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Abstract

Microbes exhibit a strong association with human beings by colonizing different
parts of the body. These microbes can be either beneficial or harmful. Pathogenic
microbes are known to cause serious infections in humans and in other multicel-
lular organisms which disturb the host physiology. These pathogenic microbes
have intrinsic traits which contribute to their survival under hostile conditions,
evasion of host immune responses and resistance to various therapeutic agents
which in turn confers them with near invincibility. Therefore, exploration of
novel agents which could specifically target and kill microbes is very much on
the demand. Interestingly, one such agent could be microbes themselves.
Utilizing microbial components and/or microbial whole cells either to target
pathogens directly or at modulating the biological fitness of the host including
boosting host immune responses. In this chapter, we discuss these various modes
by which microbes and their products could be employed in combating microbial
infections, eventually to improve healthcare.

Keywords

Bacteria · Gut flora · Commensal · Faecal microbial transplantation

B. Seenivasan · C. M. Prakash · V. Janakiraman (*)
Department of Biotechnology, Bhupat and Jyoti Mehta School of Biosciences, Indian Institute of
Technology Madras, Chennai, India
e-mail: vani@iitm.ac.in

# Springer Nature Singapore Pte Ltd. 2020
S. G. Sharma et al. (eds.), Microbial Diversity, Interventions and Scope,
https://doi.org/10.1007/978-981-15-4099-8_19

335

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-4099-8_19&domain=pdf
mailto:vani@iitm.ac.in
https://doi.org/10.1007/978-981-15-4099-8_19#ESM


19.1 Introduction

Diverse microbial communities establish an intimate association with the human
body. This complex mixture of microbial communities encompasses high density of
bacteria along with archaea, fungi, protozoa and viruses (Sommer and Bäckhed
2013). This human-microbiome interaction begins in the early stages of birth and
lasts throughout life (Sommer and Bäckhed 2013). Also, upon environmental
exposure microbes colonize in different parts of human body, including skin, oral
cavity, gastrointestinal tract and vaginal sites (Dethlefsen et al. 2007).

Gastrointestinal tract of human harbours 10–100 trillion microbes that belong to
Firmicutes and Bacteroidetes phyla (Turnbaugh et al. 2007). Gut microbes play a
central role in protecting the body by contributing to intestinal homeostasis, metab-
olism and host immunity (Sommer and Bäckhed 2013). These gut microbes also
protect the host from pathogenic microorganisms (Hooper and Macpherson 2010). It
is important to note that health and disease conditions are critically driven by the
balance between beneficial and pathogenic bacterial populations in addition to the
host responses. Perturbations in the gut microbial community by pathogens or other
factors result in dysbiosis that is associated with high risk of celiac disease, gastric
cancer, autism, obesity, anorexia and Crohn’s disease (Clemente et al. 2012). Broad-
spectrum antibiotics kill commensal bacteria and thus collapse the microbial com-
munity structure in the body. Overuse of antibiotics for any microbial infection not
only leads to the development of antibiotic resistant microbes but also hampers the
gastrointestinal microbial homeostasis which in turn becomes an etiological factor
for obesity, diabetes, asthma (O’Toole and Gautam 2018). It is estimated that death
toll caused by antibiotic resistance microbes will escalate to 10 million in 2050
(De Kraker et al. 2016). Therefore, there is an urgent need to substitute the present
intervention strategies for efficient control of infection-borne diseases. Employing
commensal microbes or probiotics or molecules derived from them in controlling
diseases or infection could be an attractive strategy. Further, the recent developments
in genetic engineering such as CRISPR-Cas9 systems seem to offer promise for
designing improved antimicrobials. In this chapter, we summarize how microbes
could be used as direct tools to tackle pathogenic microbes or as indirect tools to
modulate the host responses to mitigate pathogenesis.

19.2 Faecal Microbial Transplantation (FMT)

As mentioned earlier, gut microbial dysbiosis contributes to the development of
different disorders. Faecal microbial transplantation (FMT) is one of the approaches
that is being tried as an intervention strategy to restore the microbial balance.
Clinical studies using FMT to restore microbial diversity for treating Clostridium
difficile-associated colitis have been proven successful (Borody et al. 2003; De Leon
et al. 2013). Human intestine has a complex microbial diversity in which most of the
bacterial population has not been unveiled. In fact, composition of the microbial
population in healthy donors varies from individual to individual. Therefore, it is
imperative to design microbial therapy employing bacterial population with proven
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beneficial effects to precise out treatment (Skelly et al. 2019). Once native
microbiota or probiotics arrive the destination in the host body, with the newly
achieved balance, an array of mechanisms are executed by the bacteria, which could
impact the pathogens by direct or indirect mechanisms (Pickard et al. 2017).
Delivering of microbes through FMT effectively eliminate harmful microbes by
competing for nutrients and producing antimicrobial molecules (bacteriocins).

