted cell [83]. In 1992, a
monoclonal antibody named Trastuzumab was the first humanized monoclonal antibody to go
into clinical trial in breast cancer patients but was only approved in 1998. This made rituximab,
which was approved first, the first approved monoclonal antibody [84] [85]. Another example
of a monoclonal antibody is Gemtuzumab, which is a CD-33-specific antibody used to treat
AML patients in conjugation with an antitumour antibody known as calicheamicin [86]. Other
uses of these monoclonal antibodies are to deliver chemotherapeutic agents, active drugs, or
prodrug activation enzymes to targeted cells [81]. According to a report published in 2017,
there are almost 30 FDA-approved monoclonal antibodies used for the treatment of various
cancers including solid and blood cancers. Apart from monoclonal antibodies, a smaller
protein, known as a ‘small molecule inhibitor’, inhibits cancer cell progression by inhibiting
the tyrosine kinase signalling pathway [87]. Some examples of small molecule inhibitors are
gefitinib and erlotinib, used to treat non-small cell carcinoma, and lapatinib and sorafenib used
in patients with ERBB2-positive breast cancer and renal cancer by inhibiting different receptors
[88]. In addition to antibodies and inhibitors discussed, ablation therapies are also considered
target therapies to treat cancers. The ablation therapies currently used in clinics to treat cancer
patients are microwave ablation, radiofrequency ablation (RFA), high-intensity focused
ultrasound (HIFU) ablation, and cryoablation. The basic principle behind these techniques is
hyperthermia or hypothermia for cryoablation [89] [90]. The advantage of these procedures is
that they are either non-invasive or minimally invasive and can be used in combination with

other treatments [90].

1.1.3.5 Miscellaneous anti-cancer agents and new therapeutic strategies

There are different types of treatment options available to treat cancer. Ornithine decarboxylase
inhibitor was the first polyamine inhibitor used in clinics for parasitic infections [91] and one
of its agents, known as a-difluoro-methyl ornithine (DFMO), was used to treat bladder and
kidney cancers in the early ‘80s and is still used widely used in clinics to treat various cancers
[92] [93] [93]. Nowadays, other molecules known as polyamine transport inhibitors (PTIs) are
used in combination with DFMOs to stop cancer growth by reducing the level of intracellular
polyamine [94]. Furthermore, triapine, an iron chelating agent, is commonly used in clinics to
treat various solid tumours such as pancreatic, prostate, vaginal, uterine, and advanced solid

tumours. It usually inhibits DNA synthesis [95].
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Studies and clinical trials on gene therapy (focusing on genes responsible for triggering
apoptosis and siRNA-mediated gene silencing), stem cell therapies, extracellular vesicle (EVS)
for drug delivery, nanoparticle and natural antioxidants, are progressing remarkably but further
refinement and development for widespread application/for clinical relevance is yet to be seen.

1.1.4 Overall side effects of chemotherapy

Chemotherapy drugs target all the rapidly dividing cells and are developed on the principle that
all the rapidly dividing cells are very prone to damage to DNA and RNA synthesis, whereas
the majority of cells in the body are in the resting state (G1/Go phase of the cell cycle); however
chemotherapeutic agents target cells in S or M phases [96]. Apart from cancer cells, in which
exposure to chemotherapeutic agents reduces the cancerous mass by initiating apoptosis, some
of the normal cells of the body that proliferate rapidly including hair follicles, cells lining the
intestinal epithelial, precursor cells in bone marrow, and cells of the reproductive system are
also damaged [96] [97]. While on one hand, advancement in the field of research has improved
the diagnosis, treatment, and survival rate of cancer patients, on the other hand, the drug-related
toxic effects are also a huge challenge, and it is important to tackle this issue to maintain
patients’ overall quality of life and outcome of the treatment. The undesirable side effects of
chemotherapy in cancer patients can be classified as short-term including headache, fatigue,
anxiety, nausea, vomiting, ulcers in the mouth, and many more, while the long-term side effects
of chemotherapy include myelosuppression causing pancytopenia (anemia, neutropenia, and
thrombocytopenia), immunosuppression making patients vulnerable to infections and sepsis,
depression, infertility and loss of hair [98]. As compared to young patients, chemotherapy side
effects are more severe and common in the older population due to ageing and other
comorbidities such as renal/liver deterioration or gastrointestinal problems, resulting in poor
outcomes and severe drug-induced toxicities [99] [100] [101] [102]. Table 1.4, shows some of
the main chemotherapeutic agents and their side effects. Chemotherapy not only diminishes
renal and hepatic function in cancer patients with pre-existing hepatorenal diseases but can
hugely affect these functions independently, as these drugs are mainly metabolized by these
two organs. The parameter used for functional assessment of the kidney and liver is serum
protein (albumin and total protein), urea/creatinine, and electrolytes. Various causes of
hypoalbuminemia and hypoproteinaemia directly or indirectly related to chemotherapy are
reported in cancer patients, such as malnutrition, resulting because of diarrhoea, vomiting, and

anorexia. These are common side effects of chemotherapeutic drugs, but can also result from
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cancer itself due to cancerous cells consuming nutrients [103]. The presence of bone metastasis
and hypoalbuminemia were reported to be one of the major causes of terminating
chemotherapy at an early stage of treatment [104]. Studies have reported a strong correlation
between chemotoxicity and hypalbuminemia; for example, cancer patients with
hypoalbuminemia experienced severe side effects of chemotherapy, while on the other hand
patients with normal serum albumin levels showed better prognosis [104] [105]. Additionally,
serum albumin and total protein level are considered sensitive predictors of chemotoxicities
and are also used to assess patients' nutritional status [106] [107]. Reduced levels of serum
albumin and total protein are commonly seen in various malignancies and are considered
negative prognostic factors for survival [108] [109]. On the other hand, there are various
nephrotoxic chemotherapeutic drugs. Renal dysfunction due to toxic side effects of
chemotherapy results in increased levels of serum creatinine and blood urea nitrogen (BUN)
levels along with an imbalance of serum electrolytes [110]. Several chemotherapeutic drugs
are reported to be nephrotoxic. For example, Pemetrexed, used to treat various primary and
metastatic cancers and excreted through the kidneys, usually leads to acute kidney failure,
resulting in raised serum urea/creatinine levels and electrolyte imbalance [111] [112].
Furthermore, electrolyte imbalance can also occur due to gastrointestinal side effects of
chemotherapy drugs [113] [114]. (This section is discussed in detail in chapter 3).

Thus, in an attempt to treat or reduce the chemotherapy-induced toxicities, the patient faces
many issues such as the cost of treatment, drug interaction, and other chemotherapy side effects
listed in Table 1.4 [115] [116] [117] [118].

Table 1.4: Major toxicities related to chemotherapeutic drugs.

S.no Class of antineoplastic agents Side effect

1 Alkylating agents Specific drug-related side effects are
cisplatin usually causes nephrotoxicity,
neurotoxicity is caused by oxaliplatin, and
the main side effect of carboplatin is
myelosuppression. Other common side
effects are anaphylaxis, cytopenias
(neutropenia,  thrombocytopenia, and
anemia),  hepatotoxicity,  ototoxicity,

cardiotoxicity, nausea and vomiting,
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diarrhea, mucositis, stomatitis, pain,

alopecia, anorexia, cachexia, and asthenia.

2 Antimetabolite agents Specific drug-related side effects are hand
and foot syndrome with Capecitabine,
central nervous system toxicity such as
effects on cognitive impairment with
cytarabine, and Renal and gastrointestinal
toxicity common side effects of
methotrexate. Other general adverse effects
of antimetabolites are bone marrow
suppression causing cytopenias,
gastrointestinal effects (nausea, diarrhea,
anorexia) alopecia, and hepatotoxicity[119]
[120] [121].

3 Antimicrotubular agents CIN is the most common and serious side

effect, especially of all alkaloid agents and
most antimicrotubular drugs, other than that
neurotoxicity is the principle dose-limiting
adverse effect of vincristine and most of the
other drugs too in this class. General side
effects of antimicrotubular agents are
neurological, gastrointestinal, and
cardiological side effects, alopecia, and
other hematological symptoms such as

anemia and thrombocytopenia.

Although all the side effects are very important and should be monitored and treated timely
and accurately, CIN is considered to be an oncologic emergency as it is associated with life-
threatening infection and should be treated within two hours of the onset of fever. It is related
to excessive healthcare costs, substantial mortality, morbidity, and poor treatment outcome.
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1.1.5 Background of hematopoiesis and mechanism of chemotherapy-induced

myelosuppression

Hematopoiesis is a process that starts from embryonic development and continues throughout
life. It is defined as a constant process of blood cell formation and cell turnover to fulfill the
body’s everyday demands as well as increased demand during infection or injury. About one
trillion blood cells are produced by the adult human body every day, which includes 200 billion
red blood cells and about 70 billion neutrophils [122]. In adult humans, bone marrow (BM) is
a primary site of hematopoiesis where all the blood cells are synthesized from hematopoietic
stem cells (HSCs) [123]. The HSCs have the potential to self-renew and differentiate into
multiple cell lineages; therefore, they are also known as multipotent cells, and these are two
key features for maintaining normal hematopoiesis. On the other hand, the capability of self-
renewal is important to preserve the stem cell pool [124] [125]. HSCs do not circulate in the
bloodstream and normally reside in the osteoblastic niche of the BM, where they remain
quiescent in normal hemostatic conditions while proliferating and differentiating during
hematopoiesis. This is a well-controlled microenvironment regulated by biochemical and
physiochemical factors such as cytokines, chemokines, growth factors, mechanical stiffness,
oxygen concentration, and cell-cell interaction, all of which are needed for HSCs self-renewal,
differentiation, and maintenance of the quiescent state [126] [125] [127] [128]. Reactive
oxygen species (ROS) are considered to cause oxidative damage; therefore HSCs have low
metabolic activities to produce less ROS [129]. Studies suggest that because of being
reasonably remote from the blood supply, endosteal osteoblastic niches are mostly hypoxic and
oxygen concentration is considered to be less than one per cent, suggesting that quiescent HSCs
in the osteoblastic niche of BM exist in hypoxic conditions [130] [131].To survive in hypoxia,
the metabolism of HSCs is altered by hypoxia-inducible factor 1a (HIF-1a), highly expressed
by HSCs, which upregulates glycolysis and downregulates mitochondrial oxidative
phosphorylation resulting in decreased formation of ROS, ultimately preventing oxidative
damage [132] [133] [129]. This hypoxic environment helps HSCs to maintain a quiescent state
and preserve their self-renewal ability [131]. However, to maintain the body’s daily cellular
requirements and during hematopoietic stress such as infection, injury, or any illness, HSCs
move to the vascularized niche of the BM, made up of sinusoidal endothelial cells (SECs) and
many other different types of cells, where HSCs rapidly proliferate and differentiate to

synthesize various hematopoietic cells. Hence the HSCs are not just confined to the osteoblastic
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niche but also use the endothelial niche which is a vascular-rich area in BM, depending on the
circumstances [134] [135] [136] [131].

The hematopoietic system is a well-organized process (Figure 1.6). The HSCs first self-renew
and generate multipotent progenitors (MPPs) and hematopoietic progenitor cells (HPCs) which
further differentiate and proliferate into myeloid and lymphoid progenitor cells [137].
Multipotent progenitors (MPPs) and hematopoietic progenitor cells (HPCs) are considered
rapidly proliferating cells [138]. During the process of differentiation and expansion, the MPP
(CD34" CD38" CD10") and HPCs start losing the capability of self-renewal and multipotency,
proceeding towards more mature blood lineage, and lose expression of the CD34 surface
marker which is commonly present on HSCs. MPPs have limited self-renewal capability,
whereas HPCs have none [139] [140]. CD34 expression is eventually replaced by CD38 and
CDA45RA as HSCs differentiate into more mature progenitors [141] [142]. While dividing from
HPCs to the lympho-myeloid progenitor, the common lymphoid progenitor (CLP) slowly starts
to lose the myeloid potential or become myeloid potential deficit with increased expression of
CD10, an early B cell marker, giving rise to B lymphocytes, T lymphocytes, dendritic and
natural killer (NK) cells [143] [144]. On the other hand, common myeloid progenitors (CMPs)
express CD135 and CD45RA, differentiating into two different groups, megakaryocyte-
erythrocyte progenitors (MEPS), which lack CD135 expression and give rise to Erythrocytes
and platelets and granulocyte-macrophage progenitors (GMPs) precursor of neutrophils,
monocytes, basophils, and eosinophils. GMPs express both CD135 and CD45RA but the main
transition from CMP to GMP is due to CD45RA expression [143] [145] [146].
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Figure 1.6: Diagrammatic representation of the Hematopoietic system. LT-HSC, long-term hematopoietic stem cells, ST-
HSC, short-term hematopoietic stem cells, MPP, multipotent progenitors, HPC, hematopoietic progenitor cells, CMP,
common myeloid progenitors, MEP, megakaryocyte/erythroid progenitors and Granulocyte/monocyte progenitors (GMP).
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1.1.6 Chemotherapy-Induced Pancytopenia due to myelosuppression

Myelosuppression or bone marrow (BM) suppression is one of the major adverse effects of
antineoplastics, amongst which alkylating agents, pyrimidine analogs, anthracyclines,
anthraquinones, nitrosoureas, methotrexate, hydroxyurea, and mitomycin C are considered to
be most cytotoxic to bone marrow [147]. BM injury caused by chemotherapy or radiation can
be acute or long-term. The acute injury usually occurs due to the induction of apoptosis in
hematopoietic cells shortly after chemotherapy or radiotherapy [148] [149] [150][151]. MPPs
and HSCs are rapidly proliferating cells and chemotherapy targets all the rapidly proliferating
cells, whether normal or cancerous. Quiescent HSCs are more resistant when chemotherapy or
radiotherapy induces apoptosis as they are capable of repairing DNA damage [152] [153] [154]
[155] [156] [138].

Chemotherapy-induced myelosuppression (CIM) commonly manifests as decreased
production of all blood cells, also known as pancytopenia, occurring due to disruption in
hematopoiesis, pancytopenia includes anemia, neutropenia, and thrombocytopenia [157] [158]
[159] [160], in this situation, HSCs become active and start self-renewal, proliferation and
differentiation to overcome the deficit and MPPs and HSCs are repopulated which in turn form
mature blood cells to compensate the pancytopenia caused by chemotherapy [131].
Granulocyte-colony stimulating factor (G-CSF), granulocyte/macrophage-colony stimulating
factor (GM-CSF), and erythropoietin are known as hematopoietic growth factors (HGFs); they
stimulate HSCs MPP, and HPC proliferation and differentiation, and are commonly used after
cancer treatment in patient to recover hematopoietic function [161] [162] [163]. The majority
of cancer patients who develop acute BM suppression due to cancer treatment recover, with or
without HGFs [131]. Chemotherapeutics such as carboplatinum, busulfan, bis-
chloronitrosourea (BCNU), and moderate to a high doses of total body irradiation (TBI) are
considered to cause long-term BM (LT-BM) injury [164] [165] [166]. Unlike acute BM
suppression, patients with LT-BM injury have normal blood cell counts, which usually cause
a decrease in HSC reserve and impair the self-renewal capability of HSCs [156] [167]. The use
of HGFs after cancer treatment causes recovery of peripheral blood cells in patients, due to
which LT-BM suppression is usually masked [131]. Studies have reported that although the
use of HGFs promotes HSC, MPP, and HPC proliferation and differentiation in patients with
LT-BM suppression, there isa cost to HSC self-renewal, leading to hastened HSC exhaustion

and further compromising recovery of the hematopoietic system in long-term [40] [41]. LT-
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BM injury is long-lasting, has less tendency for recovery, and remains latent. patients with LT-
BM suppression are at risk of developing hypoplastic anemia or a myelodysplastic syndrome

at a later stage of life or due to subsequent cycles of cancer therapy [131].

1.2 Chemotherapy-Induced neutropenia (CIN)

Chemotherapy-induced neutropenia (CIN) is one of the most toxic, dose-limiting, and dose-
delaying side effects of chemotherapy, strongly associated with infection. The risk of infection
is directly dependent on the duration and degree of neutropenia [168] [169]. Neutropenia is
commonly defined as a reduction in the number of neutrophils below 500 cells/mm? in the
peripheral blood. Neutropenia, when caused due to the administration of chemotherapeutic
drugs, it is termed ‘Chemotherapy-induced neutropenia’ [170]. Neutrophils are one of the most
abundant white blood cells present in the circulation and are considered the first line of defence
against infections; when they decrease in number, the body’s immune system is compromised
and it becomes susceptible to developing infections such as bacterial or fungal [171] [172].
Infections in general lead to fever, but when caused due to neutropenia it is called ‘Febrile
neutropenia (FN)’. According to the European Society for Medical Oncology (ESMO), an oral
temperature of >38.5C or two consecutive readings of >38.0 T for 2 hours along with absolute
neutrophil count (ANC) of <0.5 x 1091 is called FN [173] [174]. Table 1.5 shows the grading
of neutropenia according to the National Cancer Institute (NCI) [175]:

Table 1.5: Classification of Neutropenia

1 Normal More than 1500cells/pl (1.5 10°/L)
2 Mild Neutropenia Between 1500-1000cells/pl (1 - 1.5X10°/L)
3 Moderate Neutropenia ~ Between 1000-500cells/pl (0.99-0.5<10°/L)
4 Severe Neutropenia Less than 500 cells/pl (<0.5X10°/L)
c Very severe Less than 200cells/pl (<0.2 <X 10°/L)

Neutropenia

FN is an indication of underlying life-threatening infections and is considered to be an
oncologic emergency requiring immediate hospitalization and treatment with broad-spectrum

antibiotics and hematopoietic growth factors within 2 hours of the onset of fever to prevent
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sepsis, which is the leading cause of mortality and morbidity [174] [176] [177] [178]. The risk
of developing FN is strongly associated with the duration and degree of severity of neutropenia
as well as a number of other factors such as the patient's age and comorbidities [168] [174]
[177] [179]. Neutropenic nadir (Figure 1.7) is defined as a point where the neutrophil level
falls to <0.5 x 10%I between day 7 to day 14 post-chemotherapy after which the neutrophil
level starts to rise again as the bone marrow recovers from the toxic effects of the
chemotherapeutics. This is a very crucial time when the patient is most likely to develop

infections.
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Figure 1.7: Graphic representation of Neutropenic nadir. The duration and depth of neutropenia depend on the type, route
of regimen, and patient's well-being. Source: Management of Chemotherapy Induced Neutropenia — an Unmet Clinical
Need [180].

About 50% of patients with solid tumours and more than 80% of patients with hematological
malignancies in chemotherapy experience neutropenic nadir at least once during their period
of treatment [173] [181]. FN is associated with many complications such as bacteremia,

pneumonia, fungal infections, cerebrovascular complications, and hepatorenal disorders [181].
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1.3 Incidence and Risk factors of CIN

Globally, FN-related mortality is reported to be very high — about 10-21% among cancer
patients [182]. Cancer patients on chemotherapy with comorbidities such as advanced age,
which is the leading cause of compromised hepatorenal, cardiovascular, lung, and
hematopoietic functions, have an additional risk of developing CIN and this is associated with
increased mortality [174] [183]. On the other hand, the type of cancer or type of chemotherapy
regime given and their associated toxic effects, the health and nutritional status of the patient,
and infectious complications are major contributing factors leading to CIN and further
increasing the risk of death in cancer patients (Figure 1.8) [174] [181] [184].
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Figure 1.8: Schematic representation of onset of neutropenia, risks, and consequences. Risks, symptoms, and complications
of Chemotherapy-induced neutropenia.
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A chemotherapeutic agent usually inhibits the synthesis of DNA and RNA of all the rapidly
dividing cells of the body, cancerous and non-cancerous, including bone marrow disruption,
and ultimately reduces neutrophil production, leaving the body immunocompromised and
leading to CIN or FN [184] [185]. Previously studies have reported a higher incidence of CIN
in female patients and advanced age group patients due to comorbidities and reduced neutrophil
production [183] [186]. The risk factors associated with CIN can be classified as patient-
related, specific for the type of cancer, or treatment-related [187]. The most important patient-
specific risk factor is age. Ageing is a process that interferes with all the normal functions of
the body; for example, older patients have a weaker immune system as there is a decline in the
hematopoietic system due to reduced bone marrow reserves, and therefore older patients are
more prone to develop CIN or FN [188] [189]. Furthermore, there is a decline in hepatic and
renal function with increasing age, which increases the chances of the patient developing
related complications [190]. Patients with impaired nutritional status, having deficiency of
certain micro- and macronutrients, have compromised immune systems and are susceptible to
developing CIN [190] [191]. Furthermore, another patient-specific risk factor reported is
gender, and females are reported to be at higher risk of having CIN than male patients [174]
[190] [192]. Moreover, disease-specific factors include the type of cancer, for instance,
hematological malignancies have a higher incidence of CIN as compared to solid tumours and
metastasis to bone also increases the risk of CIN as these patients experience myelosuppression
[187] [192] [193] [194]. Metastasis of cancer cells to bone marrow causes myelosuppression
leading to pancytopenia (anemia, thrombocytopenia, and neutropenia) and amongst solid
tumours, CIN is commonly seen in lung and breast cancer (BC) patients [195] [196]. The
treatment-specific risk factors include radiotherapy to bone marrow or a chemotherapy
regimen. Chemotherapeutic drugs such as actinomycin, asparaginase, cytarabine, busulfan,
cisplatin, daunorubicin, etoposide, fluorouracil, ifosfamide, and methotrexate are highly
associated with CIN. About 23% of BC patients are reported to experience at least one episode
of FN followed by standard chemotherapy whereas patients on high-dose or combination
regimens such as anthracycline/taxane or docetaxel-based drugs are at greater risk of CIN and
FN [195] [196].

