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Abstract. The highly integrated data obtained from diverse omics fields has enabled us to study complex

relationships among organisms and to identify novel genotypic and phenotypic targets of lethal diseases.

In the age of precision medicine, data obtained from various omics modalities such as transcriptome,

epigenome and metabolome prove to be very useful in health and medicine. The data combined from

different omics levels also proved to be very fruitful in the study of different types of cancer at the single

cell level. In addition to cancer, a single cell study provides deep insight into the underlying mechanisms

of various infectious diseases. Besides this, single cell technology is also helpful in discovering new cells

and in tracing ancestral lineages of different species. Moreover, the role of our immune cells in response

to these infective agents and new drug targets can also be studied using these omics technologies. These

different omics levels provide authentic combined data and hence they are helpful in stem cell research.

Circulating tumor cells, prenatal diagnosis of fatal diseases and lung malfunctioning can only be studied

at single cell resolution. This review article aims to comprehend the applications of omics technology in

the study of lethal diseases which would only be possible at the single cell level and to find potent drug

targets.
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Introduction

All living things ranging from simple unicellular

organisms to complex eukaryotes are composed of a

community of individual cells. The cell is the basic

fundamental unit of a living system and the study of

different organs at a single cell level is critical to

understand their diverse biological complexity

(Mincarelli et al., 2018). Multi-omics approaches are

gaining wide acceptance in the field of health and

medicine because they allow the integration of data

from multiple omics platforms. Single cell sequencing

technology deepens our understanding of phenotypic

and genotypic variations in bulk tissues because these

approaches provide a valuable opportunity to measure

the extent of different molecules such as DNA, RNA

and proteins with high resolution. For example, genomic

DNA and RNA from a single cell can be used to assay

single cell genome, proteome and transcriptome

respectively. These single cell omics technologies help

to develop a multi-omics profile of the same cell (Hu

et al., 2018). Multi-omics is a multifaceted approach

and it consists of two main steps. The first step is a

random selection of single intact viable cells from a

heterogenic population. The second step is the enzymatic

dissociation of these single cells by micro pipetting,

serial dilution and microfluidic platforms (Wang and

Navin, 2015).

In the era of precision medicine, single cell omics

technologies help to determine the interaction of tumour

cells in their local micro-environment. These interactions

can be used to identify biomarkers for cancer diagnosis,

prognosis and new drug targets. With the aid of these

single cell methods the human tumor atlas network

(HTAN) framework has been developed which relies

on mapping tumour atlases at molecular, cellular and

clinical levels and aims to interrogate single cell data

thoroughly for clinical transitions (Liu et al., 2021).

The single cell omics approaches are also helpful in

studying complex mutational mechanisms and the

complex structure of tumour mass (Helleday et al.,

2014). Thus, the study of cancer cells at an individual

level will un-doubtedly enhance our understanding of

all facets of tumour biology (Baslan and Hicks, 2017).
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Single cell sequencing methods are employed study for

cancer stem cells. The stem cells are important

biomarkers to study the mutations which can disrupt

normal cellular pathways such as apoptosis. Moreover,

they have the potential for self-renewal and they

differentiate into specialized cells (Chen et al., 2020).

Single cell omics methods have brought a revolution

to the study of different types of cancer particularly

breast cancer. Breast cancer is known for its distinct

clinical features and patient outcome despite having the

same his-topathological features. Classical therapeutics

rely on the classification of tumours based on estrogen

or progesterone receptors expression but this

classification is only fruitful for a limited time. Single

cell sequencing methods proved to be very effective in

this manner as they overshadow the problem of

heterogeneity and also predict the long-term survival

of targeted therapies (Dwivedi et al., 2019).

Single cells sequencing methods are also used to treat

lung adenocarcinoma and neurological disorders. These

methods are very helpful in finding the causative agents

which can cause drug resistance to novel drugs (Peng

et al., 2020). The nervous system consists of billion

interconnected neurons which are diverse in their

morphology and function. The genomic composition

of these nerve cells also differs from each other. Single

cell sequencing methods are helpful in the classification

of these nerve cells (Li et al., 2017). It is a fact that

tumour cell heterogeneity is very significant during the

development of the initial nephron at an embryonic

stage. Single cell sequencing methods are used to study

this molecular heterogeneity during critical stages of

the development of human renal cells. These techniques

are helpful to study gene expression profiles of the renal

cells along with crucial transcriptional regulatory

elements (Wang et al., 2018).

Recent advancements in microfluidics technologies

such as nano-well arrays, flow cytometry and single

cell multi-omics profiling show promising results to

develop therapeutics and study immune responses at

single cell level (Choi, 2020). Single cell sequencing

techniques mostly rely on monitoring host immune

responses against different diseases as these responses

differ among individuals, molecular mechanisms of the

diseases and then finding novel drugs to treat these

diseases (Tian et al., 2022).

Tumour cells show heterogeneity due to which they are

difficult to treat. Single cell omics methods help study

and analyze circulating tumor cells (CTCs) which

provide a deep insight into the tumor initiation,

progression and metastasis process. These biomarkers

are efficient tools used for treating multiple cancers and

developing novel drug targets (Alix-Panabières and

Pantel, 2013). The complexity in the treatment of breast

cancer patients arises due to the production of

disseminated tumour cells (DTCs) from primary

carcinoma. These DTCs are released into bone marrow

and result in distant metastasis. Single cell sequencing

methods are helpful in the detection of these circulating

and disseminated tumour cells which ultimately increases

the chances of patient survival (Riethdorf and Pantel,

2008).

There are many fatal diseases which if detected and

treated at the embryonic stage can result in healthy

birth. Single cell sequencing methods are used in the

prenatal diagnosis of lethal diseases such as SNPs (Pan,

2014). Single cell-omics techniques are also helpful in

studying various pulmonary diseases such as asthma

and chronic obstructive pulmonary disease (COPD)

Fig. 1, reported by (Hardin and Silverman, 2014).