19.3 Effects of Beneficial Microbes Against Pathogens

19.3.1 Direct Effects Against Pathogens

• In a polymicrobial community, commensal microbes compete with other
microbes for niche and nutrients. Bacteria produce antibacterial molecules called
bacteriocins, that are varied in structure and chemical modification, could be used
as on alternate to treat antibiotic-resistant bacteria (Cotter et al. 2013). This
proteinaceous bacteriocins kill the target organisms by affecting cell membrane
or cell wall integrity or by modulating metabolic pathways (Hols et al. 2019).
Bacteriocins are classified into class I, class II, class III and class IV based on
physiochemical properties (Ahmed et al. 2017). Commensal bacteria are known
to produce novel types of antibacterial molecules (Donia and Fischbach 2015)
which in turn provides several clinical advantages. Donia et al. (2014) discovered
3118 biosynthetic gene clusters from the human microbial genomes, and they
showed that genes encoding antibacterial molecules are found throughout the
genomes and metagenomes of human microbiota. This gives an idea that com-
mensal microbiome could be a treasure to explore novel therapeutic molecules.
Rigorous studies on the natural products of commensal bacteria are being
expedited due to the novel and versatile nature (Table.19.1). Recently, it was
found that commensal bacteria can produce a novel class of antibiotics in which
7α-dehydroxylating bacteria utilize tryptophan as a precursor to produce
1-acetyl-β-carboline and turbomycin A antibiotics that inhibit the growth of
C. difficile in the presence of secondary bile acid deoxycholic acid (Kang et al.
2019). Thus, antimicrobials of commensal bacteria seem to play a vital role in
colonization resistance.

Bacteria compete with other microbes either by producing antibacterial molecules in
the extracellular milieu or by delivering effector proteins into the competitors in a
contact-dependent manner using type VI secretory system (T6SS) (Benz and
Meinhart 2014). It is increasingly becoming apparent that T6SS is also crucially
involved in the inter-bacterial competition and host-microbes interaction (Jani and
Cotter 2010). Bacteria cause a detrimental effects on their competitor by delivering
effector proteins such as peptidoglycan-degrading enzymes (viz. amidase/glycosi-
dase), membrane-attacking enzymes (viz. phospholipase) and nucleic-acid-
degrading enzymes (viz. DNase) through T6SS (Russell et al. 2014a). Previously,
it was believed that only pathogenic microbes are attributed to have such specialized
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T6SS system to deliver toxic proteins. A recent study postulates that even
Bacteroidetes, the most prevalent of the gut microbes, might also utilize T6SS to
exhibit colonization resistance and to maintain the community structure of the
commensal microbes (Russell et al. 2014b).

• Well-known mechanisms by which commensal microbes eliminate the invading
pathogens are by limiting the space and nutrients. Commensal bacteria sequester
nutrients that are needed for the growth of pathogenic microorganisms, which
consequently affect the growth and efficacy of the colonization of the pathogens
(Kamada et al. 2013). For instance, commensal E. coli acquires the amino acid
proline efficiently and impedes the growth of shiga toxin-producing E. coli O157:
H7 that is well known as a food-borne pathogen (Momose et al. 2008). Maltby
et al. (2013) have demonstrated that commensal E. coli HS and E. coli Nissle
1917 utilize the available sugars and restrict the access to the nutrients for
pathogenic E.coli O157: H7, thereby they exhibit colonization resistance. Like-
wise, probiotic E.coli Nissle inhibits the colonization of Salmonella
Typhimurium by acquiring iron and creates nutrient-limited conditions which
ultimately impact the growth of the pathogen (Deriu et al. 2013). Similarly,

Table 19.1 List of commensal bacteria-derived products against different kind of potential
pathogens

Molecule name

Site of
source
in host Source Antimicrobial activity References

Colicin V Human
faeces

Metagenomic
library

E. coli Cohen
et al.
(2017)

Lugdunin Nasal Staphylococcus
lugdunensis

Methicillin-resistant
S. aureus, glycopeptide
intermediate resistant
S. aureus and
vancomycin-resistant
Enterococcus isolates