To identify patients more susceptible to developing CIN, it is important to accurately predict
underlying risk factors responsible for neutropenic complications. A tool known as the
‘Multinational Association of Supportive Care of Cancer (MASCC)’ risk-index scoring system
is used to identify low and high-risk cancer patients [197].
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1.4  Assessment of risk for developing CIN-Clinical Evaluation

Although there is no perfect tool or investigational strategy to assess the risk of a patient
developing CIN or FN, in 2002, the Infectious Diseases Society of America recognized a
scoring system known as the Multinational Association for Supportive Care in Cancer
(MASCC) score, to identify low-or high-risk patients on basis of score. This tool was also
approved and accepted by the European Society of Medical Oncology (ESMO) [198]. This
scoring tool has 8 points on the basis of which the patient is evaluated for FN. Shown is Table
1.6. Patients scoring less than 21 are considered high risk, and patients with a score greater

than 21 are low risk.

Table 1.6: MASCC Risk index and weights [168]

1 The burden of febrile neutropenia with or no mild symptoms 5
2 No Hypotension (systolic blood pressure > 90 mm of Hg) 5
3 No chronic obstructive pulmonary disease 4
A Solid tumour or hematological malignancy with no previous fungal
infection

5 No dehydration requiring parenteral fluids 3
6 The burden of neutropenia with moderate symptoms 3
7 Outpatient status 3
8 Age <60 2

Patients with scores greater than 21 are further monitored and treated prophylactically. Another
scoring tool developed in 2015, known as the Clinical Index of Stable Febrile Neutropenia
(CISNE) score, is shown in Table 1.7. While the MASCC score was designed to identify low-
risk patients, the CISNE was developed to identify high-risk patients; patients scoring more
than 3 are considered high-risk and eligible for further monitoring and inpatient treatment [199]
[200]. Additionally, this scoring tool has been validated in a study conducted on patients with
solid tumours treated with low-intensity chemotherapeutic drugs and with no clinical concerns
[200]. However, this tool has not been certified yet by the European Society of Medical
Oncology [199].
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Table 1.7: CISNE Scoring System [169]

L Eastern Cooperative Oncology Group (ECOG) performance .
status > 2

Stress-induced hyperglycemia>6.7 mmol/L or > 13.9 mmol/L
in diabetics or if on steroids

Chronic obstructive pulmonary disease (COPD)
Cardiovascular disease (CVD)

National Cancer Institute (NCI) mucositis grade > 2

o o N W
RIS

Monocytes less than 200/mL

1.5 Current Management strategies for CIN/EN in cancer patients

Currently, cancer patients identified as high risk are given primary prophylactic G-CSFs,
whereas patients who have developed CIN are managed by G-CSFs along with chemotherapy
dose and interval adjustment. In the case of patients admitted to the emergency department, FN
is treated aggressively by intravenous administration of broad-spectrum antibiotics, and later
with appropriate antimicrobials, such as antibiotics or antifungals, G-CSFs to boost neutrophil
production and reduce the duration and intensity of neutropenia, and chemotherapy dose and
interval modification [176] [177] [180]. The neutrophil count is monitored throughout their
stay in the hospital until fully recovered, with levels reaching > 0.5x10° cells/l and no signs of
infection [201] [202] [203]. The severity of neutropenia is the main factor to decide the duration
of hospitalization, which could vary from a few days to weeks [180] [202]. Furthermore, FN
in cancer patients on chemotherapy is considered an oncologic emergency, and its prevention
is a clinical priority. The prophylactic use of antibiotics in patients at risk for developing FN is
a bit controversial; antibiotics are shown to reduce the incidence of and mortality due to FN in
cancer patients, but the EORTC Infectious Disease Group firmly advises to be extra careful
while administering antibiotics prophylactically as there are chances of developing antibiotic
resistance and pros and cons of prophylactic antibiotics should be assessed [177] [204].
Currently, the only option to treat and prevent FN and reduce the complications associated with
it are growth factors such as granulocyte-macrophage colony-stimulating factors (GM-CSFs)
and granulocyte colony-stimulating factors (G-CSFs) [205] [206]. Compared to GM-CSFs, G-

CSFs have been reported to have lesser side effects and are therefore used more in clinical
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settings [207] . There are different guidelines for identifying those patients eligible for G-CSFs.
Previously, the patients with solid tumours and non-myeloid malignancies scoring 40%, which
was recommended as threshold by the American Society of Clinical Oncology (ASCO)
guidelines, were advised to get G-CSFs support, whereas the National Comprehensive Cancer
Network (NCCN) guidelines suggest the threshold to be 20% [208] [209]. Later in 2006,
updated guidelines published by ASCO recommended primary prophylaxis of G-CSFs in
patients with FN risk of 20% [210]. Similarly, in 2006 the published European Organisation
for Research and Treatment of Cancer (EORTC) guidelines also recommended routine
prophylactic G-CSF support to patients with FN risk score greater than 20% [177].

Patient assessment algorithm to decide prophylactic G-CSF support

Step 1

Assess frequency of FN associated with the planned chemotherapy regimen

FNrisk >20% FNrisk 10-20% FNrisk <10%

Step 2

Assess factors that increase the frequency/risk of FN
High risk Age >65 years
Increasedrisk (level I and II evidence) Advanced disease History of prior FN No

antibiotic prophylaxis, no G-CSF use

Other factors: (level III and IV evidence) Poor performance and/or nutritional status
Female gender
Haemoglobin < 12g/dL
Liver, renal or cardiovascular disease

Step 3
> patient’s overall FN risk for planned chemotherapy regimen

Overall FN risk Overall FN risk v
<20%
Prophylactic G- / >20% 3 \A

G-CSF use not

Cin indicated

recommended

Figure 1.9: Algorithm to decide G-CSFs support to cancer patients on chemotherapy by EORTC

According to EORTC guidelines, patients on chemotherapy assessed for frequency of FN are
categorized as high (greater than 20%), intermediate (between 10-20%), and low (less than
10%) risk (Figure 1.9). The guideline for patients scoring more than 20% or less than 10% is
quite straightforward regarding G-CSF administration, but the patients falling in the
intermediate category, which represents about 52.5% of patients, need further assessment to

decide if G-CSF prophylaxis is required or not [180] [211]. Previous regimens of G-CSF use,
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such as Lenograstim or Filgrastim administrated intravenously on daily basis, have been
replaced by longer-acting pegfilgrastim (Neulasta, Amgen) subcutaneously, once per cycle
[207] [212] [213]. Prophylactic G-CSFs are also recommended in patients on dose-intense
chemotherapy regimens, as reducing the chemotherapy dose or increasing the interval between
dose delivery may compromise treatment outcomes [174] [178] [180].

1.6 Unmet clinical need

CIN is a common side effect of chemotherapy associated with serious infections, mortality,
and morbidity. FN is considered an oncologic emergency and requires urgent medical attention
and antimicrobial treatment within two hours of the onset of fever [173]. A retrospective study
conducted in the US in 2017 on data of cancer patients receiving chemotherapy and admitted
to hospital due to FN in 2012, reported 91,560 admissions for adults and 16,859 for children
with a total cost of up to $2.3 billion and $439 million for adults and children respectively
[214]. The mean length of stay (LOS) was reported to be 9.6 and 8.5 days whereas the mean
hospitalization cost was $24,77 and $26,000 per episode of FN for adults and children
respectively, which is considered to be significantly substantial [214]. Another study conducted
in Ireland at the University Teaching Hospital, Dublin, which included around 42 patient
admissions due to FN-related complications between August 2008- July 2009, reports the mean
LOS to be 7.3+0.5 days, while the mean cost of hospitalization per episode of FN was €8915
+ 718 [215]. In this study, the major cost documented were the charges paid for the bed, about
€6851 + 549, antibiotics approximately €760 + 156, and additional costs of laboratory
investigations and blood transfusions reported to be €538 + 47 and €525 + 189 respectively
[215]. A report published in 2016 on estimated economic burden and productivity loss due to
all invasive cancers and their associated complication-related deaths between 2011 to 2030
reported about 233,000 projected deaths, which will lead to a productivity loss of €73 billion
approximately, representing almost 1.4% of Ireland’s GDP per annum [197]. Additionally, the
reports suggest that a reduction in mortality rate even at 1% annually could reduce productivity
loss by €8.5 billion over 20 years [197]. This report did not cover the burden of CIN, but
approximately 20% of deaths occurring in cancer patients are mostly due to CIN and FN [180].
The cost of FN and its related complications are reported to be a substantial economic burden
on the health care system worldwide. Besides the economic aspect, FN also compromises the
treatment strategies in cancer patients by necessitating chemotherapeutic dose reduction or

increased intervals between the chemotherapy cycle, ultimately having negative treatment
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outcomes [201]. Therefore, the timely detection, prevention, and management of CIN is an

unmet clinical need, and more research is required to meet the challenges.

1.7 Prevention and Management of CIN

In 2008, a survey conducted on the death of patients occurring within 30 days of the start of
chemotherapy treatment by the National Confidential Enquiry into Patient Outcome and Death
(NCEPOD) reported various flaws such as lack of awareness and proper education of patients
as well as health care providers, along with the unavailability of proper methods of patient
evaluation and management [180]. Furthermore, it emphasized efficient approaches to
diagnosing and managing FN. Hence, there is an urgent need for methods for early diagnosis,
prevention, and proper treatment of CIN/FN to enhance the overall survival and treatment

outcomes in cancer patients.

1.7.1 Early detection of CIN

Tools like the MASCC and CISNE scoring systems are available and commonly used to
identify low and high-risk patients. CISNE was tested through a study conducted in patients
with solid tumours, clinically stable and on less toxic chemotherapeutics, whereas the MASCC
score has been validated in various studies on different cohorts, giving variable results such as
sensitivity varying between 35% - 95% and specificity between 30% - 95% [199]. The decision
to give G-CSFs is made on the basis of guidelines such as EORTC, NCCN, or ASCO
guidelines, often using a point-based scoring system. A study conducted in 2017 reported that
26.0% of patients were overtreated prophylactically with G-CSFs according to the EORTC
guidelines, whereas 17.4% of patients who required prophylactic G-CSFs did not receive it,
leaving 56.6% of patients who were accurately treated with G-CSFs prophylactically [216].
Having an inaccurate scoring tool to assess the risk of FN in cancer patients is not simply
ineffective, it could potentially be worse than having any tool at all. Apart from these tools or
blood counts in the laboratory after patients develop fever, there is no method for early
detection of CIN, which is one of the major obstacles faced during the treatment process of FN.
There are a number of challenges to be addressed such as awareness of patients regarding the
FN risks, signs and symptoms of FN, and when or where to report immediately for treatment
[181]. As the FN is considered a medical emergency, there should be a proper guidelines to
enter the appropriate care pathway without any delays in the management. Proper

documentation and communication of patients on chemotherapy and awareness of primary
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healthcare providers to assist these patients and refer them to the hospitals could prevent life-
threatening infections by rapid medical intervention. Further, timely detection of CIN when the
neutrophil count drops below the 0.5 x 10%I, would make patients alert to contact the
appropriate healthcare provider and would give enough time to the healthcare provider too, to
prepare to receive the patient and decide the best clinical intervention such as antibiotics and
growth factors. Therefore, there is an immense need for an easy-to-use and cost-effective tool
to accurately and reliably monitor the blood cells of the cancer patient on chemotherapy
throughout their cancer treatment. If a neutrophil count drop is noticed, the patient could be
further evaluated and managed rapidly and appropriately, which would save the patient from
getting life threatening infections and enhance the treatment strategy as the patients will receive
the chemotherapy cycle on scheduled time. Early detection can also help in deciding between
prophylactic or therapeutic G-CSFs and antibiotics administration when needed. Hence,
neutrophil monitoring and timely detection would overall improve the cancer treatment

outcome and reduce the cost of hospitalization.

1.7.2 Neutrophil transfusion - commercial availability could be an option for treating

this life-threatening condition

G-CSFs, along with some other growth factors and cytokines such as GM-CSFs, different
interleukins, and TPO, initiate and maintain cell proliferation and differentiation into mature
functionally active terminal cells [217]. G-CSFs are used for primary prophylaxis and to treat
high-risk patients for CIN and are administrated until the neutrophil count reaches the normal
range or more the 1000 cells/ml [217]. Infections in cancer patients on chemotherapy occurring
from unidentified sources is very common, being more common in patients with hematological
cancers (more than 80%) while around 10-50% in patients with solid tumours [168]. Again,
the risk of infection depends on several factors such as duration and depth of CIN,
comorbidities, and age of the patient. After assessing the risk of the patients, the high-risk
patients are given prophylactic antimicrobial (antibacterial and antifungal) agents along with
G-CSFs to reduce the risk of FN. However, the decision to administer antibiotics
prophylactically requires extensive consideration as there are various factors of concern: for
example, the antibiotic resistance, maintenance of host normal flora, and cost concerns of the
drugs. All these factors need the proper balance for the pros of administration of antibiotics to
outweigh the cons [218]. After systemic assessment of the patients according to the American

Society of Clinical Oncology and Infectious Diseases Society of America (IDSA) guidelines,
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the high-risk patients are usually recommended prophylactic antibiotic treatment with oral
fluoroquinolone, whereas the intermediate-risk patients (FN risk between 10-20%), are
assessed on a case-to-case basis and treated accordingly [218]. Patients who are at risk of
developing pneumonia from Pneumocystis jirovecii are recommended to have prophylaxis of
trimethoprim-sulfamethoxazole [TMP-SMX] orally [218]. On the other hand, there is a huge
ongoing controversy regarding the use of antifungal agents prophylactically. Even in the case
of patients coming to the emergency department with signs of infection, it is very difficult to
diagnose and start antifungals until bacterial infections are ruled out, and this delay in the

initiation of antifungal treatment is one of the major causes of poor treatment outcomes.

Umbilical cord blood (UCB), being a rich source of hematopoietic stem and progenitor cells
(HSPCs), is approved by the FDA, and since the first UCB transplant in 1988 to treat Fanconi’s
anemia more than 35,000 UCB-transplants have taken place to treat various malignant and non-
malignant diseases worldwide, especially in children [219] [220]. Although UCB is a rich
source of HSCs in terms of its potential to differentiate to almost all types of blood cells, the
disadvantage of the low number of HSCs has limited its use in children and adult recipients
who require a large number of cell transplants [221]. Due to less absolute HSPC content and
slower hematopoietic recovery/reconstitution rate, engraftment delays are common, leading to
an increased risk of life-threatening infections in pancytopenia patients resulting in more than
30% of transplantation-related deaths and relapse of disease [221] [222] [223]. Moreover, an
increased number of infused cells obtained from 2 largely unmanipulated UCB samples, has
been shown to reduce the mortality rate [224]. The neutrophil recovery time with
unmanipulated UCB transplant has been reported to be 25 days, compared to 20 days for
peripheral blood stem cells (PBSCs) and 24 days for BM grafts [225] [226]. Due to a lower
number of HSCs and engraftment delays, there is a huge need to expand the UCB-HSCs in
vitro. Hence, various studies are being conducted worldwide in an attempt to expand these cells
in vitro with various different methods, discussed later in the next section. Allogenic blood
transfusion in cancer patients is also very common, e.g. red blood cells (RBCs) for anemic
patients and platelets and fresh frozen plasma for patients with a bleeding disorder, or patients
with thrombocytopenia associated with cancer, or complications associated with cancer
treatment [227]. Unlike anemia and thrombocytopenia in cancer patients managed with RBC
or platelet transfusion, apart from G-CSFs, antibiotics, and unmanipulated UCB transplants,

there is no specific treatment for neutropenia to date. Therefore, we suggest that ex-vivo
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expansion and differentiation of UCB-isolated HSCs, mainly CD34+ cells, to mature
neutrophils and transfusion to patients is an ideal treatment option and analogous to RBC and
platelet transfusion, which could prevent FN and sepsis, reducing infection-related mortality
as well as treating the ongoing infection for faster recovery. Therefore, neutrophil transfusion
or commercial availability of neutrophils in the blood banks to treat infections is a rational
approach and way to reduce the risk of life-threatening infection and shorten the period of
neutropenia in patients with CIN [228] [229].

1.7.2.1 Different strategies used for ex-vivo expansion of umbilical cord blood isolated
CD34+ cell
The several advantages of UCB include easy donor availability, lower chances of graft-versus-

host-disease (GVHD), greater HLA tolerance, and most importantly the pluripotency of UCB-
CD34+ cells to differentiate into almost all types of cells in an appropriate microenvironment.
However, due to the disadvantage of the presence of a smaller number of HSPCs, most of the
research focus is on ex-vivo expansion and different strategies are being attempted. Various
studies have used different methods to expand the UCB-CD34+ cells: for example, a
combination of growth factors and cytokines or by blocking the differentiation at an early stage
to enhance the in vitro expansion with agents such as copper chelators, and using co-cultures
or feeder layers and to maintain the self-renewal property of HSCs [230]. The studies have
researched G-CSFs, SCF, FLT3 ligand, TPO, EPO, IL-3, and IL-6, and promising results were
obtained with cytokines combination of SCF, FLT-3 ligand, and TPO These are the most
commonly used cytokines in most of the research with some inconsistency in concentration
[222] [231] [232] whereas IL-3, IL-6, and G-CSFs have a role in during the differentiation
phase [222]. HSPCs reside in the niche of the bone marrow, which provides a
microenvironment crucial for HSPCs to self-renew, proliferate and differentiate to mature,
fully functional cells before being released into the bloodstream [233]. Mesenchymal stem cells
(MSC), present in the BM provide support to CD34+ cells during hematopoiesis; hence it has
been widely used to enhance the ex-vivo expansion of CD34+ cells as co-culture with growth
factors and cytokines to recapitulate the BM microenvironment by forming an extracellular
matrix network, providing cell-to-cell interaction and helping secretion of endogenous
cytokine and growth factor [234] [235] [236] [237]. Some studies report that copper plays an
essential role in the regulation of CD34+ cells proliferation and differentiation; therefore
copper chelators, such as tetraethylenepentamine, arrest the process of differentiation and
maturation, and in combination with SCF, TPO, FLT3-ligand and IL-6 have shown a roughly
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89-fold increase in the number of cells [238] [239] [240] [241]. Stem Regenin 1(SR1), an aryl
hydrocarbon receptor antagonist, is reported to show an antiproliferative response when used
in high concentrations along with other cytokine combinations of TPO, SCF, FLT-ligand, and
IL-6; it has shown about a 669-fold increase for 3 weeks culture and around 17,100-fold
expansion of CD34+ cells, and it is considered as a potent agent for ex vivo expansion of UCB-
HSPCs [242]. A study published in 2009 reports a 5,800-fold expansion of UCB-CD34+ cells
after 15 days of culture containing SCF, TPO, and G-CSFs, with 40% of cells differentiated to
mature neutrophils [243]. This study used initially static culture for 9 days, and the cells were
transferred to two-phase bioreactor cultures for up to 15 days using a dilution feeding strategy

and reported around 10 times greater expansion [243].

