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Abstract

Human genital infections are one of the most
concerning issues worldwide and can be
categorized into sexually transmitted, urinary
tract and vaginal infections. These infections,
if left untreated, can disseminate to the other
parts of the body and cause more complicated
illnesses such as pelvic inflammatory disease,
urethritis, and anogenital cancers. The effec-
tive treatment against these infections is fur-
ther complicated by the emergence of
antimicrobial resistance in the genital infec-
tion causing pathogens. Furthermore, the
development and applications of single-cell
sequencing technologies have open new
possibilities to study the drug resistant clones,
cell to cell variations, the discovery of
acquired drug resistance mutations, transcrip-
tional diversity of a pathogen across different
infection stages, to identify rare cell types and
investigate different cellular states of genital
infection causing pathogens, and to develop
novel therapeutical strategies. In this chapter,
I will provide a complete review of the

R. Singh (P)

Department of Biochemistry, Microbiology and
Immunology, College of Medicine, University of
Saskatchewan, Saskatoon, SK, Canada

Vaccine and Infectious Disease Organization-International
Vaccine Centre, Saskatoon, SK, Canada
e-mail: res498 @mail.usask.ca

© Springer Nature Singapore Pte Ltd. 2020

t')

Check for
updates

applications of single-cell sequencing in
human genital infections before discussing
their limitations and challenges.
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17.1  Introduction

Genital Infections (GIs) are one of the most com-
mon problems worldwide, which are commonly
transmitted via sexual contacts (vaginal, anal, and
oral), mother to fetus or mother to child during
birth, and imbalance in the vaginal microbiota
[1]. It would not be wrong to classify GIs into
three different categories i.e., Sexually Transmit-
ted Infections (STIs) [2], Urinary Tract Infections
(UTIs), [3] and Vaginal Infections (VIs) [4]. STIs
are gonorrhea, chlamydia, syphilis, genital her-
pes, genital warts, Acquired Immunodeficiency
Syndrome (AIDS), and hepatitis B. Bacterial vag-
inosis, trichomoniasis, and candidiasis are the
commonly known VIs and UTIs, respectively,
collectively called as vulvovaginitis. UTIs are
described as uncomplicated and complicated.
Uncomplicated UTIs mostly affect the healthy
individuals whereas complicated UTIs are linked
with factors that compromise the host defense
[5]. GIs are caused by different types of bacteria,
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viruses, and parasites, and associated with infer-
tility, acute illnesses, and complications in the
upper genital part. Most curable Gls are caused
by bacteria belonging to the gram-negative strain
category (Neisseria gonorrhea, Chlamydia
trachomatis, Escherichia coli, Treponema
pallidum, Haemophilus ducreyi, and Klebsiella
granulomatis (also known as Calymmato-
bacterium granulomatis) [6]. While virus-
mediated infections such as genital herpes,
hepatitis B, AIDS, and genital warts are incur-
able. The complete information about each infec-
tion including symptoms and global estimates is
given in Table 17.1.

Several difficulties are associated with genital
infections. Firstly, life-threatening complications
can happen when the untreated GIs disseminate
into other parts of the body. For example,
untreated gonorrhea, chlamydia, and bacterial vag-
inosis can cause pelvic inflammatory disease
(PID), which can result in long-term reproductive
disabilities such as ectopic pregnancy, infertility,
and pelvic pain [21]. Furthermore, sexually
acquired infections with hepatitis B and certain
types of human papillomavirus are considered to
be the leading cause of liver cirrhosis, hepatocellu-
lar carcinoma, and cervical cancer develop-
ment, respectively [22, 23]. Some of the STIs
induced diseases in the human host are shown in
Fig. 17.1. Finally, coinfection with multiple
pathogens is another obstacle. A growing body of
evidence suggested that both bacterial and viral
STIs, as well as bacterial vaginosis (BV), are
known to be associated with the probability of
HIV acquisition [24-26], and these infections
appear to facilitate a vicious cycle of each other’s
transmission [27-31]. Furthermore, the chances of
getting HPV-related cancers are higher in a person
living with HIV and HPV coinfection [32].