Single cell omics studies help us to understand the

pathological pathways involved in disease initiation

and progression, thus leading to the development of

effective therapeutic measures. As single cell sequencing

was successfully applied to several neurological disorders

and in cancer research, this review article aims to

develop an understanding related to single cell omics

methods and their role in different diseases like cancer,

pulmonary disorders and infectious diseases which

would only be possible at the single cell level and to

find potent drug targets.

Fig. 1. Single cell omics, a multifaceted approach

to studying lethal diseases.
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Omics technology enabled different modalities of single

cells such as transcriptomes, proteomes and genomes.

Previously, most review articles focus on different omics

techniques and their applications. The current review

article particularly focuses on the applications of single

cell omics techniques in the study of different types of

cancers, lung diseases, infectious diseases and prenatal

diagnosis, thus helpful for researchers to investigate

the complex pathological pathways involved in different

diseases (Fig. 2).

Single cell sequencing applications in the diagnosis

and therapeutics of disease. Single cell omics oncology.

Recent advancements in genomic technology have

permitted the measurement of mutations and faithful

detection of mutations at the single cell level. Moreover,

gene expression profiles of cancer cells can also be

studied. The human body is made up of approximately

forty trillion cells (Zhang et al., 2016). Various

exogenous and endogenous signals which mediate

specific RNAs and proteins control cellular diversity.

However, it was traditionally thought that DNA is a

stable molecule and comprises individual genomes

(Paulsen et al., 2009). The most common example of

genomic mosaicism is cancer mosaicism. In this specific

kind of mosaicism cancer, cells undergo genetic changes

during the formation of tumour cells. Most carcinomas

exhibit polyclonal nature which further complicates

genomic heterogeneity with populations of tumor cells.

These alterations in the genome are so prominent that

they are not only distinct from the host genome but also

from other nearby cells. The survival rate of patients

declined due to these reasons and the treatment

procedures are also affected. Drug-resistant populations

of cancer cells may develop if diagnosis primarily

consists of a single biopsy because it shadows the

heterogeneous nature tumor. This ultimately leads to

the false detection of all active variants (Gajecka, 2011).

Designing such kinds of drugs that are used to treat

primary tumors may not be effective to treat metastases.

Because they may be originated from minor sub-clones

within the primary tumor or it might be possible that

they have acquired new mutations. Therefore, for

effective patient care, it is important to undergo thorough

screening of genome heterogeneity in cancer at the

single cell level (Navin et al., 2011).

Recently, various methods are being developed to study

cancer genetics precisely. These methods have been an

effective tool to study cancer cells effectively because

cancer cells exhibit high heterogeneity and abrupt

transformations in populations of cancer cells, mutations,

and various complex procedures involving clonal

evolution mechanisms. These methods also enable the

identification of novel biomarkers of variant tumors.

The knowledge obtained from these methods is very

fruitful as it helps in studying the early detection of rare

cancer cells, such as CTCs and DTCs and they promote

the concept of personalized medicine (Chung et al.,

2017 .

Single cell sequencing of tumor cells. Cancer stem

cells. Normal stem cells are quite rare and they can

remain undifferentiated for a longer period. They

generate morphologically distinct progeny cells due to

their self renewal ability (Boman and Wicha, 2008).

Different types of tissues are particularly specific to

certain tissues and thus are important for growth and

development because they can regenerate themselves.

Cancer stem cells may be developed from tissue specific

stem cells due to their ability to accumulate mutations

over time that initiate carcinogenesis. These mutations

Single cell omics
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Fig. 2. Study flow diagram.
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along with other additional mutations in cancer stem

cells take place during tumorigenesis. They may have

serious repercussions as they can disrupt normal

molecular pathways such as apoptosis, normal growth

processes and differentiation. This in turn contributes

to genetic diversity in clonal cells within a primary

carcinoma  (Dontu et al., 2003). Nowadays, single cell

sequencing may be used to study cancer stem cells to

study the key mutations that may disrupt the functional

pathways which promote the process of tumor

production. In many aspects of cancer biology stem

cells are key players in various processes such as

tumorigenesis, metastasis and drug resistance so the

primary goal of modern anti-cancer therapeutics is the

eradication of these stem cells. Stem cells are a useful

tool to study functional heterogeneity at a single cell

level but their practical utilization is very limited.

Because RNA is present in a very small amount in a

cell hence this method cannot be used on a large scale

(Wicha et al., 2006).

Single cell gene expression profiling has been proved

by a handful of techniques in several studies. It has

been used to identify important regulatory networks

such as EMT in the study of stem cells (Lawson et al.,

2018; Akrap et al., 2016). It is clear from multiplex

analysis detection that during the early stages of tumor

development heterogeneity is pronounced (Bonavia et

al., 2010). This shows that stem cells are causative

agents for the initiation of breast cancer metastases.

Paired-end sequencing is an exceptional technique that

enables to study of the fusion of genres and it shows a

unique expression of breast cancer stem cells. It is not

possible with ordinary gene expression profiles which

may provide information about tumor suppressor genes

(Soon et al., 2013).

Variability was observed in patterns of gene expression

when single cell RNA was used to profile five major

glioblastomas of 430 cells. The variability was found

primarily in various metabolic pathways and immune

responses. Importantly, it was examined those

glioblastomas contain a distinct population of cells that

differs from stem cells slightly in their differentiation

methods. The validity of this study can be checked by

examining the gene expression profile (Patel et al.,

2014).

Breast cancer . SCS has been used to treat various types

of tumors first report regarding the utilization of SCS

in breast cancer was published in 2011. This report

explained that when SCS of triple negative breast

carcinomas was performed to check variation in copy

number of flow sorted nuclei. It was found that one of

the two tumors was made up of such cells which shows

a single clonal expansion and is mono-genomic but on

the other hand, the second carcinoma was genetically

heterogeneous (Wang et al., 2014). It was reported that

cells were taken from two breast cancer patients who

were undergoing cell division to observe clonal diversity

and mutations. It was found that the mutation rate is

quite significant in triple negative breast tumor cells

but when the genomic profiles of these cells were

examined, they were not identical to any two cells (Gao

et al., 2016).