Zipperer
et al.
(2016)

Salivaricin D Faeces
from
healthy
infant

Streptococcus
salivarius 5M6c

Streptococcus pyogenes
and Streptococcus
pneumoniae

Birri et al.
(2012)

Salivaricin A2
Salivaricin B

Oral Streptococcus
salivarius strain
K12

Enterococcus faecalis
ATCC

Hyink
et al.
(2007)

Ruminococcin C Human
faeces

Ruminococcus
gnavus E1

Clostridium perfringens Pujol et al.
(2011)

Microcin 25, Infant
faeces

E. coli AY25 Shigella flexneri,
Salmonella enteritidis and
E. coli

Salomon
and Farias
(1992)

1-Acetyl-β-carboline Human
faeces

Clostridium
scindens

Clostridium difficile Kang et al.
(2019)
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commensalMucispirillum schaedleri competes with Salmonella enterica serovar
Typhimurium possibly for nitrate and formate, thereby obstructing pathogen
invasion and virulence gene expression (Herp et al. 2019). Commensal-derived
indole can inhibit the epithelial cell attachment of Salmonella Typhimurium
(Kohli et al. 2018) and Candida albicans (Oh et al. 2012). Commensal
Enterobacteriaceae and Clostridia create epithelial hypoxia by consuming avail-
able oxygen which in turn inhibit the growth of the enteric Salmonella enterica
serovar Enteritidis (Litvak et al. 2019).

• Bacteria communicate with each other through signalling molecules in order to
regulate gene expression upon population density, termed as quorum sensing
(QS) (Waters and Bassler 2005). Gram-positive bacteria utilize pheromone-like
signalling peptides as a QS signalling molecules, whereas Gram-negative bacteria
produce acyl homoserine lactones. Though QS signals are species or genus
specific, autoinducer-2 (AI-2) is recognized as an interspecies communicating
signal that is being produced, detected and responded across the bacterial king-
dom (Bassler 2002). Pathogenic bacteria employ QS mechanism for the produc-
tion of virulence factors. Many reports evidently have shown that intestinal
commensal bacteria produce AI-2 molecules (Lukáš et al. 2008; Thompson
et al. 2015). Hsiao et al. (2014) have shown that AI-2 of commensal
Ruminococcus obeum plays an imperative role in attenuating the virulence factors
of V. cholera. Recent evidence suggests that probiotic Lactobacillus sakei NR28
exhibits quorum quenching activity against enterohaemorrhagic E. coli O157:H7
by inhibiting AI-2 activity and virulence factors (Park et al. 2014). Since most of
the intestinal pathogens utilize AI-2 to regulate virulence genes expression, it
widens the opportunity to utilize quorum quenching compounds for therapeutic
interventions. Indeed, analogues of the QS signals, competitively binding with
respective receptors of the pathogen, can be manipulated to attenuate the viru-
lence factors of the pathogens (Boopathi et al. 2017). Paharik et al. (2017) have
demonstrated that autoinducing peptide (AIP) from commensal Staphylococcus
caprae competitively bind with the receptors of Staphylococcus aureus which in
turn reduces pathogen burden and intradermal infection. It was found that AIP of
S. caprae binds with AgrC, a ligand-binding receptor protein S. aureus, which in
turn affects the capability of S. aureus to defend the host immune system.

19.3.2 Indirect Effects Against Pathogens

In addition to the direct mechanisms, commensal microbes restrict the colonization
of pathogens by indirect mechanisms: (1) stimulate the production of antimicrobial
peptides of the host, (2) obstruct the translocation of pathogen into epithelial cells by
restoring the function of tight junction and (3) enhance innate and adaptive immune
system.

In addition to the direct mechanisms, commensal microbes restrict the coloniza-
tion of pathogens by indirect mechanisms, in which commensal bacteria stimulate
the production of antimicrobial peptides of the host, obstruct the translocation of
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pathogen into epithelial cells by restoring the function of tight junction and enhance
innate and adaptive immune system.

Clostridium difficile is a Gram-positive anaerobic spore-forming bacterium which
causes severe diarrhoea in the patients who had antibiotic treatments. Commensal
microbiota converts the taurocholate (primary bile salt) into deoxycholate (second-
ary bile salt) using 7α-dehydroxylase. These secondary bile salts inhibit the germi-
nation of C. difficile spores (Buffie et al. 2015), whereas primary bile salts promote
spore germination of C. difficile (Sorg and Sonenshein, 2008). It implies that the
balance between primary and secondary bile salts determine the colonization of
C. difficile.