The treatment therapy for GIs is based on the
use of antibiotics such as penicillins,
cephalosporins, quinolone, amoxicillin, erythro-
mycin, azithromycin, doxycycline, macrolides,
fluoroquinolones, and tetracycline [33]. However,
the continuous rise of antibiotic resistance
impeded the therapeutical strategies, especially
due to the emergence of multidrug-resistant
(MDR), extensive drug-resistant (XDR), and
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pan-drug-resistant (PDR) bacteria, which are
resistant against a wide range of available classes
of antimicrobial agents [34]. There are sev-
eral well-defined genetics and mechanistic ways
that these disease causing pathogens use to with-
stand the drug effects i.e., (1) resistance acquired
by mutations and horizontal gene transfer and
(2) biochemical resistance mechanisms e.g., tar-
get modification, antibiotic inactivation and
changes in outer membrane permeability
[35, 36]. Several studies have reported the
increasing cases of antibiotic resistance in genital
infection causing pathogens such as Neisseria
gonorrhea, Escherichia coli, Candida albicans,
Herpes simplex virus (HSV), HIV, etc. [37-42].
Recent advancements in next-generation
sequencing technologies and analysis tools to
study genomes and transcriptomes in bulk
tissues/body fluids have provided new insights
into the epidemiology and antimicrobial resis-
tance/susceptibility pattern of genital infec-
tion causing pathogens. Reports are published
on the applications of single-cell sequencing to
investigate various human diseases such as can-
cer, infectious diseases, brain disorders, etc.
[43, 44], however, in the case of GIs, limited
information is available. Therefore, the focus of
this chapter is to highlight the current applications
of single-cell sequencing in human genital infec-
tion studies. As single-cell sequencing and analy-
sis methods have already been reviewed in detail
elsewhere [45, 46] so I will discuss them briefly in
this chapter. Challenges and limitations are also
highlighted along with the conclusions.

17.2 Single-Cell Sequencing:
Different Types and Analysis

Single-cell sequencing has proven an important
milestone in diverse fields of biology such as can-
cer research, metagenomics, developmental biol-
ogy, reproductive health, drug discovery,
immunology, microbiology, and neurobiology
[43, 44]. Until the present, this platform has
applied to study cell heterogenicity, host—pathogen
interactions, clonal structure, clonal expansion and
evolution, copy-number variants (CNVs), target
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Table 17.1 Types of genital infections in humans, causative pathogens, symptoms, and global estimates (adapted

Passos [7])

Global

Types Causative pathogens Symptoms estimates References

Genital herpes Herpes simplex virus Genital ulcers 19.2 Looker et al. [8]
million

Syphilis Treponema pallidum Genital ulcers 19.9 Rowley et al.
million [9]

Gonorrhea Neisseria gonorrhoeae Urethral discharge, 30.6 Rowley et al.

Endocervicitis/pelvic million [9]
pain, testical pain/
swelling, proctitis,
ophthalmia
Chlamydia Chlamydia trachomatis Urethral discharge, 124.3 Rowley et al.
Endocervicitis/pelvic million [9]
pain, testical pain/
swelling, proctitis,
ophthalmia
Bacterial vaginosis | Gardnerella vaginalis, Vaginal discharge Limited Kenyon et al.
Mobiluncus sp., Mycoplasma [10]
hominis, Bacteroides, Prevotella
sp., Peptostreptococcus sp.,
Atopobium vaginae

Candidiasis Candida albicans Vaginal discharge 138 Cai and Chen
million [11]

Trichomoniasis Trichomonas vaginitis Vaginal discharge, vulvar | 110.4 Rowley et al.

irritation million [9]

Chancroid Haemophilus ducreyi Papule 7 million Steen [12],
(cases are Gonzalez-
decreasing) | Beiras et al.

[13]

Lymphogranuloma | Chlamydia trachomatis, serovars | Painless papule Limited de Vries [14],

venereum L1,L2 and L3 Cole et al. [15]

Donovanosis Calymmatobacterium Ulcerative lesions Limited O’Farrell [16]

granulomatis

Genital warts Human papillomavirus Papular or flat lesions 160-289 Patel et al. [17]
cases per
100,000
person

Acquired immune | Human immunodeficiency virus Genital sores 36.9 UNAIDS 2017

deficiency million global estimate

syndrome (AIDS)

Hepatitis B Hepatitis B virus Dark urine, abdominal 257 WHO 2015

pain million global estimate

Scabies Sarcoptes scabiei Genital papular and >200 Chandler and

itching million Fuller [18]
Urinary tract Escherichia coli, Klebsiella Pain/burning sensation on | 92 million | Global Burden
infection pneumoniae, Pseudomonas urination, of Disease
aeruginosa, Acinetobacter Study 2013
baumannii Collaborators
[19]
Genital Mycoplasma hominis, Vaginal itching, pain Limited Baumann et al.
mycoplasmas M. primatum, M. genitalium, during sex, burning [20]

M. spermatophilum,
M. penetrans, Ureaplasma
urealyticum

sensation on urination
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Neurosyphilis
Conjunctivitis

Liver cirrhosis
Hepatocellular carcinoma

Cervical cancer

Penile cancer

Genital warts

Syphilis

Chlamydia
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Hepatitis B

Epididymitis

Fig. 17.1 Different types of diseases that occur in the
human host when the untreated STIs disseminate to the
other parts of the body. Diseases (neurosyphilis, conjunc-
tivitis, pelvic inflammatory diseases, epididymitis, liver
cirrhosis, hepatocellular carcinoma, penile cancer, and
cervical cancer) and genital infections (syphilis, chla-
mydia, gonorrhea, hepatitis B, and genital warts), caused
by the same pathogens, are highlighted in similar colors.

therapy, expression profiling, and RNA
splicing [47].