It was assumed that point mutations gradually evolve

over a longer period whereas alterations in copy number

occur early in carcinogenesis. A follow up study was

conducted in which 12 patients with triple negative

breast cancer were considered as an experimental set.

Single cell of 1000 cells was carried out and it was

concluded that CNVs do not give rise to clonal

populations and one out of every three sub-populations

have the same evolutionary relationship (Zhang and

Vijg, 2018). Similarly, it was reported that deletions

and duplications occur too early in tumor development.

In two patients who are (ER)-positive for breast cancer,

single cell sequencing indicates the duplications of 1q

and 8q and deletion of 11q regions. Using single cell

sequencing it was suggested that early tumor

development involves changes in copy number and

point mutations and thus do not arise spontaneously

rather they evolve gradually which generates an

expansion of primary carcinoma (Baslan et al., 2015).

Adenocarcinoma of the lung. The most common

prevalent type of lung cancer is adenocarcinoma of the

lung. The incidence rate of this subtype is greater than

40%. Various studies have been reported in which single

cell RNA-seq has been performed on lung cancer

patients. It was reported that 34 single cells were

examined by using the PDX model. These cells were

taken from lung adeno-carcinoma (Min et al., 2015).

This results in the production of a set of 64 identified

genes. The actual mechanism of the disease progression

and diagnosis is not clear due to the affected cells are

divided into two groups. In another study, mutation

profiling was done and how these cells respond to

anticancer treatments by RNA-sequence was evaluated

(Kim et al., 2015). The combination of (KRAS) and

G12D (35G>A) described that 69 genes are responsible
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for this disease to develop and there is a mutation in all

genes which contributes to lethality. It was also found

that these cells can be divided into four major types

each having its characteristic expression patterns. It is

studied that a particular cell group showed inertness in

its cell cycle. It is also found that transport genes are

a major barrier in the treatment process as they are inert

against chemotherapeutic agents. This study suggests

while studying and analyzing large portions of primary

carcinoma the actual causal agents for drug resistance

may be masked but this limitation can be resolved using

a single cell RNA sequence because it helps to detect

potent drug-resistant clones. It is reported that seven

patients affected by lung adeno-carcinoma were taken

as samples and 336 cells were taken from the tumor

sites to check how resistance to various drugs affected

heterogeneity and up to which extent (Suzuki et al.,

2015). It was found that two cell lines i.e. LC2/ad cell

line and (LC2/ad-R) developed resistance against the

drug vandetanib. When the reason for this resistance

was investigated it was found that gene expression

profiles showed profound changes in LC2/ad-R cells

than in LC2/ad cells. As indicated in various studies

great gene expression shows great diversification at the

single cell level which is the reservoir for attaining drug

resistance (Ichihara et al., 2009).

Glioblastoma. Glioblastoma multiforme is the most

common brain malignancy which is due to the formation

of glial cells. These glial cells promote the growth of

nerve cells and initial signs and symptoms are non-

specific. Glioblastomas are biologically aggressive that

are a major threat because they have an extremely fast

proliferation rate throughout the brain and they are

resistant to the conventional traditional as well as

targeted therapies (Thakkar et al., 2014). EGFR is the

major key player in the development of Glioblastoma.

Extensive mutations take place in this gene and it results

in the development of wild-type EGFR genes and other

mutant types. Molecular heterogeneity also contributes

to the development of mutant oncogenes. This in turn

halts all over treatment procedures and corresponds to

a lower survival rate. Tumor immunotherapy is a

particular technique that is implied to various types of

cancer and proven to be effective. To validate

immunotherapy in the glioblastoma EGFR was amplified

using WGS. It was found that copy number varies

between single cells due to deletion, insertion, and

mutations. So, it was concluded that this EGFR gene

causes hindrance to drug response due to this particular

variation (Francis et al., 2014). It is concluded that

EGFR genes act differently in multiple cells and a

combined therapy from multiple variants is needed to

suppress the growth of tumors.

Urinary system cancers. According to recent reports,

bladder cancer is the most lethal form of cancer and it

accounts for a 3% mortality rate worldwide and 5% in

the United States (Saginala et al., 2020). Like GBM,

heterogeneity is also observed in the single cells of

bladder cancer patients as well as various infiltrating

cells are also present (Lee et al., 2020). In a particular

study, single-cell sequencing of 66 individual tumor

cells was done and the data showed that they all have

originated from a common ancestor but due to evolution

they diverg 9e into various subtypes and perform function

accordingly (Wang and Song, 2017). The authors

hypothesized that during the developmental process,

these cells have undergone selection pressure as well

as different types of mutations. These mutations arise

at a particular time during the development of cells and

contribute to initiating carcinogenesis. This leads to

resisting drug resistance (Lee et al., 2020; Wang and

Song, 2017).

In another study, to investigate the level of heterogeneity

75 individual cells were subjected to RNA-sequencing

in gene expression in multiple pathways, including

MAPK, JAK-STAT and PI3K pathways (Zhao et al.,

2021). These pathways proved to be very useful as they

provide a deep insight into key targets for anticancer

drugs. It is also clear that heterogeneity plays a key role

in patient survival (Wu et al., 2014).

In another study, 20 single ccRCC cells were collected

from a patient to observe intra-tumour heterogeneity.

There is a rapid transition of normal cells to cancerous

cells. There are very few mutations in cancer cells and

these mutations were not identified previously using

whole-tumor sequencing. It is also revealed from this

study that renal carcinomas are genetically too complex

as thought previously (Li et al., 2012).