1.8 Current methods and devices

Currently, acomplete blood count (CBC) is advised in clinical practice to determine neutrophil
levels. The established diagnostic laboratories are equipped with commercial blood analyzers
which are usually operated by well-trained personnel, requiring a large volume of blood (about
6 ml) by venepuncture [244]. Neutropenic patients usually end up in hospitals with life-
threatening infections due to a lack of proper monitoring of their neutrophils, and sometimes
the patients remain asymptomatic until neutropenia advances [245]. Various methods are being
tested and tried to make a point-of-care (POC) device which is inexpensive and easy to use to
monitor neutrophil levels during chemotherapy. The various techniques used to measure the
cells include immunofluorescence, impedance measurements, and a Complementary Metal
Oxide Semiconductor (CMOS)-based holographic imaging system integrated into
microfluidic-based devices [245]. Most of these techniques (Table 1.8) involve sample
preparation such as dilution, antibody incubation, or centrifugation and have an expensive read-
out system, which limits their application. As patients, especially children and older people,
face various problems, there should be a method that is easy to use and has fewer steps in
performing measurements with fewer biases and high efficiency and specificity [245].
Therefore, there is an immense need for a method that is handy with no hustle of blood
preparation - a compact portable system that can be used by the patient at home to monitor the

neutrophil count using a small amount of blood after receiving the chemotherapy cycle.
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Table 1.8: Different microfluidic-based techniques used for cell enumeration

Hydrodynamic WBCs Microscopy/staining Unprocessed [246]
1 filtration/enrichment on the glass diluted whole
blood
Microfluidic flow WBCs Fluorescence CMOS | Fluorescence - [247]
2 imaging labeled diluted
whole blood
Microfluidic WBCs Fluorescence CMOS = Fluorescence - [248]
3 capturing imaging labeled diluted
whole blood
Microfluidic flow WBC Impedance Purified cell [249]
4 subgroups spectroscopy subtypes-
fluorescence multistep
processing
Microfluidic flow WBC Impedance Lysed cells- [250]
5 subgroups spectroscopy multistep
processing
Immunocapturing Neutrophils immunofluorescence | Whole blood- [251]
6 imaging few steps
required
7 Microfluidic flow WBCs/RBCs = CMOS imaging Whole blood- [252]
dry smear unprocessed

1.8.1 Raman spectroscopy

Raman spectroscopy was first discovered by Raman, a Noble Prize winner in 1930 for his
contribution to Physics. A few decades after the discovery of Raman spectroscopy, research
related to biological tissue and especially blood began. Since then, various improvements and
innovations have been achieved [253]. Raman spectroscopy is an analytical method in which
the vibrational energy of the sample is measured by scattered light. Various studies have been
conducted on blood components such as hemoglobin, RBCs, platelets, WBCs, and whole blood
using Raman spectroscopy [253]. Although there are several advantages of Raman
spectroscopy, e.g. it is non-destructive, rapid, and requires minimal sample preparation, one of
the major limitations of Raman spectroscopy is the risk of damage (thermal damage or
photodegradation) to biological cells, especially blood cells which are very fragile [253]. And
therefore, it is not a suitable technique to measure the blood cells and a method should be
identified which does not affect the cell morphologically or physiologically.
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1.8.2 Dielectric spectroscopy

The dielectric properties, namely, relative permittivity and conductivity, are natural
characteristics of all biological tissues. The absorption, transmission, and reflection of
electromagnetic waves by biological tissue on interaction with an electromagnetic field occur
because of these electrical properties of the tissue [254]. The permittivity and conductivity of
tissue are greatly dependent on frequency [255]. The complex permittivity, denoted by epsilon,
is the ability of a tissue to polarize and store energy on interaction with the electromagnetic
field. It is usually directly proportional to the water content of the tissue; the higher the water
content of the tissue, the greater the permittivity [254] [255]. The complex permittivity has two
parts, the real part, and the imaginary part. The real part of complex permittivity, which is also
known as relative permittivity or dielectric constant, is defined as the capability of a biological
tissue to store energy when it comes in contact with an external electric field. On the other
hand, the imaginary part, also known as the loss factor, is described as the amount of energy
absorbed and partly converted to heat by the tissue; in other words, it shows the dissipative
nature of the biological tissue [255] [254]. Conductivity, which is related to the imaginary part
of permittivity, is defined as a characteristic of a biological tissue that shows how flexibly or
easily an electrical charge can pass through it [255]. The conductivity involves electric charge
loss taking place due to ion conduction and charge displacement (dielectric polarization) when
interacting with an electric field [256] [255]. There are specific regions in the biological tissue,
known as dispersion regions, which determine the dielectric behaviour of the tissue: these
regions are known as a, 3, y, and 6 dispersion regions [256] [257]. To incorporate the dielectric
properties of the biological tissue into a computational form, mathematical models have been
developed which allow the calculation of dielectric properties of the biological tissues (relative
permittivity and conductivity) at any desired frequency. With help of these models the
dielectric data can be represented graphically and in the form of closed equations [254] [258].
The most commonly used dielectric models to analyze the dielectric properties of any type of
biological tissue, whether blood or solid tissue, are the Cole-Cole, Debye, and Cole-Davidson
models [254] [259] [256].

Preliminary data can be used to assess the device’s technical hazards, safety, and effectiveness,
generated by integrating the dielectric properties of tissue into an extremely precise
computational and physical model [254]. Specific absorption rate (SAR) is an intricate function

of dielectric properties of biological tissue and safety analysis which is based on accurate
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information of these properties; therefore, it is very essential to have a proper understating of
dielectric properties. The safety of various medical devices, such as magnetic resonance
imaging (MRI) and many other implantable devices, is validated by calculating SAR levels.
To calculate SAR in a tissue, numerical models are prepared on basis of the dielectric
parameters of the tissue [260] [261].
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1.9 Aims of this study

e To provide proof-of-concept that dielectric spectroscopy can be used to detect early

onset of neutropenia in cancer patients on chemotherapy.

e To identify the effects of chemotherapy on the liver and renal functions from the

analysis of blood biochemistry reports of neutropenic patients.

e To develop a strategy for the generation of mature neutrophils from human umbilical
cord blood-derived hematopoietic stem cells (UCB-HSC) to manage CIN in cancer

patients.

37| Page



CHAPTER 2: RESULTS AND DISCUSSION

2 DIELECTRIC SPECTROSCOPY CAN DETECT THE CHEMOTHERAPY -
INDUCED CHANGES IN NEUTROPHILS

2.1 Introduction

Chemotherapy is widely used to treat different types of cancer. Chemotherapy targets and
destroys all the rapidly dividing cells of the body whether cancerous or non-cancerous normal
cells. Hematopoietic stem cells are rapidly dividing cells formed in the bone marrow and are
mostly affected by chemotherapeutics. Blood is mainly composed of red blood cells, white
blood cells, and platelets. All the blood cells are formed by the hematopoietic stem cells

through hematopoiesis in the bone marrow. These cells perform different functions in the body.

Many studies have reported pancytopenia as a major side effect of chemotherapy due to acute
BM suppression. Severe pancytopenia is reported in patients with lung adenocarcinoma
receiving nivolumab therapy [262] and in patients with colorectal cancer, treated with 5-

fluorouracil, oxaliplatin, and leucovorin, oxaliplatin [263].

2.1.1 Chemotherapy-Induced Anemia

RBCs are the most abundant cells in the blood and account for 40 to 45 % of total blood volume.
The half-life of these cells in blood is about 90-120 days. The function of RBCs is to carry
oxygen from the lungs to the rest of the body and carbon dioxide from the body to the lungs.
When there is a reduction in RBCs, the oxygen-carrying capacity in the blood is also reduced.
This is known as anemia, derived from the Greek word “anaemia” which means lack of blood,
and it is commonly associated with cancer and cancer treatments-especially chemotherapy, also
known as chemotherapy-induced anemia (CIA) [264] [265]. Some studies define anemia as the
reduction of hemoglobin levels [266]. As chemotherapy targets, all the rapidly growing cells,
cancerous as well as normal, in the case of CIA erythroid progenitors cells are affected, and
almost 70% of cancer patients on chemotherapy develop anemia [267] [268]. Mostly platinum-
based chemotherapy given to cancer patients is thought to precipitate CIA by direct suppression
of erythroid progenitor cells in BM and erythropoietin-producing cells within the kidney due
to nephrotoxicity [269] [270] [271]. Early reduction in hemoglobin levels after chemotherapy,
increased platinum-based chemotherapeutics dose, old age and higher levels of residual
platinum concentration in the blood are the main factors associated with the development of

anemia [272] [273]. Non-platinum-based chemotherapeutics, for example, anti-microtubular
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agents and campothecins, are also reported to be myelosuppressive causing anemia [274] [275].
Apart from certain types of chemotherapeutic drugs, CIA is also associated with particular
types of cancer, as it is most commonly seen in patients with hematologic cancers, especially
in myeloid malignancies rather than solid tumours [273]. One of the most common symptoms
experienced by patients with CIA is fatigue. Studies have also reported poor concentration,
anorexia, vertigo, and dyspnoea in these patients [276]. The quantitative evaluation of anemia
is quite challenging due to the lack of a standardized grading system[160]. The grading system
proposed by The National Cancer Institute (NCI) Anemia Scale to grade anemia is as follows
(Table 2.1) [277],

Table 2.1: Grading of Anemia by NCI

12-16 g/dL for women

0 Normal
14-18 g/dL for men
10-12 g/dL ]
1 Mild
10-14 g/dL for men
8-10 g/dL 2 Moderate
6.5-8 g/dL 3 Severe
6.5 g/dL 4 Life-threatening
Less than 6.5 g/dL 5 Death

The current gold standard method used to detect anemia and to measure hemoglobin level is
complete blood count (CBC) using a hematology analyzer on a venous blood sample [278].
The treatment given to patients with CIA depends on the severity of symptoms, hemoglobin
levels, and the grade of anemia. The current treatment options available in the clinical setup
include packed red blood cell transfusions, erythropoietin-stimulating agents (ESAS), and iron
supplementation (Table 2.2) [279]. The CIA patients with a hemoglobin level lower than
11g/dL or a decrease in hemoglobin level by more than 2g/dL from a baseline level of >12
g/dL in situations of absolute iron deficiency, which is defined by a blood ferritin level less
than 100 ng/mL, are mostly given an intravenous iron supplement which also lessens the need
for blood transfusion [160] [280]. The other treatment option for symptomatic CIA patients
with a hemoglobin level of <10 g/dL is Erythropoiesis (EPO) stimulating agents (ESA) along
with an intravenous iron supplement [280]. To maximize the therapeutic benefits and reduce
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the side effects of ESA therapy, serum ferritin level (which is a response determinant of ESA
therapy) should be used to monitor and manage administration [160]. Patients with significant
symptoms of severe anemia, serum hemoglobin level less than 8 g/dL, and patients with
comorbidities such as cardiopulmonary disease, bone marrow failure, or other hematological
diseases with a hemoglobin level between 7 to 10 g/dL should be considered for red blood
cells transfusion for rapid correction of hemoglobin [160] [281] [282] [283]. Studies have
reported that red blood cell transfusion rates vary in CIA patients, with about 50% of patients
with incurable cancers on chemotherapy requiring at least one blood transfusion during their

course of treatment [284].

Table 2.2: Therapeutic intervention in CIA [130]

Type of therapy Indications Advantages of the | Disadvantages of
therapy the therapy
RBC transfusion | e Symptomatic CIA e Rapid hgb e Pathogen
e Hb<8g/dL improvement transmission
e Comorbidities along |® Rapid e Transfusion
with CIA improvement in reactions
symptoms of e Increased
anemia thrombotic
e Improved quality risk
of life e Iron overload
e Hyper
viscosity-
associated
complications
e May impact
disease

progression
e Hypertension
e Seizures
e Purered cell
aplasia
e TACO
e Nausea,
vomiting,
diarrhea
Dizziness
Pruritus’
Headache
Dyspnoea
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ESA

administration

e Symptomatic CIA
e Hb<10g/dL

Reduces RBC
requirement
Reduces the
severity and
duration of the
CIA

Improves
quality of life.

Intravenous

infusion

iron

e Absolute iron
deficiency (TSAT
<20%, Ferritin <30
ng/mL)

e Functional iron
deficiency (TSAT
<50%, Ferritin 30-
500 ng/mL

e Hb<11 orhas
decreased > 2 g/dL
from baseline > 12
g/dL in the setting of
absolute iron
deficiency as defined
by serum ferritin
level <100 ng/mL.

e Should be considered
before the ESA
administration.

Reduces RBC
requirement
Facilitates
optimal ESA
response

Abbreviation: CIA-chemotherapy-induced anemia, TACO-transfusion associated circulatory overload, Hb-

hemoglobin, ESA- erythropoietin stimulating agent, RBC- red blood cells and TSAT transferrin saturation
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2.1.2 Chemotherapy-Induced Thrombocytopenia

Platelets (also known as thrombocytes) are small fragments of the cell. They play a part in the
blood clotting process. The normal range of platelet count is between 150,000 to 450,000
platelets per microliter or 150-450 x 10° /L. Abnormally low platelets in the blood due to
myelosuppressive chemotherapy treatment in cancer patients, known as Chemotherapy-
induced thrombocytopenia (CIT), is one of the serious complications [159] [285]. The platelet
count in patients with CIT is usually <75 x 10° /L [286] [287] [288]. The grading of CIT is
shown in Table 2.3. Some chemotherapy regimens cause early platelets nadir such as MAID
(mesna, doxorubicin, ifosfamide, dacarbazine), Al (mesna, doxorubicin, ifosfamide), and ICE
(ifosfamide, carboplatin, etoposide) and other chemotherapeutics like carboplatin, melphalan,
or nitrosoureas are usually associated with delayed nadir [289]. Some novel chemotherapy
agents such as bortezomib and lenalidomide are also reported causes of CIT [289]. CIT in
cancer patients after getting a chemotherapy cycle is mostly observed between day 6 to day 14
[290]. Different studies have reported various causes of thrombocytopenia such as deficient
platelet production, excessive destruction, and sequestration in the spleen, but the main reason
for CIT is low platelet production. The type of effect on platelet development also depends on
the class of chemotherapy given. The antimitotic effect is either on stem cells resulting in
decreased platelet production such as carboplatin and busulfan, which causes more prolonged
and unmanageable thrombocytopenia or on progenitor cells in the later stages of development
of platelets caused by common cytotoxic drugs, it tends to be shorter in duration and is more
frequently seen [289]. On the other hand, some chemotherapeutics, such as bortezomib, a
proteasome inhibitor, have the ability to affect megakaryocytes by inhibiting nuclear factor kB
(NF-kB) activation resulting in a low platelet count. Studies have reported rapid recovery of
platelet counts after day 14 and with subsequent cycles, the need for a platelet transfusion is
decreased [291].

On basis of platelet count, the severity of thrombocytopenia is graded from 1 to grade 4 [292]
[293].
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Table 2.3: Grading of Thrombocytopenia

75-159x103 /ul 1
50-75 x103 /pl 2
25-50 x103 /ul 3

<25 x10% /l 4

The severity of symptoms and episodes of bleeding due to CIT depends on the cycles and dose
of chemotherapy given. Usually, mild symptoms are petechiae and ecchymosis, occasionally
patients also experience symptoms such as blood in the urine or sputum, bleeding gums, or
mild vaginal bleeding. Major bleeding sites are the nasal, gastrointestinal tract, bladder, and
pulmonary or vaginal hemorrhage [294].

Depending on the severity of CIT, the treatment is given to the patients. Most commonly, to
manage CIT, either the dose or cycles are reduced, or the next cycle is delayed allowing the
recovery of hematopoiesis in the bone marrow. Mainly, the treatment option available in the

clinical setup for CIT is a platelet transfusion.

2.1.3 Chemotherapy-Induced Neutropenia

WBCs account for about 1% of the total blood. WBCs comprise granulocytes (neutrophils,
eosinophils, and basophils), monocytes, and lymphocytes (T cells and B cells). Neutrophils are
the most abundant cells making 55 to 70% of the total WBCs. The half-life of neutrophils is 6-
8 hours in the blood. Neutrophils are part of the immune system and they protect the body from
infections, a drop in neutrophils causes immune system disruption [180]. A drop in the number
of neutrophils due to chemotherapy is termed chemotherapy-induced neutropenia (CIN), which
is a major side effect and cause of mortality and morbidity in cancer patients. Further, when
accompanied by fever, it is known as febrile neutropenia, and defined by the European Society
for Medical Oncology (ESMO), as an oral temperature of more than 38.5 degrees Celsius for
two consecutive readings taken within 2 hour time period along with absolute neutrophil count
(ANC) below 0.5 x 10° [173], it is considered as a medical emergency and can cause death due
to sepsis and should be treated within 2 hours of the onset of fever [193] [173] [295]. The high-
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risk cancer patients for developing CIN and its complications such as sepsis, are identified
using the MASCC score (detailed description in general introduction chapter), and instructed
to monitor their temperature after each chemotherapy dose, if they develop fever they are
instructed to attend hospital and seek medical attention [180]. The grading of CIN is shown in

Table 1.5, in chapter one, the general introduction of the thesis.

The treatment option available for managing febrile neutropenic patients includes prophylactic
antibiotics and granulocyte colony-stimulating factor (G-CSF) [180]. By the time neutropenia
is detected by complete blood counts (CBC) through lab-based gold standard methods and
analyzed, it is already too late as the patient is febrile and the infection has commenced which
limits the treatment efficacy.

A study reports about 64% of patients who developed chemotherapy-induced
myelosuppression due to which the treatment was either stopped or the dose was delayed or
reduced, out of which 61% had anemia, 59% neutropenia and 37% had thrombocytopenia
[296]. Another study conducted on 338 SCLC patients, retrospectively using electronic
medical records, reports that 45% of patients developed CIN and 41% anemia, and 25%
thrombocytopenia [297]. According to a study, the most common side effect as a result of
myelosuppression is anemia and neutropenia than thrombocytopenia [296] but some studies

report, neutropenia to be the most common [298].

Literature reports that around one-third of the cancer patients, having myelosuppression side
effects either get Erythropoiesis-Stimulating Agents (ESA), GM-CSFs, or red blood cell (RBC)
transfusion whereas only 22% were reported to have platelet transfusion and 21% needed no
treatment at all [296].

According to the international guideline, antibiotics administration should take place within 60
minutes of the onset of neutropenic fever and the first presentation to the emergency
department [299]. Neutropenia is the most common and life-threatening side effect, with no
specific treatment available, as in the case of anemia and thrombocytopenia, RBC and platelet
transfusion is available therefore early detection of neutropenia before the onset of infection
provides enough time for patients to get appropriate treatment. Detection of the early onset of
neutropenia and aid with timely intervention to prevent life-threatening infections is an unmet

clinical need.
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2.2 Dielectric properties of biological tissues

The dielectric properties, namely, the relative permittivity and the conductivity, are natural
characteristics of all biological tissues. The absorption, transmission, and reflection of
electromagnetic waves by biological tissue on interaction with an electromagnetic field occur
because of these electrical properties of the tissue [254]. The permittivity and conductivity of
tissue are greatly dependent on frequency [255]. The complex permittivity, denoted by epsilon,
is the ability of a tissue to polarize and store energy on interaction with the electromagnetic
field. It is usually directly proportional to the water content of the tissue, the higher the water
content of the tissue, the greater the permittivity [254] [255]. The complex permittivity has two
parts, the real part, and the imaginary part. The real part of complex permittivity which is also
known as relative permittivity or dielectric constant is defined as the capability of a biological
tissue to store energy when it comes in contact with an external electric field. On the other
hand, the imaginary part also known as the loss factor is described as the amount of energy
absorbed and partly converted to heat by the tissue, in other words, it shows the dissipative
nature of the biological tissue [255] [254]. Conductivity, which is related to the imaginary part
of permittivity, is defined as a characteristic of a biological tissue that shows how flexibly or
easily an electrical charge can pass through it [255]. The conductivity involves an electric
charge loss taking place due to ion conduction and charge displacement (dielectric polarization)
when interacting with an electric field [256] [255]. There are specific regions in the biological
tissue, known as dispersion region, which determines the dielectric behaviour of the tissue,
these regions are known as a, B, y, and & dispersion regions [256] [257]. To incorporate the
dielectric properties of the biological tissue into computational form, mathematical models
have been developed, which allow the calculation of dielectric properties of the biological
tissues (relative permittivity and conductivity) at any desired frequency. With the help of these
models, the dielectric data can be represented graphically and in form of closed equations [254]
[258]. The most commonly used dielectric models to analyze the dielectric properties of any
type of biological tissue whether blood or solid tissue are, the Cole-Cole, Debye, and Cole-
Davidson models [254] [259] [256].

Preliminary data can be used to assess the device’s technical hazards, safety, and effectiveness,
generated by integrating the dielectric properties of tissue into an extremely precise
computational and physical model [254]. The specific absorption rate (SAR) is an intricate

function of the dielectric properties of biological tissue and safety analysis is based on accurate
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information about these properties, therefore, it is very essential to have a proper understanding
of dielectric properties. The safety of various medical devices, such as magnetic resonance
imaging (MRI) and many other implantable devices is validated by calculating SAR levels. To
calculate SAR in a tissue, numerical models are prepared based on the dielectric parameters of
the tissue [260] [261].

Since the 1920s, various studies have been conducted on different biological tissues obtained
from humans and animals using a wide range of frequencies to study and identify the changes
in the dielectric properties due to heterogeneity such as normal versus diseased tissues [300]
[301] [302] [256]. One of the huge contributions to the field of dielectric study was by Gabriel
et al., three articles were published in 1996. The first one was a literature survey, in which all
the available tissue dielectric data was collected, compiled, and published [256] [257]. In the
second article Gabriel et al., reported the dielectric properties of various tissues such as human
skin, tongue, human post-mortem tissues, and freshly dissected bovine and porcine tissue, these
measurements were done in vivo and ex vivo using a frequency range of 10 Hz to 20 GHz
[303]. In the same year, Gabriel et al. established a parametric model by using dielectric data
available in the literature to define the relationship between changes in the dielectric properties
of several biological tissues against a frequency range of 10 Hz to 100 GHz [304] [256].
Although Gabriel et al.’s work is most cited as it has bridged the gaps in the literature and this
compilation of dielectric data is considered a large dielectric repository [256], there are many
limitations to this study, such as this study is a compilation of data from different researches
conducted on human as well as animal tissue [305]. In a study conducted in 2003 on blood
from cows and sheep, the dielectric measurements taken at 37 degrees (body temperature) to
determine the variation in dielectric properties occurring due to changes in hematocrit using a
frequency range between 1MHz to 1GHz reported a strong correlation between dielectric
properties and a change in hematocrit [306]. Another study conducted at the University of
Alabama Birmingham (UAB) Children's hospital in 2011, to study the changes occurring in
dielectric properties due to blood glucose concentration. The measurements were performed
on blood samples of 10 individuals using the frequency of 500MHz to 20GHz and it was seen
that dielectric parameters (relative permittivity and conductivity) decreased when blood
glucose level increased in the sample hence, concluding that dielectric properties are dependent
on blood glucose concentration [307]. A study was done at the University of Galway,

previously known as the National University of Ireland Galway (NUIG), on human blood
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samples from four healthy volunteers to examine the effects of anticoagulants (EDTA and
sodium citrate) on the dielectric properties of blood. The measurements of blood samples were
taken with and without anticoagulants at a frequency range between 400MHz to 20GHz, the
results from this study have clearly shown significant changes in dielectric properties between
blood samples with and without anticoagulant agents [308]. A study published in 2018, on the
blood samples of 28 healthy volunteers as a control group and 62 blood samples from breast
and lung cancer patients at a frequency of 9.2GHz and a temperature range from 1 to 46 degrees
Celsius, a reported variation in dielectric properties in samples obtained from cancer patients
as compared to the control group, these variations were independent of the type of cancer and
these changes in dielectric parameters were assumed to be due to affected RBC membrane
[309].