19.3.2.1 Immunomodulatory Effects
Regulation of immune homeostasis is important to restrict colonization of
pathogens. Commensal microbes enhance host immune responses by regulating
the functions of macrophages, neutrophils and T cells. Following are the examples
of commensal microbes mediated immune modulatory effects against pathogens:

• Intestinal epithelial cells produce antimicrobial peptides that control intestinal
homeostasis. Bifidobacterium breve NCC2950 induces the expression of antimi-
crobial peptide RegIIIγ, a peptidoglycan-binding C-type lectin that inhibit Gram-
positive bacteria (Natividad et al. 2013).

• Butyrate plays a key role in triggering the antimicrobial activity of the
macrophages by modulating the metabolism, in which reduced mTOR kinase
activity and increased LC3-mediated host defence lead to resistance against
enteropathogens (Schulthess et al. 2019). Commensal-derived butyrate controls
the growth of Salmonella enterica serovar Typhimurium by inducing the expres-
sion of antimicrobial calprotectin, ROS and autophagosome formation in
macrophages (Schulthess et al. 2019).

• Uptake of molecules occurs in the gastrointestinal tract through the intestinal
barrier, in which tight-junction components play a key role in the transport of ions
and small molecules (Vancamelbeke and Vermeire 2017). Toxins such as TcdA
and TCdB of C. difficile disrupt the connection between zonula occludens-1 and
actin filaments, which consequently increase the paracellular permeability
(Nusrat et al. 2001). Commensal-derived butyrate diminishes intestinal inflam-
mation and promotes intestinal barrier function in C. difficile-infected mice by
activating transcription factor HIF-1 in intestinal epithelial cells, which in turn
decreases the epithelial permeability and translocation of the pathogen, thereby
giving protection against C. difficile toxin-induced colitis (Fachi et al. 2019).

• Epithelial layer is covered with mucus layer that physically acts as a barrier
hindering the microorganisms from accessing the cell directly (Cornick et al.
2015). Glycoproteins such as mucins are differentially expressed in the mucus
layer. Pathogens such as C. difficile decrease the production of MUC2, which is
an important component of the mucus layer whereas Bifidobacterium and E. coli
protect the host by triggering the production of mucins (Libertucci and Young
2019).
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19.3.2.2 Effect on Distal Organs
Recent studies have highlighted that gut microbiota do cross-talk with distantly
located organs such as brain, liver, lung, bone and heart (Feng et al. 2018).
Perturbations in the structure of the gut microbial community and function, caused
by diet, stress or diseased condition, lead to dysbiosis that facilitates microbial-
derived products to get into the circulatory system (Jacobs et al. 2017). Plethora of
evidences have highlighted the protective role of gut microbiota from pulmonary
diseases. For instance, the gut of the germ-free mice colonized with probiotic
Bifidobacterium longum 51A protects the host from pulmonary infection by reducing
the load of Klebsiella pneumoniae (Vieira et al. 2016). Similarly, commensal
microbiota-administered mice have shown resistance against Streptococcus
pneumoniae (Schuijt et al. 2016) and Escherichia coli K1 (Deshmukh et al. 2014).
Additionally, certain bacteria also produce enzymes such as glycosidases,
β-glucuronidase, azoreductases and nitroreductases that can transform
procarcinogenic molecules into active carcinogens. Probiotic Bifidobacterium
adolescentis SPM0212 can inhibit the functions of harmful faecal enzyme and
colon cancer cell line proliferation (Kim et al. 2008).

19.4 Emerging Therapeutics Approaches

19.4.1 Phage Therapy

Phage therapy is the direct administration of bacteriophages into the patients in order
to target a particular bacterial infection. The mode of using bacteriophages in therapy
began way back in the year 1919, but the discovery of antibiotics as a potent
therapeutic agent stalled the advancements of phage therapy (Altamirano and Barr
2019). However, with the rampant increase in emergence of antibiotic resistant
strains, phage therapy has again gained limelight. Phages are non-living biological
entities which consist of a protein capsid which encloses its nucleic acid. The strain-
specific receptors help the phages determine its host to which they inject their nucleic
acid, which then manipulates the bacterial machinery to produce more phage
particles and eventually lyse and destroy the host cells (Lin et al. 2017). The
presence of highly strain-specific receptors in the phage is one of the most important
features in phage therapy.

