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ABSTRACT: The human microbiome is composed of a collection of dynamic microbial
communities that inhabit various anatomical locations in the body. Accordingly, the
coevolution of the microbiome with the host has resulted in these communities playing a
profound role in promoting human health. Consequently, perturbations in the human
microbiome can cause or exacerbate several diseases. In this Review, we present our current
understanding of the relationship between human health and disease development, focusing
on the microbiomes found across the digestive, respiratory, urinary, and reproductive
systems as well as the skin. We further discuss various strategies by which the composition
and function of the human microbiome can be modulated to exert a therapeutic effect on
the host. Finally, we examine technologies such as multiomics approaches and cellular
reprogramming of microbes that can enable significant advancements in microbiome
research and engineering.
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1. INTRODUCTION
With advances that have enabled the sequencing of the whole
genomes of organisms, we have since acquired an exponential
amount of genome sequencing information from microbes.
Over 130 000 complete or near-complete bacterial genomes
have been sequenced. Meanwhile, there are more than 20 000
metagenomic projects publicly available, and many terabytes of
sequencing data have been produced. This spectacular
expansion of information regarding the genomic architecture
of microbes has laid the foundation for truly revolutionary
advances in our knowledge of microbial systems. We are now
able to understand the interacting networks of biological
molecules�including genes and proteins�at the systems
level, and on the basis of this understanding, we can effectively
engineer complex biological systems that perform desired
functions. This technological advancement, along with the
development of other key enabling techniques like gene
synthesis, has contributed to the birth of the new interdiscipli-
nary research field named synthetic biology.
However, microbes in the natural world are rarely found on

their own; they invariably form a microbial community with
each occupying a given niche. In addition, their habitats cover a
wide range of abiotic and biotic environments. Through a long
evolutionary cohabitation with the human body, this commun-
ity of microbes, termed the microbiome, has established a
profound role in its host’s physiological functions such as
metabolism, immune development, and behavioral responses
(section 2). Due to the intricate relationship between microbial
communities and the living host, unsurprisingly a disruption in
one often results in the disruption of the other. That is, a
disturbed microbiome�known as dysbiosis�can be observed
in an array of the host’s disease states, ranging frommetabolic to
immune and mood disorders. There has been a dramatic
increase in human microbiome research and its association with
different diseases in recent years. As the importance of the
relationship between human-associated microbial communities
and disease development becomes evident, there is a growing
interest in engineering microbiomes to reshape and reprogram
the composition and function of the gut microbiome as a novel
therapeutic modality.

In general, modulating the function of the microbiome, or
performing “microbiome engineering”, can be achieved by
altering the gut microbial composition or its metabolomic
function (section 3). Such alterations are reported to be largely
mediated by providing a specific microbe (or consortia of
microorganisms), prebiotics, or bioactive metabolites to elicit a
change in the composition and functions of the microbiome to
correct the disrupted metabolic function. In addition,
engineered probiotics or synthetic consortia of microbes can
be used to provide a more rational and precise therapeutic
intervention. Since the early days of engineering probiotics for
such interventions, various genetic tools have been identified
and developed for the more precise and complex execution of
therapeutic activities (section 4).
The goal of this Review is to provide a comprehensive

understanding of advances in the microbiome−host relationship
for human health. Additionally, this Review aims to provide a
nonexhaustive list of studies covering the manipulation of the
human microbiome to prevent or treat human disease, with a
special focus on multiomics approaches and the cellular
reprogramming of microbes to enable in-depth microbiome
research and robust microbiome engineering.

2. HUMAN MICROBIOME
Microbiome research has advanced rapidly over the past few
decades and has now become a topic of great scientific and
public interest. Historically, the field of microbiome research
emerged from environmental microbiome research and later
evolved into viewing eukaryotes as inseparable from the
microbial community with which they share space. After all,
the human body is an ecosystem where trillions of tiny
organisms coexist with the host. The scientific term “micro-
biome” therefore refers to the set of genes of all microorganisms
that inhabit almost all human body parts. The microbiome is
thus considered as a second genome that has a symbiotic
relationship with the host. This relationship may be positive or
beneficial, negative or pathogenic, or neutral; hence, micro-
biome interactions play a key role in human health. The complex
and diversifiedmicrobiome operates as a functional expansion of
host genomes with an estimate of 50- to 100-fold more genes.1

These extra genes contribute to the regulation of host
physiology by possessing various types of enzymatic proteins,
influencing the produced metabolites and thus affecting host
metabolism.1

Over the years, instead of looking into the relationship
between one specific microorganism with its host, a holistic
approach based on the holobiont theory has been applied.2,3

The beneficial interplay of the host and its microbiome is
responsible for maintaining the host’s health, whereas disease
development is often correlated with microbial dysbiosis, or a
shift in the microbiota. As such, pathogens therefore represent
only a tiny fraction of microorganisms, whereby the altered
composition of the microbiome promotes the emergence and
outbreak of pathogens.2,3 The vast majority of microbes are
crucial for ecosystem functioning as well as beneficial
interactions with other microbes, contributing to population
dynamics and functional activities. Thus, opportunistic
pathogens show that host−microbe interactions depend not
only on the host but also on the entire microbiome.
The microbiota comprises all living members that form the

microbiome, which encompasses bacteria, archaea, fungi, algae,
and small protists. The members of microbiome also extend to
viruses, phages, and mobile genetic elements�one of the most
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controversial inclusions in the definition of a microbiome.4

However, the microbiome has since been further defined to
pertain to not only the community of microorganisms but also
the whole spectrum of molecules produced by microorganisms,
including their structural elements, metabolites, and molecules
produced by the coexisting host.
Generally, microbial composition varies among different

anatomical parts, and it is highly personalized as the micro-
biome’s composition also varies among individuals. The exact
definition of a healthy microbiota has yet to be defined, but
studies have shown that the use of probiotics, prebiotics, and
synbiotics are beneficial by maintaining healthy body flora or by
altering the microbiome toward a healthy microbial ecosystem.
Therefore, defining the core microbiota is crucial as it

facilitates the discrimination of an intermittent or temporal
microbiome that is affected by specific environmental
conditions.4 The core microbiota is the microbial community
that is constantly associated with a given host genotype or a
specific environment, whereas transient microbiota changes
over time. By identifying these differences, an appropriate
experimental, methodological, and statistical design can be
applied to refine the approach taken in microbiome studies for
therapeutic applications.
2.1. Factors Influencing the Human Microbiome

Microorganisms reside in their preferred environment depend-
ing on their optimal growth conditions. They can be found on
the human body’s external and internal parts as well as entrance
sites. The external sites that house microorganisms include the
skin, eyes, and even the exposed sites under the nails. The portals
of entry for microorganisms are the respiratory tract (mouth and
nose), gastrointestinal tract (oral cavity), urogenital tract, and
breaks in the skin surface. Meanwhile, the internal parts of the
body that are occupied by microbes include the lungs, gut,
bladder, kidneys, and vagina.
Microbes tend to thrive in an environment that is suitable for

them. Hence, these microorganisms are predicted to have
mechanisms for adapting to conditions in the human micro-
biome that resemble their preferred natural environment.
Environmental factors such as temperature, pH, oxygen
concentration, pressure, osmolarity, and nutrient source
contribute to the diversity and abundance of microorganisms
at different sites of the body. For instance, our body temperature
is optimal for housing many different types of microbes. Other
factors, such as the presence of nutrient sources like sebum,
change the skin’s pH and also act as a carbon source, facilitating
the growth of certain groups of microbes.5 Interestingly, the
dense layer of mucus that covers the intestinal epithelium not
only serves as a carbon source for microbes but also provides
attachment sites for bacterial adhesion.6

The abundance and diversity of the human microbiota is
dependent on intrinsic and extrinsic factors. Intrinsic factors
include the nature of body environments, as previously
described, as the physiology of habitat sites facilitates the
growth of some microbes. Other intrinsic factors that contribute
to the microbiome’s composition include genetics, ethnicity,
gender, and age. The human microbiome is generally stable and
resistant once the microorganism has adapted to the environ-
ment. On top of intrinsic factors that may cause a shift in the
microbiome over time, extrinsic factors such as diet, lifestyle,
medication, geographic location, climate, and seasonality may
cause changes to the microbial community. Moreover, the mode
of delivery during birth has been shown to influence the

microbiome. For example, newborns delivered via the vaginal
versus Caesarean delivery possess different groups of dominat-
ing gut microbiome. However, at the age of 3, the gut
microbiome changes to resemble that of the adult’s gut
microbiome.7 As people reach beyond the age of 70, the ability
to digest food and absorb nutrients in the gut changes, affecting
the composition of the gut microbiome. With decreasing
immune activity in older adults, this also contributes to changes
in the overall microbiome as they are more susceptible to
pathogens�thereby influencing the core microbiome. As
Bifidobacterium spp. stimulates the immune system and
metabolic processes, a decrease in Bifidobacteria may result in
malnutrition and low systemic inflammatory status in older
adults.8 Altogether, the human microbiome thrives in optimal
growth conditions, depending on the natural environment of the
body. When the natural environment of the body is altered, this
results in microbial composition and diversity shifting to adapt
to the changing environment, potentially resulting in disease.
2.2. Microbiota in Different Body Parts and Its Relationship
with Health/Disease

2.2.1. Digestive System. 2.2.1.1. Oral. The human oral
cavity harbors one of the most versatile microbiomes, including
bacteria, fungi, viruses, and protozoa, among others. There are
two regions in the oral cavity colonized by microorganisms�
dentures, or the hard surfaces of the teeth, and the soft tissue of
the oral mucosa. The main bacterial genera of oral cavities
include Streptococcus, Granulicatella, Gemella, Actinomyces,
Corynebacterium, Rothia, Veillonella, Fusobacterium, Prevotella,
Porphyromonas, Capnocytophaga, Neisseria, Haemophilus, Trepo-
nema, Eikenella, Leptotrichia, Lactobacillus, Peptostreptococcus,
Staphylococcus, Eubacterium, and Propionibacterium.9 Mean-
while, predominant fungal genera include Candida, Cladospo-
rium, Saccharomyces, Fusarium, Aspergillus, and Cryptococcus.10

Disease-related viruses such as mumps, rabies, and human
papillomaviruses11 are also found in the mouth, as well as
protozoa such as Trichomonas tenax and Entamoeba gingivalis.12

The oral cavity is the principal entry point to the human body,
and thus, microbes residing in this area can potentially spread to
different body sites and cause disease. The composition of the
oral microbiome therefore plays a vital role in providing
immunity for human health. For instance, nitrate metabolism by
the microbiome reduces nitrate to nitrite. Nitrite is then
converted to nitric oxide, which has an antimicrobial effect and is
crucial for vascular health.10 Some oral microorganisms such as
Streptococcus salivarius strain K12 contribute to host defense by
creating an unfavorable environment that prevents the
colonization of pathogenic bacteria. It produces a bacteriocin
that restrains the growth of Gram-negative species associated
with periodontitis disease.13

The most prevalent oral disease is dental caries, commonly
known as tooth decay. The bacteria involved in dental caries are
Streptococcus mutans, Streptococcus sobrinus, and Lactobacillus
acidophilus. Other species such as Veillonella, Bifidobacterium,
Propionibacterium, Actinomyces, Atopobium, and Scardovia have
also been found to be associated with dental caries.14,15 Dental
caries manifest when acid-producing bacteria residing in the oral
cavity interact with the fermentable carbohydrate found in food.
When the supragingival biofilm matures, it creates a low pH
environment, demineralizing the tooth and eventually leading to
cavitation.16−18 Without adequate oral hygiene, certain micro-
organisms produce pathogenic characteristics, causing gingivitis.
When this condition persists through chronic bacterial
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infections, the subgingival plaque accumulation rearranges the
microflora from a healthy to diseased state, affecting the gingiva
and causing damage to the supporting connective tissue and the
bone that fixes the teeth to the jaws.17,19,20

The oral microbiome has been recognized as a vital player in
systemic health, with the disruption of the oral microbiome
potentially contributing to several chronic diseases such as
endocarditis, osteoporosis, and rheumatoid arthritis.21−23 Oral
health has also been found to play a role in the development and
progression of noncommunicable diseases (NCDs) such as
obesity, diabetes, cancers,24−26 and neuropsychiatric disorders
(NPDs).27−30 Thus, it has been proposed that the oral
microbiome could potentially be used to assess the risk for
certain diseases. Similar to the widely studied gut microbiome,
oral microbiome research is shifting to a holistic, systems-level
understanding of its functions and interactions with the human
body.31−33 Future studies will likely shed light on how the oral
microbiome can be restored to a healthy state.

2.2.1.2. Gastric. The stomach was previously believed to be a
sterile organ due to its inhospitality to bacteria. Such factors
include its acidic environment, reflux of bile acids, thickness of
the mucus layer, and conversion of food to nitrite by Lactobacilli
present in the oral cavity, which then transforms into the
antimicrobial nitric oxide. However, the lack of simple and
reliable diagnostic tests has hampered the study of the gastric
microbiome.34,35 With the discovery of Helicobacter pylori by
Barry Marshall and Robin Warren in 1982, this notion has since
been refuted. The most highly represented phyla in the gastric
mucosa under normal conditions are Proteobacteria, Firmicutes
(recently renamed to Bacillota36), Bacteroidetes (recently
renamed to Bacteroidota36), Actinobacteria, and Fusobacte-
ria.37−39 The gastric juice has a diverse microbial community
that differs from the gastric mucosa. The dominating phyla in
gastric juice are Firmicutes, Actinobacteria, and Bacteroidetes,
whereas Proteobacteria and Firmicutes are dominant in the
gastric mucosa.37,40,41 Furthermore, bacteria found in the oral
cavity and duodenum such as Veillonella, Lactobacillus, and
Clostridium can transiently colonize the stomach.40,42

Unsurprisingly, H. pylori is the predominant bacterium in the
stomach of H. pylori-infected patients,43 and most H. pylori
strains can modulate the gastric environment, thus altering the
habitat of resident microorganisms.44 Furthermore, alterations
in the gastric microbiome community can increase the risk for
developing gastric cancer.39 It was also reported that eradicating
H. pylori increased microbial diversity in the stomach.45 Even
though interactions between H. pylori and commensal bacteria
in the stomach are not fully understood, the discovery of its
direct effect on the healthy gastric microbiome may shed some
light on ways to modulate the gastric microbiome to prevent
progression to severe disease.

2.2.1.3. Intestines. The gut is the most densely and diversely
colonized organ, with a bacterial-to-host cell ratio of 1:1. A vast
majority of commensal bacteria reside in the colon, whereas a
lower bacterial population is found in the stomach and small
intestine. The main bacterial phyla present in the gut are
Firmicutes and Bacteroides, which make up 90% of the gut
microbiota.46 Other phyla that exist in the gut environment are
Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomi-
crobia.46 Notably, there are 200 different genera found under the
Firmicutes phylum, with some examples including Bacillus,
Lactobacillus, Enterococcus, Clostridium, and Ruminococcus.
Although lactobacilli are beneficial to health, some Firmicutes
species such as Staphylococcus aureus and Clostridium perfringens

are harmful to the body when overgrown. Meanwhile, the
predominant genera in Bacteroidota are Bacteroides and
Prevotella. The less abundant Actinobacteria phylum is largely
represented by Bifidobacterium, and this genus is known to have
a positive impact on health. Under the Proteobacteria phylum,
some well-known pathogens include Enterobacter, Helicobacter,
Shigella, Salmonella, and Escherichia coli.
The composition of the gut microbiota changes at three stages

in life: from birth to weaning; from weaning to obtaining a
normal diet; and finally, during old age. Facultative anaerobes
are the first to colonize the gut at birth, and these bacteria create
anaerobic conditions that promote the growth of obligate
anaerobes, starting with Bifidobacterium and Bacteroides spp.,
within 2 weeks.47 Infants born naturally are inoculated by the
mother’s vaginal and fecal microbiota during birth, whereas
those born by Caesarean section are initially exposed to the skin
microbiota as well as the microbiome found in the environ-
ment.48 At 3 days, infants who were naturally delivered
possessed a greater abundance and variety of Bifidobacterium
spp. than the Caesarean-born babies.49,50 Moreover, babies who
were solely breastfed until weaning were observed to generally
have a more stable and less diverse bacterial community, with
higher proportions of bifidobacteria than babies fed by formula
milk.51−54 After being introduced to solid food, their gut
microbiome diversified and the abundance of Firmicutes
increased.54−56 The microbiomes of breastfed and formula-fed
babies become indistinguishable by around 18months of age. By
the age of 3, their microbiomes resemble that of an adult.7,54 At
old age, there is reportedly a decline in microbiota diversity, with
reduced numbers of Bifidobacteria and an increase in Enter-
obacteriaceae.57,58 Likewise, the abundance of Bacteroidetes
increases, whereas the Firmicutes becomes less abundant in
elderly adults (>65 years).59

Apart from age, gut microbiome composition is also greatly
influenced by the environment in different anatomical locations.
The large intestine has slow flow rates, and the pH level ranges
from mildly acidic to neutral. Thus far, it comprises the largest
microbial community dominated by obligate anaerobes. The
large intestine comprises several microenvironments wherein
microorganisms reside. The epithelial surface and inner mucin
layer harbors minimal colonization during the healthy state,
whereas the diffuse mucin layer has specialist colonizers such as
Akkermansia muciniphila. The liquid phase of the gut lumen
comprises a diversity of microorganisms and specialized primary
colonizers like Ruminococcus spp. depending upon the dietary
fibers found in the gut lumen.60 Given that the small intestine
has a fairly short transit time of ∼3−5 h in digestion, the
presence of high bile concentrations that possess antimicrobial
activity61 makes the small intestine a challenging environment
for microbial colonizers.61 Molecular analysis has revealed that
the jejunal and ileal components comprise mainly facultative
anaerobes, including the bacterial phyla Proteobacteria and
Bacteroides and the Streptococci, Lactobacilli, and Enterococci
species.62,63