2.3 Hypothesis

Chemotherapy induces an alteration in blood composition, that results in changes in its

electrical properties which can be detected by dielectric spectroscopy.
24 _Aims

Neutropenic complications remain important dose-limiting toxicity of chemotherapy,
associated with considerable morbidity, mortality, and cost. A very predictable complication
of cytotoxic chemotherapy is neutropenic sepsis. It is also the second most common hospital
admission indication in children with cancer. The risk of infection is affected by the severity
and duration of neutropenia. Annual incidences of febrile neutropenia are around 19.4 per 1000
oncology admissions. The mortality rates, if not recognized early, range from 2 to 21%. This
is because patients with neutropenia are susceptible to invasive infection, which can be rapidly
devastating leading to septic shock and eventually death. The main aim of this study is to assess
the efficacy of dielectric spectroscopy in detecting the early onset of chemotherapy-induced

neutropenia.

2.5 Methods used to perform Dielectric measurement of blood samples

Whole blood samples from 176 patients (80 male and 96 female patients) were collected from
hematology, oncology and outpatient department (OPD) at University Hospital Galway
(UHG). Out of these 176 patients, 90 patients came to OPD with common complaints (non-

cancerous ailments) and the remaining 86 were cancer patients on chemotherapy and had
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neutropenia. Following the ethical guidelines approved by the local ethics review board (given
chapter 3, section: 3.4.3), on scheduled routine blood test visits, one extra 6 mL vacutainer tube
coated with ethylenediaminetetraacetic acid (EDTA) from each patient’s blood draw was set
aside for the permittivity measurements and each patient blood sample and data, both were
anonymized by assigning a code (study identification number) except for gender. The
remaining vacutainer tubes were sent for a complete blood count and further routine

biochemical assessment in the Hematology Laboratory UHG (shown in result chapter 3).

The dielectric measurement experiments were performed daily in the Translational Medical
Device (TMD) lab, a research facility located in the Lambe Institute at the University of
Galway, near the hospital. Approximately 20 blood samples were collected each day and
measurements were performed three times per week over three weeks (9 total measurement
days). These experiments were performed as a team including engineers. To minimize the bias
in the measurement process, the CBC reports were not revealed to the team and the team had
no prior knowledge of which sample belonged to which patient group. Permittivity
measurements were performed using the open-ended coaxial probe technique on whole blood
samples without any pre-processing of the sample. Data was collected using the Keysight slim
form probe (2mm diameter coaxial probe) connected to the Keysight E5063A Network
Analyzer (NA). The probe was connected directly to the NA, to prevent any added uncertainty
due to cable movement or repositioning. To maintain the accuracy and repeatable positioning
of the probe within the vacutainer, a combination of a vertical stand, and x-y positioning tables
were used to control for the x-y-z positioning of the sample. The system was calibrated with a
standard three-load one port calibration (Air/Short/Deionized water) performed before
measuring the blood samples before every experiment. A validation measurement was also
performed after each calibration using 0.1 M NaCl solution (thus, a total of 9 validation
measurements were performed). The validation was performed at room temperature, and the
temperature of the 0.1M NaCl solution was measured prior to each validation measurement,
with a mean temperature of 23.6 °C. Further, all the measurements were performed once the
blood samples reached room temperature, the temperature of each blood sample was taken
prior to each measurement with a mean temperature of 24.1 °C (95 % CI, 23.3 — 24.9), the
range for these measurements is within + 1 °C, therefore, no compensation for temperature was
performed. Three measurements were taken from each blood sample, with 201 data points
taken over the 500 MHz — 8.5 GHz range.
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2.6 Results

2.6.1 Neutropenia in cancer patients on chemotherapy

Patients coming to OPD with common complaints (non-cancerous ailments-control group) and
patients with cancer on chemotherapy (neutropenic group-study group), neutropenic patients
were identified based on their neutrophil count and defined as patients having neutrophils less
than 0.5x10%/L.

On analyzing biochemical data received from hematology, it was noticed that there was a
statistically significant reduction in the neutrophil level of cancer patients on chemotherapy
(neutropenic patients) as compared to OPD patients (Figure 2.1 A). On the other hand, to see
whether dielectric spectroscopy can detect an alteration in blood components and identify the
permittivity change occurring in the blood due to a drop in the neutrophil level, samples were
anonymized, and measurements were taken. A clear separation between the blood samples of
OPD patients and neutropenic patients was noticed due to the permittivity changes measured

by the dielectric spectroscopic method (Figure 2.1 C).

It was observed that at 1GHz frequency, there was a clear-cut distinction between both groups.
Due to permittivity changes in neutropenic blood samples, there was a visible separation seen
from non-neutropenic blood samples that is samples from OPD patients. As the number of
neutrophils decreased in the blood, the permittivity was noticed to increase. A non-linear
relation was noticed between the number of neutrophils and permittivity changes (Figure 2.1
B).
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Figure 2.1: Biochemical and Dielectric analysis of Neutrophils: Comparison of neutrophil level in OPD and neutropenic
patients. (A) shows biochemical analysis of samples, whereas (B) is dielectric measurements showing permittivity changes in
OPD (n=90) and neutropenic patients (n=86). (C), illustrates the comparison of real permittivity and frequency between OPD
and neutropenic patients.

Further, with dielectric spectroscopy, a clear separation of healthy (OPD patients) from
neutropenic patients and on the basis of the neutrophil count, such as mild, moderate, and
severe neutropenic patients, was also observed (Table 1.5). Figure 2.2 A, compares the real
part of the permittivity with neutrophils level and shows four different groups, amongst which
the blue dots indicate the normal blood samples whereas purple dots represent the blood
samples of patients having mild neutropenia. While yellow dots represent moderate and orange
dots denote samples of patients with severe neutropenia. On the other hand, Figure 2.2 B,

shows the clear distinction between healthy, moderate, and severe neutropenic samples.

Hence, the neutropenic changes in blood on biochemical analysis were also seen and confirmed

on dielectric spectroscopy.
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Figure 2.2: Comparison of the real part of permittivity and neutrophil count. Comparison of the real part of permittivity
and neutrophil count. (A) shows a clear separation of healthy patient samples from patient samples with mild, moderate, and
severe neutropenic. (B) is a clear distinction between healthy from neutropenic patients” samples.

2.6.2 Anemia in cancer patients on chemotherapy

It was observed that the hemoglobin (male and female) was significantly decreased in the
cancer patients on chemotherapy when compared to OPD patients. As the normal range of
hemoglobin in males (Male: 13-18g/dL) and females (Female: 11.5-16.5 g/dL) is slightly
different, the data, therefore, was divided into subgroups and analyzed separately. It was
noticed that the hemoglobin in female and male patients receiving chemotherapy has shown a
statistically significant reduction as compared to OPD patients (Figure 2.3 A & B). Further,
on dielectric measurements, the permittivity changes in the blood due to changes in hemoglobin
were noticed. Using a 1 GHz frequency, a clear separation was seen between OPD and
neutropenic patients (Figure 2.3 C). A linear relation was noticed. The permittivity increased,
as the hemoglobin in the blood decreased significantly. The changes in hemoglobin on
biochemistry analysis and dielectric measurement suggest that these patients on chemotherapy
had anemia, there were permittivity changes due to that, which can be detected by dielectric
spectroscopy. Suggesting that there is a strong correlation between permittivity and blood

cellular components (RBC in this case).
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Figure 2.3: Biochemical and Dielectric analysis of Hemoglobin. Comparison of hemoglobin level in OPD and neutropenic
patients. (A) shows biochemical analysis of hemoglobin in male patients and (B) in female patients, whereas (C) is dielectric
measurements showing permittivity changes in OPD and neutropenic patients due to alteration in hemoglobin level.

2.6.3 Thrombocytopenia in cancer patients on chemotherapy

Biochemistry analysis of cancer patients on chemotherapy showed a statistically significant
reduction in platelet count when compared to OPD patients. Confirming thrombocytopenia in
cancer patients is most probably because of chemotherapy (Figure 2.4 A). The permittivity
changes were noticed with a change in platelet count in blood and an obvious distinction
between normal OPD samples and cancer patients’ blood samples was observed. A linear but
negative slope was seen proving that when platelet count decreases the permittivity increases

(Figure 2.4 B). Hence, these results confirm the correlation between permittivity and changes
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in platelet count in blood in cancer patients on chemotherapy. This confirms that dielectric

spectroscopy can detect changes in permittivity caused by changes in blood components.
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Figure 2.4: Biochemical and Dielectric analysis of Platelets in OPD and Neutropenic patients. Comparison of platelet count
in OPD and neutropenic patients. (A) shows biochemical analysis of platelets in the blood sample of OPD and neutropenic
patients, whereas (B) is dielectric measurements of permittivity changes in OPD and neutropenic patients occurring due to
changes in platelet level.

2.6.4 Serum electrolytes in cancer patients on chemotherapy

Biochemistry analysis of serum sodium to compare the changes between OPD and cancer

patients did not show any significant variation (Figure 2.5 A).

Similarly, as there was no change in blood samples of OPD and cancer patients on
chemotherapy, permittivity changes were not observed between the two groups, and it was
difficult to distinguish the OPD patients’ samples from cancer patients’ samples (Figure 2.5

B).
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Figure 2.5: Biochemical and Dielectric analysis of Sodium in OPD and Neutropenic patients. Comparison of serum sodium
in OPD and neutropenic patients. (A) shows biochemical analysis of blood sodium levels in the samples of OPD and

neutropenic patients. (B) dielectric measurements of permittivity changes occurring due to a change in the level of sodium in
OPD and neutropenic patients.

2.7 Discussion

Chemotherapy-induced side effects not only affect the patient physically, mentally, or
financially but also has many effects on their family members or caregivers and increase the

burden on their oncologist and the patient's overall outcome as well.

To assess the burden of time, associated with visits to the hospital by the cancer patient and
their caregivers, for managing side effects of chemotherapy-induced anemia and neutropenia,
a study conducted on 15785 patients, reports that the average time spent initially in the hospital
to get the complete blood analysis done before treating the patient, was 1 hour and 56 minutes
whereas for caregivers 3hours and 44 minutes were utilized. On the other hand, the days spent
in the hospital due to a neutropenic episode for the patient was almost 6.5 days and 5 days for
their caregivers [310]. Also, the study reports that the time consumed from arranging
appointments, transportation to laboratory investigations and hospitalization is not only a
financial burden but is a multifactorial burden on patients and their family members and
disturbs their daily life [310]. An online survey conducted in the US, in 2020 on cancer patients
who developed chemotherapy-induced myelosuppression (CIM) reports that 61% of patients
had anemia, 59% developed neutropenia and 34% had thrombocytopenia due to which, 64%
of patients either had chemotherapy dose modification or dose delay or hospitalization due to

neutropenia causing a huge impact on their daily lives [296]. Much research has been
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conducted for early detection, and prevention and to proactively manage CIM to reduce the

burden on cancer patients financially and to improve their quality of life.

A point-of-care (POC) microchip electrophoresis hemoglobin variant testing system named
Hemechip, developed, extensively tested, and validated through a clinical trial in various
countries, is being commercialized as Gazelle, to test the hemoglobin variant to diagnose the
sickle cell disease (SCD) [311] [312]. Based on the same technique, an extended version of
Hemechip, called HemeChip+ was developed in 2019 to diagnose anemia by quantifying the
total hemoglobin level from a 20-microlitre blood sample. It is a portable device, easy to use,
cost-effective, accurate and rapid way to detect anemia and hemoglobin disorders such as SCD
[278]. The measurements were taken from 13 patients’ blood samples with Hgb levels between
6.2 t0l13.2 g/dl and various hemoglobin variants using HemeChip+, the results were

comparable with the results obtained from standard laboratory tests [278].

A study conducted in 2017, reports the designing, fabrication, and testing of a microsensor
named as ClotChip, to measure the dielectric proprieties of whole blood to detect and analyze
the changes occurring in coagulation time and platelet activity during the process of
coagulation using less than 10 microliters of blood. It is designed as a three-dimensional
parallel plate having some sensing structures which consist of free-moving electrodes
incorporated into a microfluidic channel. With the help of a connected impedance analyzer, the
ClotChip measures the dielectric permittivity of blood at a frequency range between 40 Hz to
100 MHz. In this study, around 13 human blood samples collected from healthy volunteers
were treated with different components such as CaCl2, Argatroban, a direct thrombin inhibitor,
thrombin, and in vitro treatment with cytochalasin D (CyD) a platelet activity inhibitor, to study
the various dielectric changes occurring in the human blood to collect clinically important
information regarding coagulation time and platelet activity. These results were significant and
comparable when reproduced by rotational thromboelastometry (ROTEM) and in the future, it
is intended to conduct a study in patients with coagulation and platelet defects using ClotChip.
It is a simple, low-cost, disposable, and compact microfluidic system that can be used to
characterize coagulation defects as well as help in the early detection of thrombocytopenia
[313].

A study conducted in 2018, on 11 cancer patients undergoing chemotherapy, aimed to detect
severe neutropenia, non-invasively using microcirculation in the nail-fold capillaries based on

photosensitive imaging. The study analyzed the same patient before chemotherapy having a
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neutrophil range >1,500 neutrophils/uL and after chemotherapy with a neutrophil count <1,500
neutrophils/pL, considered as severe neutropenia. Using an optical prototypic device, one-
minute videos of nail fold capillaries were recorded at two different time points on the same
capillaries within 8 hours of a blood test performed in a laboratory and used as reference values
for validation. The capillary selection was made by two experts using raw videos to select
capillary on the basis of inclusion criteria. While obtaining videos at high resolution, this
prototypic device maximized the RBC-to-non-RBC contrast focusing on almost 10 capillaries
at the same time of good quality. The selected capillaries to the image had a width of 10-20
microns, narrow enough through which WBCs would squeeze one by one, and during acquiring
the video, the moving bright objects of the same size as the size of the capillary having
brightness comparably higher than other surrounding cells. The study reports that the majority
of events had measurable visual objects or absorption gaps correlating to neutrophils and WBC.
Further, based on the results obtained the study reports a highly statistically significant
difference in the patient's blood before and after chemotherapy neutrophil count [314].
However, the limitation of this study is that it mainly focuses on severe neutropenia and detects
neutrophil levels either when in the normal range or when patients develop severe neutropenia
while bypassing grade 2 mild neutropenia (>500 and < 1,500 neutrophils/uL) and grade 3
moderate neutropenia (>500 and < 1,000 neutrophils/pL. It is a useful screening tool for
afebrile neutropenia, but it does not detect a drop in neutrophil level from the very beginning
to give enough time to the patient for early detection of neutropenia. On the other hand, many
conditions such as clubbing, skin thickness, splinter hemorrhages, Fitzpatrick index (skin
colour classification), vasculopathy, and thrombophilia could interfere and were not considered

in this study.

Recently, a UK-based start-up company has filed a patent application for a device named
‘Neutrocheck’, the company claims it to be a simple, cost-effective, and patient-friendly device
that could be used to monitor the neutrophil level and differentiate between neutropenic sepsis
from non-neutropenic sepsis at home. The device measures neutrophil a level by detecting the
CD16b, a specific neutrophil surface marker, and lactate as a sepsis marker for sepsis using
10l of the sample. The steps to detect neutrophil involves, filtering the sample to separate the
WBCs (neutrophils) from other cells and soluble components, then cell lysis happens in the
filtered sample with the help of a lysis buffer (Triton X) to get the intracellular CD16b

(membrane-anchored CD16b) from trapped neutrophils to the filter strip, by lateral flow assay
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using anti-CD16b antibody conjugated with gold particle for labelling and easy detection of
CD16b to measure neutrophil level. The neutrophil level below the threshold level (any value
less than 1500 neutrophil/uL of blood), which is learned by the system, is considered a
neutropenic sample, and a neutrophil level less than 1000 neutrophil/pL of blood, is considered
as severe neutropenia and should seek medical attention. The data is stored on the app in the
cell phone [315]. Apart from all the advantages claimed by the inventors, the limitations to the
technique such as nonspecific binding, proper filtration, and separation of neutrophils from
other cellular components and soluble CD16b. Will the cost and storage of this device using
antibodies have any major limitations, it is still a major problem to be addressed. Moreover,

this is a prototype device and is not available in the market.

This study was conducted on 176 cancer patients (control and study group) to detect changes
in electrical properties of the blood cellular component occurring due to chemotherapy using
dielectric spectroscopy. The results, obtained by dielectric spectroscopy by measuring the
permittivity changes found in the blood samples of cancer patients (study group) on
chemotherapy were significantly distinguishable from the OPD (control group) patients. These
results were statistically significant. And for validation, these results were compared with the

results obtained by biochemical analysis.

Dielectric spectroscopy is one widely used and well-known technique in the field of biomedical
devices. In this study, the machine learning algorithm known as support vector machine (SVM)
was used for multi-variant classification [316], using blood samples from cancer patients and
OPD patients. The SVM classifier is usually trained primarily to get the output. The real and
imaginary parts of the permittivity of the blood samples were used at 1GHz as four (neutrophil,
red blood cells, platelets, and serum sodium) input features for the SVM classifier. Usually, in
machine learning, 90% of the complete data set is used for the purpose of training. The 10-fold
cross-validation by bayesian optimization is used to identify the ideal kernel scale and box
constraint by means of radial basis function as the kernel SVM classifier to get the final SVM
model parameters. After the optimization of the parameters, these optimized parameters are
used to train the final SVM classifier, which in turn predicts the classes of the test data. Finally,
this trained classifier is used on the remaining 10% of the data, for the generalization of the
model in the future. The training and testing of the SVM classifier are almost repeated 10 times

and the average of the results is taken to get an estimated measure of the performance.
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Based on the literature review it is concluded that to overcome the delay in treatment and the
cost spent per patient per febrile neutropenia episode, estimated to be $22086 reported in a
study conducted in the US [214] and €8915 + 718 reported in Irish study [215], could be
reduced along-with hospitalization stay with a proper home-based monitoring tool. A point-of-
care screening tool is required for cancer patients to monitor their blood and seek medical
attention when the neutrophil level drops and where the medical intervention takes place to

prevent the onset of infection.

2.8 Conclusion and future work

Overall, this study suggests alteration induced in the blood composition due to the toxic effects
of the chemotherapy causing permittivity changes or changes in dielectric properties could be
detected by dielectric spectroscopy. Further, the achieved results represent the proof of concept
for using the above-described technique to detect the changes in dielectric properties of blood
due to toxicity of chemotherapy and showing a great development towards manufacturing a
portable, cost-effective, and user-friendly device for diagnosis and monitoring of neutrophils
(and other blood cells) as label-free and cell destruction free, along with other broad

applicability in the field of medicine.
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3 SERUMPROTEINAND ELECTROLYTE IMBALANCES ARE ASSOCIATED
WITH CHEMOTHERAPY-INDUCED NEUTROPENIA

3.1 Introduction

Cancer treatments include chemotherapy, radiation therapy, biological therapy, surgery or a
combination of two or more of these therapeutic options. All of these treatment options are
aimed to eradicate the cancer cells that exist in the patient’s body. Chemotherapy targets and
destroys all rapidly dividing cells including cancerous and normal cells. As a result,
chemotherapy affects the body’s normal organs and tissues. The undesired consequence of
damage to healthy cells is a complication of treatment or a side effect that delays the treatment
and reduces the dose [317]. Blood has four main components: plasma, erythrocytes (red blood
cells), leucocytes (white blood cells), and thrombocytes (platelets) [318]. Blood cells are short-
lived and need to be replenished regularly. Hematopoietic stem cells in bone marrow divide
rapidly to give rise to new blood cells and are therefore adversely affected by chemotherapy.
Chemotherapy suppresses the growth and maturation of stem cells in the bone marrow and
reduces the production of blood cells. Cancer chemotherapy results in a reduction in blood cell
production and reduced blood cell count in peripheral circulation. Reduction in all types of
blood cells results in pancytopenia [288]. Chemotherapy-induced reduction in white blood
cells, particularly neutrophils, results in a condition known as neutropenia. Neutropenia
compromises the body’s immune responses against infections and can lead to serious life-
threatening systemic infections and sepsis. Chemotherapy-induced neutropenia is considered
to be an oncologic emergency and needs to be treated immediately.

Chemotherapy can also affect the hepatic and renal function of cancer patients, which manifests
itself as an alteration of serum proteins (serum albumin, total protein) and serum urea and
creatinine respectively. Albumin is the most abundant serum protein, with liver cells producing
up to 9-12 g/day, which represents about 50% of the total proteins of the body and the normal
serum range is 3.5-5 g/L [319]. It maintains normal plasma colloid osmotic pressure, boosts
immunity, and has anti-cancer properties [103] [320]. The absorption, synthesis, and
decomposition of proteins and albumin in the body can be evaluated by measuring total serum
protein and albumin [321]. Serum albumin levels are used to assess the patient’s liver function,
nutritional status, and renal function when analysed along with blood urea nitrogen (BUN) and
creatinine. Hypoalbuminemia occurs due to malnutrition and significant nutrient consumption

by cancer cells [103]. Cancer patients with low levels of serum albumin have severe
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chemotherapy-induced toxicities [105] [322]. The cancer patients on chemotherapy who have
serum albumin of more than 3.40 g/dl show better overall survival. Low serum albumin is a
risk factor for higher chemotherapy-induced toxicity and also an independent prognostic factor
which can predict the impact of chemotherapy on overall survival [104] [323].
Hypoalbuminemia before treatment was identified to be one of the five independent risk factors
for developing aspiration pneumonia in cancer patients on chemotherapy and radiotherapy,
which deteriorated by more than 20% in 191 patients post-chemo- and radio- therapy [324]. A
study conducted on the nutritional status of gastric cancer patients on chemotherapy suggested
hypoalbuminemia as a sensitive predictor of chemotherapy toxicities including neutropenia
[325]. The success of treatment, length of hospital stays, and prognosis can be predicted by the
nutritional status of patients. Serum albumin is also an indicator of the nutritional status of
cancer patients on chemotherapy [107] [326] [327].