During metastatic progression, various signaling

pathways are activated which primarily affects the drug

response. This patient did not show any response to

conventional therapies. The results showed significant

variability both in expression and pathway activation

between primary carcinoma and metastasis. The

variability was also observed among individual cancer

cells in both tumors. It was mentioned previously that

both EGFR and Src genes are heterogeneous and due
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to this they are sensitive in their drug response. The

molecular basis for treatment resistance was identified

by transcription profiling and it was suggested that the

combination of afatinib and asatinib would be fruitful

(Zhang et al., 2016; Zhang et al., 2011).

Hematopoietic tumors. Hematopoietic and lymphoid

tissue malignancies are too lethal and affect the blood,

lymphatic system, and bone marrow. Hematopoietic

cancers were initially studied on whole-genome

sequencing of the tumor samples in bulk.  In a research

study by Hughes and colleagues, they sequenced a

particular genotype of three patients and their genotype

is composed of 1900 SNVs. These patients showed

initial symptoms of myelodysplastic syndrome which

developed into secondary acute myeloid leukemia

(Adam et al., 2020). The single cell sequencing resolves

the problem of clonal relationships as compared to the

unfractionated tumor cells and also genomic complexity

can be studied which was not clear with whole genome

analysis. A study was carried out to observe the clonal

structures and to understand the evolutionary history

of acute lymphoblastic leukaemia (ALL). For this

purpose, 1479 single cells were taken from six children

suffering from pediatric ALL and targeted sequencing

was performed to study deletions and structure of

immunoglobulins (Hughes et al., 2014). It was found

that like other carcinomas ALL carcinomas are composed

of clonal cells which exhibit copy number variation

followed by the development of SNVs. It was revealed

that various clones expand to an abnormal degree and

this expansion has a strong relationship with KRAS-

associated driver mutations. Although due to expansion

these clones achieve greater size as compared to other

clones, they do not overshadow others as they continue

to divide in the normal way. In a separate study single

cell, WGS was performed in three children who have

unstable B cell ALL to examine karyotype dynamics

(Gawad et al., 2014).

At the time of diagnosis, traditional cytogenetics studies

revealed that these carcinomas display different levels

of aneuploidy. With traditional techniques, scientists

are unable to perform comprehensive studies but with

the help of SCS, such tumor populations which are not

identified earlier and contain variations in their copy

number were identified. It has been reported that ALL

tumors show a different level of aneuploidy. To further

validate this phenomenon a study was carried out within

those tumor cells which exhibit intermediate aneuploidy.

By inserting these cells in immunodeficient mice. It

was observed that there is a difference in copy number

which suggests that this heterogeneity may arise due

to the response of cells to some external factors for

example new environment (Bakker et al., 2016).

Essential thrombo-cythemia (ET) is a type of

proliferative disease which occurs mostly in aged

patients. In this condition, an abnormal number of

platelets are produced in the body due to which various

changes in body functions are observed. This disease

arises due to mutation in various genes particularly

(JAK2) gene thereby altering the normal JAK-STAT

pathway. These mutations often lead to changes in the

disease phenotype. To study the structure of clonal cells

of diseased patients and the genes primarily involved,

58 single cells from a JAK2-negative ET patient were

taken and WES was performed (Hou et al., 2012). Their

results indicated the presence of 18 prominent genes

which are playing a significant role in tumor

development and they have a monoclonal origin.

However, these conclusions do not correlate with

phylogenetic analyses. Because according to phylogeny

there is a large distance between cells. It is therefore

unclear whether these differences arise due to real

genomic diversity or they may arise due to technical

defects (Macaulay and Voet, 2014).

It is not possible to study molecular heterogeneity in

complex types of cancer. Also, this heterogeneous nature

of cancerous cells cannot be studied with bulk tumor

sequencing due to large data output. It is observed that

SCS identifies most tumors that are polyclonal. Initially,

in the development of such tumors changes in copy

number were observed which changed to point mutations

later. These point mutations are a major hurdle in the

treatment process and affect the survival rate (Shepherd

and Kent, 2019).

Brain tumor . It is generally a misconception that

astrocytomas and oligo-dendrogliomas have a common

origin (Ichihara et al., 2009). They both arise from glial

cells in the brain and the major difference between them

is difference in their genetics. There are also structural

differences between them after the initiation of

tumorigenesis. These both have similar tumor subtypes

when studied through mass spectrometry. It also revealed

that they arise from the same stem cells.

In human oligo-dendroglioma, single cell mapping has

identified the same map for cancer stem cells and their

progeny. The findings support the fact that stem cells

are the chief source of mutations and the developmental
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process. These studies suggest the presence of stem

cells as new therapeutic targets. It has been found

through research that immunotherapy is the main weapon

to target specific cell types and therefore tumor growth

can be suppressed. Hence, it proved to be highly

significant for the treatment of such diseases (Perry,

2001).

Head and neck cell carcinoma. Mostly the tumors

which are found in the head and neck are squamous.

These tumors develop in several places inside the head

and neck and if they are diagnosed at early stages they

are curable. Single cell sequencing has been a valuable

source to study the micro-environment of tumors. This

information is of utmost importance as it gives us an

insight into the nature of the disease and how the disease

progresses leading to a diseased state. It has also been

observed that these carcinomas exhibit strong intra-

tumor differences within a single population. Hence,

SCS is of utmost importance as it provides detailed

insight into the aberrations that are responsible for the

heterogeneity in different cells. This leads to a combined

effort to identify new biomarkers and the effects of

targeted therapeutics in controlling the disease rate (Ang

and Sturgis, 2012).

Lung cancer and liver cancer . Lung cancer with liver

metastasis refers to the type of cancer that affects the

lungs initially and afterward crosses the blood barrier

to reach the lymphatic system. SCS is quite effective

in the treatment of this cancer. SCS provides insight

into the liver micro-environment and the response of

immune cells in response to metastases. In particular,

comparative research by Chinese researchers, mapped

the micro-environment of cancer affected liver and

compared it with the T cell immune map of lung cancer

(Ren et al., 2016). This mapping provides useful

information about the heterogeneous nature of tumors

and potent drug targets. It is therefore quite significant

to find immuno-therapeutic agents in the liver and lungs

micro-environment and in the discovery of novel

biomarkers which are used to treat these malignancies

(Wang et al., 2021).