Gut bacteria are crucial for regulating digestion along the
gastrointestinal tract. The commensal bacteria play a key role in
processing nutrients and metabolites such as short-chain fatty
acids (SCFAs), bile acids, amino acids, etc.64 By doing so, some
of these bacteria facilitate host energy harvesting and metabolic
efficiency.65 Some of these members also play an important
immune function against pathogenic bacteria and prevent
bacterial invasion by maintaining intestinal epithelium integ-
rity.66 Although the composition of the microbiome species
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performs a key role in metabolism, the community’s metabolic
output is also dependent on the availability of substrates to the
microbiota67,68 or when extrinsic factors such as diet influence
the gut microbiome. Microbe-synthesized metabolites poten-
tially mediate crosstalk between the metabolic, immune, and
neuroendocrine systems, thus governing host wellness.69

In addition to regulating digestion, dominant, nonpathogenic
gut microorganisms occupy a specific niche, suppressing
pathogenic colonization and growth. However, when the
balance of the gut microbiome is perturbed, gut permeability
increases. This change in permeability allows opportunistic
pathogens to invade and colonize empty niches, changing the
gut environment. This may lead to the production of
dysregulated metabolites that are potentially harmful to the
host, causing a range of diseases. Increased gut permeability also
permits the entrance of microbe-derived products such as
metabolites, virulence factors, and other luminal components,
disrupting the gut microbiome’s normal function and con-
tributing to aberrant immune-inflammatory responses such as
inflammation, allergy, and autoimmune disorders mediated by
molecular mimicry and a dysregulated T cell response.70

Sometimes the source of the opportunistic pathogens comes
from the resident site of the microbiome, and this occurs when
the healthy nondisease state of the gut microbiome is disturbed,
causing the failure of colonization resistance against the
pathogenic member. An example is Clostridium difficile, which
exists in the normal gut microbiota but becomes pathogenic
when the healthy nondisease microbiome state is disrupted. C.
difficile may damage the cytoskeleton and colonic epithelial
barrier integrity, inducing aberrant inflammatory response and
cell death.71 C. difficile infection (CDI)-associated symptoms
include diarrhea, pseudomembranous colitis, sepsis, and
death.71 It is proposed that the dominant gut microbiota in
the healthy nondisease state confers protection to the host by
preventing the overgrowth of C. difficile as it is often related to
antibiotic-associated diarrhea compared to other pathogens
such as Salmonella species.72,73

Another commonly studied gut microbiome-associated
disease is inflammatory bowel disease (IBD). It is a group
idiopathic, chronic, and relapsing gastrointestinal inflammation
with two common forms: ulcerative colitis (UC) and Crohn’s
disease (CD).74 Inflammation occurs at any location along the
entire GI tract in CD. Meanwhile in UC, inflammation is
restricted to the large intestine. Both conditions are associated
with recurring fever, diarrhea, and abdominal pain. It was
suggested that dysbiosis in the gut potentially contributes to IBD
pathogenesis.75 An example is a reduction in the abundance of
Firmicutes such as Faecalibacterium prausnitzii and Roseburia
spp.76−78 These are butyrate-producing bacteria, with butyrate
being the primary energy substrate for colonocytes. Thus, a
decrease in Firmicutes could heighten local inflammation by
decreasing anti-inflammatory cytokines.78,79 As such, F.
prausnitzii has been explored as a probiotic for therapeutic use.76

Aside from IBD, other intestinal disorders associated with the
dysbiosis of the gut microbiota include irritable bowel syndrome
(IBS), celiac disease, and colorectal cancer (CRC). A study of
fecal samples from IBS patients exhibited a significant reduction
in the concentration of Lactobacillus species as compared to
healthy controls.80 Other studies have revealed that there is an
increase in the ratio of Firmicutes to Bacteroidetes in IBS
patients as compared to healthy individuals.81,82 There was also
a decrease in some Firmicutes families such as Lactobacilli and
Faecalibacterium, as well as Bifidobacteria and Collinsella under

the Actinobacteria population. In IBS patients, there was an
increase in abundance in some Firmicutes families (Veillonella,
Streptococci, and Ruminococcus spp.) and in Proteobacteria
(Enterobacteriaceae spp.). These findings reveal that there is a
loss of microbes associated with epithelial barrier function in IBS
patients.81,82 Although many diseases are hypothesized to have
an association or correlation with the microbiome, some studies
have also suggested the causation factors of the disease based on
microbial activities. With this information, therapeutics
advances can be developed.
Other microorganisms that live in the gut are viruses and

bacteriophages that make up the vast majority of gut
microbiota’s viral components. Dominant archaeal species
such as Methanosphaera stadtmanae and Methanobrevibacter
smithii are also found in the gut microbiome.83 Longitudinal
studies of the gut have shown that specific species of an
individual’s microbiota are very stable and persist for a year or
more.84,85 The specific communities of human gut microbiomes
are influenced by interindividual and intraindividual variation
throughout the life cycle. Examples of some factors that affect
variations in the microbiome include the intestine’s anatomical
regions, mode of delivery, method of milk feeding, weaning
period, age, diet, and antibiotic treatments. The gut environ-
ment varies between different anatomical regions in terms of
physiology, digesta flow rates, substrate availability, host
secretions, pH, and oxygen tension.

2.2.2. Respiratory System (Nasal, Airway, and Lungs).
2.2.2.1. Nasal. The nasal cavity is an essential interface to the
external environment. During inhalation, the airways are
exposed to the environment, which comprises microorganisms,
pollutants, aeroallergens, and more. A wide variety of potential
pathogenic and harmless bacteria reside in the nose, and this
diversity may be attributed to localized factors such as
temperature and humidity. The position in the respiratory
tract may also contribute to the diversity of the nasal
microbiome. For instance, the anterior nares have decreased
levels of microbiome biodiversity in comparison to the middle
meatus and sphenoethmoidal recesses. The anterior nares are
lined with keratinized squamous epithelium and sebaceous
glands that produce sebum and may impact bacterial diversity.86

However, a recent study did not detect any significant
differences in bacterial diversity among the middle meatus,
inferior turbinate, and anterior nares from healthy individuals,87

and thus, further studies may be required to obtain comparable
information.
The microbiome of the anterior nares in healthy adults has

been observed to be dominated by three phyla: Actinobacteria,
Firmicutes, and Proteobacteria.88 The anterior nares are further
classified into four distinct genus profiles comprising Staph-
ylococcus, Propionibacterium, Corynebacterium, or Moraxella.89

The middle meatus possesses a high abundance of Staph-
ylococcus aureus, Staphylococcus epidermidis, and Propionibacte-
rium acnes.90 The nasal microbiome in the unhealthy disease
state has not been well-characterized, making further research
necessary. Thus far, Staphylococcus aureus has been identified as
one bacterial species that potentially functions in the develop-
ment of the nasal disease chronic rhinosinusitis (CRS).
Colonization of the nasal cavity and sinus with S. aureus may
be associated with the presence of nasal polyps or disease
severity in CRS.91 An increased abundance of S. aureus has been
observed in CRS participants with nasal polyps, compared to
participants without the polyps.90 With this preliminary
information in hand, further studies on the clinical relevance
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of the nasal microbiome in CRS and the functional role of S.
aureus in CRS development should be explored in future
research.

2.2.2.2. Pharynx, Larynx, and Trachea. The respiratory tract
has long been thought to be sterile, largely due to the difficulty of
culturing bacteria from the tract. However, microbes from the
environment may first enter the upper tract (pharynx and
larynx) followed by the lower tract (trachea) through the oral or
nasal routes. As such, the upper respiratory tract has a greater
abundance of bacteria compared to the lower region.92,93 Given
the current ease of sample collection, future respiratory tract
microbiome studies may be explored further to obtain a
consistent microbiome among healthy individuals. Never-
theless, studies have shown that healthy individuals have a
lower abundance of Proteobacteria as compared to patients with
mild asthma.94 It was also reported that asymptomatic neonates
whose throats are colonized with Streptococcus pneumoniae,
Haemophilus influenzae, or Moraxella catarrhalis are at an
increased risk for recurrent wheezing and asthma early in life.95

These bacteria have consistently been associated with
exacerbations of both asthma96 and chronic obstructive
pulmonary disease (COPD).97 So far, there are still limited
studies on the respiratory tract microbiome, and further research
is required.

2.2.2.3. Lungs. In many textbooks, it is commonly held that
the lungs are normally sterile. However, during respiration, the
lungs are continuously exposed to a wide range of environmental
microbes. In the past, incompatible culture conditions have led
to the absence of bacteria in respiratory specimens, supporting
the misinterpretation that healthy lungs are free of bacteria.98

The invasive procedures involved in obtaining clinical samples
also contributed to the delay in the systemic investigation of the
lungmicrobiome.98While themost commonly used approach to
study bacterial communities is via high-throughput sequencing
of amplicons of the 16S rRNA gene, this technique presents
technical challenges when bacteria with a low biomass are
unable to mask any potential contaminants.98 Healthy lungs
contain a highly diverse interkingdom community of bacteria
including Prevotella, Veillonella, Streptococcus, Haemophilus,
Neisseria, and Corynebacteria.99−101 In addition to these, many
viruses such as Adenovirus, Rhinovirus, influenza, Epstein-Barr,
and measles, among others, as well as fungi species (Aspergillus
spp., Candida albicans, Candida immitis, Candida neoformans,
etc.) are also associated with the respiratory tract.98

In every lung disease, the composition of the lungmicrobiome
is altered compared to healthy controls. It is unknown if an
altered lung microbiome drives the progression of lung disease
or if it is a secondary consequence of the altered growth
environment of the lungs. In some disease states, an increased
airway wall permeability and mucus production introduces
nutrient supply to the normally sparse lung environment. The
mucus introduces pockets of increased temperature and
decreased oxygen tension, selectively favoring the growth of
disease-associated microbes.102,103 In the event of enhanced
immunogenicity, the airways and alveoli are exposed to
pathogen-associated molecular patterns and microbial metabo-
lites that provoke further inflammation, which in turn further
alters airway conditions.104 The generation of intraalveolar
catecholamines and inflammatory cytokines promotes the
growth of select bacterial species such as P. aeruginosa, S.
pneumoniae, Staphylococcus aureus, and Burkholderia cepacia
complex, whereas the recruitment and activation of inflamma-

tory cells kills and clears bacteria with variable, species-specific
effectiveness.105−108

It has been proposed that respiratory exacerbations are acute
events of respiratory dysbiosis�that is, the disorder and
dysregulation of the respiratory ecosystem�accompanied by a
dysregulated host immune response, eliciting negative effects on
the host.98 This is supported by a study that found that bacterial
communities in the patients’ airways shift away from
Bacteroidetes�the most abundant phylum in healthy sub-
jects�toward Proteobacteria and other disease-associated
bacteria at the time of exacerbation.109 Exacerbations are
activated by an inflammatory state that initiates a cascade of
inflammatory responses that escalates the dysbiosis−inflamma-
tion cycle, and homeostasis is only restored after the
disconnection of the positive feedback loop.98

2.2.3. Skin.The skin is the largest andmost exposed organ in
the human body. Despite having plenty of transient interactions
with the environment, the composition of the skin microbiota
remains surprisingly stable. The diversity and relative abundance
of the skin’s microbiome varies among individuals and the
physiology of the skin sites. Generally, the microbial community
has been categorized into three broad groups: oily, moist, and
dry.110 In some cases, “feet” is separately categorized from the
three broad groups because it has a distinct microbial signature
and is in regular contact with the ground, constituting unstable
microflora.111

These characteristics create many possibilities for the skin to
house numerous commensal bacteria, fungi, viruses, archaea,
and mites.110 They exist in different compositions and densities
at various skin sites, and altogether these microorganisms are
defined as the skin microbiome. The composition and
abundance of microorganisms are dependent on the physiology
of the skin site. For healthy adults, sebum-rich sites were
dominated by lipophilic Cutibacterium (formerly Propionibacte-
rium) species, whereas bacteria such as Staphylococcus and
Corynebacterium species thrive in humid and moist areas such as
the armpit, bends of the elbow, and feet.112−115 In contrast to
bacteria, the fungal community was not affected by the
physiology of the skin. As such, the predominant fungi at the
core body and arm sites are the genusMalassezia, while the feet’s
skin is colonized by a diverse community of Malassezia spp.,
Aspergillus spp., Cryptococcus spp., Rhodotorula spp., Epicoccum
spp., and others.115,116 Across skin sites, bacteria were more
abundant compared to fungi; however, as there are less fungal
reference genomes compared to bacteria, this may partly
contribute to the difference in the abundance.110 Unlike bacteria
and fungi, the colonization of eukaryotic viruses is not
dependent on the anatomical site.117 Currently, studies on the
interaction of the skin virome with the host and bacteriophages
is limited and will benefit from future research. For instance, a
study has revealed that a eukaryotic virus may cause a rare but
aggressive form of skin cancer.118 In contrast, bacterial and
fungal communities found at sebum-rich areas were found to be
the most stable, whereas those at the foot sites were the
least.117,119 This instability may be due to the transient presence
of fungi in the environment.110 Eukaryotic DNA viruses, on the
other hand, varied the most over time.117,119

The skin has comparatively less nutrients compared to the
nutrient-rich environment of the intestines, with its available
resources comprising sweat, sebum, and the stratum cor-
neum.120 As such, this promotes Propionibacterium acnes to
thrive in the anoxic sebaceous gland.121 This facultative
anaerobe also utilizes proteases to obtain amino acids from
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skin proteins,121 as well as lipases to degrade triglycerides that
retrieve free fatty acids, facilitating bacterial adherence.122−125 In
facial samples, the abundance of Propionibacterium spp.
positively correlates with the cheek’s sebum levels.126 Interest-
ingly, auxotrophic species such as Malassezia and Corynebacte-
rium employ the lipids found in sebum and from the stratum
corneum as they are unable to produce their own lipids for
certain functional roles.120 Thus, this may be one reason for the
dominance of the Malassezia species in the adult skin
mycobiome.110 Likewise, Staphylococcus spp. harbors strategies
for surviving on the skin, including halotolerance and utilizing
urea found in sweat as a nitrogen source.120 Staphylococcus spp.
also produces proteases that retrieve nutrients from the stratum
corneum and adherens that facilitate skin adhesion.120

Similar to the association of age with the gut microbiome, the
skin microbiome is also significantly affected by age. During
puberty, the increased level of hormones stimulates the
sebaceous glands to produce additional sebum. This results in
the skin of postpubescent individuals favoring the growth of
lipophilic microorganisms such as Propionibacterium spp.,
Corynebacterium spp.,127 and fungal Malassezia spp.128,129 On
the other hand, prepubescent children have a higher abundance
of Firmicutes (Streptococcaceae spp.), Bacteroidetes, and
Proteobacteria (betaproteobacteria and gammaproteobacteria)
as well as a more diverse fungal community.127,128 This reflects
the association between one’s age and the skin microbiome and,
hence, relates to the tendency to develop certain diseases at
different ages. For instance, in prepubescent children, cases of
atopic dermatitis related to Staphylococcus dropped, whereas
Malassezia-related tinea versicolor is more prominent in adults
as compared to children.130−132

To prevent colonization by pathogens, the skin’s resident
microbial members interact with each other. However, in some
conditions, bacteria that were originally beneficial may exhibit
pathogenicity associated with changes in the microbiota,
otherwise known as dysbiosis. For example, the bacterium P.
acnes, the most abundant microorganism present in the skin of
healthy adults, is associated with the acne vulgaris commonly
seen among teenagers.133,134 Even though P. acnes is present in
almost all adults, only a minority have acne issues, indicating that
the gene expression profile varies at the functional level and that
skin physiology�such as the level of sebum production and its
secretion rate�correlates with the severity of clinical
symptoms.135,136 In addition, it was reported that the presence
of P. acnes in the follicles and its formation of biofilms are
associated with acne development.137

S. aureus is commonly cultured from the skin of individuals
with atopic dermatitis (AD),138 also known as eczema. There are
factors supporting the hypothesis that the skin microbiome has
an influential role in disease pathogenesis. In the event of AD
flares, it was demonstrated that there is a decline in microbiome
diversity and a dramatic increase in the abundance of S. aureus
compared to the healthy or postflare state.139−141 Additionally,
the relative abundance of staphylococci advanced closely with
the severity of the AD flare. Even though the correlation of S.
aureus with AD during active disease exacerbation is known, the
functional role of staphylococci in driving disease states is still
poorly understood. Furthermore, it is also unknown if S. aureus
contributes to disease initiation due to dysbiosis or if the changes
in the microbial community are a consequence of the disease
state.