To understand biological processes and how
they contribute to a particular disorder, it is
important to study genetic regulation at all levels
including genome, epigenome, protein, and
metabolite. Single-cell sequencing provides the
oppertunity to construct a multiomics profile that
can give insights to link genotypes to phenotypes
of the individual cells. The analysis using single-
cell sequencing in any biological and/or clinical
study starts with a research question, depending
on which the most suitable technology is selected
and subsequently sequencing is performed.
Finally, the resulting raw sequencing data
gets analyzed before interpreting the meaningful
information from results (Fig. 17.2).

The basic human body drawings are copied from https://
www.clipartqueen.com/human-body-diagram.html (these
are free to use for academic purpose). Please note—chla-
mydia (caused by Chlamydia trachomatis) and gonorrhea
(caused by Neisseria gonorrhoeae) are highlighted in the
same color because they both can cause conjunctivitis,
epididymitis, and pelvic inflammatory disease

Single-cell sequencing approaches can be
described into two categories ie.,
low-throughput and high-throughput. Single-cell
microscope, single-cell flow cytometry, single-
cell imaging, and single-cell PCR (qPCR and
RT-PCR) are some of the low-throughput tradi-
tional techniques, with a diverse spectrum of
applications, which have been frequently used to
detect certain markers of single cells until now
[48-50]. However, these methods are only able to
uncover the gene expression pattern of a very
small set of genes. Thus, these limitations can
be easily bypassed by using high-throughput
modern global analytical technologies available
for single-cell sequencing including single-cell
genomics, single-cell epigenomics, single-cell
transcriptomics, single-cell proteomics, single-
cell metabolomics, and single-cell omics (Box
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17.1) [48-50]. A variety of wet-lab and dry-lab
analysis tools are chosen depending upon the nature Technologies Applications
of the research hypothesis [49, 51]. For example, if Single-cell e To understand DNA
the objective of the study is to understand the cell epigenomics modification as
heterogenicity and/or lineage tracing in early devel- regulatory epigenetic
opment then single-cell transcriptomics is the most mark
popular choice (Box 17.1). Besides, the com- e To understand
plete single-cell sequencing analysis procedure can developmental process
be divided into three different steps, (1) selecting Single-cell e To identify novel
and isolating individual cells from the bulk popula- transcriptomics ~ cellular subtypes
tion, (2) single-cell sequencing, and (3) downstream * Cell heterogenicity
computational analysis. The complete single-cell analysis and lineage
sequencing workflow and several methods (tradi- tracing
tional and modern) for cell isolation, sequencing as ¢ Identification of
well as for bioinformatics analysis are explained diagnostic primers
somewhere else in detail [44, 52]. * To detect emergence
of resistance clone
during chemotherapy
Box 17.1 Summary of Available Single-Cell * Gene regulatory
Sequencing Technologies network construction
and Their Applications Single-cell » To study protein—
proteomics protein interactions
Technologies Applications e To determine post-
Single-cell * To resolve variation translational
genomics between individual cells modifications
* To study genetic Single-cell e To understand the
alteration of rare cell metabolomics  phenotypical variations

types

between cells
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Multiple challenges exist for the bioinformat-
ics and statistical analysis of single-cell sequenc-
ing data, which needs to fix using two important
steps i.e., quality check and normalization, before
applying any specialized algorithms. To decide
whether the data generated from single-cell
sequencing is valid for further analysis or not,
several factors need to consider during quality
check. For instance, removal of contaminated
cells, genes that are always present in low quan-
tity and cells with an elevated mitochondrial
gene expression can tremendously increase the
quality of the raw data [45, 53, 54]. Furthermore,
the normalization step is very crucial to eliminate
the batch effects generated due to technical
variations.

Moreover, a plethora of open-source computa-
tional tools have been developed, often free for
academic users, and reviewed previously [46, 54—
57]. To check the performance of different single-
cell RNA-Seq analysis pipeline and complete
workflow describing the best-practice
recommendations, please see the recently
published literature [58, 59]. Besides, a list of
these tools is given in Table 17.2.

17.3 Applications of Single-Cell
Sequencing to Study Human
Genital Infections

Recently, single-cell sequencing technologies
have exploited to investigate the bacteria and
viruses that cause genital infections. Despite the
dominance of bacteria in the STIs, scientists have
mainly applied single-cell sequencing to study
viral-mediated infections. The most direct
applications of single-cell sequencing in genital
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infections are outlined in Fig. 17.3. In most of the
studies reported in this chapter, high-throughput
single-cell transcriptomic analysis has utilized. In
the following sections, major single-cell sequenc-
ing applications are in.