Single cell omics immunology. Immune response and

immune functions are necessary for the body to resist

invading external pathogens. There are a variety of

immune cells each with distinguishing functions and

they are hotspots of research.

Application of natural killer (NK) cells, DC cells and

lymphocytes. For detection to detect individual immune

cells and their major group, single cell technologies are

proved to be effective tools. These methods not only

can detect individual cells but also distinguish different

groups of these immune cells. Hence, they can provide

information about the relationship among these immune

cells. This is of primary importance as it helps to find

new targets for the treatment of any disease by

understanding the complex nature of immune cells (Guo

et al., 2020). It is reported that natural killer cells are

identified in various parts of the body. In a particular

study, NK cells are identified in the spleen and blood

of mice and humans. The results obtained provide a

basis for the distinction between the spleen and blood

NK cells.

The similarity between NK1 and NK2 cells in various

organs is studied through the comparison of the

transcriptome of both cells. This study provides a

mechanism to cope with the various problem, particularly

translational failure. This also provides a handful of

information regarding the role and function of natural

killer cells. In research studies, during the analysis of

monocytes present in the human blood novel subtype

of dendritic cells were also discovered. Later on, these

dendritic cells were subjected to single cell RNA

sequencing. It was also reported that these DC cells

have properties similar to plasmacytoid. It was studied

that DC cells activate T cells (Redmond et al., 2016).

Many researchers proposed that to make the body�s

immune system strong, stimulation of these DC cells

may be beneficial so that body can fight against invading

pathogens. These cells are new agents to remove tumor

cells because they have their immune system and

chemotherapy may be prevented. The study also provides

a comprehensive overview of the relationship among

DC cells as well as the functions of the immune system

in comparison to normal and diseased states and various

other developmental processes. Single cell RNA

sequencing is also used to study various cytokines and

other immune cells which participate in the infection

process. It was found various immune cells play a

significant role in providing immunity against various

infections, specifically IL-10 which expresses CD4 T

cells (Guo et al., 2018).

Causes of immune cell heterogeneity. Immune cells

experience high heterogeneity due to invading pathogens.

Single cell sequencing is used to study this heterogeneity

and to study the genetic material of immune cells as

well as the complex functions of immune cells in the

body. Interestingly, it was also found that despite
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pathogens ageing is also the main contributor to

heterogeneity (Holzel et al., 2016). It is reported in a

study that performing single-cell RNA sequencing

transcription leads to elevated heterogeneity in gene

expression among immune cells. It was also observed

that immune cells are unable to perform their functions

efficiently. This can cause the immune system to become

weak with growing age. It is observed that ageing

becomes more pronounced with the increase in

intercellular transcriptional variation thereby this

transcriptional variation provides a sound basis for

discovering the mechanism of ageing.

It is also revealed from different studies that during

autoimmune encephalomyelitis (EAE), antigens are

mostly presented by dendritic cells and monocyte-

derived cells. This study helped in mapping myeloid

cell subpopulations and also revealed complex

morphological changes in the central nervous system.

This in turn a deep understanding of neuroinflammation

and provides a sound basis for EAE treatment. It also

states that the immune status of the body is badly

affected by the heterogeneity of immune cells (Gerdes

et al., 2014). The increase in the level of immune cell

heterogeneity leads to decreased functionality of immune

cells in fighting against invading pathogens which

ultimately leads to a decline in overall immunity of the

individual and the individual may become susceptible

to various diseases. This is a sign of ageing. Hence the

study of the heterogeneous nature of immune cells helps

to understand the complex nature of immune cells but

also provides a chance to adjust immune mechanisms

to respond to various diseases (Trzupek et al., 2021).

Single cell transcriptome analysis reveals the discovery

of new cell types in various systems of the body,

especially the digestive system, for example, many

intestinal cells are identified using this method. After

the identification of these epithelial cells, mapping was

done. The maps which are obtained help explain various

functions of these epithelial cells, particularly in

homeostasis and their response to pathogens (Levitin

et al., 2018). It is reported that single cell transcriptome

analysis also demonstrated the patterns of heterogeneity

of precursor cells which form the initial nephron at an

embryonic stage in humans (Lawson et al., 2018). Later,

all events taking place during the development process

may be analyzed using this SCS technique. It is of view

that the differentiation process of precursor cells into

tubular epithelial cells accompanies various changes in

the signalling mechanisms and can be studied by using

single cell transcriptome sequencing. This study also

provides information about the authenticity of the

candidate genes for congenital nephropathy and explains

the mechanism of the treatment of this lethal disease

(Tang et al., 2019).

Single cell omics in circulating tumor cells. Metastasis

refers to the detachment of tumor cells from the primary

tumor or metastatic sites and their entrance into the

peripheral blood. These cells are called circulating tumor

cells (CTCs). Likewise, primary tumors also show

spatial and temporal heterogeneity. CTCs are tangled

in the process of tumor progression so they help in

studying the metastases process. The complex

relationships that tumor cells have between them and

also between the surrounding normal tissues can be

studied using single cell omics analysis. However,

despite being beneficial in providing information about

tumor progression these CTCs also pose a serious threat

to resisting therapy. This offers a negative impact on

these CTCs and thus delimits their clinical practical

efficacy (Lv et al., 2019).

As CTCs technologies are increasing each day and

receiving immense success compared to omics methods

but there is also a drawback that comparative analyses

cannot be performed. The CTCs are present in rare

numbers also there is no minimal criterion upon which

we can refer to cells as CTCs. Also, comparative analysis

cannot be performed using CTCs which represents a

major challenge. Because of their movement in

peripheral blood, they cannot be distinguished from

normal blood cells. Hence, these CTCs are studied best

when individual tumor profiles are provided (Jiang et

al., 2015). They are also served as a source through

which early detection of various kinds of tumors can

be done. For interpreting data, the need of the hour is

to create various computational tools. This can be done

by the mutual efforts of biologists, bioengineers, and

clinicians. These tools can be helpful to validate

molecular data efficiently and management of precision

medicine becomes easy for every single patient

(Gkountela et al., 2019).