Technological improvements have made way for the development of phage
cocktails which precisely act upon an array of pathogens (Altamirano and Barr
2019). Engineering the phages to express biofilm-degrading enzymes, such as EPS
depolymerase (Hughes et al. 1998) and Dispersin B (Lu and Collins 2007), has
shown to help the phages to seep into the biofilm matrix and act on biofilm-based
bacterial infections. Similarly bacteriophages are also engineered to overexpress
endolysins which degrade the peptidoglycan layer of species-specific bacteria
(Borysowski et al. 2006; Gervasi et al. 2014).

The combined use of recombinant phages with antibiotics has been experimen-
tally shown to enhance the killing of resistant bacteria by many folds (Lu and Collins
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2009). Human trials employing phage therapy conducted on clinically significant
diseases like shigellosis, cholera, typhoid, chronic otitis and MDR S. aureus-induced
diabetic foot ulcer have shown great success (Lin et al. 2017). Multiple studies have
shown that phages do not disrupt host metabolism and microbiota and do not activate
the host immune system (Chan et al. 2013). The development of phage cocktail
which precisely act upon an array of pathogens has broadened phage therapy against
various bacterial infections. In a recent report, a cocktail of three phages was used to
completely treat a patient suffering from cystic fibrosis with disseminated Mycobac-
terium abscessus infection (Dedrick et al. 2019). As of date, few bacteriophages
have been approved for clinical usage, while in the next few years one can witness a
surge in phage-mediated therapies (Ghosh et al. 2019).

19.4.2 Predatory Bacteria

Bdellovibrio bacteriovorus andMicavibrio aeruginosavorus are two Gram-negative
bacteria belonging to the phylum proteobacteria. These two species are gaining
interest for their abilities to combat antimicrobial resistant Gram-negative bacteria
(Dashiff et al. 2011) (Kadouri et al. 2013). Species Bdellovibrio attach, invade and
lyse other Gram-negative bacteria, while the Micavibrio species attach, feed itself
externally and divide without entering the prey bacteria. Interestingly both the
predatory bacteria have shown their potential to prey on ESKAPE pathogens
(Enterobacter genus, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa and Escherichia coli) which are a threat to
human health (Negus et al. 2017). Studies have shown that predatory bacteria do not
induce pro-inflammatory response in human macrophage cell lines and epithelial cell
lines and show no cytotoxic response (Gupta et al. 2016; Monnappa et al. 2016). In
addition, the bacteria were found to show a modest increase in the levels of
pro-inflammatory cytokines in mouse upon infection through intranasal and intrave-
nous routes. Thus, predatory bacteria could be used as an ideal biological agent to
fight drug-resistant bacterial infections (Negus et al. 2017).

19.4.3 Fighting Pathogens Through Engineered Bacteria

Several bacterial species have been engineered to overexpress protein(s) which in
turn can aid in killing or inhibiting other microbes. A potent anti-HIV protein CV-N
which is originally synthesized by Nostoc ellipsosporum was made to overexpress in
a commensal L. jensenii (Bolmstedt et al. 2001). The engineered L. jensenii which
colonizes and forms biofilms in the vaginal mucosa was found to continuously
secrete CV-N and prevent HIV transmission in macaques (Lagenaur et al. 2011).
L. jensenii engineered to overexpress and deliver RANTES and C1C5 RANTES has
also been proposed to be an ideal system to block HIV-1 infection (Secchi et al.
2009).
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The empty envelopes of Gram-negative bacteria also called as ghosts have been
found to activate broad range of cell types in innate and adaptive immunity.
Different types of antigens when loaded into the cytoplasmic lumen and periplasmic
space of the ghosts have demonstrated the ability of ghosts as a vaccine candidate
and also as an adjuvant. The potential of bacterial ghosts as vaccines and as potential
adjuvants against various diseases is reviewed elsewhere (Lubitz et al. 2009; Hajam
et al. 2017).

19.5 Conclusion

Surging evidence suggest that microbes could be efficiently put to use as therapeutic
agents to control infectious diseases. Strong evidence about the gut-living commen-
sal bacteria governing the fate of microbial infections at different parts of the body
accelerate the hope for designing better therapeutic interventions using microbial
agents. Further, genetically modified beneficial microbes could be used for targeted
delivery of specific molecules to tackle pathogens. Applying the principle of
quorum-sensing inhibition as a therapeutic intervention is also a promising strategy
to attenuate pathogenesis of the antibiotic-resistant bacteria. Thus, we surmise that
microbes are endowed with potentials and hence could be explored for precision
medicine for infection.
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