17.3.1 Sexually Transmitted Infections
17.3.1.1 Acquired Imnmunodeficiency
Syndrome (AIDS)
HIV is one of the research areas that is greatly
benefited from single-cell sequencing. Until the
present, this technology has been widely applied
to understand cell heterogenicity, clonal expan-
sion, HIV-1 replication cycle, and expressed gene
signature in HIV (Fig. 17.3A).

HIV is transmitted sexually and attacks the
CD4* lymphocytes cells that fight against
infections. The final stage of HIV infection
(if left untreated) is called AIDS. The virus elects
some strategies for its survival in the host. One of
these strategies is latent reservoirs, using which
the virus does not only persist in the infected
person but also reactivate the infection if treat-
ment is stopped. While antiretroviral therapy
(ART) is the widely accepted treatment to inhibit
the HIV replication in the host, ART has not been
able to eradicate the virus. Thus, most single-cell
sequencing studies of HIV have applied to
research on HIV-infected individuals on ART.

Reactivation of latent reservoirs is one of the
leading research focus to study viral persistence
in host and to identify novel therapeutical
strategies for HIV annihilation. To report the het-
erogeneous effect of latency reserving agents
(LRA) on HIV-1 activation, Yucha et al., devel-
oped a microfluidic single-cell-in-droplet PCR
assay [70]. The assay was then applied to measure
the number of transcriptionally active CD4" T
cells from HIV-1 infected individuals on ART
[70]. Furthermore, in another study, working on
the Interleukin-7 (IL-7) authors indicated that
IL-7 stimulates the spread of latently infected
cells by enhancing the residual level of viral pro-
duction in HIV-infected subjects. Therefore, IL-7
is not a suitable candidate for future therapeutical
strategies to eradicate HIV [71].
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Table 17.2 List of bioinformatics software and tools available for the single-cell sequencing data analysis

Types Software/tools References
Pipelines Scruff, Granatum, BALDR, ScPipe, SINCERA Wang et al. [56], Zhu et al. [60], Upadhyay et al.
[61], Tian et al. [62], Guo et al. [63]
R-packages | Seurat, Scran, SingleSplice, OncoNEM, batchelor, https://www.bioconductor.org
infercnv, scds, scMerge, scRecover, scater, monocle,
MAST, SC3, AUCell, clusterExperiment, splatter,
M3Drop,SCnorm, scmap, TSCAN, scDD, BASICS,
slingshot, cellTree, AneuFinder, scfind, cellity,
switchde, MetaNeighbor, DEsingle, cicero,
BEARsec, singleCellTK, MIMOSA, sincell, slalom,
LineagePulse, cellscape, celaref, bayNorm,
scFeatureFilter, scTensor, mbkmeans, Melissa,
phemd, cellBench, scds, scRecover, scAlign, Oscope
Others ASAP, SSCC, iS-CellR, ESAT,SC1, bigSCale Gardeux et al. [64], Ren et al. [65], Patel [66],
Derr et al. [67], Moussa and Mandoiu [68],
Tacono et al. [69]

Fig. 17.3 Applications of
single-cell sequencing in
human genital infections:
Sexually transmitted
infections (A), Urinary tract
infections (B) and Vaginal
infections (C). In the case of
vaginal infections (dotted
lines with orange box),
single-cell sequencing
technologies have not
directly applied to the
samples extracted from
human vagina, instead, the
experiment was performed
on samples extracted from
mouse bone marrow

Moreover, clonal expansion is one of the key
mechanisms using which the HIV-1 reservoir
persists in the latently infected cells [72]. An inte-
gral part of the latent reservoir, called provirus,
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reactivates the dormant infection by producing
the unspliced RNA. Evidence of this clonal
expansion using single-cell sequencing came
from a previous study [73]. In this study, authors
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developed a method, called CARD-SGS (cell-
associated HIV RNA and DNA single-genome
sequencing), to detect the proviral expression of
HIV RNA in a single cell isolated from
individuals with viremia or on long-term suppres-
sive ART. Interestingly, this study identified dif-
ferent cells producing identical RNA molecules
which indicates that these molecules could origi-
nate either from single infected cells undergoing
clonal expansion or multiple cells infected by the
same HIV variant before ART. Therefore,
HIV-infected cells can perpetually express HIV
RNA during suppressive ART through clonal
expansion [73].

HIV-1 replication is another important field
that has benefited from single-cell sequencing
research. Using single-cell FACS-based and
quantitative fluorescence microscopy-based anal-
ysis, Holmes et al., revealed the timeline of the
key events in the HIV-1 replication cycle and
measured the gene expression level in infected
cells [74]. Also, significant heterogenicity in the
HIV-1 replication cycle length and infected cells
generate virions for only a few hours are some of
the important observations of this study.