It has been studied that cancer proliferation depends

upon the expansion of the clonal population which may

lead to producing various molecular changes. This

clonal expansion accelerates the process of metastasis

and leads to therapeutic resistance. It is reported in

numerous studies that mutational profiles are similar

in primary carcinomas, metastases and CTCs when they
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are identified by NGS. These profiles are for a variety

of cancer types and in each profile, molecular

heterogeneity is detected which shows that CTCs are

valuable markers for cancer detection and patient care

(Visal et al., 2022).

In a study, focusing on colorectal cancer specifically

NGS analysis of 68 cancer genes is performed. It was

concluded that mutations that are present in these genes

are also found in CTCs. Hence, mutations are the chief

source of the progression of metastasis in colorectal

cancer. This information suggests that the CTCs are the

chief source to determine the mutational spectrum of

complex tumor genomes (Del Vecchio et al., 2017).

Similarly, in another study, it has been observed that

CTCs which are found in lung cancer patients are similar

in the various metastatic sites within the same patient.

Hence it is concluded that CTCs are mobile (Young et

al., 2012).

Analysis of genomes of CTCs reveals the presence of

mutational heterogeneity. It is also noted that further

genomic changes promote metastasis in CTCs and

DTCs. This information leads to the fact that mutational

changes keep on going as the disease progress which

results in a complex cancer genome. So, it is important

to target these CTCs to control disease progression.

Numerous genomic samples from a single cancer patient

reveal the presence of CTCs and close examination of

these CTCs and then designing a suitable therapeutic

response is more effective as compared to traditional

biopsies (Wiedswang et al., 2003).

In breast cancer patients, therapeutic strategies are

highly dependent on the nature of CTCs and this nature

can be modified by gene expression profiling. Despite

genomic heterogeneity, it is noted that cell-to-cell

variability is quite prominent between CTCs in the

patterns of gene expression (Balic et al., 2006). It has

also been reported that women suffering from negative

breast cancer (-HER2) also develop positive type

(+HER2). This may be illustrated by the fact that CTCs

are mobile and RNA-of CTCs help provide

comprehensive profiling. The discrete populations of

HER2+ and HER2 � CTCs have persistent nature due

to which they introvert quickly. This persistent nature

is also a reason for acquiring drug resistance due to

which disease progresses quickly. Similarly,

heterogeneity is also present when single cell

transcriptome analysis of CTCs was carried out which

is the main driving source in the progression of metastasis

and is eminent through changes in gene expression. It

also leads to the induction of EMT, the process in which

epithelial cells switch to a highly mesenchymal

phenotype which leads to increased resistance against

apoptosis (Fehm et al., 2010).

In men, prostate cancer is common lethality and it has

also been studied through research that the androgen

receptor plays a significant role in the development of

this disease but in some cases, inertness to this receptor

has been reported. This is because CTCs show

heterogeneity in response to the expression of AR gene

mutations when analyzed through single-cell RNA-seq

of individual CTCs. This, in turn, may be proved critical

to patient care as this can trigger the Wnt signaling

pathway which accelerates the progress of the disease

(Park et al., 2014). In pancreatic ductal adenocarcinoma,

single intact cells from the primary carcinoma were

compared with CTCs through expression profiles of

RNA-sequin a mouse model of pancreatic cancer (Gall

et al., 2019). According to this comparative study,

certain specific cells are associated with stem cells and

due to these genes expression of epithelial markers is

masked. From mesenchymal transcripts, a high degree

of heterogeneity was reported in CTCs. It has also been

studied that this degree of heterogeneity is also seen in

various blood markers and candidate genes (Keller and

Pantel, 2019).

Disseminated tumor cells. It is evident that certain cells

from CTCs disseminate from the primary carcinoma

and result in the production of disseminated tumor cells

DTCs. These DTCs contribute to speeding up the

metastasis rate. DTCs are chiefly found in the bone

marrow of cancer patients. In breast cancer patients it

was found in a study that a single DTCs is present in

the bone marrow and it is responsible for the survival

of cancer cells and contributes to lethality (Carpenter

et al., 2014). Patients which have non-metastatic breast

cancer remain at greater risk because of DTCs which

may contribute to the resurgence of cancer due to their

persistent nature. This might happen also in the case of

primary carcinoma has been removed (Bidard et al.,

2008).

It is also reported that various DTCs present in bone

marrow express proteins that are similar to cancer stem

cells showing strong homology between them. This can

be observed through the breast scanner (Slade and

Coombes, 2007).  Hence, it can also be predicted that

DTCs originated from CTCs due to their strong similar
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characteristics. They ascend from primary carcinoma

and after dissemination, their physiology and molecular

structure change (Niu et al., 2016). It is found that the

genetic variation between CTCs and DTCs arises when

the disease progresses. The cancer biomarkers between

the two also differ accordingly. Significant molecular

changes are noted also between the two which may

arise due to the application of various therapeutic agents

(Blackburn et al., 2015)

Because of the complicated surgical trials to collect

DTCs practical utility of SCS is limited. It has been

reported in a research study on a neuroblastoma patient

that the same kind of mutation is present in different

metastatic sites. The candidate gene anaplastic lymphoma

kinase (ALK) gene was studied in primary tumor sites

and DTCs in bone marrow. For this research 144 DTCs

were also analyzed by single-cell WGA and it was

concluded that mutations are the same in both sites

(Carpenter et al., 2014). In another study, SCS was

performed to trace the origin of 63 DTCs in breast

cancer patients (Liu et al., 2017). Approximately about

one-half of the DTCs have originated from the primary

tumor site. Due to this reason, they have a strong

morphological resemblance. However, other cells show

variation in copy number profiles and some cells also

have CNVs that are different from primary carcinoma

genetically. If the evolutionary background of DTCs

and the primary tumor is traced it is found that DTCs

have arisen from a dominant clone in primary carcinoma

and other forms of DTCs have originated from a primary

tumor that is less prevalent. It is also reported that minor

clones are present in lymph nodes and very few DTCs

originate from it (Dasgupta et al., 2017).