Several chemotherapy drugs cause renal dysfunction due to which kidneys are unable to excrete
nitrogenous waste and creatinine which results in an imbalance in fluid and electrolyte
homeostasis [110] [328] [329]. Glomerular filtration rate (GFR) is commonly used to evaluate
kidney function [328]. GFR is usually estimated by serum creatinine, age, weight, and gender
of the person [329]. Variations in serum creatinine could be due to an altered rate of
endogenous production regulated by creatinine kinase in cancer patients[328]. However, high
serum creatinine levels in cancer patients on chemotherapy have been reported in different
studies. Several studies have shown that chemotherapeutic drugs have nephrotoxic effects such
as bleomycin [330] Cisplatin [331], and Intravesical Bacilli Calmette-Guerin (IVBCG)
therapy, commonly used to treat non-muscle invasive bladder cancer (NMIBC), is also
considered to be nephrotoxic drug [332]. A study conducted on patients with testicular cancer
showed elevated serum creatinine during bleomycin treatment and was considered a significant
risk factor for developing pulmonary toxicities [330]. Another study suggested acute renal
failure showing high blood urea and creatinine with hypokalemia after pemetrexed treatment
[112]. Electrolyte disorders or imbalances are also frequently present in cancer patients [113]
[114]. In most cases, these disorders are due to a combination of physiologic or metabolic
changes (Hallmarks of cancer) that are commonly seen in cancer patients and chemotherapeutic
regimens used for treatment [333]. These chemotherapy-induced electrolyte disorders can
often be associated with other adverse conditions and result in poor response to treatment and

other life threatening complications [334].
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Serum electrolytes include sodium, potassium, chloride calcium, and magnesium. Electrolyte
imbalance is commonly seen in cancer patients due to malignancies or adverse effects of
antineoplastic drugs such as diarrhoea, vomiting, and renal disorders [113] [114]. Thus,
evaluation of these disorders in patients and understanding their correlation with other
hematological abnormalities such as neutropenia is important in the overall care of cancer

patients.

3.2 Hypothesis

Chemotherapeutic agents cause hepatorenal dysfunction resulting in dysregulation of serum

proteins, urea/creatinine and electrolyte imbalance in neutropenic cancer patients.

3.3 Aim
This study aimed to determine the effects of chemotherapy on serum electrolytes and proteins

in cancer patients and to establish an association with chemotherapy-induced neutropenia.

3.4 Methods used to analyse the retrospectively collected data

3.4.1 Study design

A retrospective cohort study was conducted from February 2018 to March 2021 to analyse the
hematological and biochemical profile changes in blood samples obtained from cancer patients
on chemotherapy treatments, collected at the Hematology unit of University Hospital Galway
(UHG). We analysed retrospectively collected laboratory results from two independent patient
cohorts - the discovery set (total 176 patients- 46% male and 42% female, 12% was
unspecified) and the validation set (total 200 patients- 56.5% male and 43.5% female). Each
cohort was further divided into a control group consisting of patients with normal
hematological parameters and a study group which included patients with abnormal neutrophil

counts.

3.4.2 Patients and Biochemistry reports received from Hematology unit

Following approved ethical guidelines from the local ethics review committee, a complete
blood count and biochemical assessment results were obtained from the Hematology
Laboratory at UHG. The data set received in 2018-2019 (discovery data set) was considered as
discovery data set while the data set received in 2020-2021 (validation data set) was used to
validate the results. The samples were analysed to determine changes in biochemical
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parameters such as serum Urea, Creatinine, Albumin, Total Protein, and serum electrolytes
(Sodium, Potassium, Chloride, Phosphate, and Calcium) and hematological parameters or
blood cell counts. Using the Advia 212i system, blood counts were done, and biochemistry
measurements were performed on serum by the Cobas 8000 modular analyser series from
Roche Diagnostics. The reports of these tests were compiled for each patient and analysed for
normal and abnormal absolute neutrophil counts (ANC). Each patient data obtained was further
classified based on ANC into normal and moderate (0.5-1.0 X 10%L ANC) or severe (< 0.5 X
10%L ANC) neutropenia. The patient data was then analysed to determine changes in
biochemical parameters such as serum Urea, Creatinine, Albumin, Total Protein, and serum
electrolytes (Sodium, Potassium, Chloride, Phosphate, and Calcium) which were correlated

with changes in neutrophil counts.

3.4.3 Ethics Statement

The analysis of patient blood biochemistry reports in this study was approved by the Clinical
Research Ethics Committee, Merlin Park Hospital, Galway at the meeting held on 13™
December 2017 (Ref: C.A 1888 Management of Chemotherapy-Induced Neutropenia in
Cancer Patients).

3.4.4 Statistical analysis

The Data analysis was done using Microsoft Excel Windows 10. Results were expressed as
mean = SD. Significance was determined using a paired T-test. For correlation analysis,

Pearson’s coefficient was calculated using excel. Differences were considered to be significant
at P< 0.05.

3.4.5 Statistical Power Calculation

For power calculations, we used a web-based algorithm (powerandsamplesize.com) and
selected parameters to calculate the sample size needed to compare whether the means of two
groups are different (2 Means: 2-Sample, 2-Sided Equality). We used the s-standard deviation
and d- the expected difference between two means values from the published similar study
(Wang, et al., Changes of serum albumin level and SIR in NSCLC. Journal of Cancer Research
and Therapeutics - October-December 2014 - Volume 10 - Issue 4. DOI: 10.4103/0973-
1482.137953). Based on the above assumptions, the sample size of 30 per group is deemed

sufficient to have 90% power to detect differences between the treatments at p< 0.001. The
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required sample size according to the statistical power calculation was 60 for each discovery
and validation set and the study cohort included in this study was in the discovery set and

validation set.
3.5 Results

Two Patient groups were included in this study, non-cancer patients attending
Hematology/Outpatients Department (OPD), considered as a control group, having normal
hematological parameters and cancer patients’ post-chemotherapy having neutropenia (study
group). Neutropenic patients were identified on basis of neutrophil count and defined as
patients having neutrophils less than <2.0 x10%L. First, each biochemical parameter in both
the groups (control group versus neutropenic group) was compared. The percentage of patients
in both groups having out-of-normal range values was analysed. It was observed that the
percentage of patients showing abnormal levels of calcium, sodium, potassium, chloride,
albumin, and total protein was higher in the neutropenic group as compared to the control group
(Table 3.1). Phosphate and urea did not show much difference in both groups. The percentage
of neutropenic male patients showing abnormal creatinine levels was higher than in patients in
the control group having abnormal levels whereas the percentage of the neutropenic females
having abnormal creatinine levels was lower than creatinine levels observed in the patients in
the control group (Table 3.1) of the discovery set. Similar hematological and biochemical
parameters were observed for the validation set as shown in Table 3.2.

Further, we sub-divided the neutropenic group into three subgroups based on their neutrophil
count (Mild 1.0-2.0 x 10%L; Moderate 1.0-0.5 x 10%L; and severe <0.5 x 10%L) to assess if
changes in above mentioned biochemical parameters correlate with the severity of neutropenia
(Table 3.1 & Table 3.2). It was observed that a higher percentage of patients in the severely
neutropenic patient group showed abnormal levels of calcium, aloumin, potassium and total
protein whereas the percentage of severely neutropenic patients having abnormal sodium and
chloride was not very high as compared to the control group. Blood urea and creatinine levels
for female patients did not show much variation in both groups while a higher percentage of
male patients with severe neutropenia showed abnormal creatinine levels than in patients in the
control group (Table 3.1). A similar trend was observed in the validation set except for
creatinine in male patients which did not show much difference when compared to the

creatinine level of male patients in the control group (Table 3.2).
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Table 3.1: Biochemistry profile of blood samples in the discovery set

Out of Normal of range

Parameters Total numbers

n (%)
OPD Neutropenic OPD Neutropenic
patients patients patients patients

Sodium (Na+) 84 84 8 (9.52) 12 (14.3)
Mild - 34 - 4 (11.8)
Moderate - 20 - 3 (15.0)
Severe - 30 - 5 (16.7)
Potassium (K+) 80 82 6 (7.5) 12 (14.6)
Mild - 32 - 2 (6.3)
Moderate - 20 - (o)
Severe - 30 - 10 (33.3)
Chloride (ClI-) 83 84 10 (12.05) 18 (21.4)
Mild - 34 - 5 (14.7)
Moderate - 20 - 6 (30)
Severe - 30 - 7 (23.3)
Calcium (Ca2+) 76 84 1(1.32) 26 (31)
Mild - 34 - 5 (14.7)
Moderate - 20 - 4 (20)
Severe - 30 - 17 (56.7)
Phosphate 74 83 48 (64.86) 55 (66.3)
Mild - 33 - 19 (57.6)
Moderate - 20 - 13 (65)
Severe - 30 - 23 (76.7)
Albumin 81 84 5 (6.17) 39 (46.4)
Mild - 34 - 6 (17.6)
Moderate - 20 - 10 (50)
Severe - 30 - 23 (76.7)
Total Protein 81 84 8 (9.88) 36 (42.9)
Mild - 34 - 8 (23.5)
Moderate - 20 - 7 (35)
Severe - 30 - 21 (70)
Blood Urea 83 84 18 (21.69) 19 (22.6)
Mild - 34 - 9 (26.5)
Moderate - 20 - 4 (20)
Severe - 30 - 6 (20)
Creatinine Female 35 31 7 (20) 4 (12.9)
Mild - 13 - 1(7.7)
Moderate - 8 - 1(12.5)
Severe - 10 - 2 (20)
Creatinine Male 40 40 3 (7.5) 17 (42.5)
Mild - 15 - 8 (53.3)
Moderate - 10 - 3 (30)
Severe - 15 - 6 (40)

For all the parameters patient numbers (males, females and unidentified) were pooled. As the normal range of creatinine for
males and females is different, they are shown separately. Patients with unidentified sex were excluded. All the patients were
divided into three groups, mild, moderate and severe on basis of neutrophil count. Mild 1.0- 2.0 x 109 /L; Moderate 1.0-0.5 x
109 /L; and severe
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Table 3.2: Biochemistry profile of blood samples in the validation set

Total numbers

Out of Normal of range n

(%)
Parameters
OPD Neutropenic OPD Neutropenic

patients patients patients patients

Sodium (Na+) 92 99 5(5.43) 30(30.3)
Mild - 13 4(30.8)
Moderate - 23 8(34.8)
Severe - 63 18(28.6)

Potassium (K+) 86 99 2(2.33) 22(22.2)
Mild - 13 1(7.7)
Moderate - 23 2(8.7)
Severe - 63 19(30.2)

Chloride (ClI-) 92 98 13(14.13) 24(24.5)
Mild - 13 - 3(23.1)
Moderate - 23 - 3(13.0)
Severe - 62 - 18(29.0)

Calcium (Ca2+) 80 99 6(7.50) 22(22.2)
Mild - 13 - 2(15.4)
Moderate - 23 - 4(17.4)
Severe - 63 - 16(25.4)

Phosphate 77 99 48(62.34) 64(64.6)
Mild - 13 - 7(53.8)
Moderate - 23 - 17(73.9)
Severe - 63 - 40(63.5)

Albumin 84 99 7(8.33) 46(46.5)
Mild - 13 - 4(30.8)
Moderate - 23 - 10(43.5)
Severe - 63 - 32(50.8)

Total Protein 83 99 4(4.82) 57(57.6)
Mild - 13 - 8(61.5)
Moderate - 23 - 13(56.5)
Severe - 63 - 36(57.1)

Blood Urea 92 99 25(27.17) 20(20.2)
Mild - 13 - 3(23.1)
Moderate - 23 - 2(8.7)
Severe - 63 - 15(23.8)

Creatinine Female 37 42 7(18.92) 12(28.6)
Mild - 6 - 3(50.0)
Moderate - 15 - 6(40.0)
Severe - 21 - 3(14.3)

Creatinine Male 54 57 12(22.22) 11(19.3)
Mild - 7 - Nil
Moderate - 8 - 1(12.5)
Severe - 42 - 10(23.8)

For all the parameters patient numbers (males, females and unidentified) were pooled. As the normal range of creatinine for
males and females is different, they are shown separately. Patients with unidentified sex were excluded. All the patients were
divided in to three groups, mild, moderate and severe on basis of neutrophil count. Mild 1.0-2.0 x 109 /L; Moderate 1.0-0.5 x

109 /L; and severe.
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3.5.1 Loss of cellular components of blood in cancer patients on chemotherapy

In this study, the blood cell data of cancer patients on chemotherapy were analysed and
compared with control group patients’ data to confirm the effects of chemotherapy on the
cellular component of blood. A highly significant reduction was noticed in hemoglobin (male
and female), neutrophils and platelets of cancer patients on chemotherapy (Figure 3.1 A-D)
suggestive of pancytopenia. Similar results were observed in the validation set (Figure 3.1 E-
H). The blood samples from cancer patients on chemotherapy showing reduced levels of

neutrophils will be referred to as the neutropenic group.
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E F o
p-value:1.08976E-35 B Control Group p-value:6.23179E-37 B Control Group
16 1 16
W Neutropenic Group I Neutropenic Group
i 14 4 'T:' 14
P o w
- . - £in
® e 12 ° @z 12
> F ° = =
-] o2
) %n o °
§2 10 g 10
>
zg 25
s ]
= 8 L s
6 6
- 4
Normal range of Haemoglobin in Female 11.5-16.5 g/dL Normal range of Haemoglobin in Male 13-18g/dL
G , . 3 H s
prvalue:4.1404E-48 B Control Group p-value:4.04641E-40 o W control Group
9 450
°
Neutropenic Grou
8 [ Newtropenic Group 400 s I Neutropenic Group
° -
= 7 ¥ 350 L
» = v = °
52 6 2 30 .
SE > .
= 5 o S 250 °
[ =’ v
o5 - m °
Co a g5 200
g = <G
<3 3 & 150 .
£
2 100
| . "
0 0
Normal range of Neutrophils 2.0 - 7.5 x 10%/litre Normal range of Platelets 140 - 450 x 10° /litre

Figure 3.1: Reduced hemoglobin, neutrophils and platelets in cancer patients’ post-chemotherapy. Comparison of serum
haemoglobin in (4) female patients control group (n =40) and Cancer patients’ post-chemotherapy (n = 41); (B) male patients
control group (n =42) and Cancer patients’ post-chemotherapy (n = 32) from discovery set is shown. A comparison of (C)
Neutrophils and (D) Platelets in the control group (n = 90) and Cancer patients’ post-chemotherapy (n = 86) from the
discovery set is shown. Comparison of serum haemoglobin in (E) female patients control group (n = 45) and Cancer patients’
post-chemotherapy (n = 42); (F) male patients control group (n = 55) and Cancer patients’ post-chemotherapy (n = 58) from
validation set is shown. A comparison of (G) Neutrophils and (H) Platelets in the control group (n = 100) and Cancer patients’
post-chemotherapy (n = 100) from the validation set is shown.
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3.5.2 Serum albumin and total protein were significantly reduced in neutropenic

patients

Next, we analysed the serum protein profile (albumin and total protein) in the control and
neutropenic group. We observed a statistically significant decrease in serum albumin and total
protein in the neutropenic group (mean value serum albumin 36.30 g/L and total protein 61.30
g/L ) as compared to the control group (mean value serum albumin 42.91 g/L and total protein
68.39 g/L) (Figure 3.2 A & B). Similarly, serum albumin and total protein were also
statistically reduced in the validation set (Figure 3.2 C & D). These results show a significant
reduction of serum albumin and total protein in patients having chemotherapy-induced

neutropenia.

60 . 100
-value:4.15921E-12 - v
P B Control Group p-value:3.83983E-09 B control Group
= L) B Neutropenic Group %0 [ ] Neutropenic Group
50 1 =
by =
s g w é‘: 80
5 = 45 1 A
o W ® £
> > 'c
&e 407 wg 70
oo .S w2
cE o
a3 g a
; 2 351 >
< <E w0
30 e
L ] L ]
50
25 1 . °
20 a0
Normal Range of Albumin 35-55 g/litre Normal range of Total Protein 60-83 g/litre
C 60 D 100
p-value:1.87E-23 M Control Group p-value:1.62E-21 B Control Group
.
55 B Neutropenic Group 90 1 B Neutropenic Group
_ 50 .-é-. 80 4
E -
w w =
o= ]
(] m c
> c > 2
& £ =0 & E 60 1
CE Co
W 3 o =
z=2 3 22 5o
= Al g
: g
30 - 40 .
L ]
25 el 30
L
°
20 20

Normal Range of Albumin 35-55g/litre

Normal range of Total Protein 60-83g/litre

Figure 3.2: Reduced serum albumin and total protein in Neutropenic patients. Comparison of (A) serum albumin in the
control group (n = 81) and neutropenic group (n = 84); (B) total protein in the control group (n =81) and neutropenic group
(n = 84) from discovery set is shown. Comparison of (C) serum albumin in the control group (n= 84) and neutropenic group
(n =100); (D) total protein in control group (n = 84) and neutropenic group (n =100) from validation set is shown.
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3.5.3 No change in serum urea and creatinine in neutropenic patients

Reduction in serum urea level was noticed in the neutropenic group when compared to the
control group but the reduction was not significant (Figure 3.3 A), on the other hand, serum
creatinine levels in neutropenic male and female patients were slightly raised as compared to
the control group (Figure 3.3 B & C) but was not statistically significant. In agreement with
these results, the validation set did not show any statistically significant change in serum urea

and creatinine levels of neutropenic patients (Figure 3.3 D-F).
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Figure 3.3: Altered serum urea and creatinine in neutropenic patients. Comparison of (A) serum urea in the control group
(n = 83) and neutropenic group (n = 84); (B) serum creatinine in male patients control group (n = 40) and neutropenic group
(n = 40); (C) serum creatine in the female control group (n = 35) and neutropenic group (n = 31) from discovery set is shown.
Comparison of (A) serum urea in the control group (n = 92) and neutropenic group (n = 99); (B) serum Creatinine in male
patients control group (n = 54) and neutropenic group (n = 57); (C) serum creatine in the female control group (n = 37) and
neutropenic group (n = 42) from validation set is shown.

3.5.4 Hypokalemia and Hypocalcemia in neutropenic patients

Major serum electrolytes include sodium, potassium, phosphate, calcium, magnesium, and
chloride. The regulation of electrolytes is primarily done by the kidneys. The physiological
balance of serum electrolytes is essential for the body to function properly. Electrolyte
imbalance, whether acute or chronic, due to the renal or non-renal cause has various adverse
effects on the body. It is important to monitor the electrolytes of the cancer patient on

chemotherapy [33] [34]. We found that the neutropenic group showed a statistically significant
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decrease in serum potassium and calcium level (mean value serum potassium 4.01 mMol/L
and calcium 2.25 mMol/L) than the control group (mean value serum potassium 4.34 mMol/L
and calcium 2.37 mMol/L) (Figure 3.4 A & B). There was no significant change in serum
phosphate, chloride and sodium levels in the neutropenic group (Figure 3.4 C-E). In keeping
with these results, the validation set also showed a significant decrease in serum potassium and
calcium levels (Figure 3.4 F & G) while no change in serum phosphate, chloride and sodium

levels (Figure 3.4 H-J) was observed.

70| Page



DISCOVERY SET
A p-value :1.B2458E-05 W control Group
55 o W Newropentc Group
£
£3
E E as -
3
5 35
25
Mormal range of Potassium 3.6-5.2mmol/litre
D
120 pvalue : H Co ]
115 B Neutropenic Group
‘E.T 110
15 s
5 : 1
8 g .
- .
Normal range of Chloride 98- 106mmol/litre
VALIDATION SET
F

55

w

a5

Average Values
(Potassium in mmol/litre)
-

35

25

120

115

110

105

100

Average Values
(Chloride in mmol/litre)

85

pvalue:1.24€-11 W Control Group

W Neutropenic Group

. IR

Normal range of Potassium 3.6-5.2mmol/litre

p-value:0.546697 W Control Group

B Neutropenic Group

T

Normal range of Chioride 98-106mmol/litre

Average Values

(Calcium in mmol/litre)

Average Values
(Sodium in mmol/litre)

(9]

Average Values
(Calcium in mmol/litre)

Average Values
(Sodium in mmol/litre)

~
=

o
-

2.2

18

150

135

130

125

28

26

24

22

150

145

140

135

130

125

CHAPTER 3: RESULTS AND DISCUSSION

c 18
pvalue:3.07361E-12 B contral Group p-value :0.270676336 I Control Group
W Heutropenic Group. 16 W Neutrapenic Group
.
. T -
£
3 = iz ™
L S
K
> E g -
as
52 os
; ]
— o
0.6 4
- -£=
a
= 04
= 0.2 *
0
Normal range of Caldum 2.2-2.7mmol/litre Normal range of Phosphate 1.12 -1.45 mmol/litre
p-value:0.14700144 B control Group
. W nNeutropenic Group
.
. .
f Sodium 136- flit
18
AVle0.000124 & M Control Group H p-value :0.270676336 B Control Group
B Neutropenic Group 16 : B Neutropenic Group
.
- 14 e
@
£
= ¢S 12 I
-
[ E 1
>
g £
e % 0.8
2
<% os
- =
a
= 04
02 °
.

Normal range of Calcium 2.2-2.7mmol/litre

prvalue:0.14700144 B Control Group

o W Neutropenic Group

. .