Another area in HIV research where single-
cell sequencing has been a major asset is cell
heterogenicity. Despite the presence of technical
and computational challenges, high-throughput
single-cell sequencing approaches opened up
new perspectives in HIV latency research. Fig-
ure 17.4 highlights the types of different
experiments that have conducted using high-
throughput single-cell sequencing in the HIV
research field.

Using a combination of experiments, Cohn
et al., (Fig. 17.4a) purified and characterized sin-
gle reactivated latent cells from HIV-1 infected
individuals on suppressive antiviral therapy
[75]. Furthermore, by performing single-cell
RNA sequencing (scRNA-Seq) on 227 cells
(Control/uninfected; 109, LURE  purified
Gag'Env*; 85, YU2 infected; 33) from three
subjects, authors demonstrated several
conclusions. Firstly, read sequences from LURE
purified Gag*Env' mapped both to the human
genome and HIV, and recovery of full-length
HIV-1 from the reactivated latent cells is possible
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by using scRNA-Seq. Secondly, hierarchical
clustering segregated the gene expression data
into three distinct clusters, indicating the hetero-
geneous nature of the cells. Moreover, genes
associated with HIV-1 latency are highly
expressed in LURE purified Gag*Env* cells as
compared to control cells. Finally, gene set
enrichment  analysis of eight (among
240) overlapping genes between clustering and
differential gene expression analysis are related to
significantly enriched biological processes
(immune system function), indicated that in
response to the pathogen LURE purified
Gag*Env™ and control cells are different in their
gene expression. However, to reveal more differ-
entially expressed genes and pathways
contributing to maintaining HIV latency in the
host cells, additional confirmation by performing
this analysis on more donors are needed.
Working with the CD4™ T cells, Golumbeanu
et al., (Fig. 17.4b) reported transcription
heterogenicity during the HIV reinfection and
latency stage. They also found similar in-vivo
expression pattern of 134 gene-specific signature
identified among untreated, SAHA (vorinostat),
and TCR (T-cell receptor)-treated CD4" T cells
isolated from HIV+ individuals, a finding that
could benefit LRA (latency-reversing agents)
identification [76]. Moreover, a second study in
which exploring cellular heterogenicity has been
a primary focus includes Rato et al., (Fig. 17.4c¢),
suggesting that the main factor of transcriptional
heterogenicity at the single-cell level is cellular
activation state, which results into diverse levels
of HIV permissiveness. Besides, HIV-permissive
cell-specific signature is identified, most of which
are involved in innate immunity [77]. Further-
more, using single-cell transcriptomics, Bradley
et al., (Fig. 17.4d) revealed a specific set of cellu-
lar genes that are associated with the HIV expres-
sion during latency. They further identified
the latency-associated signature and concluded
that viral transcript expression during latency is

influenced by the host cell transcriptional
program [78].
Another study including virologically

suppressed HIV individuals by Farhadian et al.,
(Fig. 17.4e), identified potentially novel myeloid
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Fig. 17.4 Types of experiments conducted using high-
throughput single-cell sequencing in HIV studies: (a)
Cohn et al. [75]; (b) Golumbeanu et al. [76]; (c) Rato et
al. [77]; (d) Bradley et al. [78]; (e) Farhadian et al. [79]
(only single-cell sequencing transcriptomics experiments
are reported from all these studies). gag*Env* cells

cell populations that are associated with central
nervous system (CNS) immune activation by
performing single-cell RNA sequencing of
blood cells and cerebrospinal fluid (CSF) samples
collected at different time points. Furthermore,
the gene expression signature present in these
myeloid cells intersects with neurodegenerative
disease-associated microglia in an animal model.
Therefore, indicating a common mechanistic link
between neuron injury in HIV and other neurode-
generative disease pathways. The small number
of participants is the biggest limiting factor of this

expressing both env and gag, YU2 HIV-1yy,, HPD high
permissive TCR-activated CD4™ T cells, LPD low permis-
sive TCR-activated CD4" T cells, CSF cerebrospinal fluid,
PBMC peripheral blood mononuclear cell, TCR T-cell
receptor

study and thus requires a large cohort study to
confirm the association between CSF immune
cells and markers of neurodegenerative
disease [79].

HIV infection impaired the host immune sys-
tem by attacking the cells such as CD4" T and
memory B cells (MBC) that fight against
infections. As an example of this, de Armas
et al., applied single-cell RT-PCR methods to
interrogate the cellular state of MBC from
HIV-infected individuals. As a result, gene
expression data revealed the overexpression of



212

Fig. 17.5 Typical

HPV genome organization
for an Alpha, Mu, and Beta.
(Adapted Doorbar [81];
Harari [82])

PTEN in HIN1-specific MBC from HIV-infected
as compared to healthy individuals. Moreover,
the authors concluded that as compared to
age-matched healthy controls, HI1NT1-specific
MBC demonstrates diverse gene expression sig-
nature in HIV, ART suppressed individuals [80].