2.2.4. Urinary System. The urinary bladder was tradition-
ally considered sterile as any bacteria found in the bladder was

assumed to be pathogenic. However, with the discovery of the
existence of nonpathogenic microbes in the human body, this
notion has been abolished.142 Due to advances in sampling and
DNA sequencing techniques, commensal microbes have been
identified in the urinary tract.143 However, research on the
urinary microbiome, or the urobiome, remains limited and
understudied. In general, the abundance and diversity of the
microbiome in the urine is lower compared to the gut by∼106−
107 times.144 The detection of the urobiome remains limited by
the sampling method used. For example, some bladder mucosa-
associated bacteria are undetectable in urine samples, and
invasive methods are necessary for detection. The urobiome is
similar for both genders, and the majority of the bacteria found
belong to the phylum Firmicutes. Other phyla found in the
urobiome are Actinobacteria, Bacteroidetes, and Proteobac-
teria.145 Common genera for both genders are Escherichia,
Enterococcus, Prevotella, Streptococcus, and Citrobacter.146

Pseudomonas was detected only in males, whereas Corynebacte-
rium and Streptococcus were more abundant in males compared
to females.146,147 On the other hand, the abundance of
Lactobacillus was found to be higher in females compared to
males.146,147 Even though Lactobacillus is generally known as a
probiotic, some species are associated with certain pathologies.
For instance, Lactobacillus gasseri is associated with urgency
urinary incontinence (UUI).144 Moreover, a decrease in the
abundance of Lactobacillus facilitates the colonization of disease-
causing uropathogens.147 Gardnerella is second to Lactobacillus
in terms of abundance among the urobiome in females. The
most abundant species is Gardnerella vaginalis, with some
pathogenic strains, causing urinary tract infections (UTIs) in
women, which is comparatively less frequent in men.144,148 In
general, the dominant genera found in the female urinary
microbiome are Atopobium, Citrobacter, Enterococcus, Escher-
ichia,Gardnerella, Lactobacillus, Prevotella, Shigella, Sneathia, and
Streptococcus, with the dominating species exclusive to healthy
women being Lactobacillus crispatus, Gardnerella vaginalis, and
Atopobium vaginae.149 However, reports on the male urobiome
are significantly fewer compared to the female urobiome, and
the small sample size may hinder the identification of differences
in the urobiome of both populations.150 Finally, in healthy
males, it is known that Staphylococcus haemolyticus is an
abundant species.151

The anatomical proximity and physiology of body sites
influences the microbial community and their abundance.
Unlike males, the proximities between the opening of the
reproductive organ and the urinary tract are closer to each other
in females. Thus, the vagina might be the main source of the
microbial community in the urinary tract. In two studies, the
existence of a common urogenital microbiota in both vaginal
and urine samples was reported.152,153 However, some differ-
ences were also observed. For instance, the genera Tepidimonas
and Flavobacterium were found to be present in the urobiome,
even though they are absent in the vaginal microbiome.153 Other
urobiomes such as the urinary fungal community have not been
well-characterized, though the presence of Candida spp. has
been reported in healthy individuals.144 To date, only one
species of archaea (Methanobrevibacter smithii) has been
reported to be associated with urinary infection.154 A urinary
virome has also been detected, including lytic bacteriophages
such as a Pseudomonas aeruginosa-infecting phage isolated from
kidney stones155 or Escherichia coli-infecting phages isolated
from the bladder of females suffering from UUI.156
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UTIs are one of the most common bacterial infections found
in humans, especially among women due to the design of the
female anatomy. UTIs have been commonly associated with
Escherichia coli, but other commensal members are found in the
gut microbiota, such as Enterococcus and Staphylococcus.157

Interestingly, there seems to be a correlation between an
increase in the intestinal abundance of these genera and a higher
prevalence of UTI.158,159 E. coli is also part of the commensal
urobiome, and hence, it has been detected in healthy individuals.
However, there are some differences in the motility genes
between the isolates found in UTI patients and those in healthy
individuals.160 Moreover, E. coli has greater pathogenicity when
it is isolated together with Enterococcus; however, the
mechanisms underlying this coinfection are not yet well-
understood.161,162

The vaginal microbiota may also impact the host’s
susceptibility to UTI. For instance, women with recurrent
UTI become resistant if their vaginal microbiome is altered by
the administration of probiotics, especially Lactobacillus crisp-
atus.163 Furthermore, women with bacterial vaginosis caused by
the overgrowth of anaerobic species such asGardnerella vaginalis
suffer more UTIs than women with microbiomes composed
mainly of Lactobacillus.164 Studies have shown that temporary
exposure to some strains of Gardnerella vaginalis triggers the
activation of E. coli from dormant intracellular reservoirs in the
bladder, enhancing the chance of developing recurrent UTI
through the induction of apoptosis and interleukin 1-receptor-
mediated injury in bladder epithelial cells.165 These results
extend the classic concept of UTI pathogenesis, suggesting that
the disease may be driven by occasional exposures of the urinary
tract to gut or vagina-associated bacteria that are not
traditionally considered as uropathogenic.

2.2.5. Reproductive System. 2.2.5.1. Vaginal. The human
vaginal microbiome differs from other body sites as it is
dominated by a single genus, Lactobacillus.166−168 Because
Lactobacillus spp. lower vaginal pH, they inhibit the growth of
many pathogens and beneficially impact the host epithelium,
modulating the immune system.169−172 It was reported that
∼25% of women in North America possess vaginal microbiomes
that are not dominated by Lactobacillus.173 Instead, their

microbiomes are composed of an even population of obligate
and facultative anaerobes−namely, species in the genera
Gardnerella, Prevotella, Atopobium, Sneathia, Megasphaera, and
Peptoniphilus.166,168,173−175 Interestingly, having such a vaginal
microbiome correlates with the higher tendency of being
diagnosed with bacterial vaginosis (BV),176,177 a bacterial
infection resulting from the imbalance of beneficial and harmful
bacteria. Thus, epidemiological studies have associated micro-
biomes that are not dominated by Lactobacillus with an
increased risk of acquiring sexually transmitted infections
(STIs)178−181 and preterm birth.182−186 This also suggests
that having a non-Lactobacillus-dominated community may be
less protective toward developing adverse health outcomes.187

The vaginal epithelium is coated in a cervical mucus layer that
is regulated by hormones.188 Themucus is composed of protein,
lipids, water, and glycoproteins, also referred to as mucins.189

Mucins have been hypothesized to possess a protective role in
the vaginal epithelium andmay also serve as a nutrient source for
the vaginal microbiome.190−193 Mucin levels change throughout
the menstrual cycle and similarly, the level of glycogen fluctuates
throughout the cycle too.194−196 Glycogen is produced by the
vaginal epithelium, and epithelial cells consist of a high level of
glycogen compared to other epithelial tissues.197 Similar to
mucin, glycogen is also thought to be a nutrient source for the
vaginal microbiome.198,199 The characteristics of vaginal
physiology are influenced by hormonal changes. Therefore,
during menopause, the levels of cervical mucus and glycogen
decline, and the usual acidic environment of the vagina changes,
contributing to the modified microenvironment for the vaginal
microbiome.200

Vaginal microbiota with a lower abundance of Lactobacillus
and a higher proportion of facultative and obligate anaerobes
such as Gardnerella, Prevotella, Atopobium, and Sneathia are
associated with acquiring diseases like STIs and human
immunodeficiency virus.178,201 This vaginal microbiome profile
has also been linked to both the incidence and prevalence of
human papillomavirus.202,203 Despite continuous research
seeking to establish the association between vaginal microbiota
and health, there is still insufficient information for connecting
casual mechanisms and pathways. Nevertheless, an exploratory

Table 1. Predominant Microbiome Present on Different Body Sites and Their Relationship with Disease

body site predominant microbes microbiome-associated diseases

mouth bacterial phyla: Actinobacteria, Bacteroidetes, Firmicutes, Fusobacteria,
Proteobacteria, and Spirochaetes

dental caries (Streptococcus mutans, Streptococcus sobrinus, and
Lactobacillus acidophilus)14,15

fungal genera: Candida, Cladosporium, Saccharomycetales, Fusarium,
Aspergillus, and Cryptococcus

periodontitis (Streptococcus salivarius may reduce the disease
development)13

stomach bacterial phyla: Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes, and
Fusobacteria

gastric cancer (Helicobacter pylori)39

intestines bacterial phyla: Firmicutes and Bacteroides inflammatory bowel disease (lower abundance of Firmicutes)76−78

archaeal species: Methanosphaera stadtmanae and Methanobrevibacter smithii irritable bowel syndrome, celiac disease, and colorectal cancer
(reduction in Lactobacillus species)80

nose bacterial phyla: Actinobacteria, Firmicutes, and Proteobacteria chronic rhinosinusitis (Staphylococcus aureus)91

airway and
lungs

bacterial phyla: Firmicutes, Proteobacteria, and Bacteroidetes asthma (lower abundance of Proteobacteria)94

fungal species: Candida albicans, Ceriporia lacerata, Saccharomyces cerevisiae,
and Penicillium brevicompactum

chronic obstructive pulmonary disease (Streptococcus pneumoniae,
Haemophilus influenzae, or Moraxella catarrhalis)95

viruses: Herpesviridae
skin bacterial phylum: Actinobacteria, Firmicutes, Bacteroidetes, and

Proteobacteria
atopic dermatitis (Staphylococcus aureus)138

bladder bacterial phylum: Firmicutes urgency urinary incontinence (Lactobacillus gasseri)144

urinary tract infection (Gardnerella vaginalis)144,148

vagina bacterial phylum: Firmicutes (Lactobacillus) bacterial vaginosis, sexually transmitted infections (not dominated by
Lactobacillus)173,178−181
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study that used vaginal microbiota transplants (VMTs) has
demonstrated long-term remission of women with recurrent
bacterial vaginosis,204 and such an approachmay be employed in
the future to gain insights into the modulation of the vaginal
microbiome for therapeutic purposes.
2.3. Summary
In this section, we described how the large and diverse groups of
microorganisms that reside in various parts of the human body
(Table 1) have a highly coevolved relationship with human
health. Microbiome research has highlighted the importance of
human-microbiota ecosystems in the promotion of health and
various disease-causing processes. This also suggests that the
microbiome is a potential target for disease management. In the
following section, we will present various strategies by which the
composition and function of the microbiome can be modulated
for therapeutic outcomes. With more studies revealing the
mechanistic insights of the microbiome in relation to health,
therapeutics applications can be refined.

3. STRATEGIES TO ENGINEER THE MICROBIOME FOR
THERAPEUTIC APPLICATIONS

As described in section 2, the human microbiome plays a crucial
role in healthmaintenance as it can influence the development of
various diseases. This knowledge has led to the emergence of
new therapeutic approaches that target both acute and chronic
diseases by modulating the host microbiome. The rapid increase
in the availability of robust, broad-spectrum, and easy-to-use
synthetic biology tools (as discussed in section 4) has further
contributed to unlocking the potential of engineering the
microbiome to prevent and treat diseases.
In this section, we present different methods by which the

human microbiome can be rationally engineered. We also
discuss examples that demonstrate that microbiome engineering
is a viable way to target diseases and enhance human health.
3.1. Changing the Population Dynamics of the Microbiome
The composition of the human microbiome is unique to every
individual and is constantly fluctuating due to factors such as
age, diet, host genetics, and medication. Nevertheless, distinct
microbiome profiles have been associated with specific diseases
by comparing the differences between patients and healthy
controls. These differences can occur at any level of the
taxonomic rank, with previous reports showing phylum-level to
species-level associations.205 Several methods have been applied
to correct microbiome differences with varying specificity and
magnitude, as discussed later.

3.1.1. Increasing the Abundance of Specific Members
of the Microbiome. A low microbial diversity of the human
microbiome is significantly associated with several diseases.206

However, the changes observed in the microbiome composition
might be dissimilar in different populations. For example, Dutch
and Belgian cohorts showed a negative correlation between the
Bacteroidetes enrichment and diversity,207 whereas a positive
correlation was observed between Bacteroidetes and diversity in
African individuals,208 underscoring the need for population-
specific comparisons of the microbiome between healthy
individuals and patients. The ratio of the two most dominant
phyla in the microbiome, namely, Firmicutes/Bacteroidetes, is
one of the most important parameters representing microbiome
diversity, at least in the gut. Previous reports have shown a high
ratio of Firmicutes/Bacteroidetes in obese Ukrainian adults
compared to their lean counterparts.209 A similar observation
was also made in Dutch210 and Japanese211 individuals with a

systematic review of 32 studies across varied populations,
confirming the positive correlation between the Firmicutes/
Bacteroidetes ratio and obesity.212 In contrast, a decreased
Firmicutes/Bacteroidetes ratio has been observed in patients
with inflammatory bowel disease (IBD). Manichanh et al.
reported a significant reduction in the proportion of Firmicutes
in the microbiome of patients with Crohn’s disease (CD)
compared to the healthy microbiome.213 The alteration in the
gut microbiome was also associated with disease activity and
severity, with lower Firmicutes observed in patients with active
ulcerative colitis (UC) compared to the inactive disease and in
aggressive CD compared to the nonaggressive disease.214

Firmicutes in the gut, particularly the genus Faecalibacterium,
were also reduced in patients with major depressive disorder and
bipolar disorder,215 as well as chronic fatigue syndrome.216

Apart from Firmicutes and Bacteroidetes, a lower abundance of
other phyla in the gut, such as Actinobacteria, have also been
associated with several diseases. Bifidobacterium is one of the
most important genera belonging to the Actinobacteria, with
lower counts of bifidobacteria found in celiac disease,217 irritable
bowel syndrome,218 and Alzheimer’s disease.219

The correlation between the decrease in microbiome diversity
and disease development is not only limited to the gut; it has
been observed in other anatomical locations as well. Kong et al.
reported reduced skin microbiome diversity in patients with
atopic dermatitis, with an enrichment of Staphylococcus
sequences and depletion of Actinobacteria.220 In the lung,
reduced microbial diversity and an abundance of Firmicutes was
found to be significantly associated with the progression of
idiopathic pulmonary fibrosis.221 The depletion of Lactobacillus
spp., predominant members of the healthy urine microbiome in
females, was observed in patients with UUI,144 a predisposition
to UTI,222 and overactive bladder.223

3.1.1.1. Probiotic Supplementation. The studies mentioned
earlier demonstrate that decreased levels of specific phyla or
genera of microbes in the microbiome are significantly
associated with disease development and progression. There-
fore, engineering the microbiome to correct this imbalance is
imperative to alleviate associated disorders and promote health.
This can potentially be achieved by exogenously supplementing
beneficial bacteria, such as probiotics, which can rebalance the
microbiome. Such strategies have been evaluated previously and
were found to be successful in some cases.
Joung et al. studied the effect of oral administration of L.

plantarum K50 or L. rhamnosus GG to obese mice on a high-fat
diet for 12 weeks.224 At the end of the intervention, they showed
that treated mice had reduced body weight and serum
triglyceride levels as well as increased high-density lipoprotein
cholesterol levels. A high Firmicutes/Bacteroidetes ratio was
seen in nontreated obese mice, as seen in obese human
individuals, which significantly reduced after treatment with the
probiotic strains.224 In another study, the administration of L.
rhamnosus GG to mice on a high-fat diet led to the reversal of
resistance to leptin (an appetite-regulating hormone), an
increase in fecal microbiome diversity, and a reduction in the
Proteobacteria phylum.225 A meta-analysis of 15 clinical trials
comprising a total of 957 participants concluded that probiotic
intervention resulted in a significant reduction of body weight,
fat percentage, and body mass index but not fat mass when
compared to the placebo.226 Although most clinical trials
conducted did not perform microbiome analyses, changes in the
composition of the fecal microbiome post-L. salivarius Ls-33
administration in obese adolescents were reported by Larsen et
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al., with a significant decrease in the Firmicutes/Bacteroidetes
ratio.227 However, the study did not find any changes in
anthropometric and inflammatory parameters,228 making the
correlation between changes in the gut microbiome and obesity
ambiguous in humans.
Apart from the commonly used Lactobacillus and Bifidobacte-

rium strains, Akkermansia muciniphila has found wide
applications in treating cardiometabolic diseases, including
obesity and diabetes. A. muciniphila is one of the most abundant
species of the human gut microbiome; its depletion has been
reported in obese and diabetic mice and, more importantly, in
humans with pathologies such as obesity, type 2 diabetes,
hypertension, and IBD.229 Due to this clear negative correlation
between A. muciniphila and cardiometabolic diseases, the safety
and efficacy of A. muciniphila supplementation in counteracting
obesity and diabetes was evaluated in a randomized, double-
blind, placebo-controlled study with 40 overweight or obese
individuals.230 It was observed that, compared to the placebo,
both live and pasteurized A. muciniphila (1010 CFU per day)
were safe and tolerable for the study duration (3 months) with
no reported adverse events. After 3 months, the group receiving
pasteurized A. muciniphila showed improved insulin sensitivity
as well as reduced cholesterol and body weight compared to the
placebo. A reduction in the levels of markers for liver
dysfunction was also seen in pasteurized A. muciniphila but
not in the live microbe group. No change in the gut microbiome
composition was seen in either of the groups. Strikingly, the
pasteurization of A. muciniphila exacerbated its beneficial effects,
raising interesting questions about the bacteria’s mechanism of
action. Although an outer membrane protein called Amuc_1100
was found to partly recapitulate A. muciniphila’s beneficial
effects,231 further elucidation of the mechanism is warranted.
As for obesity, the administration of probiotics was evaluated

for IBD management. Wang et al. showed that administering a
mixture of L. plantarum ZDY2013 from acid beans and B.
bifidum WBIN03 from infant feces to dextran sodium sulfate
(DSS)-induced UC in mice led to the downregulation of the
pro-inflammatory cytokines and upregulation of antioxidant
factors.232 Subsequently, the microbiome analysis of fecal
samples from the mice revealed an increase in the abundance
of unidentified Firmicutes and a decrease in Bacteroidetes. L.
fermentum strains isolated from healthy individuals also
demonstrated similar effects on the innate immune system in
mice with DSS-induced colitis.233 The administration of L.
fermentum KBL374 and KBL375 resulted in decreased levels of
inflammatory cytokines and increased levels of the anti-
inflammatory interleukin (IL)-10. L. fermentum administration
also reshaped the gut microbiome of mice by increasing the
abundance of Lactobacillus and Akkermansia spp. and decreasing
Bacteroides numbers.233 Despite these reports of probiotics
ameliorating IBD inmice, multiple clinical trial results have been
discouraging. In a randomized, double-blind, placebo-controlled
clinical trial comprising 142 patients with asymptomatic UC or
CD, treatment with a multistrain probiotic cocktail showed no
improvement in quality of life and other laboratory parameters,
with a reduction in the fecal calprotectin levels of UC patients
being the only significant finding.234 Another clinical trial
comprising 56 UC patients showed that administering B. longum
536 resulted in a significant decrease in the disease activity score
after 8 weeks, but it was not statistically different from the
placebo group at the end of the treatment.235 Improvements in
rectal bleeding and endoscopic score were observed in the
probiotic group, but not in the placebo group. Moreover, the

meta-analyses of clinical trials with UC and CD patients given
probiotics concluded that probiotics are somewhat beneficial in
UC, particularly in maintaining remission, but not in CD
patients.236,237 This might be due to the insufficient period of
treatment or delays in intervention.237