Single cell omics in prenatal diagnosis. Single cell

sequencing is recently used in the prenatal diagnosis of

fatal diseases. SCS is widely used in pre-implantation

genetic diagnosis (PGD) and non-invasive prenatal

diagnosis (NIPD). The use of SCS in these diagnoses

greatly increased the likelihood of healthy birth (Vora

and Hui, 2018). Nowadays aneuploidy and SNPs are

also detected using SCS. It is reported that the diagnosis

of aneuploidy in embryo biopsy is easily done following

WDA and it has maximum efficacy. In another study,

aneuploidy was screened by using a single cell NGS-

based technique in single blastomeres and it validates

the previous study and shows high profile efficiency.

In the subsequent study, the WDA protocol is compared

with array comparative genomic hybridization (array-

CGH) and it showed that visibility with the single cell

NGS-based method is highly proficient. This proficiency

can be categorized in terms of high throughput and

reliability (Dondorp et al., 2015). Another study using

single-cell stated that NGS is used to validate distributive

patterns of segmental aneuploidies. This can be achieved

by comparison of pure and mosaic segmental

aneuploidies with that of CGH in trophectoderm biopsy

(García-Pascual et al., 2020). In a particular study, 99

sperm sample was taken from an Asian male for the

detection of SNPs and aneuploidy through MALBEC.

This method was also followed in another study where

oocytes were taken as a sample for the detection of

SNPs and aneuploidy (Lu et al., 2012).

In addition to this, it is observed that the fetus may be

affected by various means such as the placenta,

environmental factors, etc. Affected fetuses can be

detected using NIPD when used in combination with

NGS technologies. It is now becoming a popular and

safer tool to observe the affected fetuses as well as an

interesting research topic (Hou et al., 2013). A subsequent

study provides basic information regarding parallel

sequencing for the detection of CNVs (Zhang et al.,

2013). It is also reported that CNVs are 99.63% sensitive

while aneuploidies are 97.71% specific. It is reported

previously that fetal nucleated red blood cells were

sequenced using WGA and Illumina MiSeq and out of

10 single-cells, aneuploidy was detected in 5 cases in

placental villi (Hou et al., 2015).

Single cell omics in pulmonary diseases. Single cells

have been used to study various pulmonary diseases

such as asthma and Idiopathic pulmonary fibrosis (IPF)

(Mazzei et al., 2019). The difference in the structure of

DNA is a major risk factor in the treatment of rare and

novel diseases. Because DNA is composed of non-

cancerous somatic cells and the amount of DNA is

nearly equal in all cells, a high quality sample of DNA

can be obtained from peripheral blood at any stage of

individual life and sequence variation can be measured

across the genome (Kan et al., 2017). Asthma and

COPD are studied by GWAS comparison of two cohorts,

one cohort represents the European population and the

other cohort represents the North American population.

It is observed that an asthma signal is present at the

7q21 locus that includes the ORMDL3 and GSDMB

genes and these genes promote the onset of asthma in

adulthood. In another study, asthma associations are

found in IL33, TSLP and IL1RL1 which supports the
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fact that epithelial cytokines play a major role in the

activation of T helper cells which promote asthma

pathogenesis (Kim et al., 2013).

A cell or a tissue expresses various transcripts and their

characterization depends upon many factors such as

health status and developmental processes (Vaquerizas

et al., 2009). The major goal of transcriptomics is to

analyze specific cells or tissues in a controlled

environment or diseased state to identify the major

changes which lead to the development of specific

biomarkers (Carraro and Stripp, 2022). Initially,

transcriptomes were analyzed by microarray but after

the discovery of NGS characterization was done with

RNA-seqence. The site of extraction of a specific RNA

sequence is critical. For lung diseases, RNA is extracted

from either lung, bronchial epithelial tissues, nasal fluids

or airway smooth muscle cells. Through transcriptome

analysis, various virulent genes and pathways are

identified which help to detect disease sub-phenotypes

known as endotypes (Yates et al., 2014).  In a particular

study related to asthma, white blood cells were taken

from 17 severe asthma patients, and their expression

profiles were analyzed which indicate the presence of

transduction receptors (TAS2Rs) which are expressed

highly in severe asthma patients. This study proved

transduction receptors (TAS2Rs) main causative agent

of asthma and hence a potent drug target (Tsitsiou et

al., 2012).

In another study, using RNA-sequencing transcriptome

profiles of endobronchial biopsies of both asthma

patients and control groups were analyzed and identified

46 expressed genes including SLC26A4, POSTN and

BCL2 but these results are not validated further (Yick

et al., 2013). It is reported that transcriptome analysis

of COPD patients shows a variation in gene expression.

In particular, sputum was taken from 148 COPD patients

and results indicate that extent of emphysema has

increased with changes in gene expression and protein

expression of airway macrophages also seems to be

elevated (Singh et al., 2011). In another study, it was

found that elevating respiratory stress leads to increased

expression of neutrophil proteases (Almansa et al.,

2012).

Various proteomics studies have been performed to

identify biomarkers for ARDS but no significant results

were found. In a recent metabolomics study regarding

ARDS, undiluted pulmonary oedema was taken from

ARDS patients which were compared to hydrostatic

pulmonary oedema of control groups and results indicate

the presence of an endotype with 235 metabolites which

are major contributors to mortality rate (Rogers et al.,

2017). Metabolomics studies were also performed for

COPD to identify the primary markers which contribute

to pathogenicity despite smoking status and identified

chronic inflammation pathways (Diao et al., 2019).