Normal range of Sodium 136-145mmol/litre

Normal range of Phosphate 1.12 -1.45 mmol/litre

Figure 3.4: Altered serum electrolytes in Neutropenic patients. Comparison of (A) serum potassium in the control group (n
= 80) and neutropenic group (n = 82) (B) serum calcium in the control group (n = 76) and neutropenic group (n = 84); (C)
serum phosphate in the control group (n = 74) and neutropenic group (n = 83); (D) serum chloride in the control group (n =
83) and neutropenic group (n = 84) and (E) serum sodium in the control group (n = 84) and neutropenic group (n = 84) from
discovery set is shown. Comparison of (F) serum potassium in the control group (n = 86) and neutropenic group (n = 99);
(G) serum calcium in the control group (n = 80) and neutropenic group (n = 99); (H) serum phosphate in the control group
(n = 77) and neutropenic group (n = 99); (1) serum chloride in the control group (n = 92) and neutropenic group (n = 98)
and (J) serum sodium in the control group (n = 92) and neutropenic group (n = 99) from validation set is shown.
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3.5.5 Serum protein and electrolytes in severely neutropenic patients

Since we did not find any significant change in the serum level of phosphate, chloride, sodium,
urea and creatinine between the control group and neutropenic group, we decided to perform
an in-depth analysis by the sub-dividing neutropenic group into three categories (mild 1.0-2.0
x 10%/L; moderate 1.0-0.5 x 10%L; and severe <0.5 x 10%L) on the basis of neutrophil counts.
Serum albumin, total protein, urea, creatinine, and serum electrolyte levels were analyzed
(Table 3.1 for the discovery set and Table 3.2 for the validation set) in three categories of
neutropenia. In line with our results on serum albumin and total protein (Figure 3.2), we found
a robust drop in serum albumin and total protein in patients having severe neutropenia as
compared to the control group (Figure 3.5 A & B). Further, the reduction in serum albumin
and total protein in patients having severe neutropenia was more pronounced than observed for
all the patients in the neutropenic group. Similarly, serum albumin and total protein were also

robustly reduced in the severe neutropenic group of the validation set (Figure 3.5 C & D).
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Figure 3.5: Reduced serum albumin and total protein in severe Neutropenic patients. Comparison of (A) serum albumin in
the control group (n = 81) and severe neutropenic group (n = 30) and (B) total Protein in the control group (n = 81) and
severe neutropenic group (n = 30) from discovery set is shown. Comparison of (C) serum albumin in the control group (n =
84) and severe neutropenic group (n = 63) and (D) total Protein in the control group (n = 84) and severe neutropenic group
(n = 63) from validation set is shown.

Next, we analysed the serum electrolytes such as sodium, potassium, phosphate, calcium, and
chloride in the control group and severe neutropenic patients. In agreement with our results on
serum potassium and calcium (Figure 3.4 A&B), we found a marked decrease in serum
potassium and calcium in patients having severe neutropenia as compared to patients in the
control group (Figure 3.6 A&B). Furthermore, the reduction in serum potassium and calcium
in patients having severe neutropenia was more noticeable than observed in the neutropenic
group. Similarly, serum potassium and calcium were robustly reduced in severely neutropenic
patients of the validation set (Figure 3.6 F&G).

Unlike the results of serum phosphate and chloride for all neutropenic patients which were not

significantly different from the control group (Figure 3.4 C&D), serum phosphate and chloride
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level in severely neutropenic patients were markedly altered than the control group. The level
of serum phosphate was significantly reduced (Figure 3.6 C) while serum chloride levels were
increased (Figure 3.6 D) in the severe neutropenic patients group and serum sodium did not
show any difference between either group, severe neutropenic or control group (Figure 3.6 E).
However, the validation set did not show similar changes in serum phosphate and chloride
levels in severe neutropenic patients (Figure 3.6 H & 1). Furthermore, serum creatinine Male
and Female) and urea level did not show any significant change in the severely neutropenic
patients as compared to the control group (Figure 3.7 A-F).
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Figure 3.6: Altered serum electrolytes in the severe neutropenic patient group. Comparison of (A) serum potassium in the
control group (n = 80) and severe neutropenic patient group (n = 30); (B) serum calcium in the control group (n = 76) and
severe neutropenic patient group (n = 30); (C) serum phosphate in control group (n =74) and neutropenic group (n =30); (D)
serum chloride in the control group (n = 83) and severe neutropenic group (n = 30) and (E) serum sodium in the control
group (n = 84) and severe neutropenic patient group (n = 30) from discovery set is shown. Comparison of (F) serum potassium
in the control group (n = 86) and severe neutropenic patient group (n = 63); (G) serum calcium in the control group (n = 80)
and severe neutropenic patient group (n = 63); (H) serum phosphate in the control group (n = 77) and severe neutropenic
group (n =63); (1) serum chloride in the control group (n = 92) and severe neutropenic group (n = 62) and (J) serum sodium
in the control group (n = 92) and severe neutropenic patient group (n = 63) from validation set is shown.
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Figure 3.7: Altered serum urea and creatinine in severe neutropenic patients. Comparison of (A) serum urea in the control
group (n = 83) and severe neutropenic group (n = 30); (B) serum Creatinine in male patients control group (n = 40) and
severe neutropenic group (n = 15); (C) serum creatine in the female control group (n = 35) and severe neutropenic group (n
= 10) from discovery set is shown. Comparison of (D) serum urea in the control group (n = 92) and severe neutropenic group
(n = 63); (E) serum Creatinine in male patients control group (n = 54) and severe neutropenic group (n = 42); (F) serum
creatine in the female control group (n = 37) and severe neutropenic group (n = 21) from validation set is shown.

3.5.6 Association between Serum protein and electrolyte imbalances and severity of

neutropenia
We determined the incidence of altered hemoglobin, platelets, serum albumin, total protein and

serum electrolyte levels in the neutropenic group. We found that the percentage of patients
showing out-of-normal range values for hemoglobin, platelets, serum albumin, total protein
and serum electrolyte increased steadily with the severity of neutropenia (Figure 3.8 A). Less
than 10% of patients in the control group showed out-of-normal range values for serum
albumin, total protein and serum electrolyte (Figure 3.8 A). We found a positive correlation
between serum albumin, total protein and serum electrolytes (potassium and calcium) and
neutrophils in the chemotherapy-induced neutropenia patients (Figure 3.8 B-E). Furthermore,
a similar association between serum protein and electrolyte imbalances and the severity of

neutropenia was observed in the validation set (Figure 3.8 F-J).
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Figure 3.8: Association of Serum proteins and electrolytes with the neutrophil count. (A) The percentage of patients (control
group, mild, moderate and severe) having out-of-normal range values for the indicated parameters from the discovery set is
shown. (B-D) The dot plot of neutrophil counts in the neutropenic patient group and (B) serum albumin, (C) serum total
protein, (D) serum potassium and (E) serum calcium from the discovery set is shown. The best-fit line and R2 value are shown.
(F) The percentage of patients (control group, mild, moderate and severe) having out-of-normal range values for the indicated
parameters from the validation set is shown. (GJ) The dot plot of neutrophil counts in the neutropenic patient group and (G)
serum albumin, (H) serum total protein, (I) serum potassium and (J) serum calcium from the validation set is shown. The best-
fit line and R2 value are shown.

78| Page



CHAPTER 3: RESULTS AND DISCUSSION

3.5.7 Association between change in neutrophils count, urea/creatinine and serum

protein seen in the follow-up of the same patient’s blood analysis.

In this study, blood reports of two patients, a female (Figure 3.9) and a male (Figure 3.10),
were encountered multiple times and reports were analysed. It was noticed that the drop in
neutrophil count was accompanied by a (i) drop in serum albumin and total protein, and (ii) an
increase in serum urea and creatinine. Although patient one in Figure 3.9, shows to have a
neutropenic nadir between day 36 and day 43, due to a lack of complete patient and treatment-
related information because of an ethical issue, it is hard to suppose whether this neutropenic
nadir was actually between day 36 and 43 post-chemotherapy, or the patient experienced
neutropenic nadir during next cycle of chemotherapy. Similarly, in patient two (Figure 3.10),
the neutropenic nadir was noticed between day 7 and day 8, along with a reduction in serum
albumin and total protein and a rise in levels of serum urea and creatinine. On the other hand,
the restoration of serum urea and creatinine in relation to neutrophil recovery was faster as

compared to serum albumin and total protein level restoration.
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3.6 Discussion

This study was conducted to evaluate the effects of chemotherapy on the hematological and
biochemical components of the blood of cancer patients. Chemotherapy is one of the most
successful treatment options for cancer patients but has various adverse side effects. Vomiting,
diarrhoea and anorexia are the most common side effects of almost all chemotherapeutic
agents, but certain chemotherapeutic agents can be hepatotoxic and nephrotoxic as well. In this
study, we report that neutropenic cancer patients experienced pancytopenia along with a
significant reduction in serum albumin, total protein and electrolyte (potassium and calcium)
imbalance. Pancytopenia refers to a deficiency in all three major types of blood cells namely,
erythrocytes (red blood cells), leucocytes (white blood cells), and thrombocytes (platelets).
There are a number of different conditions that can cause pancytopenia, including bone marrow
diseases, some cancers, and some infections; chemotherapy treatment can also cause
pancytopenia. Since our study group included cancer patients on chemotherapy with reduced
neutrophil counts the most likely reason for pancytopenia observed in this study is
chemotherapy treatment.

In this study, we found that cancer patients on chemotherapy showed a significant reduction in
serum albumin and total protein levels. There could be various possible reasons for the
reduction of serum albumin and total protein in cancer patients on chemotherapy. Cancer
patients face issues such as indigestion and insufficient diet along with nutrient consumption
by cancer cells which is one of the reasons, these patients develop hypoalbuminemia [103].
Although, albumin is not a specific marker to detect liver damage as chemotherapy causes liver
cell damage and about 20-30% albumin is produced by liver cells, therefore, it could be a
possible cause of hypoalbuminemia and hypoproteinemia along with other possible reasons
such as malnutrition in cancer patients. Malnutrition can also occur due to the common side
effects of chemotherapy such as vomiting, diarrhoea, and anorexia. The nutritional status of
patients can be assessed by serum albumin and total protein [335] [336]. Depending on the
type, stage, and chemotherapy regime given to the cancer patients, 28 to 87% of patients
experience poor nutritional status leading to decreased serum albumin and total protein
[337],[338]. Thus, hypoalbuminemia and hypoproteinemia found in this study could be either
because of liver damage and/or poor nutritional status of the cancer patients on chemotherapy.
A strong relationship is noticed between hypoalbuminemia and increasing age but does not

show any correlation with gender, treatment, or BMI of the cancer patient [103]. In this study,
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no significant difference in male and female albumin and total protein levels was seen,
therefore, male and female data were pooled together and analysed. Certain chemotherapeutic
agents are solely metabolized by the liver and can deteriorate liver function in patients with
pre-existing liver diseases and should be used with caution. These drugs can cause an
asymptomatic rise of liver enzymes, acute hepatic failure, or fibrosis leading to end-stage liver
diseases [339]. Hypoalbuminemia was an important risk factor along with proteinuria,
decreased performance status, and creatinine clearance for changing the chemotherapy regime
[340]. Reduced serum albumin and total protein is a common finding in many malignancies
and considered to be a negative prognostic factor for survival [108] [109]. Hypoalbuminemia
is a predictor of the overall survival of cancer patients [341]. A study conducted to identify
risk factors for early termination of chemotherapy in cancer patients within the first 21 days of
treatment reported hypoalbuminemia to be one of the factors to stop treatment at an early stage
[342]. Further due to a lack of information such as age, type of cancer, and type of treatment,
it is difficult to identify the main cause of hypoalbuminemia and hypoproteinemia.

The physiological balance of serum electrolytes is essential for the body to function properly.
Electrolyte imbalance, whether acute or chronic, due to the renal or non-renal cause has various
adverse effects on the body. It is important to monitor the electrolytes of the cancer patient on
chemotherapy [343] [344]. We observed a decrease in serum potassium and calcium in patients
having neutropenia as compared to control group patients. Usually, electrolyte imbalances are
asymptomatic however, sometimes they are associated with clinical manifestations that can
hinder patient’s management leading to serious life-threatening conditions. Furthermore,
several clinical studies have shown that electrolyte imbalance correlates with a poor quality of
life and performance status, reduced probability of response to anti-cancer treatment and poor
outcomes and reduced survival. Here, it is difficult to pinpoint whether these changes were
drug-induced or disease-induced as most of the patients’ blood biochemistry data, pre- and
post-chemotherapy, was not available and this is the main limitation of this study. Electrolyte
disorders in cancer patients are dependent on several factors: physiopathology of cancer, anti-
cancer treatments and clinical comorbidities. Further analysis is required using large data set
to generalize the key finding of this study.

Calcium is a mineral found in different places in the body, including blood. It helps form bones
and teeth, and it is required for muscles, nerves, and the brain to work correctly. Most of the
calcium in the human body is present in bones and blood and contains only a small amount.
There are various causes of low levels of serum calcium, such as inadequate dietary intake,
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vitamin D deficiency, low or abnormal serum magnesium, and phosphate levels, and PTH
deficiency [345]. Hypercalcemia is more common in many cancers while hypocalcemia occurs
in patients with renal failure and osteosclerotic bone metastases. Hypocalcemia is seen in some
malignancies due to the release of osteoblastic factors or the adverse effects of some neoplastic
drugs [346]. A study reported that cancer patients treated with platinum-based chemotherapy
had significant hypocalcemia which was related to hypomagnesemia as magnesium is essential
for parathyroid hormone (PTH) release [347]. Hypocalcemia in chemotherapy patients also
occurs in tumour lysis syndrome [348] [349]. In hypocalcemic patients, it is essential to
consider vitamin D deficiency, low magnesium, and chronic renal disease[350]. Hypocalcemia
in patients can manifest itself as fatigue, irritability, anxiety, and depression. Further, the
typical manifestations of hypocalcemia include muscular irritability with tetany, perioral
numbness, distal paraesthesia and muscle cramps. If severe, hypocalcemia may cause
bronchospasm and/or laryngospasm, seizures, and at the cardiac level, hypocalcemia may
prolong QT and ST intervals in the electrocardiogram. In this study, we report a robust
reduction of serum calcium in severe neutropenic patients suggesting that some of the
cardiotoxic effects seen in cancer patients could be due to hypocalcemia.

Potassium maintains intracellular and extracellular charge difference, which is responsible for
muscle and nerve excitability and for maintaining normal pH. Regulation of serum potassium
is through a combination of oral intake, renal elimination, and balance between intracellular
and extracellular concentration [347] [351]. Antineoplastic drugs can cause hypokalemia either
by its side effects of anorexia/low nutritional status, vomiting, diarrhoea or renal loss.
Chemotherapeutic agents such as ifosfamide, cause potassium excretion through the proximal
tubule and leads to proximal tubulopathy or Fanconi syndrome, and continue even after
completion of the chemotherapy regime [352]. Another study reported platinum-based
chemotherapeutic agents to be responsible for inducing potassium excretion due to their
adverse effects such as vomiting, diarrhoea, and nephrotoxicity [353]. Cancers such as small
cell lung carcinoma (SCLC), thymus, and bronchial malignancies thyroid cancer secrete
ectopic adrenocorticotropin hormone (ACTH) causing potassium wastage through kidneys by
activating mineralocorticoid pathway due to increased cortisol secretion [354] [355] [356].
Studies have reported acute myeloid leukaemia (AML), specifically the M4 and M5 subtype,
to cause renal potassium wasting by increasing blood lysozyme and inducing lysozymuria that
ultimately results in tubular injury and excessive potassium excretion in urine. Another possible
mechanism believed to cause hypokalemia is an activation of the mineralocorticoid pathway
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by the renin-like activity of AML blast cells [357] [358] [359]. In this study, it was found that
cancer patients on chemotherapy suffering from severe neutropenia, had significantly reduced
serum potassium levels. Clinical presentation depends on the severity of hypokalemia. Patients
with mild hypokalemia are often asymptomatic, but patients with severe hypokalemia can
present with neurological and psychiatric symptoms and/or cardiac signs (bradycardia) until
acute respiratory failure with cardiovascular collapse, secondary to muscle paralysis, might
occur.

One of the main limitations is the retrospective nature of the study and the lack of sufficient
data regarding cancer type, chemotherapy treatment and other demographic data. Nonetheless,
our results show that changes in serum proteins and electrolytes among cancer patients increase
with the severity of chemotherapy-induced neutropenia. Our results show that patients with
severe neutropenia had pronounced changes in serum protein and electrolytes and an increased
incidence of abnormal serum protein and electrolyte levels. The changes in the neutrophil
counts showed a positive correlation with the changes in serum protein and electrolyte levels.
Future studies are required along with data on a chemotherapy regimen, cancer type and
patients' demographic features.

3.7 Conclusion

The use of chemotherapy drugs has a crucial role in the treatment of cancer patients but is
usually associated with numerous undesired effects which could manifest as a life-threatening
condition. Cancer patients on chemotherapy with reduced neutrophil counts showed a
reduction in hemoglobin, platelets, serum albumin, total protein, calcium, and potassium.
Serum proteins and electrolytes showed a positive correlation with neutrophil counts among
cancer patients on chemotherapy. Clinicians and oncologists should be aware of the side effects
of chemotherapy reported in the study, especially escalating changes in serum protein and
electrolytes and increased incidence of abnormal serum protein and electrolyte levels in
patients with increasing severity of chemotherapy-induced neutropenia, in order to include
preventive measures and appropriate interventions to mitigate them and achieve better

outcomes for their patients.
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4 EX-VIVO EXPANSION OF CD34+ HSC AND DIFFERENTIATION INTO
NEUTROPHILS.

4.1 Introduction

Hematopoietic stem cells (HSCs) have the ability to self-renew and differentiate into almost
all types of blood cells if given the proper environment. CD34+ HSCs are considered to be the
most unique type of HSCs due to their pluripotency [360]. The CD34+ enriched cells are
currently being used for various purposes such as BM transplantation, gene therapies, and also
for organ transplantation [361]. There are various sources of CD34+ HSCs such as BM,
peripheral blood, and UCB. The yield of CD34+ HSCs from BM is 1.68%, UCB is 0.83%,
granulocyte colony-stimulating factor (G-CSF) mobilized peripheral blood is 0.45% and
peripheral blood without G-CSF stimulation is 0.15% [362]. Further, among different sources,
the ability of CD34+ cells to proliferate is found to be highest for UCB, which is around the
85-fold increase, followed by CD34+ cells isolated from peripheral blood at about 56-fold, and
then CD34+ cells from BM which showed 49- fold increase [362]. Although the low percentage
of CD34+ cell numbers in UCB is a big disadvantage, it is still a preferred source because of
advantages such as its availability, easy collection, and comparatively fewer immune reactions
as compared to other sources of HSCs [221]. Therefore, to offset the lower yield of CD34+
HSCs present in UCB, researchers worldwide have focused on the ex vivo expansion of UCB-
derived CD34+ HSCs. Several different experimental approaches are under consideration to
expand the UCB-HSCs for clinical research and transplantation purpose. Among various
approaches to expanding UCB-HSCs, providing a hematopoietic microenvironment is the main
strategy, which includes physically and chemically recapitulating the BM niche. Since the first
UCB-CD34+ cell expansion attempts, almost two decades ago in the 1990s, various cytokine
combinations in liquid cultures have been reported to improve cell survival, expansion, and
differentiation to the targeted cell population. The three most potent growth factors that yield
optimal growth and are most frequently reported in the literature for early-stage proliferation
by enhancing HSCs' self-renewal property and maintaining cell-viability are stem cell factor
[SCF], FLT3 ligand [FL], and thrombopoietin [TPO] [363] [364] [365]. From 5.8 x 10%to 4.9
x 10*-fold increase of UCB enriched CD34+ cells has been reported in cultures with different
conditions, growth factors, and cytokines combination along with different seeding density,
days in culture and different stages of cultures such static cultures or two-phase bioreactor

culture [366] [229]. Apart from expansion, the different cytokine cocktails are used to achieve
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differentiation of UCB-CD34+ cells to a targeted population. Some of the cytokines, such as
G-CSF, erythropoietin (EPO), granulocyte-macrophage colony-stimulating factor (GM-CSF),
and interleukins (IL-3, IL-6, and IL-11) have been reported to promote differentiation of HSCs
to targeted cell lineage [367] [368]. For example, G-CSFs and GM-CSFs are reported to initiate
the differentiation of CD34+ cells to myeloid progenitors, whereas EPO and IL-3 to erythroid
progenitors [369] [370]. The differentiation and maturation of ex vivo expanded CD34+ cells
to neutrophils can be significantly enhanced by the addition of G-CSF, SCF, and FLT3 ligand
to the media, whereas the addition of TPO, which plays a positive role in expansion of the
CD34+ cells, has been reported to have inhibitory effect on the differentiation and maturation
of neutrophils [371] [372].

One of the major issues, as discussed earlier, is the low number of CD34+ cells in UCB and
not reaching sufficient expansion before inducing neutrophil differentiation. To overcome this
problem, several studies are being conducted. The fold expansion reported in the literature
gives hope that ex vivo expanded neutrophil transfusion is a possibility to manage neutropenic
patients in the coming decades. The average number of CD34+ cells isolated per UCB donation
is reported between 2-5 x10° cells, which could yield around 2.5x10%° CD34+ cells after
expansion in best culture conditions. Further, on differentiation, even if 50% of these expanded
CD34+ cells differentiate into neutrophils, this could give sufficient neutrophils for a single
dose to a neutropenic patient requiring neutrophil transfusion as the effective dose of
neutrophils is more than 1x10%° cells per day in the neutropenic patient [373] [374] [366].
Therefore, to manage and provide prophylactic neutrophil transfusion to the high-risk
neutropenic patient and to meet their daily neutrophil requirement in order to expedite the
recovery and reduce the incidence of FN, there is an urgent need to develop strategies to scale
up the expansion of UCB-CD34+ cells to generate clinical scale and transfusable quality
neutrophils. Therefore, this study was carried out to develop strategies to expand UCD-derived
CD34+ cells and differentiate them into functional neutrophils.