The bacterium F. prausnitzii, which belongs to the phylum
Firmicutes, is a prominent member of the gut microbiome,
accounting for 5% of total fecal bacteria.238 A negative
association between the abundance of F. prausnitzii and IBD
has been confirmed by a meta-analysis of 16 studies
encompassing 1700 CD or UC patients.239 It was found that
both CD and UC patients had a lower abundance of F.
prausnitzii compared to healthy controls. Furthermore, patients
with active CD and UC had reduced F. prausnitzii when
compared to patients with CD and UC in remission,
respectively. The importance of F. prausnitzii was further
confirmed by in vivo studies in which the administration of
bacteria to mice models of colitis led to reduced disease
severity.240,241 Surprisingly, no clinical trial involving the
supplementation of this bacteria to IBD patients has been
conducted yet, likely due to F. prausnitzii’s extreme oxygen
sensitivity, making it difficult to cultivate even in an anaerobic
environment.242

Few studies have evaluated changes in the fungal diversity and
virome of patients with IBD. Sokol et al. reported a decrease in
the levels of Saccharomyces cerevisiae and an increase in Candida
albicans in IBD patients compared to healthy subjects.243

Malassezia restricta, a common skin fungus, was also found in
abundance in the gut of CD patients.244 This fungus is known to
elicit the release of inflammatory cytokines from innate immune
cells, thus contributing to IBD development.244 Similarly, the
gut microbiome of UC and CD patients had a significant
expansion ofCaudovirales bacteriophages, whichmay contribute
to intestinal inflammation.245 Previous clinical trials have shown
that S. boulardii, a closely related yeast to S. cerevisiae, can be
used as an adjuvant therapy to induce remission or prevent the
relapse of IBD in remission.246 However, no clinical trial has
evaluated S. boulardii as a standalone IBD treatment.
Atopic dermatitis (AD) is a common skin allergic condition

associated with a dysbiotic skin microbiome with a higher
abundance of S. aureus. Studies on culturable Gram-negative
bacteria from the skin of AD patients and healthy individuals
revealed that Roseomonas mucosa from healthy volunteers, and
not AD patients, was associated with the amelioration of AD in a
mice model.247 On the basis of these results, a clinical trial
comprising children below 7 years of age with AD (the most
common group suffering from the disease) treated with R.
mucosa isolated from healthy individuals was conducted.248

Treatment with the commensal bacteria led to an improvement
in the skin epithelial barrier function, lowered S. aureus burden,
increased the skin’s microbial diversity, and reduced the
requirement of topical steroids for treatment. These positive
effects were associated with the activation of the tissue-repair
pathways by the glycerophospholipids produced by R. mucosa
from healthy individuals, which were not produced by the
isolates from AD patients.248

The alteration of vaginal flora has been shown to be associated
with recurrent UTI, with the colonization of UTI-causing E. coli
being derepressed due to the lower abundance of hydrogen
peroxide-producing Lactobacillus in the vagina.249 L. crispatus
CTV-05 is a vaginal isolate that can produce hydrogen peroxide
and adhere to the vaginal epithelial layer,250 thus making it an
ideal probiotic candidate for the treatment of recurrent UTI. In a
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randomized, placebo-controlled Phase 2 trial comprising 100
women with recurrent UTI, the patients were given a placebo or
L. crispatus CTV-05 intravaginally for 10 weeks.251 Recurrent
UTI occurred in only 15% of the patients receiving the probiotic
treatment compared to 27% in the placebo group. High levels of
vaginal L. crispatus were observed in both groups, suggesting the
expansion of the endogenous L. crispatus population in the
placebo group. However, it was not associated with significant
therapeutic advantages, unlike the L. crispatus CTV-05 isolate,
which is able to outcompete E. coli in the vagina.251

3.1.1.2. Prebiotic Supplementation. An alternative to the
exogenous supplementation of probiotics is the administration
of prebiotics, which are nondigestible substrates that can be
utilized by members of the host−microbiome to confer health
benefits.252 Prebiotics are usually oligosaccharides that stimulate
the growth of one or more species of bacteria already present in
the microbiome. As different prebiotics can selectively increase
the abundance of the microbes that can utilize them, these
substrates can be used to remodel the microbiome�
transitioning it from a disease state to a relatively healthier
state (Figure 1). Some common prebiotics are fructo-
oligosaccharides (FOS) derived from inulins, galacto-oligosac-
charides (GOS), xylo-oligosaccharides (XOS), and lactulose.253

FOS, GOS, and XOS have been shown to promote
Bifidobacterium expansion in the human gut, although there
are conflicting reports of their effect on other bacterial genera
due to differences in intervention doses and duration.254−256

In a prospective study on European newborn infants for the
first 2 years of age, a gut microbiome analysis using stool samples
was performed on infants with and without atopic dermatitis or
other skin allergies.257 Lower counts of Bifidobacterium were
observed in the first year of life in infants with allergies compared
to healthy controls. A higher number of Clostridia at 3 months,
higher S. aureus at 6 months, and lower Bacteroides at 12 months

were also observed.257 An increase in Bifidobacterium levels after
prebiotics administration to prevent atopic dermatitis was also
evaluated in a randomized, prospective, placebo-controlled
clinical trial comprising 259 infants receiving either 8 g/L of
prebiotics (a mixture of GOS and FOS) or placebo.258 It was
observed that the group that received prebiotics showed a lower
incidence of atopic dermatitis at 6 months of age compared to
the group that received the placebo. This was accompanied by
an increase in the levels of bifidobacteria, but not lactobacilli, as
determined by the colony-forming units from the stool samples.
Other microbes in stool samples were not analyzed. A similar
reduction in the incidence of allergies was reported in infants
receiving prebiotics until 2 years of age, although changes in
microbiome composition were not determined.259 The
bifidogenic effect of FOS was also shown in adults with CD,
wherein treatment with 15 g of FOS for 3 weeks led to an
improvement in disease activity, an increase in the fecal
bifidobacteria, and the modification of mucosal dendritic cell
functions, such as increased IL-10 expression.260

The modulation of the gut microbiome by prebiotics also has
applications in cancer therapy. In a study by Han et al., the
administration of a colon-retentive inulin gel to a mice model of
colorectal cancer improved the antitumor efficacy of the
immune checkpoint blocker, antiprogrammed cell death
protein-1 (α-PD-1).261 Previous studies have shown that
patients that respond to immune checkpoint blockers have a
higher abundance of beneficial bacteria, such as Bifidobacterium,
Akkermansia, Ruminococcaceae, and Faecalibacterium in their
gut microbiome compared to nonresponsive patients.262−264

Han et al. showed that the oral administration of the inulin gel to
the mice led to the expansion of such beneficial bacteria,
including Akkermansia, Lactobacillus, and Roseburia. This
elicited a T cell response in the mice that worked in synergy
with α-PD-1 for an enhanced antitumor effect.261

Figure 1.Modulation of microbiome composition by probiotics and prebiotics. A dysbiotic microbiome can contribute toward obesity development,
inflammation, and cancer. Administering probiotics and prebiotics can change microbiome composition to ameliorate diseases.
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3.1.2. Depletion of Specific Members of the Micro-
biome. Contrary to increasing the abundance of specific
microbes in the microbiome, the selective depletion of certain
members is another viable way of engineering the microbiome,
particularly during infections. Since the discovery of penicillin in
1928, antibiotics have been the primary mode of defense against
pathogens. However, most antibiotics currently in use are
nonspecific in their antimicrobial activity and, consequently,
cause a significant decrease in the diversity and richness of the
human microbiome. Dethlefsen and Relman showed that there
was a rapid shift in the composition and loss of diversity in the
gut microbiome of individuals within 3−4 days after
administration of ciprofloxacin.265 Although some members of
the gut microbiome recovered after the end of the antibiotic
course, recovery was incomplete, and the final composition was
altered compared to the initial state. The altered composition of
the microbiome due to antibiotics is also associated with
increased susceptibility to other pathogens, immune dysregula-
tion, and the rise of resistance genes.266,267 To negate the
negative impact of antibiotics on the microbiome, targeted
therapies against pathogens are required. Some small-molecule
antibiotics are in clinical development and show promise against
specific pathogens. For example, ridinilazole is a DNA-binding
small molecule with highly targeted action against Clostridium
difficile.268 In a Phase II randomized, double-blind clinical trial,
ridinilazole was found to provide a superior clinical cure with no
infection recurrence, compared to the current standard-of-care
vancomycin.269 This was accompanied by a less disrupted
microbiome in the case of ridinilazole. Vancomycin treatment
led to a significant reduction of Firmicutes, Bacteroidetes, and
Actinobacteria and the expansion of Proteobacteria, whereas
ridinilazole showed only a modest reduction of the Firmi-
cutes.270 Similarly, targeted antibiotics against the skin pathogen
S. aureus, pneumonia-causing P. aeruginosa, and Enterobacter-
iaceae are also in development.271

In addition to the collateral damage to the microbiome,
broad-spectrum antibiotics may also suffer from poor efficacy,
such as in biofilms in which the pathogens remain impervious to
the antibiotics. This is exemplified in the case of bacterial
vaginosis, which is characterized by the displacement of
beneficial Lactobacillus spp. with anaerobic bacteria, predom-
inantly Gardnerella vaginalis, which forms a biofilm on the
vaginal epithelium.272 Broad-spectrum antimicrobials have
shown high short-term curing rates but are unable to prevent
the recurrence of vaginosis, partly due to biofilm formation.273

Landlinger et al. developed a narrow-spectrum engineered
endolysin, a peptidoglycan-degrading enzyme, by identifying
and performing domain shuffling on 14 native endolysins
present in Gardnerella.274 Among the various candidates, PM-
447 was selected based on its high antimicrobial activity against
various Gardnerella spp. and negligible activity against
Lactobacillus spp. and other vaginal microbes. Interestingly,
PM-447 was also able to target Gardnerella in vaginal samples
from 13 patients with bacterial vaginosis and disperse the biofilm
without affecting the remaining vaginal microbiome.274 Further
evaluation of PM-447 in animal models is still awaited.
Vaccines also have the potential to eliminate pathogens in the

human microbiome to prevent diseases. For example, the
pneumococcal conjugate vaccine (PCV-7) against Streptococcus
pneumoniae has significantly decreased the prevalence of invasive
pneumococcal disease, particularly in young children.275 PCV-7
was designed against the seven virulent serotypes of S.
pneumoniae, a natural colonizer of the upper respiratory tract.

However, studies have shown that the niche vacated by virulent
serotypes of the bacteria after vaccination was occupied by
nonvaccine serotypes. Furthermore, an increase in the
abundance of S. aureus, an ecological competitor of S.
pneumoniae, was also observed.276,277 The use of a broader
PCV-13 vaccine was found to increase the diversity and stability
of the nasal microbiome,278 likely due to the opening of a larger
niche that was occupied by nonpneumococcal bacteria.279

As an alternative to antibiotics and vaccines, bacteriophages
have also been used as natural predators that target pathogenic
bacteria and their associated diseases. The main advantage of
using phages is their narrow host range, enabling precise
elimination of the pathogen.280 Phages specific against S. aureus,
Enterococcus faecium, Vibrio parahaemolyticus, Acinetobacter
baumannii, andMycobacterium tuberculosis have been previously
isolated and found to be effective in targeting even antibiotic-
resistant variants of the pathogens, at least in in vitro and in vivo
models.281

Beyond infections, bacteriophages have also been used as
therapies against other disorders by modulating the micro-
biome. Duan et al. showed that patients with alcoholic hepatitis
have a higher number of fecal E. faecalis compared to
nonalcoholic individuals or patients with other alcohol-use
disorders.282 The authors identified cytolysin, an exotoxin
produced by E. faecalis in the gut, to be responsible for liver
injury. Upon administration of a bacteriophage targeting E.
faecalis in mice inoculated with bacteria from patients with
alcoholic hepatitis, a significant decrease in cytolysin levels was
observed, accompanied by reduced liver injury. The fecal count
of Enterococcuswas also reduced, but no significant change in the
microbiome composition was observed, indicating the targeted
elimination of E. faecalis.282

In another study, Zheng et al. used a phage isolated from
human saliva against the pro-tumoral Fusobacterium nucleatum
to develop a novel therapy for colorectal cancer (CRC).283

Previous studies have shown that a high proliferation of F.
nucleatum causes chemoresistance in CRC.284 Therefore, by
using a phage targeting F. nucleatum in combination with
nanoparticles loaded with a chemotherapy drug, the authors
demonstrated superior efficacy of this method in different CRC
mice models, compared to the chemotherapy drug alone or an
antibiotic cocktail. A significant reduction of F. nucleatum and an
increase in the abundance of antitumoral SCFA-producing
bacteria were also seen in the gut of the mice.283

Bacteriophages have also been used to treat acne vulgaris, one
of the most common dermatological disorders worldwide. One
contributing factor to the development of the disease is the
higher abundance of Propionibacterium acnes, although the exact
mechanism is still debatable.285 To reduce the number of P.
acnes, Brown et al. formulated an aqueous cream comprising a
cocktail of bacteriophages isolated from human skin microflora
against P. acnes.286 The cream was found to be effective in lysing
P. acnes in vitro but has yet to be evaluated in animal models.
Engineered bacteria, both commensal and probiotic, are also

emerging as robust therapies for targeted pathogen eradication.
Although probiotic bacterial strains are known to prevent
infection through the competitive exclusion of the pathogen and
native production of antimicrobial agents,287 these strategies
often show poor clinical efficacy. With the aid of synthetic
biology, novel functionalities can be incorporated into the
bacteria of choice to enable highly efficient and selective
pathogen elimination. This is achievable due to the integration
of biosensors in the bacteria that detect quorum signaling
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molecules produced by the target pathogen, such as acyl
homoserine lactone (AHL) by P. aeruginosa288 and auto-
inducing peptides (AIP) by S. aureus,289 which in turn activates
the production and secretion of an antibacterial agent. Due to
the high species specificity of quorum signaling molecules, the
precise delivery of the therapeutic molecule becomes feasible�
potentiating the use of engineered bacteria as viable alternative
therapies for infections. Such strategies have been previously
used to target P. aeruginosa,288 S. aureus,289 and V. cholerae.290

Although these studies demonstrated the efficacy of the
engineered bacteria in eliminating the target pathogen in either
in vitro or in vivo models, the extent to which the microbiome is
perturbed due to the administration of the engineered bacteria
was not evaluated. Depending upon the chassis used, the
engineered bacteria might rapidly transit through the micro-
biome or persist for a prolonged period. Although the former is
unlikely to significantly alter the composition of the microbiome
due to its inherent resistance to change,291 the latter might have
a considerable impact, and future studies designed to evaluate
this will have to be conducted.
In addition to the engineered bacteria, synthetic biology has

also been used to engineer bacteriophages, repurposing them as
antimicrobial delivery vehicles. Various studies have engineered
bacteriophages to deliver CRISPR-Cas9 systems into their
host.292−294 The CRISPR-Cas9 system is designed such that it
recognizes a gene in the genome of the host, upon which it
introduces double-stranded breaks in the genome, resulting in
cell death. This approach is more specific compared to the use of
wild-type bacteriophages because CRISPR-Cas9 is unable to
induce cell death in the absence of the target gene. This strategy
also enables the selective elimination of bacteria carrying
antibiotic-resistance genes by programming CRISPR-Cas9 to
identify these targets.293 However, the escape of target bacteria
from the killing activity of CRISPR-Cas9 is a major drawback for

this method, and escapees, either by chromosomal deletions or
loss of CRISPR arrays, have been reported previously.294