17.3.1.2 Genital Human

Papillomavirus Infection

(Genital Warts)
Human papillomavirus (HPV) is transmitted
mainly via sexual contacts, but the infected
individual’s immune system rapidly clear the
infection in the majority of cases. There are
more than 200 HPV types that have been
identified and characterized. Based on their evo-
lutionary analysis, HPV types are categorized into
five diverse genera, the majority of which reside
in two largest groups (Alpha and Beta) and one
smallest group (Mu) [81] (Fig. 17.5). More-
over, depending on their carcinogenicity, HPV
types are classified as low-risk and high-risk sub-
type [83]. Low-risk HPV subtypes are associated
with low-grade cervical abnormalities and genital
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HPV typical genome organization

E4
3 .
URR= Upstream Regulatory Region
warts, while high-risk HPV subtypes are

associated with six anogenital cancers (cervical,
penile, anal, vaginal, vulvar, and oropharyngeal)
[84]. Few studies have employed single-cell
sequencing strategies (Fig. 17.3A) to characterize
cell heterogenicity and mutations in human cervi-
cal cancer, however, none of them examine geni-
tal warts and low-grade cervical abnormalities.
Using HeLa cells, heterogenicity of viral alter-
native transcripts is revealed by Wu et al. In brief,
using a novel platform, called MIRALCS
(microwell full-length mRNA amplification and
library construction system), single-cell RNA
sequencing were performed on 40 HeLa S3 cells
to understand the heterogenicity of HPV+ cancer
cell lines in gene expression, alternative splicing,
and fusion events. Also, at the single-cell level,
they classified cells based on cell cycle states and
identified that E6 and E7 viral oncogenes were
residing in a cluster of the co-expressed gene
[85]. Another study in which heterogenicity of
HPV status has exposed at a single-cell level
include Shen et al., validated the likelihood of
single-cell analysis of HPV infection. Moreover,
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to verify the coexistence of multiple HPV types,
the authors measured the viral load in single cells
using qPCR and confirmed the results by
performing PCR-based DNA sequencing [86].
Furthermore, Yang et al., investigated the
intracellular heterogenicity in tumour cells earlier
and after radiotherapy. They performed single-
cell whole-genome sequencing on 25 cervical
tumour cells including the detection of somatic
mutations, virus integration site mapping and
clustering. Consequently, they concluded that
the HPV integration site in POUS5SFIB might be
responsible for radiotherapy resistance [87].

17.3.1.3 Genital Herpes or Genital Ulcer
Herpes Simplex Virus (HSV) is the main cause of
genital herpes, a chronic life-long infection in the
sexually active population. It belongs to the
herpesviridae family of the virus with a linear
double-stranded genome ranging from 152 to
155 kb in size. There are two serotypes of this
virus i.e., HSV-1 (the main cause of oral lesions)
and HSV-2 (the main cause of genital lesions). A
growing number of pieces of evidence concluded
that genital ulcer cases due to HSV-1 have risen
in high-income countries [88, 89].

In the case of HSV, single-cell sequencing has
used to highlight the heterogeneous cell states in
viral infections (Fig. 17.3A). For instance, in a
recent study, Wyler et al. used single-cell
transcriptomic analysis to quantify transcripts of
human fibroblast at various time points during
early HSV-1 infection. Consequently, authors
identified cell cycle phases S/G2/M carried more
viral transcripts and as compared to cells in
the G1 phase provide a more favourable environ-
ment to establish the infection [90]. Furthermore,
in a separate study, transcriptional
heterogenicity has also characterized during
HSV-1 infection [91]. By observing differences
at the level of viral infection dynamics, gene
expression and cellular host response in infected
cells, authors concluded that highly infected cells
activate multiple developmental pathways due to
transcriptional reprogramming [91].
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17.3.1.4 Hepatitis

Hepatitis B virus (HBV) causes an acute and
chronic infection which transmitted very effi-
ciently through sexual contacts (heterosexual
and/or male homosexual contacts). Coinfection
with other viral forms i.e., Hepatitis C virus
(HCV) and Hepatitis D virus (HDV) have
become chronic as well [92]. Like HBC, HCV
can be sexually transmitted [93], and both are
associated with liver cirrhosis and hepatocellular
carcinoma [23].

In the case of hepatitis, single-cell sequencing
has proven a powerful tool to study viral integra-
tion within the host genome, cellular diversity,
clonal evolution, and cell heterogenicity
(Fig. 17.3A). In an early study, single-cell RNA
viral sequencing was performed to study viral-host
interactions during HCV infection to reveal
quasispecies  diversity in individual cells
[94]. Also, the existence of independent evolution
at the cellular level indicated by the diverse (in bulk
cells population) and unique (in single cells)
quasispecies in infected cells.