42 Aim

To develop a strategy for the generation of mature neutrophils from human umbilical cord

blood-derived hematopoietic stem cells (UCB-HSC) to manage CIN in cancer patients.

4.3 Material and Methods
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4.3.1 Cell culture

To understand cell biology on a molecular level, they are grown in a laboratory in a controlled
environment, through a technique known as cell culture. The cells are given favourable
conditions such as proper temperature, CO2, O, optimum pH, growth and nutritional factor-
rich media, to grow and replicate. The media is usually supplemented with antibiotic drugs to
prevent contamination of cells with microbes during cell culture and it is also supplemented
with fetal bovine serum (FBS) in the case of primary cells, StemMACS™ HSC Expansion
Media with cytokine cocktail was used. Cells are incubated in humidified incubators with 37
degrees and 5% CO». To maintain the aseptic environment, the cell culture is carried out in
biosafety cabinets or laminar airflow hoods, which were cleaned properly with 70% industrial
spirit (IMS) each time, before and after every use. While working in the cell culture room and
biosafety cabinet, personal protective equipment (PPE) such as gloves and lab coats were used

to reduce the risk of cross-contamination.

4.3.2 Cells/cell lines and reagents for maintenance

HL-60 cell line: HL-60 cells, isolated from the peripheral blood of a 36-year-old Caucasian
female with acute promyelocytic leukaemia are promyeloblasts. This cell line is widely used
in research. The HL-60 cells were gifted by Dr. Tony Mc Elligott at the Durkan Lab, Trinity
College Dublin (TCD).

KG1a cell: The KG-1 cells isolated from a bone marrow aspirate of a 59-year-old Caucasian
male with erythroleukemia that evolved into acute myelogenous leukemia. This cell line is used

in cancer, immunology, and toxicology research. Gifted by Alex.

THP1: THP-1 is a monocyte, isolated from the peripheral blood of an acute monocytic
leukemia patient. This cell line can be used in immune system disorder research, immunology

research, and toxicology research. Gifted by Faizan Haider, Glynn’s group.

UC-MNCs: Umbilical cord blood (UCB) samples were collected from University Hospital
Galway (UHG), according to their protocol and after informed consent from the patients
coming for elective C-sections. After collection and determining the volume of the blood
sample, the mononuclear cells (MNCs) were isolated by the density gradient method.
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RPMI-1640 media was used to culture all the cell lines, supplemented with 10% heat-
inactivated Fetal bovine serum (FBS), Na-Pyruvate (1mM), L- Glutamine (2 mM), 100U/ ml
penicillin and 100 mg/ml streptomycin. However, StemMACS™ HSC Expansion Media
supplemented with StemMACS™ HSC Expansion Cocktail was used to culture primary cells
such as UC-MNCs and CD34+ cells. The cells were kept in an incubator maintained at 37°C
temperature with 5 % CO2.

4.3.3 Basic maintenance techniques in cell culture

One of the main requirements in cell culture is to maintain an aseptic environment to prevent
contamination. The cell splitting was usually performed in the laminar air flow hood in a tissue
culture room. T-75 and T-25 flasks were usually used to grow the cells. According to the
confluency (usually at 80%) of each cell line, the cells, after observation under an inverted
microscope, were passaged to a new flask with fresh media as per seeding density. All cell
lines, KG1a, THP1, HL-60 and UC-MNCs are suspension cells, therefore while splitting, the
first step was to mix the cell suspension by pipetting a few times up and down and then transfer
the cell suspension to a 15ml tube. The tube was centrifuged at 300xg for 5 minutes, and
supernatant media was discarded followed by washing the cell pellet with PBS once. After
washing, the pellet was resuspended with RPMI media containing 10% FBS. Gentle pipetting
was performed in order to get rid of cell clumps and to get a single-cell suspension. Using a
hemocytometer, the cells were counted, and the required number of cells were used for the
subsequent experiment or seeded for expansion/maintenance in a new flask with fresh media
and incubated. All the catalogue numbers and names of manufacturers of reagents/materials

are provided in appendix I and II.

4.3.4 Cell counting with hemocytometer

To plate the cells for expansion or seeding in an experiment, the cells were manually counted
using a hemocytometer. Usually, after gentle pipetting, 10ul of cell suspension was mixed with
10ul Trypan Blue Solution, 0.4%, a dye used to assess the cell viability by staining the cells.
Usually, the live cells are impermeable to a dye whereas the dead cells take up the dye and
differentiate live from dead cells making it easier to count and include only live cells. After
mixing the 20 pl mixture of cell suspension and trypan blue, 10ul was placed on each chamber

of the haemocytometer and cells were counted manually using a counter in each corner of the
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chamber. Finally, using the formula: average cell count of each corner X10* X dilution factor,

the concentration of cells per ml was calculated.

4.3.5 Process of cryopreservation/cryo-storage of cells in Liquid nitrogen (LN)

Cryopreservation is a process in which a certain number of cells are frozen in cryovials and
stored in liquid nitrogen to preserve them to be used in future and to prevent ageing or genetic
changes. Usually, the stocks of these cell lines and primary cells were frozen in freezing media
and revived when needed. To prepare the freezing media (Table 4.1), Dimethylated sulphoxide
(DMSO) was used, a cryo-preservative used to prevent freeze-thaw-induced stress and lyses of
cells by reducing crystal formation. The cryopreservation process is carried out very carefully
as it requires maintenance of an aseptic environment and temperature. After the washing step,
the cells were counted, and the appropriate number of cells was taken and centrifuged at 1000
rpm at 4 °C for 5 minutes. After removing the supernatant, the cells were resuspended in the
required volume of chilled freezing media according to the number of cells to be frozen and 1
ml of this cell suspension was aliquoted into cryovials, properly labelled with the type of cells,
number of cells, passage and date. The cryovials are immediately transferred to Mr. Frosty™,
which is a freezing container filled with isopropy! alcohol that helps to maintain the controlled
rate of cooling at -1 °C per minute. It is then kept in the -20°C freezer for one hour followed
by an overnight at -80 °C and finally, cells are transferred to the LN. The composition and

number of cells frozen for each cell line are given in the table below:

Table 4.1: Preparation of freezing media for cells/cell line

1 KGla 10 % DMSO and 90% HI FBS
2 THP1 10 % DMSO and 90% HI FBS
3 HL-60 10 % DMSO and 90% HI FBS
4 UC-MNCs 10 % DMSO and 90% HI FBS
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4.3.6 Cell reviving

When needed, the appropriately labelled cryovial was taken from the LN stock to revive the
cells. The cryovial was thawed by keeping it in the water bath and transferred dropwise with
1ml tips to a T-75 flask containing pre-warmed appropriate media. The revived cells are very
prone to physical stress, therefore harsh vortexing, mixing, pipetting or centrifugation was
avoided except in the case of HL-60 cells, where the cells were washed once to get rid of
DMSO completely at a speed of 800 rpm for 5 minutes at room temperature and pellets were
resuspended in 1ml media and added to the flask. The flask was kept in the incubator at 37 °C.
After 24 hours of incubation, the cells were checked under the microscope and washed to get
rid of debris, dead cells and DMSO residues and the media was replaced with fresh media.

4.4 Treatment of HL-60 cells with DMSO and ATRA to induce differentiation

The HL-60 cells were plated at a seeding density (SD) of 3.5x10° cells/ml in a T-75 flask and
after 24 hours the exponentially growing cells were harvested, counted and plated for treatment
with DMSO and ATRA to induce differentiation. The HL-60 cells were plated at the same
seeding density (3.5%10° cells/ml) in media containing dimethyl sulfoxide (DMSQO) and all-
trans-retinoic acid (ATRA) with three different treatment conditions and untreated cells as
control for two-time points in T-25 flasks. The following table (Table 4.2) illustrates the
conditions and time points used to differentiate HL-60 cells for further experiments such as
RNA isolation and flow cytometry. After the treatment, the cells were harvested, washed,
counted and used for immunofluorescent (IF) staining, H&E staining for morphological

analysis, and to check differentiation markers at the mRNA level through qPCR.

Table 4.2: Experimental design for plating and treating HL-60 cells

1 Untreated HL-60 cells (control) 24 hours  72hours  3.5%10° cells/ml

2 1.25% DMSO treatment 24 hours | 72hours | 3.5x10° cells/ml
1.25% DMSO+ATRAUM 24 hours  72hours  3.5x10° cells/ml

> treatment

4 ATRAUM treatment 24 hours | 72hours | 3.5x10° cells/ml
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45 Analysis of mMRNA expression

45.1 RNA isolation from cells

The process of RNA isolation starts with harvesting RNA with a ready-to-use reagent called
Trizol, which is commonly used in RNA isolation from cells or tissue. First, cells were mixed
well and transferred to a 15 ml tube and centrifuged at speed for 5 minutes, then the supernatant
media was discarded, keeping the pellet in the bottom of the tube. An appropriate volume of
Trizol was added to the tube according to the size of the flask used for plating (for a T-25 flask
500 p and 1 ml for a T-75 flask). After mixing well by pipetting the suspension several times
up and down it was transferred to a 1.5ml Eppendorf tube, then either kept in a -20 °C freezer
to isolate RNA later or immediately proceeded to the next step. The Eppendorf was vortexed
and kept at room temperature for 10 minutes, in the case of frozen samples, the RNA
suspension was thawed at room temperature and vortexed and allowed to stand for 10 minutes.
According to the volume of Trizol, a particular volume of chloroform is used, therefore, 200
pl of chloroform was added per 1 ml of Trizol and for 0.5 ml of Trizol, 100 pl of chloroform
was used accordingly. After adding the chloroform, the tube was closed properly and mixed
well by gently inverting the tube a few times and letting it stand for 10 minutes at room
temperature. While the samples were incubated, the temperature of the centrifuge was brought
down to 4 °C. After 10-minute incubation of the samples with chloroform, the samples were
centrifuged at 13000 rpm at 4 °C for 15 minutes. The addition of chloroform followed by
centrifugation helps separate the sample into three different phases. The upper aqueous part
was carefully collected by pipetting using 200 pl tips and transferred to a fresh 1.5ml Eppendorf
tube, while the middle white interface and lower pink part were discarded. The rest of the RNA
isolation process was done at 4 °C and the tube containing the aqueous part was kept on ice
throughout. Isopropanol was added to precipitate RNA, and the volume of isopropanol was
decided on basis of the Trizol used (750ul/ 1ml of Trizol and 375ul for 0.5ml of Trizol). The
tube was vigorously mixed by shaking and was kept on ice for 10 minutes. The tubes were then
centrifuged at 13,200 rpm at 4°C for 60 min. The temperature of the centrifuge should be
maintained throughout the RNA isolation experiment. After one hour of centrifugation of the
sample, the supernatant, isopropanol, was discarded carefully, keeping the pellet in the bottom
of the tube, followed by a washing step. 1ml 75% ethanol/1ml Trizol and 0.5ml/ 500ul Trizol
were added and centrifuged at 12,000rpm for Sminute at 4 °C. After centrifugation, the 75%

ethanol was carefully aspirated without disturbing the pellet using 1ml tips and the pellet was
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kept at room temperature for drying. After air-drying the pellet, it was resuspended with 20-50
pl of DEPC water, the volume of water added is always decided according to the size of the
pellet. To dissolve the pellet completely the tube is placed on a pre-warmed heat plate at 52 °C

for minutes.

45.2 RNA Quantification with Nanodrop spectrophotometer

After RNA isolation, the quality and quantity of RNA were checked, which is a very essential
step before proceeding to gene expression experiments. The method used to quantify the RNA
was UV spectroscopy or nanodrop spectrophotometer (DeNovix, DS-11), which usually
calculates the nucleic acid concentration by Beer-lambert Law. Usually, to quantify RNA, 1 pl
from each RNA sample was taken and placed on the nanodrop machine. The purity of RNA is
determined by the amount of UV light absorbed, for instance, the nucleic acid absorbs light at
260nm, protein absorbs around 280nm whereas other organic compounds present in the sample
absorb light at 230nm. Therefore, the 260/280 and 260/230 ratios determine the purity of the
isolated RNA. Normally, 1.8 — 2.0 for 260/280 indicates a protein-free sample which meant
there is no protein contamination and above 1.5 for a 260/230 ratio indicates the sample is free
from organic compounds contamination and these values are considered to be standard and
pure RNA.

45.2.1 Adgarose gel electrophoresis of RNA

After RNA quantification, the next essential step was to check the integrity of isolated RNA to
confirm that the integrity was not compromised while RNA isolation as it involves several
steps. Poor RNA integrity has a negative impact on further gene expression experiments. Gel
electrophoresis is the standard method used to check the integrity of the RNA by analysing the
intensity of the band. The appearance of sharp bands for 28s rRNA and 18s rRNA indicates
good integrity of RNA. However, faint bands, absence of bands or appearance of smears show
low quantity RNA. For running RNA on a gel, 1% agarose gel was prepared (components
shown in Table 4.3), that is 1 gram of agarose added to a conical beaker along with 100ml of
1 X Tris Borate EDTA (TBE) buffer, heated for 3 minutes or until it becomes crystal clear
transparent solution, then 4 pl of SyBR safe was added which helps to visualize the RNA under
UV light and after mixing it properly, it was poured to the prefixed and comb inserted gel tank,
cleaned with RNaseZap to prevent degradation of RNA. The gel was left to solidify and then

each sample, mixed with 6X loading dye, was loaded into the wells of the gel. Normally 1pug
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of RNA was used. The gel was run for around 1.5 hours at a 115V setting and then RNA bands

were observed using gene snap (Syngene), a gel documentation system.

Table 4.3: RNA sample preparation for agarose gel electrophoresis

1 RNA sample (~1000 ng) 1
2 DEPC treated water 6
3 6x loading dye 3

Total volume 10

45.3 cDNA synthesis and PCR

4.5.3.1 Reverse transcription PCR (RT-PCR)
Synthesis of complementary DNA (cDNA) using total isolated RNA was done by a technique

called reverse transcription. To facilitate the conversion of the RNA to complementary DNA
(cDNA), through a reverse transcription system, an enzyme called reverse transcriptase (RT)
was used. cDNA synthesis kit RevertAid™ H- 1st strand cDNA synthesis kit was used,
consisting of reaction buffer, AINTPs, RNase inhibitor, Oligo (DT) and RT enzyme. To use two
micrograms of the total RNA, the required volume of RNA was calculated and taken along
with water up to 8 pl and 12 pl of master mix, prepared in a separate tube with all the reagents
mentioned above, was added to the RNA mixture to make it up to a total of 20 pl for reaction.
While preparing the samples and handling the RNA, the workplace was always cleaned with
RNaseZap to prevent contamination with RNases. Once the sample was ready after adding all
the components to a PCR tube, the tubes were placed in the thermal cycler at 42 °C for one
hour, followed by 70 °C for 5 minutes and then kept at 4 °C. The following table (Table 4.4)

shows the volume and components used to prepare the master mix.
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Table 4.4: Master Mix preparation for cDNA

1 5x Reaction buffer 7
2 dNTP mix 2
3 Oligo (dT) 1
4 RNase inhibitor 1
5 RT enzyme 1

Total volume 12

45.3.2 Conventional polymerase chain reaction (PCR) for GAPDH

Conventional PCR was performed after the synthesis of cDNA to confirm the proper synthesis
of cDNA and identify RNA loading errors in the samples by amplification of GAPDH which
is a housekeeping gene. GoTag®G2 Green Master Mix kit was used. The forward and Reverse
primers were also used. The 19 pl master mix was prepared using the volumes and components
given in the following (Table 4.5) and 1 pl of cDNA was added making a total volume of 20
pl in PCR tubes, properly labelled. A list of all the primers is provided in appendix I11.

Table 4.5: Preparation of Master Mix for conventional PCR (GAPDH)

1 Nuclease free water 7
2 2x G2 green master mix 10
3 GAPDH (100 pM) F’ 1
4 GAPDH (100 pM) R’ 1

Total volume 19

Then samples were loaded to a thermal cycler on the following settings for 25 cycles.
94°C — 3 min

94°C — 30 sec
55°C — 30 sec

72°C — 30 sec
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72°C — 10 min
4°C—o0

45.3.3 Quantitative real-time PCR (QRT-PCR)

The qRT-PCR also known as qPCR is commonly used to analyse gene expression or detect

gene expression changes occurring in the cell due to various reasons. It is a sensitive and
reliable method. gPCR works by integrating DNA with a probe, which is usually labelled with
fluorescent dye. The quantification of gene expression is done by cycle threshold (Ct) value,
which is defined as the number of cycles at which the threshold is crossed by the fluorescent
signal whereas the threshold level is defined as the level at which a significant increase in the
baseline signal of the PCR reaction is indicated. Usually, the Ct value is inversely proportional
to the expression of the gene, that is the higher the Ct value, the lower the expression of the
target gene and vice versa. The PCR technique usually involves three different phases, the first
one known as the exponential phase, involves doubling the gene product during each cycle of
denaturation. The second is known as the labelling off phase which results in annealing and
extension of the primers while the third is, the plateau phase, in which dNTPs and all the
reagents in the PCR reaction mix are completely depleted and there is no more product
accumulation. Normally there are two different methods used in gPCR for analysing the gene
expression, named TagMan and SYBR green chemistry. In SYBR green probe method, the
melting curve analysis is required to identify the specific PCR product after amplification,
whereas, in the TagMan method, the probe is more specific, and it detects only the
amplification of the gene of interest. Therefore, to avoid non-specific amplification during the
PCR, the TagMan method was used, the primers and probes were designed by Integrated DNA
Technology (IDT) and Tagman Universal Master Mix Il was used. cDNA diluted with DEPC-
treated H>O with a ratio of 1:3 was used, while the preparation of the master mix is given in
the table below (Table 4.6). A list of all the gPCR assays (primers and probes) is provided in
appendix I1I.
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Table 4.6: Preparation of master mix for qPCR assay

1 DEPC treated water 15

2 2X Master mix 5

3 IDT gPCR assay (20x) 0.5
Total volume 7

A 7 ul aliquot was loaded in each well of the 96-well Fast thermal Cycling plate, along with 3
pl of diluted cDNA for each reaction in triplicate. The plate was sealed properly with
MicroAmp™ Optical Adhesive Film. The plate was centrifuged at 1200rpm at 4 °C for one
minute to get air bubbles and proper mixing. The plate was loaded to the PCR machine
(Applied Biosystems) for amplification on the following thermal settings:

50°C — 2 min

95°C — 10 min
95°C — 15 sec
60°C — 1 min

To analyse the relative change in the expression of the gene, the AACt method was used by
normalization with RPLPO which is a housekeeping gene, the expression of which remains
constant in the cells regardless of the treatment given to the cell. The average Ct value of the
technical triplicates was taken for each reaction. The complete list of primers used for gRT-
PCR is listed in Appendix I11.

45.4 Enrichment of Umbilical cord blood (UCB) isolated CD34+ cells

45.4.1 lsolation of mononuclear cells from Umbilical Cord Blood (UCB-MNCs)

After collecting UCB, it was transferred to a 15 or 50-ml CPD-A coated tube containing 7 or
25 ml of Histopaque-1077. An equal volume of CPD-A diluted UCB was added to the tube
carefully without disturbing the histopaque with the help of a pipette. The tube was then

centrifuged at room temperature almost 20 °C at 450g for 30 minutes. After 30 minutes of
centrifugation, the plasma layer was aspirated very carefully without disturbing the white buffy
coat and it was transferred to a 15ml tube using 1ml tips. The cells in the buffy coat were
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washed twice with sterile PBS at a ratio of 1:1 and centrifuged at 250g for 10 minutes. After a
second wash, the PBS was discarded. The cells were then resuspended in 1 ml of PBS and
counted. Further, the isolated UCB-MNCs were used to enrich CD34+ cells.

45.4.2 Positive selection of CD34+ cells with CD34 MicroBead Kit UltraPure

For positive selection experiments, all the buffers and solutions used were first filtered with a

0.2-micron filter and throughout the experiment, ice was used to keep the buffers chilled.

45.4.2.1 Preparation of cells

First, the number of cells was determined. Before proceeding to magnetic labelling, the UC-
MNCs suspension was first filtered through moistened 30 um nylon mesh, which is a
PreSeparation filter, to remove all the cell clumps. After filtration, the cells were washed once
with a cold buffer containing PBS with 7.2pH, 2mM EDTA and 0.5% BSA, and resuspended
in 300 pL of the buffer for up to 108 cells could be used. The single-cell suspension was
prepared before magnetic labelling for optimal performance. The cells and buffers were kept

cold to prevent nonspecific cell labelling and capping of antibodies on the cell surface.

45.4.2.2 Magnetic labelling of the CD34+ cells with CD34 microbeads

According to the manufacturer’s instruction on CD34 MicroBead Kit UltraPure, the volume of
the buffers and antibodies was calculated and adjusted in accordance with the number of cells
used. The 100 pL of FcR Blocking Reagent and CD34 MicroBeads UltraPure given in the Kit,
was added in the determined number of cells suspended in 300 L of the buffer. The suspension
was properly mixed and incubated at 4 °C in a dark cold room on the roller for one hour. After
the incubation time, the cells were washed with 10ml of the buffer and centrifuged at 300xg
for 10 minutes at 4 °C. After aspirating the supernatant completely, the pellet was resuspended

in 500 pL of buffer avoiding vigorous pipetting and proceeded to magnetic separation.