To improve upon these drawbacks, Ting et al. devised a novel
strategy for targeted bacterial depletion by programmed
inhibitor cells (PICs), which are engineered bacteria carrying
the type-6 secretion system (T6SS) with a nanobody displayed
on the surface (Figure 2).295 The nanobody recognizes an
antigen on the surface of Gram-negative bacteria, such as outer-
membrane proteins BamA and intimin, enabling cell−cell
adhesion. T6SS is an antagonistic system through which the
engineered bacteria can deliver antibacterial toxins into the
target bacterial cell. The engineered bacteria protect themselves
from the toxins by expressing immunity proteins. Due to the
fluidic nature of the gut environment, T6SS alone is likely to be
inefficient in delivering the toxins. Thus, the authors
incorporated the nanobody into the bacteria for enhanced
antibacterial activity.295 The authors showed that an intimin-
expressing E. coli spiked into the fecal samples from mice was
successfully depleted by 90% by using an engineered Enter-
obacter cloacae expressing an anti-intimin antibody on the
surface with a native T6SS. This depletion was highly specific as
an E. coli strain expressing partial intimin was unaltered. Analysis
of the other bacteria in the fecal samples revealed only minor
changes in microbiome composition, indicating the potential of
PICs to be used as highly specific antimicrobials.
3.2. Changing the Functionality of the Microbiome

The previous section describes how microbiome composition is
important in understanding its association with disease
development and how it can be subsequently modulated for
disease treatment. However, perhaps even more crucial than
composition in understanding the influence that the micro-
biome exerts on its host is the microbiome’s function,
corresponding to the active genes, proteins, and metabolites
produced by its members. The significance of microbiome
function stems from the likelihood that microbiomes with

Figure 2. Strategies to deplete members of the microbiome. Nonspecific depletion can be mediated by broad-spectrum antibiotics. Specific depletion
can be achieved by targeted antibiotics, bacteriophages, and engineered bacteria. QS, quorum signaling; PICs, programmed inhibitor cells; Nb,
nanobody; T6SS, type-6 secretion system.
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different compositionsmight still exhibit similar functions due to
functional redundancy. This was observed in a study on the gut
microbiome of obese and lean female twins that shared >93% of
functional genes, comprising a core microbiome, despite having
limited similarity at the phyla level.296 A similar relative
abundance of microbial clades associated with clinically varied
diseases also suggests that the function of the microbiome, and
not its composition, has a stronger influence and association
with human health.297

Morgan et al. demonstrated the importance of studying
microbiome function in their study of microbiome samples from
231 IBD patients and healthy individuals, which were analyzed
by 16S RNA sequencing and metagenomics.298 In addition to
the expected changes in microbiome composition, there was a
more consistent shift in microbial functions, such as decreased
carbohydratemetabolism and amino acid biosynthesis, as well as
increased nutrient transport and uptake. Similarly, the enrich-
ment of lipopolysaccharide biosynthesis, pathogenic processes,
and inflammatory pathways and the depletion of amino acids
and energy metabolism have been reported in patients infected
with HIV on antiretroviral therapy.299 To elucidate the exact
mechanism by which microbiome function influences host
health, multiomics studies beyond metagenomics are needed.
These include transcriptomics, proteomics, and metabolomics
to characterize the microbiome at the functional level in both
healthy and diseased states. Although there are limited examples
of such studies, some rationally designed interventions for
modulating microbiome function have been reported before and
are discussed later.

3.2.1. DNA Conjugation-Mediated Engineering. DNA
conjugation is a method of in situ engineering of themicrobiome
by delivering a genetic payload to the target microbe via a donor
bacterium. These payloads can be mobile genetic elements
carrying genes to incorporate novel functionalities into the
target bacteria. Such an engineering approach is advantageous
because this enables the modification of even unculturable
bacteria with complex phenotypes that may not be adequately
replicated in non-native bacterial strains.300 In a study by Brophy
et al., the authors used a B. subtilis strain to transfer a
miniaturized integrative and conjugative element (mini-
ICEBs1) efficiently to various Gram-positive bacteria isolated
from the human skin and gut microbiome.301 The conjugative
transfer was placed under the control of an inducible promoter,
and the genes that enable further propagation of the ICEBs1
beyond the initial recipient were deleted as a safety feature.
Because new donor strains carrying the DNA to be transferred
can be created with ease, this strategy will be useful in rapidly
engineering microbiomes with synthetic programs and modu-
lating their function.
Another DNA conjugation strategy was developed by Ronda

et al. wherein an E. coli donor strain was engineered to transfer
mobile plasmids, either replicative or integrative, into recipient
Gram-positive and Gram-negative strains.302 The authors
demonstrated that this method can be applied to engineer the
microbiome by using the donor E. coli to deliver green
fluorescent protein (GFP) into members of the gut microbiome
in mice. By using a library of mobile plasmids, up to 5% of the
bacteria were found to receive the plasmid 6 h postadministra-
tion of E. coli. The recipients belonged to all four major phyla in
the gut microbiome, namely, Firmicutes, Bacteroides, Actino-
bacteria, and Proteobacteria.302 Interestingly, the transconju-
gants persisted only for 72 h postadministration of the E. coli
donor, suggesting unstable plasmid maintenance.

Jin et al. developed a genetic manipulation pipeline through
which they were able to genetically modify 27 of the nonmodal
bacteria belonging to the Firmicutes/Clostridia class.303 The
authors identified the culture conditions that can support
bacterial growth followed by a library of genetic tools, including
the origin of replications and antibiotic-resistance markers with
potent promoters that are functional in the target bacteria. By
utilizing these tools and further optimizing the conjugation
protocol, the successful delivery of the deactivated Cpf1-based
CRISPRi system for regulating gene expression was achieved. In
this study, the authors demonstrated the application of their
pipeline to modulate metabolites produced by the gut
microbiome, such as the bile acid pool in mice, which has
numerous implications on host health.303

The studies described earlier indicate that DNA conjugation
is a viable method for modulating microbiome function,
although the area is still in infancy and needs further
development, particularly an assessment of safety in humans.
This is pertinent in the case of mobile genetic elements that are
used to deliver the payloads, as such elements have a high
tendency to propagate further into nontarget members of the
microbiome by horizontal gene transfer.304 In addition, limited
studies on nonmodal members of the microbiome remain a
bottleneck in their genetic engineering because it is difficult to
reliably predict the functionality of the payload introduced into
these microorganisms.

3.2.2. Use of Enzyme Inhibitors. The metabolic activity of
microbial enzymes is an important process through which the
microbiome can influence host health. Apart from playing a role
in the normal functioning of the microbe itself, these enzymes
can also metabolize drugs, prodrugs, and xenobiotics adminis-
tered to the host, leading to unintended and potentially adverse
outcomes.305 This can be mitigated by using inhibitory
chemicals that act on the specific microbial enzyme. For
example, SN-38 is an anticancer drug used in colon cancer and
against lung and brain tumors formed from the intravenously
administered prodrug, CPT-11, in the liver. Subsequently, it is
glucuronidated by UDP-glucuronosyltransferase in the liver into
SN-38G, which is excreted into the GI tract.306 Here, it is again
converted to SN-38 by the bacterial β-glucuronidase enzymes�
causing diarrhea and prohibiting an escalation in chemotherapy
drug dosage. Although eliminating gut bacteria by antibiotics
can potentially prevent SN-38 toxicity, this method has several
drawbacks, as discussed in section 3.1.2. Instead, Wallace et al.
employed high-throughput screening to identify potent
inhibitors of the bacterial β-glucuronidase that do not target
orthologous mammalian enzymes.307 In addition, these
inhibitors neither killed the bacteria nor harmed mammalian
cells. In a mice model, the inhibitor was found to protect mice
from the chemotherapy drug’s toxicity, although improvements
in drug efficacy remain to be studied.
Inhibitors for the gut microbiome-dependent production of

trimethylamine (TMA) N-oxide (TMAO), which is associated
with cardiovascular risks in humans, have also been
reported.308,309 Dietary choline, phosphatidylcholine, and
carnitine are converted into TMA by the microbial choline-
TMA lyase enzymes, which is subsequently converted to TMAO
by hepatic flavin monooxygenase.310,311Wang et al. identified an
analogue of choline, 3,3-dimethyl-1-butanol (DMB), that was
observed to inhibit multiple microbial TMA lyases without
killing the microbes.308 The treatment of mice fed a high choline
or L-carnitine diet with DMB resulted in lower plasma TMAO
levels, the attenuation of atherosclerotic lesions, and the
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formation of macrophage foam cells. The same group also
developed two other TMA lyase inhibitors, fluoromethylcholine
and iodomethylcholine, that are nonlethal and able to
accumulate within the microbe, resulting in a sustained decrease
in TMAO levels in mice for 3 days after a single oral dose.309

Treatment with these inhibitors also prevented thrombus
formation by reducing platelet adherence to the collagen matrix
in the arteries in mice fed choline. Interestingly, the inhibitors
caused a change in gut microbiome composition despite being
nonlethal, suggesting additional selection pressure on the
microbes due to the inhibitors, which might eventually lead to
resistance development.
The development of enzymatic inhibitors to modulate

microbiome function faces two major challenges. First, the
inhibitor should be able to act on all related microbial enzymes.
In the absence of broad-spectrum inhibition, noninhibited
microbial species may compensate, resulting in no net change in
microbiome function. Second, the presence of human enzymes
with similar functions as the microbial enzyme will necessitate
the screening of a large library of chemicals to find targets that
are inhibitory toward microbes and not mammalian cells, which
might not be achievable in some cases.

3.2.3. Microbiome Metabolite Modulation by Engi-
neered Microorganisms. Among the various strategies to
modulate microbiome function, the most advanced is the
administration of exogenous engineered bacteria that are either
commensal or probiotic. Contrary to the administration of wild-
type bacteria that are primarily used to change microbiome
composition, engineered bacteria are equipped with novel
functionalities that enable the regulation of microbiome
function. By using the large repertoire of synthetic biology
tools, bacteria can be reprogrammed to specifically target a
disease, resulting in a highly precise autonomous therapy. Such
therapies have been developed to target metabolic dis-
eases,312−314 prevent cancer,315−317 inhibit pathogens,318,319

and address other conditions320−322 (for recent reviews, see refs

323−326). An increasing number of such studies have been
reported thus far. However, in this section, we will only present
studies that show how the microbiome has been implicated to
play amajor role in disease development through its metabolites,
thus necessitating its functional modulation for therapy.
There is an intense interplay of metabolites between the

human microbiome and its host, with microbiome metabolic
pathways significantly associated with 34% of blood and 95% of
fecal metabolites.327 One such metabolite is ammonia, which is
primarily produced by the metabolism of amino acids in our
food by gut microbes. The human body regulates the levels of
ammonia via the liver’s urea cycle.328 However, in the case of
liver failure, the metabolite accumulates in the blood, which can
act as a neurotoxin at high concentrations.
To develop a therapy that reduces ammonia levels, E. coli

Nissle 1917 (EcN) was genetically modified to convert gut
ammonia into L-arginine, boosting the urea cycle.329 The
metabolic pathway was placed under the control of the
anaerobic-inducible fnrS promoter (PfnrS) such that metabolic
conversion was initiated only in the gut’s low-oxygen environ-
ment. In addition, the bacterial strain was made auxotrophic for
thymidine as a biocontainment strategy. This strain was found to
reduce ammonia levels in mice given a high-protein diet or
administered with thioacetamide, a liver toxin. The engineered
bacterium was also found to be safe to use in healthy volunteers
at a dose of 5 × 1011 CFU three times a day for 14 days.329
However, in a Phase 2 clinical trial, the engineered EcN failed to
significantly reduce blood ammonia in patients with cirrhosis
compared to placebo.330 The engineered EcN has since been
repurposed for anticancer therapy in conjunction with immune
checkpoint inhibitors by metabolizing waste ammonia from
tumors into L-arginine, increasing T cell response against cancer
(Figure 3).316

SCFAs produced by the fermentation of dietary fibers by the
gut microbiome have anti-inflammatory activity and play an
important role in various host processes, such as improving

Figure 3. Modulation of microbiome functionality by DNA conjugation, enzyme inhibitors, and engineered bacteria.
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intestinal barrier integrity and reducing colon cancer risk.331

SCFAs, particularly butyrate, are also able to regulate appetite,
decrease insulin resistance, promote fat oxidation, and stimulate
the release of insulinotropic hormones.332,333 Due to these
effects on host metabolic activity, butyrate is likely to have a
therapeutic effect on patients with obesity and diabetes. Oral
delivery of butyrate is challenging due to its poor bioavailability
and disagreeable odor and taste. Thus, different bacteria have
been metabolically engineered to produce butyrate in the gut as
an alternative treatment for obesity and diabetes. Bacillus subtilis
SCK6 naturally produces butyrate at very low levels and thus was
engineered to produce butyrate via the butyryl CoA:acetic acid
CoA transferase pathway that is present in the gut’s butyrogenic
microbes.334 Further deletion of competing metabolic pathways
yielded a strain that can produce 1.5 g/L of butyrate in vitro.
When evaluated in mice given a high-fat diet, the engineered
bacteria were able to retard weight gain, reduce visceral fat
accumulation, and improve glucose tolerance. In addition to the
decrease of Firmicutes and increase in Bacteroidetes, analysis of
the metabolic pathways of the gut microbiome revealed a
significant enhancement of the genes involved in carbohydrate,
amino acid, vitamins, and energy metabolism.334 EcN has also
been engineered to produce 0.5−1 g/L butyrate in vitro but has
yet to be evaluated in in vivo models.335,336

Extracellular adenosine triphosphate (eATP) is an IBD-
associated metabolite produced by activated immune cells and
the gut microbiome. eATP is known to promote pro-
inflammatory cytokine production and neuron apoptosis, as
well as to suppress anti-inflammatory responses. A probiotic
yeast, S. cerevisiae, was genetically modified to sense eATP in the
gut and respond by producing ATP-degrading enzymes that
convert eATP to AMP. In turn, AMP is further broken down to
immunosuppressive adenosine.337 To enable S. cerevisiae to
respond to eATP, a human P2Y2 receptor evolved to sense

eATP with 1 000-fold higher sensitivity was integrated into the
probiotic strain. This was combined with a potent ATPase from
potato to create an IBD treatment. In mice models of colitis, the
engineered probiotic ameliorated inflammation, as observed by
the lower expression of pro-inflammatory cytokines, reduced
colon shortening, and improved histological scores.337 The
engineered probiotic performed better than the probiotic with
constitutively expressed ATPase and even standard-of-care IBD
therapies, suggesting the therapy’s potency against inflammatory
disorders.
3.3. Natural and Synthetic Microbial Consortia

Microbial communities, such as those in the human micro-
biome, perform complex functions shaped by dynamic
interactions within the community and with the environment.
Such intricate functions are unlikely to be recapitulated by
individual populations, which has resulted in heightened interest
in microbial consortia. Additionally, increased microbial
diversity within the consortia might also impart resilience
against environmental changes, such as nutrient limitation.338

Currently, two types of microbial consortia are being used for
therapeutic applications: naturally occurring with undefined
composition, such as the gut microbiome, which can be used as a
fecal microbiota transplant (FMT); and synthetic, comprising a
predetermined cocktail of probiotics or commensal microbes.
Here, we will discuss some examples of these microbial consortia
being used to target a variety of diseases and the challenges faced
by these strategies.