Furthermore, Eltahla et al., proposed a novel
computational pipeline, called VDJPuzzle, to
analyze the single-cell transcriptome of
flow-sorted Ag-specific CD8* T cells, and to
reconstruct the native TCRaf} [95]. Moreover, to
compare the differences in CD8" T cell exhaus-
tion, Wang et al., performed the reanalysis of the
publicly available single-cell sequencing data
from chronic hepatitis B (CHB) and Hepatocellu-
lar carcinoma (HCC). The authors further con-
firmed that cell exhaustion exists in both CHB
and HCC along with genetic and phenotypic
differences [96].

Another study performed single-cell whole-
genome sequencing of 96 tumour cells and 15 nor-
mal liver cells from patients with
HBV-associated hepatocellular carcinoma to
gain insight into the intratumor heterogenicity
[97]. Also, Chen et al., used single-cell viral cap-
ture sequencing to identify tumour heterogenicity
from a patient with multifocal HCC without
active replication and successfully identified
viral integration within the host genome [98].
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17.3.2 Urinary Tract Infections

Urinary tract infections are caused by both grams
negative and positive bacteria. Uropathogenic
Escherichia coli (UPEC) is the most frequent
cause of UTI in humans, affecting mostly
women. Treating UPEC has become challeng-
ing due to emerging resistance to the commonly
used antibiotics.

Although there are other pathogens such as
Pseudomonas aeruginosa [99], Klebsiella pneu-
monia [100] that cause UTI, Escherichia coli is
the only bacteria that have benefited with the
single-cell sequencing technologies. In the case
of UTIs (caused by Escherichia coli), single-cell
sequencing has applied to study cell viability and
sensitivity, antimicrobial susceptibility profiling,
and bacterial persister specific trait for antibiotic
resistance (Fig. 17.3B).

A previous study [101] used an infected mouse
model to understand the host and bacterial
characteristics leading to UTI and recurrent UTL
Duraiswamy et al., developed a simple method to
isolate pure IBCs (Intracellular Bacterial
Communities) from mouse bladder during acute
experimental UTI. Using micro pipetting they
isolated the individual IBCs and further verified
the sensitivity and purity based on microscopy,
gene expression, and culture-based methods.
Besides, they found 10° viable bacteria in an
early IBC (6 h post-infection) [101]. Furthermore,
Yang et al., reported the complete procedure to
extract IBCs from a mouse infected experimen-
tally in the urinary tract [102].

While antibiotics are the most effective treat-
ment for UTI, recurrent infections (due to
antibiotic-resistant  bacteria) complicate the
situations. Incorrect prescription is one of the
key factors involved in the development and
spread of antimicrobial-resistant bacterial strains.
Certainly, identifying the antibiotic resistance/
susceptibility profile of the infecting bacteria
could facilitate the use of effective antibiotics.
The previous study showed that the susceptibility
of an antibiotic can be detected in less than 30 min
using single-cell technology (such as imaging,
microscope, etc.) [103]. Thereby, these findings
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further support the development of a point-of-care
test to direct the correct UTI treatment.

Bacterial persistence plays a very important
role in the evolution of antibiotic resistance
and the reoccurrence of infections. Goormaghtigh
and Melderen devised a single-cell approach and
applied it to analyze the cell persistence in wild-
type E.coli to ofloxacin in steady-state growth
conditions using microfluidics together with fluo-
rescence microscopy. Consequently, after antibi-
otic treatment, the analysis discovered persister
specific traits during recovery [104]. Therefore,
this finding could provide valuable insights to
tackle the AMR issue in UPEC.

17.3.3 Vaginal Infections

Despite the involvement of several pathogens in
vaginal infections, researchers have only applied
single-cell sequencing to study Candida
albicans (a commensal residence of healthy
human gastrointestinal and urogenital tract,
mainly casing candidiasis). Until the present,
single-cell sequencing has applied to study host—
pathogen transcriptional dynamics (Fig. 17.3C),
however, this technology has not directly applied
to study Candida albicans extracted from human
vaginal samples.

Macrophages play an essential role in
detecting, engulfing and destroying a pathogen.
In a recent study, single-cell transcriptomics
is employed to access gene expression variability
between host and C.albicans [105]. Using four
different infected murine macrophages i.e.,
infected macrophages with dead, phagocytosed
C.albicans, infected macrophages with live C.
albicans, macrophages exposed to C.albicans
that remained uninfected, and C.albicans exposed
to macrophages that remained unengulfed,
authors examined pathogen interactions with
host cells. They further observed a tightly coordi-
nated shift in transcriptional dynamics and
revealed bimodality in expression and changes
in splicing patterns that may direct infection
outcomes. Although this study was performed
using bone-marrow-derived macrophages from
mice model, this data provides useful insight
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that could be applied to study host—patho-
gen interactions during vaginal infections.