45.4.2.3 Magnetic Separation using LS Columns

The sterile LS columns were fixed on the MACS MultiStand. The column was rinsed with 3
ml of degassed buffer to prevent air bubble blockages in the column. The column was kept
moistened during the process of magnetic separation. The cell suspension was applied and
flow-through containing unlabelled cells was collected. The column was washed three times
with 3ml of degassed buffer to get rid of all the unlabelled cells. The washing step was
performed very carefully, and the buffer aliquot was added only when the column reservoir
was empty. After 3 washes, the column was removed from the stand and placed on the sterile
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13 mL collection tube suitable for LS Columns, and 5 ml of buffer was applied to the column
and immediately flushed out by pushing the plunger firmly to collect labelled cells. The cells

were counted and cultured.

45.4.3 Immunofluorescence Staining

The cells were harvested, counted, and the required number of cells (10° cells) were centrifuged
at room temperature for 5 minutes at 3000rpm, then resuspended in 1ml of 4% PFA for fixation
for 5 minutes at room temperature. After fixation, the cells were centrifuged, and the
supernatant was removed. The pellet was resuspended in 1 ml of PBS and kept on the roller
for 5 minutes and centrifuged for 3 minutes at 300rpm at room temperature. This step was
repeated 3 times to completely wash off the PFA. After the third wash, the PBS was removed,
and cells were resuspended in 100ul of PBS. The suspension was properly mixed and loaded
to the Cytospin machine at 1000speed for 5 minutes to fix the cells on the glass slide. After air
drying the slide, the cells were blocked with 1% BSA for 30 minutes at room temperature.
After 30 minutes of blocking, the cells were incubated with an antibody from Miltenyi Biotec,
CD34-FITC Antibody, and an isotype control IgG antibody for one hour in a 4 °C fridge in a
moistened dark chamber. The dilution of antibodies used was a 1:200 ratio and was diluted in
PBS-tween (PBST). After one hour of incubation with the antibody, the cells were washed with
PBST 4 times, each time for 5 minutes at room temperature. Then the cells were mounted with
7.5 pl of mounting solution and carefully covered with a coverslip avoiding air bubbles. Slides
were checked under an Evos microscope. Images were taken in bright, DAPI, FITC and overlay

mode.
46 Results

4.6.1 Validation of CD34 expression on positive control, KGla cells by

immunofluorescent staining using CD34 Antibody

First, we optimized the conditions of immuno-fluorescence (IF) staining for CD34, for this
purpose we used KGla as the positive control, which is reported to express high levels of
CD34. After staining of KG1la cells with anti-CD34+ antibody, the cells on the glass slides
were examined under the EVOS microscope. As CD34 is a surface marker therefore the cells
were not permeabilized. First, the presence of the cells was confirmed by checking the cells
under the microscope in a bright field shown in Figure 4.1 A, whereas Figure 4.1 B & C,
show the nucleus stained with DAPI and membranous FITC staining for CD34. Figure 4.1 D
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is the overlay of DAPI and FITC confirming the expression of CD34, a surface marker on
KG1a cells. Hence, KG1a cells were confirmed to express CD34 and used as a positive control

in further experiments.

Figure 4.1 Immunofluorescent staining of KG1a cells: (A) phase contrast image confirming the presence of cells and cell
debris. (B) shows the DAPI-stained nucleus of KG1a cells. (C) images of cells detected with FITC-conjugated CD34+
antibody and (D) is the overlay of B and C.

4.6.2 Positive selection of CD34+ KGla cells from CD34-THP1 cells by microbeads

(optimization of technique).

The number of UCB-CD34+ cells was low, therefore, to optimize the enrichment technique by
microbeads, the mixture of cells consisting of CD34 positive KG1a cells and CD34 negative
THP1 cells was used. A total of 2 million cells were used, where 25% were KG1a cells and
75% were THP1 cells. Enrichment was performed following the manufacturer’s instructions
provided with the kit. The total number of cells obtained after the enrichment was 8.5 x 10°
cells, out of which the number of enriched KG1a cells in the eluted fraction was about 1.5 x
10°and in flow-through, the unlabelled cells were approximately 7x10° cells. The IF staining
was performed before and after the enrichment. Figure 4.2, shows the images of IF staining

of the cell mixture consisting of 25% of KG1a cells and 75% THP1 cells before enrichment.
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Figure 4.2: Inmunofluorescent staining of a mixture of THP1 + KG1a Cells before enrichment: (A) phase contrast image of
cells. (B) DAPI stained the nucleus of KG1a cells. (C) The cell membrane of KG1a cells stained with FITC-conjugated CD34+
antibody, and (D) shows the overlay of B and C.

Figure 4.3, shows the images of the cells from the flow-through fraction, which are unlabelled

CD34 negative THP1 cells and a few KG1a cells that did not bind to the beads.
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Figure 4.3: Immunofluorescent staining of flow-through after enrichment: (A) phase contrast image of cells. (B) DAPI
stained the nucleus of KG1a cells. (C) The cell membrane of KG1a cells stained with FITC-conjugated CD34+ antibody, and
(D) shows the overlay of B and C.

IF of the eluted fraction clearly shows enrichment of CD34 labelled KG1a cells as shown in
Figure 4.4. This shows a significant enrichment of CD34+ cells achieved by the kit, however,
there were few CD34+ cells in the flow through which will reduce the yield of CD34+ cells
and there were few CD34- cells in the eluted fraction which will affect the purity of eluted

fraction.
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Figure 4.4: Immunofluorescent staining of cells post enrichment, cells obtained from eluted fraction: (A) phase contrast
image (B) DAPI stained nucleus of KGla cells. (C) The membrane of KG1la cells stained with FITC-conjugated CD34+
antibody, and (D) shows the overlay of B and C.

4.6.3 Enrichment of CD34+ cells from UCB-MNCs using CD34 microbeads

After optimizing the protocol of positive selection using KG1a and THP1 cells, the MNCs
isolated from the UCB were processed using microbeads to obtain CD34+ enriched cells. The
total UCB-MNCs used were 6.25 x107 cells. The total number of enriched CD34+ cells in the
eluted fraction was 4.25x10° cells resulting in a yield of 0.68% whereas the number of cells
obtained in flow-through was 5 x107 cells. Further, the CD34+ cells were cultured for 21 days
at different seeding densities in presence of different growth factors, results shown in section
4.6.4.

4.6.4 Effects of cytokines and growth factors on expansion of UCB isolated CD34+ cells

The enriched CD34+ cells were cultured in different conditions such as different seeding

densities and growth factors to get the optimum expansion. Below are two main experiments.
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4.6.4.1 Effects of different seeding densities and cytokine cocktail on the expansion of
UCB isolated CD34+ cells.

After enrichment, the CD34+ cells were plated at different seeding densities to identify the best
seeding density to achieve optimal expansion. The seeding densities used in this experiment
were 5x10° cells/ml, 5x10* cells/ml, and 1x10° cells/ml. Almost similar cell expansion was
noticed with all the seeding densities. The pattern of cell growth with StemMACS HSC
Expansion cocktail containing recombinant human Flt3-ligand, stem cell factor (SCF), and
thrombopoietin (TPO) in StemMACS HSC expansion media, was seen to be similar for cells
plated at 5x10° cells/ml and 5x10* cells/ml, showing increased cell growth from day 6 and
reaching to peak by day 10 and decreasing thereafter. Whereas the cell expansion for cells
plated at a seeding density of 1x10° cells/ml with cytokine cocktail was noticed to reach its
peak on day 6 and decrease thereafter. The cells plated at the same seeding density in media
with no cytokines or any other growth factor, used as control, did not show significant growth.
In terms of fold change, the highest fold increase was noticed to be around 16-fold for cells
seeded at a density of 5x10° cells/ml (Figure 4.5 A, right-side panel), whereas approximately
10-fold increase for the cells plated at SD of 5x10* cells/ml (Figure 4.5 B, right-side panel) on
day 10. On the other hand, the lowest fold change was around 8-fold for cells seeded at 1x10°
cells/ml on day 6 and decreasing thereafter (Figure 4.5 C, right-side panel).

104|Page



CHAPTER 4: RESULTS AND DISCUSSION

A 100000 Seeding Density 5000 cells/ml
)
E 80000 20
5 60000 g
H] £ 15
@
-E 40000 £ 10
S k]
3 20000 zs
w
0 T T T T T ] 0t T T T T T
Day 0 Day6 Day10 Dayl4 Day18 Day2l Day0 Day6 Dayl0 Dayl4 Day18 day21
With cytokines ‘Without cytokines With cytokines Without cytokines
B 500000 seeding Density 50000 cells/ml
400000
a 10
S 300000 2
=] c
‘e 200000 s
o S 5
& 100000 T
£ &
é 0 T T T T T 1 0 + T T T T T d
Day 0 Day6 Dayl10 Day14 Day18 Day2l Day 0 Day6 Day10 Dayl4 Day18 day21
With cytokines ‘Without cytokines With cytokines Without cytokines
1000000 . .
C Seeding Density 100000 cells/ml
3 800000
=} 10
“E 600000 @ 8
[ H 6
< 400000 =
£ S 4
3 =
2 200000 2
o 2
0 + T T T T T 1 0+ T T T T T
Day0 Dayé Dayl0 Dayl4 Dayl8 Day2l Day0 Day6 Dayl0 Dayl4 Dayl8 day21
With cytokines ‘Without cytokines With cytokines Without cytokines

Figure 4.5: Comparison of expansion of enriched UCB-CD34+ cells with and without cytokines at different seeding
densities: (A) illustrates the expansion of enriched UCB-CD34+ cells seeded at a density of 5x108 cells/ml, cultured with and
without cytokines, whereas (B) shows the expansion of similar cells seeded at an initial density, of 5x10%*cells/ml, (C)
demonstrates the expansion of enriched UCB-CD34+ cells, seeded at a density of 1x10°cells/ml. (n=2) for all samples seeded

at different densities.
4.6.4.2 Effects of 10% FBS in combination with cytokine cocktail on the expansion of
UCB isolated CD34+ cells.

Figure 4.6 A, shows the comparison of cell expansion between cells grown in cytokine

cocktail-supplemented media and CD34+ cells cultured in 10% FBS-supplemented media. No
significant growth was noticed in cells grown with 10% FBS-supplemented media, the cell
number started decreasing after day 5 of the culture, whereas a 14-fold increase was observed
in cells grown in cytokine-supplemented media (Figure 4.6 B). The pattern was similar to that
seen in the previous experiment, the cell number started rising from day 6 and showing
maximum growth by day 14 instead of day 10 as seen in the previous experiment and

decreasing thereafter (Figure 4.6 A).
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Figure 4.6: Comparison of expansion of enriched UCB-CD34+ cells with 10% FBS supplemented versus cytokine-
supplemented media. (A) shows the expansion of the cells cultured in media containing cytokines and 10% FBS at a seeding
density of 5x10* cells/ml, while, (B) shows the fold change in similar cells.

4.6.5 Differentiation of HL-60 cells to mature neutrophils by ATRA and DMSO
treatment at different time points identified by H&E staining

Due to the global COVID-19 pandemic, the restrictions were in place with no access to
hospitals, and with the unavailability of cord blood for a major part of 2020 and 2021, HL-60
cells were used as a substitute to optimize the protocols for neutrophil differentiation. The
HL60 cell line was established in 1977, from a patient with acute myeloid leukemia. The cells
largely resemble promyelocytes but can be induced to differentiate terminally in vitro. Some
reagents cause HL-60 cells to differentiate into granulocyte-like cells and others into
monocyte/macrophage-like cells. Polar-planar compounds such as dimethyl sulphoxide
(DMSO0), and other compounds such as all-trans retinoic acid (ATRA) and actinomycin D, all
induce differentiation to granulocytes, while 1, 25-dihydroxy vitamin D3, phorbol esters, and
sodium butyrate induce monocyte/macrophage differentiation.

Here we evaluated the efficacy of DMSO and ATRA alone and in combination to initiate the
differentiation of HL-60 cells into neutrophils at two different time points, 24 hours referred to
as D1 (day 1) and 72 hours referred to as D3 (day 3). Untreated HL-60 cells were used as

control.

Figure 4.7 A, at different magnifications, shows HL-60 cells on day 1 (after 24 hours of
plating- untreated) used as control. The H&E staining was performed following the standard
protocol and the images of the cells clearly show a normal round nucleus of the cells confirming
no differentiation to neutrophils. Figure 4.7 B, illustrates the H&E staining of HL-60 cells
treated with DMSO alone for 24 hours, at 20 and 40X magnification. Some of the cells show

multilobed nuclei indicating complete differentiation to mature neutrophils. Furthermore,
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Figure 4.7 C, displays the HL-60 cells treated with DMSO + ATRA for 24 hours to
differentiate to mature neutrophils shown at different magnifications. Multilobed and
horseshoe shape changes were observed indicating complete differentiation and some in
different stages of differentiation. And Figure 4.7 D, captured at different magnifications 20X
and 40X after H&E staining, shows the HL-60 cells post 24 hours of treatment with ATRA

alone.

A--/-
'--
C--.
l)---

Figure 4.7: H&E staining of HL-60 cells post 24-hour treatment: (A) shows the HL-60 cells after 24 hours of plating with no
treatment, used as control, (B), an image of HL-60 cells, post 24 hours of treatment with DMSO, (C) shows the HL-60 cells
post 24 hours of treatment with DMSO+ ATRA, whereas (D) shows the HL-60 cells after 24 hours of treatment with ATRA.
All the cells were fixed with 4% PFA for 5 minutes and permeabilized with Triton X 100 for 10 minutes. A, B, C, and D (right
and left panel) are at a magnification of 20X and 40X.

Further, the treatment was continued for 72 hours. H&E staining was performed to identify the
effect of longer exposure to DMSO and ATRA on the differentiation of HL-60 cells to
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neutrophils. Figure 4.8 A, shows the untreated HL-60 cells used as a control to compare with
differentiated cells after the treatment. No visible nuclear changes were observed. Whereas
Figure 4.8 B, at different magnifications, illustrates the differentiation of HL-60 cells after
treatment with DMSO alone for 72 hours. Differentiation of HL-60 to neutrophils was noticed
at different phases of differentiation. On the other hand, cells treated with a combination of
DMSO and ATRA for 72 hours (Figure 4.8 C at 20X and 40X), mostly show band cells and
mature segmented HL-60 differentiated neutrophils post-treatment. Figure 4.8 D, at 20X and
40X, demonstrates the level of differentiation of HL-60 cells treated with ATRA alone for 72
hours, and differentiation of HL-60 to band cells and segmented neutrophils was noticed and

analyzed by H&E staining.

A---
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Figure 4.8:H&E staining of HL-60 cells post 72 hours of treatment: (A) shows the HL-60 cells after 72 hours (day 3) of

plating with no treatment, used as control, (B) shows the image of HL-60 cells post 72 hours of treatment with DMSO, (C)
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shows the HL-60 cells post 72 hours of treatment with DMSO+ ATRA, whereas (D) shows the HL-60 cells after 72 hours of
treatment with ATRA alone. All the cells were fixed with 4% PFA for 5 minutes and permeabilized with Triton X 100 for 10
minutes. A, B, C, and D (right and left panel) are at different magnifications of 20X and 40X.

In terms of percentage, the highest percentage of differentiation was noticed with dual
treatment, that is, a combination of DMSO and ATRA, showing 25% and 50% of
differentiation at 24 and 72 hours of treatment respectively (Figure 4.9). Whereas ATRA
proved to be the second-best component for differentiation, showing 20% of cell differentiation
after 24 hours of treatment and 28% differentiation within 72 hours of treatment. In a
comparison of all the treatments given, DMSO treatment alone showed the least percentage of
cell differentiation, 10% after 24 hours and 18% after 72 hours of treatment (Figure 4.9).
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Figure 4.9: Percentage of differentiation of HL-60 cells treated with DMSO and ATRA (alone and in combination) for 24
hours and 72 hours.

4.6.6 ldentification of neutrophil markers of differentiation in HI-60 cells by gPCR

After treatment of HL-60 cells with DMSO and ATRA for 24 and 72 hours, and morphological
confirmation of HL-60 differentiated neutrophils through H&E staining, the next step was to
evaluate the expression of differentiation markers at the mRNA level by gPCR.

After following the established protocol of the lab, RNA was isolated and quantified, and gel
electrophoresis was performed to check the quality of the isolated RNA (Figure 4.10 A & B).
Further, cDNA synthesis and conventional PCR was done according to the established lab
protocol (Figure 4.10 C). Eight neutrophil differentiation markers were selected, and gene

expression was quantified on the HL-60 differentiated neutrophils.
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Figure 4.10: RNA quantification and Gel Electrophoresis. (A) shows the RNA concentration and purity. (B) the image confirms
the quality of isolated RNA on 1% agarose gel electrophoresis. (C) image of gel electrophoresis confirming cDNA synthesis.

The expression of ITGAM, also known as CD11b, an early marker of neutrophil
differentiation, was significantly high in the HL-60 differentiated cells, treated with ATRA
alone and with dual compounds (ATRA and DMSO) for 24 hours. Whereas the HL-60 cells
treated with DMSO alone for 24 hours showed increased expression of ITGAM as compared
to untreated (control) HL-60 cells but compared to dual treatment (DMSO+ATRA) and ATRA
alone, the expression was noticed to be less (Figure 4.11 A).
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Figure 4.11: mRNA expression of markers of neutrophil differentiation in HL-60 cells post 24 hours and 72 hours
treatment with DMSO and ATRA. (A) Gene expression in HL-60 cells after 24 hours of treatment with DMSO alone, ATRA
alone, and DMSO+ATRA (B) Comparison of gene expression in HL-60 cells differentiated with dual treatment
(DMSO+ATRA) for 72 hours. Untreated HL-60 cells were used as control. (n=3) for all samples. The expression was

normalized with RPLPO, a housekeeping gene, and the expression of untreated cells used as a control was arbitrarily set at
1.
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The expression of ITGAX and NCF2 treated with ATRA alone and with DMSO+ATRA for
24 hours was significantly upregulated as compared to untreated and DMSO-treated cells,
whereas DMSO alone also showed a significant increase in expression of ITGAX and NCF2
in comparison to untreated cells (Figure 4.11 A). The expression of TLR1 was significantly
increased in cells treated with DMSO alone for 24 hours as compared to untreated and other
treatments while the TLR1 expression in HL-cells treated with ATRA alone and in combination
with DMSO, was significantly high as compared to untreated cells but less than that of treated
with DMSO alone. On the other hand, a similar increasing trend was noticed for CXCR2
expression, as like that of ITGAX and NCF2, showing a significant increase in expression of
CXCR2 in all samples as compared to control (untreated), whereas samples treated with ATRA
alone for 24 hours showed significantly higher expression than samples treated with DMSO
alone or in combination (Figure 4.11 A). Further, the expression of FPR1 in HL-60 cells
treated with DMSO alone and in combination with ATRA for 24 hours, was significantly
higher, in comparison to cells treated with ATRA alone for 24 hours and to control cells which
were untreated HL-60 cells (Figure 4.11 A). Whereas, FGD4 and DOCKS5 expression was
slightly higher in samples treated with ATRA alone for 24 hours in comparison to control
(untreated HL-60), cells treated with DMSO alone and in combination with ATRA for 24
hours. H19 expression was only slightly raised in samples treated with ATRA alone at 24 hours
in comparison to other treatments and control cells (Figure 4.11 A). Overall, the expression of

all genes in all treated cells was significantly higher as compared to control cells (untreated).

Further, in a time-course experiment, the treatment was continued for 72 hours. All the samples
treated with dual compounds (DMSO+ATRA) for 72 hours showed a significant increase in
expression of all the genes as compared to samples treated for 24 hours except CXCR2 and
DOCKS. The expression of CXCR2 and DOCKS5 was noticed to be similar for both time points

for dual compound treatment (Figure 4.11 B).

Overall, the expression of all the genes was significantly higher in HL-60 cells with dual
compound treatment for 72 hours which could be due to longer exposure to ATRA (Figure
4.11 B).
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4.6.7 Expression of CD11b and CD15+ on HL-60 differentiated neutrophils with ATRA
and DMSO treatment by Flow cytometry.

After quantification of differentiation markers at the mRNA level by qPCR, the highly
expressed marker, CD11b (ITGAM), was selected for further flow cytometric analysis. The
flow cytometric data were analyzed by using FlowJo software. The expression of CD11b was
found to be significantly high in HL-60 cells treated with dual component (DMSO+ATRA) at
both time points that are 24 and 72 hours, approximately, 94.6% and 99.8%, respectively.
Whereas 71.3% of cells treated with ATRA alone for 24 hours expressed CD11b and 28% for
DMSO treated (Figure 4.12).
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Figure 4.12: Expression of CD11b (ITGAM) in HL-60 cells post-DMSO and ATRA (alone and in combination) treatment

at different time points by Flow cytometry.

Further, in this study, it was noticed that the untreated HL-60 cells expressing the CD15 marker

were about 86.6%, whereas the cells treated with DMSO alone for 24 hours show a slight

reduction in CD15 expression to 64.9% (Figure 4.13). Moreover, the CD15 expression in HL-
60 cells treated with dual compounds (DMSO + ATRA) for 24 hours was noticed to be 74%,
however, upregulation of this marker to 96.1% was seen in cells treated with ATRA alone for
24 hours (Figure 4.13). Further, on the continuation of the dual treatment (DMSO + ATRA)
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