3.3.1. Fecal Microbiota Transplantation. FMT involves
the administration of dried feces, either the patient’s own or
from a healthy donor to the patient (Figure 4). The route of
administration might vary, ranging from oral consumption of
freeze-dried capsules and small/large intestine infusion to
enema.339 The aim is to reconstitute the native disease-

Figure 4. Engineering the microbiome by fecal microbiota transplantation (FMT) and synthetic microbial consortia. The main features of both
strategies are presented along with unknown parameters (marked by “?”).
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associated microbiome into a healthier version to provide a
positive health impact. FMT has shown the most promise in
recurrent C. difficile infection with a resolution rate of 85−90%
and is highly recommended for both mild and severe cases.340

After initial vancomycin treatment for patients with C. difficile in
a randomized clinical trial, FMT showed higher efficacy than a
continued vancomycin regimen, accompanied by an increase in
Bacteroidetes and Clostridium clusters and a decrease in
Proteobacteria.341 In mice and humans given broad-spectrum
antibiotics, autologous FMT enabled the rapid and complete
recovery of the dysbiotic microbiome within days and was the
most effective intervention.342 Surprisingly, the administration
of a cocktail of probiotics significantly delayed the recovery of
the microbiome compared to spontaneous recovery, with the
recovery being incomplete. This was attributed to the soluble
factors produced by the probiotics that caused the inhibition of
the indigenous microbiome.342

Apart from C. difficile infection, FMT has been used to treat
ulcerative colitis,343,344 type 2 diabetes,345 irritable bowel
syndrome,346 and cancer;347 however, only limited case studies
and clinical trials have been reported to date. Further well-
designed clinical trials are required to confirm FMT’s efficacy for
indications beyond C. difficile infection.
There are certain aspects of FMT that must be considered and

studied before it can be broadly applied in clinical settings. The
selection of an appropriate donor is one of the key components
for FMT success. Although autologous FMT is likely to provide
superior compatibility, it may not always be feasible, thus
necessitating a stool donor. Meticulous screening of the donor’s
gut microbiome for potentially pathogenic species is required
prior to FMT to ensure procedural safety. This has especially
become relevant in the COVID-19 pandemic due to the
detection of the SARS-CoV-2 virus in individual fecal
samples.348 Additionally, studies have been undertaken to
identify the donors whose stool samples are most likely to result
in successful engraftment of the gut microbiome. A high
taxonomic diversity and the presence of specific bacterial
families in the donor stool have been proposed to be key to
disease-specific restoration of gut homeostasis in recipients.349

Beyond donor selection, the recipients’ genetics, diet, and
lifestyle are also likely to play a role in FMT maintenance.339

As an alternative to FMT, Seres Therapeutics developed SER-
109, a natural consortium of bacterial spores from healthy
donors to treat recurrent C. difficile infection.350 The spores are
primarily from bacteria belonging to Firmicutes, as other phyla
are not spore-formers. This is advantageous as previous studies
have shown Firmicutes to be associated with a relatively higher
concentration of secondary bile acids, which inhibits vegetative
growth of C. difficile.350 Moreover, these bile acids also prevent
C. difficile spore germination, which is a major cause of recurrent
infection.351 The use of a purified spore consortium allows for
oral delivery because the spores are resistant to gastric acid,
reducing the risk of pathogen transmission seen in FMT. In a
randomized, double-blind, placebo-controlled Phase 3 clinical
trial comprising 182 patients, the group of patients receiving oral
SER-109 after standard antibiotic regime showed a reduced
recurrence of C. difficile infection compared to the patients
receiving placebo after antibiotics (12% vs 40%).352 Patients
receiving SER-109 showed an engraftment of the dosed species
within 1 week, which persisted for the study duration (8 weeks)
with an increased abundance of Firmicutes and decreased
proinflammatory Enterobacteriaceae. A higher concentration of

secondary bile acids in the fecal samples from patients given
SER-109 was also observed.352

3.3.2. Synthetic Microbial Consortia. Due to the
undefined community structure in naturally occurring micro-
biomes, it is challenging to quantify the contributions of
individual members toward a specific function, making it
unsuitable for further optimization. Synthetic microbial
consortia can fulfill this unmet need as they can be rationally
designed with reduced microbial complexity to perform
functions that can predictably impart a therapeutic benefit to
the host. For example, Tanoue et al. identified a consortium of
11 bacterial strains isolated from the feces of healthy human
donors that can robustly induce interferon-γ-producing CD8+ T
cells in the intestine.353 The 11 strains are low-abundance
members of the microbiome including those belonging to
Bacteroides spp. and Parabacteroides spp., Eubacterium limosum,
Ruminococcaceae bacterium cv2, Phascolarctobacterium faecium,
and Fusobacterium ulcerans.354 Upon colonization in mice, the
microbial consortium provided resistance to infection by Listeria
monocytogenes and enhanced the efficacy of immune checkpoint
inhibitors in tumor models.353

GUT-108, a rationally designed consortium of 11 bacterial
strains, was also shown to reverse colitis in a mice model.355 The
consortium comprises strains that can perform functions that are
reduced in the gut microbiome of IBD patients. These include
the production of SCFAs such as butyrate and propionate,
secondary bile acids, deoxycholic acid, and lithocholic acid, as
well as indole and its derivatives.356,357 Additionally, several
strains in GUT-108 produce antimicrobial factors that prevent
the growth of opportunistic pathogens, which may further
exacerbate the inflammatory response.355 The administration of
GUT-108 to a mice model of experimental colitis prevented the
expansion of pathogenic bacteria belonging to the Enter-
obacteriaceae family, which was observed in mice receiving
phosphate buffered saline (PBS). The successful engraftment of
10 strains of GUT-108 was observed in mice, which led to
reduced inflammatory cytokines, induced IL-10 production, and
increased the levels of metabolites that promote mucosal healing
and immunoregulatory responses.355

Beyond the synthetic consortia comprising wild-type bacterial
strains, engineered bacteria with defined characteristics can also
be used to develop synthetic communities. For example, Kong et
al. created six two-strain consortia with unique interactions
ranging from commensalism to predation.358 They used these
strains to further develop three- and four-strain member
communities with predictable behavior, demonstrating the
successful engineering of social interactions in a bacterial
community. This approach may enable the design of synthetic
consortia with more complex behavior that can impart beneficial
effects to the host.
The design of microbial consortia presents unique challenges

compared to single microbial populations. Similar to natural
microbiomes, synthetic consortia should be able to maintain
homeostasis and prevent certain members from outcompeting
others even in different nutritional environments. However, this
is difficult to achieve because microbes often show varied
abilities to metabolize different resources, making the long-term
prediction of homeostasis unfeasible. Applying synthetic biology
to incorporate genetic circuits, such as the oscillatory predator−
prey system,359 into the microbes may potentially mitigate
competition between consortium members. Another challenge
is predicting the behavior of the microbial consortia, which can
be attributed to the lack of omics-level understanding of
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Table 2. Summary of Strategies for Engineering the Microbiome To Target Different Diseases

strategy indication
therapeutic microbes/

molecules features ref

probiotics obesity and
diabetes

A. muciniphila the bacterium is depleted in patients with obesity, type 2 diabetes, and
hypertension

230

obese patients who had received the probiotic for 3 months showed improved
insulin sensitivity and reduced cholesterol
pasteurized bacteria showed higher efficacy compared to live bacteria

IBD F. prausnitzii IBD patients exhibit reduced abundance of F. prausnitzii 240,
241

administration of the bacteria led to reduced disease severity in a mice model of
colitis
no clinical trial conducted yet, likely due to difficult cultivation of the bacteria

S. boulardii the probiotic can be used as an adjuvant to induce remission or prevent relapse
of IBD

246

clinical trials using the probiotics alone have not yet been conducted
atopic dermatitis R. mucosa the bacteria isolated from healthy individuals 248

treatment with the commensal bacteria led to an improved skin barrier and
reduced S. aureus burden
the therapeutic effect was limited to the bacterial isolate from healthy volunteers
and not the patients

urinary tract
infection

L. crispatus CTV-05 L. crispatus CTV-05 is a vaginal isolate that adheres to the vaginal epithelial layer
and suppresses the growth of pathogenic E. coli

251

in a Phase 2 clinical trial, probiotic administration led to a significant reduction
in the recurrent UTI incidence

prebiotics atopic dermatitis mixture of GOS and FOS GOS and FOS can promote Bifidobacterium growth 258
patients receiving GOS and FOS showed lower incidence of atopic dermatitis
with expansion of Bifidobacteria

Crohn’s disease FOS patients receiving FOS showed an improvement in disease and increased fecal
Bifidobacteria

260

colorectal cancer inulin gel developed colon-retentive inulin gel that increased the abundance of beneficial
bacteria such as Bifidobacteria and Akkermansia

261

expansion of the beneficial bacteria led to the increased antitumor efficacy of
immune checkpoint blockers

targeted
antibiotics

C. difficile infection ridinilazole ridinilazole is a small DNA-binding molecule with highly specific action against
C. difficile

269

it was found to be superior to standard-of-care vancomycin in a Phase 2 clinical
trial

Gardnerella
infection

engineered endolysin PM-
447

bacterial vaginosis caused due to reduced Lactobacillus spp. and increased
Gardnerella spp.

274

engineered endolysin formed by domain shuffling of native enzymes in
Gardnerella
PM-447 has negligible activity against Lactobacillus but can target Gardnerella,
including dispersing the biofilm

bacteriophages alcoholic hepatitis bacteriophage against
E. faecalis

cytolysin, produced by E. faecalis, is responsible for liver injury in alcoholic
hepatitis

282

targeting the bacteria with the phage led to a reduction in liver injury and no
significant perturbation of gut microbiome composition

colorectal cancer phage against F. nucleatum phage isolated from human saliva 283
F. nucleatum causes chemoresistance in colorectal cancer
by targeting the bacteria with the phage in conjunction with a chemotherapy
drug, superior efficacy was observed in mice model

acne vulgaris bacteriophages against
P. acnes

an aqueous cream formulated comprising bacteriophages against P. acnes
isolated from human skin flora

286

validation only in in vitro model
enzyme inhibitors colon cancer inhibition of bacterial

β-glucuronidase
bacterial β-glucuronidase converts the harmless byproduct of the anticancer drug
into toxic SN-38

307

developed enzyme inhibitors neither killed the bacteria nor harmed the
mammalian cells

cardiovascular
diseases

inhibition of TMA lyases microbial TMA lyases involved in the synthesis of TMAO, which is associated
with cardiovascular diseases

308,
309

developed inhibitors of TMA lyases are nonlethal to microbes and are able to
sustain TMAO decrease in mice models

engineered
microbes

pathogen
elimination

commensal and probiotic
bacteria

the bacteria is engineered to sense the quorum signaling molecules produced by
the pathogen

288,
289

in response, the engineered bacteria secretes the antibacterial agent
hyperammonemia engineered EcN EcN was engineered to convert ammonia into L-arginine to boost the urea cycle 329

biocontainment strategy incorporated into the bacteria for safety
although effective in various mice models, the bacteria failed to show significant
efficacy in Phase 2 clinical trial
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metabolic interactions between the microbes. The knowledge
gained through multiomics studies combined with computa-
tional modeling will ultimately aid in our ability to design
synthetic microbial consortia with predictable and controllable
functions.360

3.4. Current Challenges and Limitations of Microbiome
Engineering

The examples presented earlier (summarized in Table 2)
demonstrate that it is feasible to engineer the microbiome for
various therapeutic outcomes in the host. So far, in vitro and in
vivo evaluations of different methods to modulate microbiome
composition and function have shown promising results. With
the exception of FMT, most therapeutics are still awaiting
successful clinical translation. There are unique challenges to the
development of different therapeutics based on a rationally
engineered microbiome, which have been alluded to earlier.
However, to further accelerate microbiome engineering to
develop safe and effective therapeutic products, there is a need to
bridge the knowledge gaps pertaining to microbe−microbe and
microbe−host interactions and build novel tools to broaden the
scope of microbiome engineering, as discussed later.

3.4.1. Inadequate Use of Multiomics Studies. As part of
the Human Microbiome Project (HMP), different microbial
communities in the human body have been comprehensively
characterized by 16S rRNA gene sequencing to decipher the
microbiome’s taxonomic complexity. Meanwhile, metagenomic
whole-genome shotgun sequencing provides insight into the
pathways present in the microbiome and their functions.361

However, these data sets do not shed light on intramicrobial
community interactions, how the microbiome interacts with the
host, and how the host responds to its resident microbiome. A
thorough understanding of these interactions is necessary for
determining the causal role that the microbiome plays in disease
development, which will eventually lead to novel therapies

through microbiome engineering. To achieve this, healthy and
diseased cohorts will have to be subjected to various multiomics
assays encompassing not only the microbiome but also the host.
Such studies are ongoing for preterm birth, IBD, and type 2
diabetes as part of the second phase of the HMP.362 In the case
of IBD, stool samples will be collected from patients with IBD
and healthy controls. These will be used for multiomics assays
such as 16S rRNA gene sequencing, metagenomic and
metatranscriptomic sequencing, protein profiling, and metab-
olomics. In addition, the corresponding changes in the host will
be determined by performing RNA-seq on colon biopsy
samples, studying DNA methylation of the host genome, and
interrogating the host cells with different metabolites.
Importantly, the study will also include a survey of yeast and
viruses found in the microbiome.362

3.4.2. Spatiotemporal Control of the Engineered
Microbiome. For the engineered microbiome to safely impart
health benefits to the host, it should exhibit predictable
spatiotemporal behavior. Environmental perturbations and
spatial organization are major variables that can influence the
complex and dynamic interactions of the microbiome.363,364 For
example, Sheth et al. studied the microbial biogeography of the
mouse intestine and showed both positive and negative
associations between individual taxa.365 Additionally, the
authors showed that mice given a low-fat or high-fat diet led
to changes in the species richness and altered spatial
organization of the colon microbiome. Therefore, the
engineered microbiome should be resilient to any perturbations
and be able to adapt to its community structure over different
time scales to continue providing the intended therapeutic effect
to the host. This is particularly important in the case of
engineered microbiomes with an associated fitness cost, which
might lead to evolutionary adaptations through random
mutations and horizontal gene transfer. Similar adaptations

Table 2. continued

strategy indication
therapeutic microbes/

molecules features ref

diabetes and
obesity

engineered B. subtilis the bacteria were metabolically rewired to produce 1.5 g/L butyrate in vitro 334

in an obesity mice model, the engineered bacteria were able to retard weight
gain and fat accumulation

IBD engineered S. cerevisiae S. cerevisiae genetically engineered to sense eATP by using a human P2Y2
receptor

337

in response to eATP, the engineered yeast produces ATP-degrading enzymes
the engineered microbe performed better than the standard-of-care IBD
therapies in a colitis mice model

natural microbial
consortia

recurrent C. difficile
infection

fecal microbiota
transplantation

fecal sample from healthy donor administered to patients 341

risk of pathogen transmission
genetics and lifestyle of the recipient may affect efficacy

SER-109, bacterial spores
from healthy donors

oral delivery possible 352

reduced risk of pathogen transmission
clinical efficacy observed in Phase 3 trial

synthetic
microbial
consortia

L. monocytogenes
infection

11 bacterial strains from
healthy donors

the consortium can induce CD8+ T cells in the intestine 353

cancer the bacterial strains are low-abundance members of the microbiome
the consortium can enhance the efficacy of immune checkpoint inhibitors in
tumor models

colitis GUT-108, consortium of 11
bacterial strains

the consortium can perform functions reduced in IBD patients 355

production of antimicrobial factors to prevent pathogen growth
induction of anti-inflammatory molecules
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have been observed in the commensal microbe Bacteroides
fragilis, leading to its long-term prevalence in the human gut.366

Moreover, mechanisms to safeguard the host against unintended
microbiome functions should be built-in as a safety feature.
A potential way to achieve this level of dynamic control of the

composition and function of the microbiome is through
synthetic biology. Genetic functionalities, such as biosensors,
can be incorporated into the microbiomes such that they can be
controlled through external stimuli. Additionally, genetic
circuits can be designed for autonomous feedback control of
the microbiome.

3.4.3. Genetically Intractable Microorganisms. The
majority of microbiome members most relevant to human
health, such as Clostridium and other anaerobic Firmicutes,
remain poorly cultivable and genetically intractable.367 This has
hindered our ability to interrogate these microorganisms for
mechanisms by which they modulate human health. Elucidating
these mechanisms will not only deepen our understanding of
host−microbiome and intramicrobiome interactions but also
lead to more robust microbiome-based therapeutics that include
these health-promoting bacteria. Thus, there is a great need for
the development of novel genetic engineering tools that can be
used in such genetically intractable microorganisms. These tools
can range from well-characterized promoters, ribosome binding
sites, terminators, and reporter genes to more complex genomic
manipulation systems, such as CRISPR-Cas and homologous
recombination.
In the following section, we will discuss how these challenges

can be overcome with the aid of enabling technologies,
advancing our understanding of microbiome−host interactions
and the development of robust microbiome-based therapeutics.

4. ENABLING TECHNOLOGIES FOR MICROBIOME
RESEARCH AND ENGINEERING

Many studies including the examples mentioned in section 3
support the feasibility of engineered microbe therapy for
microbiome-related diseases.368−371 However, despite many
proof-of-concept studies, several clinical trials using engineered
microbes could not show efficacy or were terminated due to a
lack of efficacy in the Phase 2 trials (e.g., NCT03447730,
NCT03234465, and NCT03447730). One contributing factor
toward the lack of efficacy in these engineered microbes may be
the absence of regulatory mechanisms. Typically, these
mechanisms control the expression of exogenous genes under
stable promoters in the microbiome to enhance efficacy or
reduce side effects. One of the advantages of utilizing microbes
as therapeutics is their high programmability compared to
conventional chemical medicine. Synthetic biology approaches
are expected to enhance efficacies and reduce side effects to
leverage on the high programmability bestowed by the
implementation of precise spatial/temporal control into
engineered microbes.
To fully harness engineered probiotics for therapy, it is

essential to keep in mind engineering approaches and designs
based on a more sophisticated knowledge of the mechanistic
insights of microbiome-associated diseases and the microbiome
itself. As mentioned in section 3.1.1, the administration of
pasteurized A. muciniphila to overweight/obese individuals
improved insulin sensitivity and reduced cholesterol and body
weight without changing the gut microbiome composition.
Beyond reinforcing the importance of monitoring microbiome
activities, this result suggests that the microbiome’s function or
activity shifts can be more important compared to microbiome

composition. Accordingly, functional meta-omics such as
metabolomics, metatranscriptomics, metaproteomics, and
multimeta-omics are gaining attention for investigating the
causality of microbiome-associated diseases at the molecular,
gene, and pathway levels.
In this section, we will review various meta-omics approaches

for understanding molecular insights in the microbiome
community and host interactions. We will also touch upon the
many synthetic biology tools that can facilitate the reprogram-
ming of microbes to potentially develop robust therapeutics with
unique advantages over other strategies for microbiome
engineering.
4.1. Functional Omics Approach

Metagenomics is a powerful tool for investigating the dynamics
of microbiota, having revealed the association between micro-
biota composition and many diseases. Yet, metagenomic data
provides limited mechanistic insights into microbiome-linked
health states. To address this gap, applying functional meta-
omics approaches such as metabolomics, metatranscriptomics,
and metaproteomics to microbiota are expected to provide
further insights. Here we will review the current progress in
deploying functional omics to microbiota for investigating
critical metabolites, microbiome activity, and interactions of
host/diseases. Furthermore, we will review the microbiome and
host genetics interactions.