17.4 Limitations and Challenges

While pure bacterial culture is one of the essential
requirements to study pathogenic virulence
and antibiotic resistance/susceptibility pattern,
inability to grow all of the microorganisms in a
manner that enough genetic material can be pre-
served is one of the main challenges in applying
single-cell sequencing technologies to study
human genital infections [106]. Low amount of
nucleic acid content in a single cell and contami-
nation hinders their sequencing [49], especially in
the case of clinical samples where microbial cul-
turing is more difficult and requires specialized
training. Sexually transmitted infection causing
pathogens such as Chlamydia trachomatis and
Treponema pallidum require special culture
conditions. For example, Treponema pallidum
grows slowly and it proliferates only in laboratory
animals (rabbits) and Chlamydia trachomatis
requires specialized level 3 laboratories
[106]. Furthermore, other factors such as single-
cell lysis, cDNA synthesis and amplification in
the case of microorganisms are particularly chal-
lenging due to the presence of a rigid cell wall that
inhibits lysis [107]. Thus, appropriate cell isola-
tion strategies need to be selected carefully.
Another significant challenge in single-cell
sequencing is to correct technical and biological
variations during expression analysis which raises
substantial questions throughout the computa-
tional analysis. Differences in tissue sampling
and handling, and during sequencing when the
cells from one condition are cultured and
sequenced separately than another are the poten-
tial causes of technical variations. Furthermore,
the key reasons for the biological variations are
the random biochemical reactions, transcriptional
bursting causing stochastic gene expression,
and uneven genome coverage due to stochastic
primer binding and chimeric fragments [108].
Artifacts introduced during library preparation
and PCR amplification are responsible for artifi-
cial mutations and sequencing bias. These
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challenges are further exacerbated by the pres-
ence of missing gene expression values in the
case of some cells which could lead to spurious
results, including incorrect data integration and
interpretation. Without proper study designs,
results can be significantly affected by batch
effects. Thus, correcting technical and biological
variations is crucial for accurately analyzing the
single-cell sequencing data. Finally, it also quite
challenging to make sure that only data from
single and live cells are included in the down-
stream analysis so that data from compromised
cells do not negatively affect the
result interpretation [53].

Moreover, another major limitation is the lack
of  scRNA-Seq  computational  analysis
pipelines with a graphical user interface that
could be easily accessible or useful for users
with limited bioinformatics skills.

Finally, the key challenge is related to resource
and infrastructure requirements. The emergence
of high-throughput single-cell sequencing
technologies is responsible for an exponential
increase in the amount of data. Efficient
approaches are required to store, distribute and
analyze this data. Besides, along with storage,
data confidentiality, security, and integrity are
equally important and needs to be handled

properly

17.5 Conclusions

This chapter introduced single-cell sequencing
technologies and its applications in human genital
infections i.e., sexually transmitted, urinary tract,
and vaginal infections. Although in the field of
viral causing sexually transmitted infections
single-cell sequencing has paved the way to a
broad range of applications, its use in bacterial
causing genital infections is still in infancy. These
technologies that are used to analyze genital
infections from a single-cell perspective can
deliver valuable insights into the discovery of
acquired drug resistance mutations, cell to cell
variations, deeper interrogation of cellular states
and identify rare cell types, where the field of bulk
analysis present difficulties. Furthermore, several
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limitations such as complications in microbial
culturing, biological and technical variations,
unavailability of user-friendly computational
tools, and proper storage slow down the research.

Glossary

Antimicrobial Resistance The ability of a
microorganism to withstand the effect of an
antibiotic.

Antiretroviral Therapy A treatment to control
AIDS with the use of a combination of antire-
troviral agents.

Chronic hepatitis B When the host body’s
immune system is not able to clear the infec-
tion and the HBV remains in the blood and
liver.

Clonal expansion The process of unpredictable
increase in the number of cells.

Extensive Drug Resistance The ability of a
microorganism to withstand the effect of at
least one agent in all but two or fewer antimi-
crobial categories.

Genital Infection Infection related to human
reproductive organs such as vulva, vagina,
cervix, urethra, penis, fallopian tube, pelvic,
testicles, scrotum, epididymis.

Hepatocellular carcinoma Type of liver malig-
nancy that occurs in people with chronic liver
diseases caused by hepatitis B and C infection.

HIV permissiveness The feature of a cell that
supports the growth of HIV.

Horizontal gene transfer The process of trans-
fer genetic material between unrelated
organisms.

Latent reservoir These are the collections of
infected immune cells that go into a dormant
state and not actively produce new HIV.

Multidrug Resistance The ability of a microor-
ganism to withstand the effect of at least one
agent in three or more antimicrobial
categories.

Pan-drug Resistance The ability of a microor-
ganism to withstand the effect of all agents in
all antimicrobial categories.
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