Single cell omics in stem cell research. Stem cells can

differentiate into specialized cells. Due to these

characteristics, they have profound applications in

developmental biology and regenerative medicine. It

has been studied that embryonic and adult tissue stem

cells are heterogeneous and are composed of multiple

types and sub types. This heterogeneity can be masked

by applying omics analysis and single cell approaches

give a better insight into specific cell phenotypes and

are also helpful in finding out variations between cells

(Yan et al., 2013). It has been identified through single

cell-RNA-seq that pluripotent genes show variation in

human and mouse embryos. Single cell-RNA-seq also

provides useful information about the tissue stem cells

and the results showed that novel stem cell types are

found by observing transcriptional profiles. It provides

deep insight into various physiological processes which

are taking place in normal and perturbed conditions

(Deng et al., 2014).

Transcriptome profiles of mouse and human pre-

implantation development have been conserved. It has

been investigated that mostly all the cells of a single

stage are the same except there are some inter-blastomere

differences that take place at the fourth stage in the

mouse. It has been confirmed that in the human zygote,

the genome is activated in four-eight cell stages (Biase

et al., 2014).

Embryonic stem cells. To study the self renewal nature

and the developmental methods, human and mouse

embryonic stem cells serve as excellent in-vitro models.

By providing optimum conditions, it is possible to

develop stem cells from blastocysts. It has been

confirmed through these studies that the self-renewal

process involves changes in the gene expression of

transcriptional regulators that are associated with

pluripotency (Blakeley et al., 2015). In another

comparative study between human embryonic stem

cells and EPI, it was investigated those various pathways

are being involved and they are conserved for future

studies. Human embryonic stem cells correspond to

various signalling pathways including the WNT pathway,
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MAPK pathway, and fibroblast growth factor pathway

whereas, EPI corresponds to oxidative phosphorylation.

It is clear from this study that human embryonic stem

cells and EPI are different in many aspects and they

need different mechanisms to maintain their pluripotent

state (Dreesen and Brivanlou, 2007).

Primordial germ cells. The forerunners of germ cells

i.e. sperms and oocytes are called primordial germ cells.

It has been found that human PGCs show a balanced

expression of pluripotent genes as well as germline

genes when studied through single cell-RNA-seq.  In

the same embryo, PGCs are homogenous during mitosis

whereas they show heterogeneous nature in early

meiosis. A comparative study was also carried out

between mice and humans to find out the differences

between PGCs and it was found that early PGCs in

humans express SOX15 and SOX17 whereas mice

express Sox2 (Petropoulos et al., 2016).

Tissue specific stem cells. In developing tissues stem

cells are found and they are tissue specific. They are

capable to differentiate into distinct structures. Recently

single cell-RNA-seq methods are applied to tissue stem

cells and identification of novel cell types and

heterogeneity. To identify novel stem cell types a study

on mouse lung epithelium was carried out using single

cell-RNA-seq (Bryder et al., 2006). There are two types

of epithelial cells in mouse lungs designated as type

AT1 cells and AT2 cells which are involved in gaseous

exchange. 80 individual epithelial cells from mouse

lungs were taken and identification of five distinct cell

populations was done. It is also studied that alveolar

progenitors are bi-potential progenitors which give rise

to AT1 and AT2 cells. RNA-sequencing data provide

information about developmental intermediates and the

complete mechanism of differentiation of bi-potential

progenitors to alveolar cell types (Nabhan et al., 2018).

Single cell omics. Role in the study of infectious

diseases. Infectious diseases are the chief source of

mortality throughout the world. The incidence of

infectious diseases is increasing day by day. To have

deep insight into the mechanism of infection, it is

significant to study host-pathogen interaction. This

interaction is complex because immune cells vary from

person to person and there is also variability in gene

expression. The bulk analysis is not suited to study

these interactions because they do not provide exact

information regarding disease mechanisms. Single cell

omics is widely used to study infectious diseases because

analysis of variation among cells can be identified at

the single cell level. Moreover, the single cell analysis

provides insight into the host defence mechanism

(Avraham et al., 2015).

Viruses cause several diseases in living species. Mostly,

fluorescent techniques are used to study the disease

mechanism in infected cells. The single cell analysis of

various infected cells from viruses shows that there is

a difference in the replication process. It is because

different individuals consist of distinct cells and their

response to pathogens is also different. In a particular

Salmonella study in a mouse model, single cell RNA-

seq was performed to evaluate the pathogenesis. RNA

was labelled with particular fluorescent markers and

these markers enable to identify of infected macrophages

with dead bacteria and with living bacteria. Also, they

provide information regarding uninfected macrophages.

These results concluded that those macrophages which

have dead bacteria harbour pro-inflammatory M1 and

those containing living bacteria differentiate into anti-

inflammatory M2 macrophages (Lin et al., 2020).

In infection models, single cell methods provide a

detailed insight into the host-pathogen relationship and

particular drug targets. Single cell-RNA-seq provides

information regarding precise information about drug

targets at an early stage of infection which leads to

better treatment procedures and overall contributes to

effective patient care (Luo et al., 2020). In addition to

this, these methods also provide information about the

relationship between immune cells and human

microbiota which explains how cell functions are affected

by human microbiota in the normal and pathological

states (Cassotta et al., 2020). Due to these facts, single

cell methods are effective tools for studying infectious

diseases. However, there are certain limitations which

include the small size of microorganisms which

contributes to lower nucleic acid and protein content,

and the high GC content of microbial genomes which

hinder in sequencing process and effective single cell

studies (Llorens-Rico et al., 2022).

Conclusion

Single cell omics have brought a revolution in cellular

biology. Omics technology enabled different modalities

of single cells such as transcriptomes, proteomes, and

genomes. These brought high-resolution data about

complex issues. Although these technologies have their
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limitations, they provide a deep understanding of

diseased tissues and phenotypes. This, in turn, proved

to be an effective tool in the treatment of lethal diseases

such as cancer.
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