4.1.1. Discovery of Novel Metabolites and Biosyn-
thesis. Interestingly, metabolites from microbiota play a more
critical role in host−microbe interaction rather than the
commensal microbe itself. However, the metabolites and
biosynthesis pathways that underlie host−microbe interactions
are still unclear. Several studies have shown that microbes
interact with the host by modulating signal pathways via
metabolites.372 For instance, SCFAs such as acetate, butyrate,
and propionate are fermented in the colon from dietary fibers.
These SCFAs are known to modulate the differentiation and
accumulation of regulatory T cell (Treg cell) by activating the G-
protein coupled receptor.373,374 In turn, activated Treg cells
produce the anti-inflammation factor IL-10, which is assumed to
suppress gut inflammation diseases like IBD. The link between
microbiome composition and metabolites is known to be
indirect due to the functional redundancy of metabolic
pathways, which suggests the interchangeability of some
species.375 Thus, analyzing differences in microbial composition
may not reflect functional metabolite differences. In fact,
phylogeny prediction from metabolomic data has been so far
unsuccessful, indicating the difficulty of linking microbiome and
metabolome data.376 For this reason, identifying the metabolites
associated with disease can provide more straightforward data
for helping implement synthetic approaches for therapeutic
purposes.
Untargeted metabolomics using mass spectrometry has been

used for the discovery of key disease-associated metabo-
lites.377,378 Koh et al. employed untargeted metabolome analysis
toward type 2 diabetes and discovered that imidazole propionate
was present at higher concentrations among patients with type 2
diabetes.377 Imidazole propionate is produced from histidine by
gut microbes and impairs insulin signaling through mTORC1.
Previously, researchers identified the UrdA gene that produces
imidazole propionate in vitro, finding that the UrdA gene was
more abundant in subjects with type 2 diabetes.377 Another
example is phenylacetylglutamine (PAGln), which was identi-
fied through untargeted metabolome analysis as a biomarker
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associated with a higher risk of cardiovascular diseases among
type 2 diabetes patients. In the gut, PAGln is converted from
dietary phenylalanine by the microbial porA gene, where it
reportedly enhanced platelet activation-related phenotypes by
stimulating G-protein coupled receptors.378

Because untargeted mass spectrometry identifies molecules
by comparing the spectrum patterns of chemicals of interest to
chemicals in a reference database, metabolite identification
solely relies on the references used in the analysis. This means
that untargeted identification is unable to pinpoint unknown
chemicals. In fact, it is estimated that >90% of metabolites in the
microbiome lack matches in public databases.379 Such
uncharacterized metabolites are called “dark matter”.379 To
tackle this problem, machine learning-based reference gen-
eration is gaining prominence. Machine learning is a method for
automatically building mathematical models for classification or
prediction, wherein an algorithm learns patterns from training
data sets. Machine learning has been used across a wide variety
of applications, proving its versatility.380 Currently, machine
learning is being used for identifying microbiome metabolites
during data preprocessing (peak detection, alignment, and
identification), data processing (structure identification and
compound quantification), and biological interpretation.381 For
instance, DarkChem used a deep learning approach to generate
MS/MS libraries for predicting chemical properties in
metabolomics and chemical identification.382

4.1.2. Metatranscriptomics and Metaproteomics. In
metatranscriptomics, the transcriptional activities of microbiota
are analyzed using RNA sequencing. Unlike metagenomics,
metatranscriptomics allows for the identification of active
microbes, genes, and pathways in microbial communities.
Metatranscriptomics has since been applied to a number of
different types of microbiotas,383 including those from sea-
water,384,385 soils,386,387 and human microbiota.388 Likewise,
metatranscriptomics approaches in human microbiota have
enabled a deeper understanding of host−microbiota inter-
actions, active microbes and their pathways, and expression
changes in disease progression.389,390 Nowicki et al. demon-
strated how metatranscriptomics was applied to subgingival
plaque from gingivitis patients. The study observed a significant
shift of microbiota composition and increased virulence genes
expression as gingivitis progressed,389 demonstrating the
importance of transcriptomics analysis for understanding
molecular mechanisms during disease progression. Meanwhile,
Schirmer et al. performed metatranscriptomics on a longitudinal
IBD cohort to elucidate gene expression and their differences
among healthy and IBD patients.390 In the study, they detected
species-specific biases in transcriptional activity. One example is
the methylerythritol phosphate pathway (MEP) genes. They
showed that Bacteroides vulgatus became the main transcrip-
tional contributor of MEP at severe IBD stages. This study
highlighted how metatranscriptomics analyses are a powerful
tool for monitoring microbiome activities and gaining further
insights into the role of the microbiome in diseases.
Although RNA expression can be a good indicator of gene

expression, it does not always reflect protein abundances.
Alternatively, metaproteomics can be engaged as an alternative
approach for monitoring gene activity in microbiota. Meta-
proteomics was initially applied to investigate microbial function
in environmental391 and gut microbiome samples from twins in
a 2009 study.392 So far, multiple studies have demonstrated how
metaproteomics analysis can be deployed for human micro-
biome samples.393−395 Although metaproteomics is not as

common as metatranscriptomics because of its lower
throughput compared to deep sequencer-based analysis,
metaproteomics can provide information on the post-transla-
tional modifications of proteins396,397 and the expression of
proteins secreted from the host cell,398,399 both of which cannot
be monitored through metatranscriptomics.
Another study by Zhang et al. analyzed lysine acetylation

(Kac) changes in proteins in the gut microbiome of patients with
Crohn’s diseases and negative control subjects.400 In the study,
they employed a peptide immune-affinity enrichment strategy
followed by mass spectrometry to characterize Kac peptides and
their changes in the human gut microbiome. Using the strategy,
they identified Kac sites of 52 host and 136 microbial proteins
that were differentially modified between Crohn’s disease
patients and nonpatients. Likewise, Lobel et al. investigated
the effect of diet on the post-translational modifications of
proteins in the gut microbiome in chronic kidney disease
(CKD)model mice.397 They discovered that a high sulfur amino
acid-containing diet resulted in the post-translational mod-
ification of microbial tryptophanase. The protein modification
reduced the production of uremic toxin in CKD model mice.
These studies show that microbiome function can be altered via
post-translational modifications without changing their compo-
sition, underlying the importance of metaproteomics for
investigating mechanistic insights of microbiome-related
phenotypes.
Given the advantages and disadvantages associated withmeta-

omics approaches, multimeta-omics approaches have been
employed to comprehensively understand microbiota gene
activities as well as interactions within microbiota or between
the microbiota and host. One HumanMicrobiome Project team
conducted a multiomics analysis on a longitudinal IBD cohort to
elucidate the molecular profiles of the host and microbiome
activity.401 In their study, they conducted metagenomics,
metatranscriptomics, and metaproteomics on stool and serum
samples from 132 subjects for 1 year. This study provided a
comprehensive description of host and microbial activities,
which helped identify microbial, biochemical, and host factors
that contributed to dysregulation. Mills et al.402 combined
metagenomics, metapeptidomics, metaproteomics, and metab-
olomics approaches from 250 fecal samples for ulcerative colitis
(UC) studies. They discovered that proteinase activity derived
from B. vulgatus was associated with UC severity. In vitro and in
vivo experiments also showed that treatment with a proteinase
inhibitor could suppress UC symptoms, highlighting the
potential of a multiomics approach in identifying causal genes
from complicated microbiomes.

4.1.3. Microbiome Genome-Wide Association Study.
Conventionally, it was held that interindividual variations in the
microbiome composition were mainly influenced by environ-
mental factors rather than the host’s genetic factors.403

However, evidence from twin404,405 and family406 studies have
indicated the presence of interactions between the microbiome
and host genetics. In a U.K. twin study, the relative abundances
of gut microbiota were more highly correlated within
monozygotic twins than dizygotic twins, suggesting that the
interactions between the microbiome and host genetics
influenced gut microbiota composition. A better understanding
of host genetics andmicrobiome interactions can assist precision
medicine approaches and enhance the efficacy of engineered
microbe therapeutics.
A larger proportion of identified genetic loci linked to

microbiome variance are related to the dietary preferences of
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hosts or their immunity. One of themost replicated genomic loci
is the LCT locus. Studies across U.K., Dutch, Canadian, and
Finnish populations have shown an association between the
LCT locus and Actinobacteria or Bifidobacterium. LCT encodes
lactase, which digests lactate in the gut. One of the strongest
associations with Bifidobacteria in the LCT locus is the
functional SNP rs4988235. This SNP is known to be strongly
associated with lactose intolerance and lactase expression.
Therefore, lactose intolerance is the inability to digest lactose
caused by the lower expression of lactase. Bifidobacteria are
known to have the ability to digest lactose,407 indicating that
they compensate for reduced lactase activity in the host. Another
well-replicated locus in microbiome composition is ABO. The
association of the microbiome to the ABO locus was reported in
studies conducted among German, Finnish, and Dutch
populations. However, the bacteria associated with the ABO
locus differs among the three countries. In addition to the ABO
loci, FUT2 is also known to be associated with the microbiome,
with FUT2 genes determining the ABO antigen on mucosal
cells. The functional association between ABO and FUT2
suggests that the ABO locus is a contributing factor to
microbiome composition. However, the mechanistic insights
behind the microbiome changes have yet to be elucidated.
Although dozens of genomics loci were reportedly associated
with microbiota composition, most of the loci were not
replicated in other studies.

Finally, host genetic variance can influence the host’s health
states. One well-known example is the ATG16L1 locus.
ATG16L1 encodes a subunit of the autophagy-related
ATG12-ATG5/ATG16L1 complex and is involved in autopha-
gosome formation. However, its function is not limited to
autophagy; it is also involved in immune responses such as
inflammation.408 Several genome-wide association studies
(GWASs) have shown the association between IBD and the
ATG16L1 locus.409,410 Chu et al. revealed that ATG16L1 is
essential for immunomodulation by B. fragilis, which is known to
secrete outer membrane vesicle (OMV) including immunomo-
dulatory molecules that induce regulatory T cells.411 They
showed that the risk allele of ATG16L1 (A300) did not show
OMV-mediated regulatory T cell induction for mucosal
inflammation suppression and also displayed a deficiency of
ATG16L1. These results indicate host variant−microbiota
interaction and the importance of considering host genetic
factors for therapeutic purposes.
4.2. Synthetic Biology and Cellular Reprogramming of
Microbes

Synthetic biology aims to design and engineer organisms with
desired functions that are predictable and consistent. To achieve
this aim, synthetic biology introduces into biology engineering
principles such as modularization, logic gate, and circuit
design.412,413 These efforts enable researchers to choose optimal
genetic parts (e.g., promoter, ribosome binding site, terminator,
peptide tag, and biosensor) as well as construct all types of logic

Figure 5. (A) Logic gates and their truth tables. (B) One example of the transcriptional AND gates.417 The output gene expression is activated only
when both A and B are induced. (C) Application of synthetic logic gates for the spatiotemporal control of engineered microbes. (D) Transcriptional
network found in repressilator. TetR represses cI, cI represses LacI, and LacI represses TetR.
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gates414 (AND, OR, NOR, NOT, XOR, and NAND) and
synthetic devices that can control microbes similar to machines
like the oscillator415 and genetic toggle switch.416 In turn, these
well-characterized and tunable parts allow the assembly of more
functional systems through an optimization cycle called the
design−build−test−learn cycle (DBTL cycle). In this sub-
section, we will review how synthetic biology can be used for
cellular reprogramming. We will also discuss how synthetic
biology allows the spatiotemporal regulation of engineered
microbes and how such techniques can be applied to
microbiome environments.

4.2.1. Regulating Microbe Behavior Using Genetic
Logic Circuits.A logic gate is an electronic device that performs
a basic logical function by processing binary inputs to binary
outputs. Most logic gates process two inputs into one output
following the truth table (Figure 5A). For example, AND gate
outputs 1 only when both inputs are 1 and OR gate outputs 1
when either input is 1. Each logic gate can operate a simple task.
However, devices with multiple logic gates can process
complicated tasks like a computer. Synthetic biology has
enabled the development and implementation of genetic logic
gates by mainly connecting transcription networks using
transcription factors. In synthetic logic gates, expression
represents 1 and no expression represents 0. An AND gate can
be constructed by using a promoter that requires two
transcription activators for its transcription (Figure 5B). The
AND gate can be a very powerful and useful tool for modulating
inputs and an output. For example, Merk et al. constructed a
genetic AND gate that expresses output genes when both ITPG
and tetrathionate exist.418 Because IPTG is an artificial inducer
and tetrathionate is gut inflammation marker, this AND gate
allows for the temporal and spatial regulation of the expression
of specific genes. While GFP was used as an output in their
proof-of-concept study, the AND gate can be used to temporally
or spatially control the in situ secretion of medicine by changing
the output accordingly.
In addition, such logic gates are scalable and can

accommodate an increase in the number of outputs and inputs
by connecting multiple logic gates that can process more
complicated environments. Taketani et al. developed a 2-input
and 3-output logic circuit by combining three NOR gates. This
circuit was then implemented in Bacteroides thetaiotaomicron,
enabling the bacteria to express different genes in an
environment-dependent manner such as the bioreactor stage,
the gut stage, and after release from the host.417 In this study,
they employed anhydrotetracycline (aTc) and the bile acid
deoxycholic acid (DCA) as inputs and demonstrated how the
engineered B. thetaiotaomicron changed its behavior in an input-
dependent manner in a human gastrointestinal model. These
proof-of-concept studies show that scalable logic gates allow for
the spatial and temporal regulation of engineered microbes
under complicated environments. Therefore, administering
standalone engineered microbes that behave in an environ-
ment-dependent manner improves the specificity and local-
ization of their activity, improving overall efficacy.
An oscillator is an electronic device that outputs a periodic

signal. Elowitz and Leibler constructed a genetic oscillator that
expresses a marker gene periodically.415 In the original genetic
oscillator, three transcription repressors, LacI, TetR, and cI,
were encoded in one plasmid called repressilator, and GFP was
encoded under pLtetO1 in the other plasmid. Because TetR
represses cI, cI represses LacI, and LacI represses TetR
expression, the expression of each gene changed periodically.

The GFP reporter gene was regulated by TetR, and its
expression also changed periodically. Although the original
repressilator showed periodic GFP expression, only 40% of cells
were found to behave properly. Accordingly, the experiment was
found to not be robustly designed�causing error propagation
by stochastic effects. A follow-up study done by Potvin-Trottier
et al. improved the original by removing the degradation tags
attached to the repressors and introducing a “sponge” sequence
that soaked up TetR molecules.419 These changes reduced
stochastic effects and improved the robustness of the genetic
oscillator. Recently, an updated version of the oscillator was
tested by Riglar et al. in a mouse gut environment to quantify
bacterial dynamics in vivo.420 They developed the RINGS
(repressilator-based inference of growth at single-cell level)
method to estimate bacterial generations after synchronization.
By using the RINGS method, they succeeded in doing so in the
mouse gut environment to understand in vivo bacterial
dynamics. In the study, an oscillation system was used to
monitor bacterial dynamics in vivo, but the oscillation system
could be utilized for the periodic administration of drugs in situ
as well. Moreover, these studies highlighted how synthetic
genetic circuits can function properly in microbiome environ-
ments through the DBTL cycle.
The examples of genetic circuits presented earlier demon-

strate how microbes can be reprogrammed to exhibit desired
behavior using different genetic parts, such as promoters,
repressors, and activators. In the following sections, we will
review different types of cellular reprogramming that can
potentially improve the efficacy of microbial therapies for
microbiome-associated diseases.

4.2.2. Biosensors and Quorum Sensing. To process
environmental information, microbes can be equipped with
biosensors that can detect pH, temperature, light, metals, and
chemical and biological compounds, among others.421 In
synthetic biology, biosensors are integrated into synthetic
genetic circuits to detect and process environmental information
for downstream processing, which allows engineered microbes
to change their behaviors in an environment-dependent manner
and to communicate among bacterial communities.
To engineer therapeutic microbes, implementing biosensors

into genetic circuits can provide several advantages. First,
biosensor-based expression can reduce genetic burden and
improve the genetic stability of engineered microbes. It is well-
known that implementing a synthetic genetic circuit can exert a
burden on microbes,422 resulting in genetic mutation, a loss of
engineered function, and growth defects in the engineered
microbes.420 Most of the genetic burden arises from the
consumption of cellular resources, reducing cellular fitness.423

Therefore, silencing genetic circuit activity through biosensors
can reduce genetic burden and keep engineered microbes
functional. Another approach for reducing genetic burden is by
cooperating multiple engineered microbes via quorum sensing
(QS).
Second, biosensor-based expression can reduce the risks of

off-target and resultant side effects. All medications have side
effects mainly due to their dosage or unwanted targeting.
Biosensor-based expression control has often been utilized for
cancer therapy development, which requires specific targeting to
reduce severe side effects. One common strategy is to express
anticancer products under a hypoxia promoter from bacteria
that can colonize tumor microenvironments, such as Salmonella
typhimurium, Clostridium novyi, and EcN. He et al. engineered
EcN to express Tum-5 or p53 under oxygen-dependent Pvhb
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promoters,424,425 which activates transcription under hypoxic
areas such as the tumor microenvironment. In the study by He’s
team, engineered EcN was injected into mice bearing tumors.
They confirmed that the engineered EcN could repress tumor
growth and that no obvious side effects could potentially occur
from nonspecific targeting. More research regarding reprogram-
ming microbes for cancer treatment has been reviewed
elsewhere.426 Another promising target for engineered microbes
with biosensors is pathogens. As discussed in section 3.1.2,
employing QS machineries and antimicrobial agents enable the
engineering of microbes that sense and eliminate specific
bacteria secreting QS signal molecules. Third, biosensors can be
used for diagnostic tools by combining memory systems, which
will be reviewed in the next section.
Biosensor specificity is crucial for the proper function of

engineered microbes, especially in complex heterogeneous
environments, such as the human gut, which contains several
structurally similar ligands. However, wild-type biosensors are
often nonspecific and react to several structurally similar
molecules. Hence, it is necessary to develop biosensors that
can differentiate between such ligands in vivo to ensure an
accurate response to the disease. Meyer et al. employed directed
evolution to engineer 12 highly specific biosensors with lower
cross-reactivity.427 Recently, Rottinghaus et al. engineered EcN
for the specific sensing of aromatic amino acids or neuro-
chemicals through the rational improvement of biosensor
specificity based on the protein structures.428 Such studies are
expanding the toolbox of high-quality biosensors for therapeu-
tics purposes.

4.2.3. Memory Systems. Cellular memory is a phenomen-
on wherein transient signals are converted into a prolonged
response. Cellular memory is common in most organisms and is
used widely in biological events such as differentiation,429

epigenetics,430 and immunity.431 Due to its potential applica-
tions, many types of synthetic memory circuits have been
constructed based on various mechanisms432 such as tran-
scription factors,416 DNA recombination,433 and RNAi.434

Memory systems can be classified as either reversible or
irreversible. Reversible memory systems can be turned off upon
the detection of another signal. Gardner et al. constructed a
genetic toggle switch that can function as a reversible memory
system by implementing LacI and cI or TetR to mutually inhibit
their expression (Figure 6A).416 Because repressors mutually
inhibit expression, coexpression is at an unstable steady state and
the expression of either repressor becomes randomly dominant
in each cell without any stimulus. Gardner et al. also
demonstrated that temporal exposure to inhibitors of the
repressors could switch the cellular state and that the state lasts
long after inhibitor withdrawal. On the other hand, an
irreversible memory system cannot be turned off once a signal
is detected. O’Gorman et al. developed an irreversible memory
system utilizing Flippase that excises the reporter’s cis-element
after a specific stimulus and keeps reporter gene expression on in
a mammalian cell.435

Synthetic memory circuits have proven to be a useful research
tool for investigating fundamental biological mechanisms and as
a potential tool in medicine and industry. For instance, the Cre-
loxP system for creating tissue-specific knockout strains is an
irreversible memory system436 for investigating gene function in
specific organs and tissue because it does not perturb gene
function in other organs and tissues. The system is also used to
trace the developmental lineage of cells.437 For industrial
applications, synthetic memory circuits can be used to reduce

the cost of inducers for constant induction to produce
biochemicals of interest.432 By combining biosensors, synthetic
memory systems can be used as noninvasive diagnosis tools for
gut microbiome-associated diseases. Kotula et al. demonstrated
that a synthetic memory circuit using a cI/cro bistable genetic
switch could function in vivo.438 In a follow-up study done by
Riglar et al.,420 they developed a diagnosis tool for gut
inflammation by implementing a memory system and a
biosensor to detect the inflammation marker tetrathionate in
the E. coli strain NGF-1 (Figure 6B). They used the TtrR/TtrS
two-component system to sense tetrathionate and trigger the
memory device and cI/cro bistable genetic switch for a memory

Figure 6. (A) Gene circuit of the genetic toggle switch developed by
Gardner et al.416 TetR and lacI each repress transcription. Either tetR or
lacI expression is dominant without inducer. Each inducer (aTc or
IPTG) inhibits a repressor and induces expression. Once cells are
exposed to an inducer, either lacI or tetR become dominant. (B) Toggle
switch-based memory circuit for a gut inflammation diagnosis tool. Cro
is activated upon the detection of the inflammation marker
tetrathionate by the ttrS/ttrR component. Once the circuit has
detected tetrathionate, expression of cro becomes dominant even
after tetrathionate withdrawal.
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device. This may allow the detection of disease onset in
intestinal organs before symptoms worsen.
Biosensors are an essential building block for processing

environmental cues in synthetic biology approaches. However,
the number of biosensors that canmonitor the inner states of the
microbiome are still limited. To overcome this problem,
Naydich et al. developed a high-throughput memory system
than can be used to screen for biosensors that function inmurine
gut.439 They implemented a cI/cro bistable toggle switch as a
memory device. In the memory off state, the cI repressor is
dominant, while cro and downstream lacZ expression is off. The
trigger device is composed of a dominant negative mutant of cI
(cIDN) under a candidate promoter that is triggered by the
condition of interest. cIDN, which has an N55K mutation in its
DNA-binding region, forms a dimer with wild-type (WT) cI and
derepresses cro and lacZ expression. Once cro is expressed
highly enough, cro can keep repressing cI even without a
stimulus. Hence, by generating a trigger device library, a high-
throughput memory system can be used to screen for promoters
that are active during the condition of interest. They tested this
high-throughput memory system to screen for promoters with
an increased response to an inflamed murine gut environment.
This research exemplifies how synthetic biology approaches can
be used as an investigation tool.

4.2.4. Kill Switches for Biocontainment and Drug
Delivery. As research on developing microbes as therapeutic
agents has progressed, issues relating to the biosafety of
genetically modified organisms have emerged, raising concerns
over the increased risk of spreading potentially hazardous
biological materials to environments. Hence, the implementa-
tion of effective biocontainment systems is essential for real
world usage, especially in cases where engineered wild-type
commensal microbes are used due to their resilience in wild
environments compared to commonly used laboratory strains.
Many biocontainment strategies have already been developed
through synthetic biology approaches.440 The most readily used
strategy is to introduce auxotrophic mutations, in which
microbes are engineered to be dependent on specific nutrients
for growth. However, auxotrophic strains may survive in natural
environments that provide the nutrient. Moreover, this strategy
can be used only for microbes that can be isolated and cultured
in vitro. Therefore, the kill switch can be an alternative strategy
for biocontainment.
Kill switches have long been used in synthetic biology. In

1987, Molin et al. developed a conditional suicide switch by
expressing the Hok gene under the Trp promoter repressed by
tryptophan.441 The Hok gene causes the depolarization of the
cellular membrane and results in cell death. They showed that
Hok can work in broad ranges of both Gram-positive and Gram-
negative bacteria. Contreras et al. utilized the nuclease gene from
Serratia marcescens for a suicide gene combined with a thermo-
induction promoter.442 In 2016, Chan et al. developed the
“deadman” and “passcode” kill switches,443 which are passively
activated. The deadman switch activates the toxin gene and
inactivates an essential gene in the absence of a signal (ATc). To
increase robustness, a genetic toggle switch was implemented in
the deadman switch (Figure 7A). On the other hand, the
passcode death switch employed the hybrid LacI-GalR family
TFs444,445 to allow multiple input molecules that control cell
death (Figure 7B). They showed that the loss of IS1 and IS5,
which caused a large percentage of inactivating mutations in the
passcode circuit after long-term culturing, increased the
passcode’s stability.

Due to the kill switch’s lethality, engineered cells always have a
selection pressure to eliminate the kill switch.443 Hence,
improving the genetic stability of the kill switch is essential for
proper and effective function. It was reported that mutagenesis is
one of the major reasons why an engineered circuit loses
function.443 Thus, restoring the mutation to its original
sequence may help increase stability. Chavez et al. developed a
mutation-restoring system using CRISPR/Cas9.446 In their
system, gRNAs were designed to recognize specific mutations
and convert the mutations back to their original functional
sequences. They demonstrated that this system worked in a
murine gut environment and reduced mutation frequencies
drastically. Although this system can prevent specific mutations
only, this method can be potentially applied to prevent hotspot
mutations causing the loss of function of kill switches.
Another approach to improve the kill switch’s stability is

functional redundancy within the circuit. Rottinghaus et al.
engineered EcNwith an aTc-inducible kill switch, which induces
the expression of gRNA and Cas9 to cut the EcN genomic
DNA.447 They demonstrated that ∼10% and ∼80% of loss-of-
function mutations in the kill switch were accumulated at the
gRNA and the Cas9 cassettes, respectively. To decrease the

Figure 7. (A) Genetic circuit of deadman kill switch. Output of the
toggle switch activates a toxin and inactivates an essential gene to kill
cells, which can be induced by IPTG. Mf-lon proteinase then degrades
lacI and essential genes to increase circuit stability. (B) Genetic circuit
of passcode kill switch. A, B, and C represent repressor genes. The loss
of input a or b or the addition of input c activates the toxin gene
expression.
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probability of losing Cas9 and gRNA functions, they employed
four functionally redundant Cas9 cassettes and two gRNA
cassettes to achieve a 10−8.6 killing efficiency, which surpassed
the recommended killing efficiency of 10−8 by the National
Institutes of Health.
Another application of the kill switch is in the release of

functional compounds from cells to target cells, e.g., pathogens,
inflammation, and cancer cells in situ. Although proteins can be
designed to be secreted by adding a secretion signal,
nonpermeable small compounds require a specific transporter
or channel to be exported from cells. Because those transporters
and channels are not available in many cases, the kill switch can
be a versatile alternative method to secrete any compounds,
including large and small molecules. Saeidi et al.448 demon-
strated the feasibility of using a kill switch for secretion purposes.
In the study, a sensor device that sensed P. aeruginosa through
quorum sensing by the LasR protein activated cell lysis and
released the Pyocin S5 protein to kill P. aeruginosa. However,
this method still carries the risk of releasing the genetic material
introduced into the engineered microbes to the environment
4.3. Chassis Engineering

To facilitate cellular reprogramming of the desired microbe, the
relevant genetic circuit has to be introduced into the microbe.
Such microbes are typically referred to as the “chassis”, with the
term based on the structural framework of equipment and
machines like automobiles. Accordingly, the microbe is usually
transformed with plasmids to introduce new functions without
changing its genomic DNA. In fact, many early proof-of-concept
studies were done through plasmid-based approaches.415,416

Still, problems with the plasmid-based approach include the
lower stability of plasmid DNA as well as expression noise
caused by copy number differences among cells. Hence, the
integration of genetic parts or devices into the chassis’ genomic
DNA is preferable, especially for therapeutic purposes. More-
over, chassis engineering enables the removal or enhancement of
the organisms’ features to engineer a more suitable chassis for
therapeutic purposes. Despite the advantages of chassis
development, the genetic manipulation of commensal microbes
still lags behind model organisms such as E. coli and S.
cerevisiae�both of which are not major members of the human
microbiome. In this subsection, we will review current
developments in CRISPR-based gene manipulation of microbes
and in situ DNA transfer methodologies, which allow for the
genetic modification of genetically intractable microorganisms.

4.3.1. CRISPR-Based Gene-Editing/Manipulation
Tools. CRISPR was originally discovered as an immune system
in archaea, although nowadays it is recognized as a genetics tool.
CRISPR is mainly applied for gene editing through the
introduction of DNA breaks, followed by homologous
recombination using donor DNAs. CRISPR-directed homolo-
gous recombination has accelerated genome engineering in
many organisms including those with genomes previously
considered difficult to manipulate.449 Currently, CRISPR tools
are available in a wide range of commensal bacteria and yeast
such as E. coli,450 Lactobacillus,451 Clostridium,452 Bacteroides,453

Staphylococcus,454 Bacillus,455 Saccharomyces,456 and Candida457

for site-directed mutagenesis and gene deletion/insertion.
CRISPR has also been used to engineer the microbiome and
commensal microbes for characterizing the gene function of
microbiome-related phenotypes. Guo et al. employed CRISPR/
Cas9 to demonstrate the potential link between host immunity
response and SCFAs produced by Clostridium.367 In the study,

Guo et al. developed a CRISPR/Cas9 system for manipulating
Clostridium sporogenes and deleted SCFA-related genes,
resulting in the decreased SCFA production. By comparing
immune responses between mice administered with wild-type
strain and knockout strains, they showed that the loss of SCFA
increased IgA plasma cells. This supports the immunomodula-
tion function of SCFA. Ultimately, the study showed that
CRISPR-based microbiome genetics can help identify causal
genes and their interactions, which are required in synthetic
biology approaches.
Although CRISPR-driven gene editing is widely available for

many organisms, DNA breaks caused by CRISPR/Cas9 tend to
lead to cell death rather than gene editing in a majority of
commensal microbes that have limited homologous recombi-
nation activity. Hence, CRISPR/Cas9 cannot be used for the
majority of nonmodel commensal bacteria. For these microbes,
CRISPRi, CRISPRa, or base editors can be less-toxic
alternatives. CRISPRi and CRISPRa are tools that modulate
transcription activity rather than edit genes. Both tools employ
dCas9, which has DNA binding activity rather than DNase
activity, fused to a transcription repressor or activator,
respectively, to modulate transcription near the loci sgRNA
recognizes. Hence, CRISPRi and CRISPRa function as
programmable transcription factors that ideally can target
promoters of any gene. Their programmability allows knock-
down screening for bacteria using CRISPRi libraries.458

Accordingly, Peters et al. constructed a CRISPRi library that
covers all of the essential genes of B. subtilis for functional
screening and identifies the mechanism of action of anti-
biotics.458

Due to the high programmability of CRISPRi and CRISPRa,
they can be used as custom transcription factors for constructing
genetic circuits. A number of CRISPR-based synthetic gene
circuits have since been constructed.459 Many logic gates,
buffers, NOT,460 AND,436,461,462 OR,462 NAND,462

NOR,436,462,463 XOR,436 and NIMPLY436 were successfully
implemented using CRISPRi and CRISPRa. In addition to
synthetic logic gates, synthetic gene circuits such as the bistable
toggle switch,464 oscillator,464 and stripe pattern generation464

were also implemented using CRISPRi and CRISPRa. So far,
while most genetic circuits constructed by CRISPRi and
CRISPRa are in E. coli or S. cerevisiae, this approach can also
help construct genetic circuits in nonmodel organisms.
While CRISPR/Cas9 gene editing introduces mutations

through DNA strand breaks and subsequent homologous
recombination, base editors mutate DNA using deaminase.
Base editors employ dCas9 or nickase Cas9 fused to a deaminase
that can convert nucleotides.465,466 For instance, the cytosine
base editor converts C to G,466 while the adenine base editor
facilitates A to T conversion.465 Because base editing is quite
new, there is no study yet utilizing it for microbiome
engineering. However, microbiome editing using base editors
is expected to soon be applied in therapeutics due to its lower
toxicity compared to using bacteria.
Another promising CRISPR-related tool for microbiome

engineering is the CRISPR-associated Tn7 transposon
(CAST).467,468 CAST was first reported in 2017 by Peters et
al. They reported that some bacteria carry a Tn7-like transposon,
including Cas effector proteins of the CRISPR subtype I-F. The
Tn7-like transposon lacks TnsE, which mediates target insertion
of the Tn7 transposon. Hence, they hypothesized that this type
of transposon hijacked and utilized the CRISPR system for DNA
recognition,467 with CAST transposing through a CRISPR-
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mediated manner. In 2019, two groups proved that CAST
inserted into the target site in a CRISPR-mediated manner in E.
coli.469,470 Both showed that the target site can be reprogrammed
by changing the gRNA sequence. Strecker et al. showed that
DNA insertion efficiency can reach up to 80% without any
selection, with the frequency of off-target insertion being <1%.
According to studies, insertion efficiency is highly dependent on
target sites. Strecker’s group also detected on-target insertion in
29 loci out of the 48 sites tested. In 2022, Rubin et al. applied
CAST to develop the DNA-editing all-in-one RNA-guided
CRISPR−Cas transposase (DART) system, which was site- and
species-specific in a mouse gut microbial community.471 This
will be reviewed in the next section.
All in all, CRISPR enables the manipulation of a wide variety

of genomic DNA. DNA delivery remains the first step in
experimental manipulation for downstream processes, yet the
majority of commensal microbes are not culturable. Con-
sequently, in the next section, we will review the current progress
of gene manipulation of microbiota in situ.

4.3.2. Genetic Manipulation of Microbes In Situ.
Multiomics studies have uncovered how microbiota genes are
associated with many human diseases and health states, as
mentioned in section 2. However, elucidating the causal
relationship of microbiota genes to host disease remains tricky
mainly due to the difficulty of genetic manipulation in nonmodel
microbiota as well as the challenges involved in culturing them in
vitro.472 Consider how conventional DNA delivery method-
ologies such as chemical transformation and electroporation can
only be applied in vitro. Therefore, alternative technologies for
transferring DNA into microbiota in situ are gaining traction in
microbiome engineering. In this section, we will review the
current progress of DNA delivery technologies and commensal
bacteria manipulation methods in situ.
To adapt to various conditions, environmental bacteria are

known to actively exchange their plasmid DNAs among different
species�a process called horizontal gene transfer (HGT).473
One of the most widely used HGT methods is bacterial
conjugation, where plasmid DNA is transferred from a donor
bacteria to a recipient bacteria through a type IV secretion
system.474 The gut microbiota is considered a fertile environ-
ment for conjugative gene transfer. It has been reported that
bacterial conjugation can be utilized to manipulate gut
microbiota from various donors in situ.475,476 Recently, bacterial
conjugation has become increasingly prominent as a micro-
biome engineering tool. Ronda et al. developed a technique
called metagenomic alteration of gut microbiome by in situ
conjugation (MAGIC), which enables the transfer of plasmid
DNAs from an E. coli donor strain using the Inc.Palpha-family
RP4 conjugation system to gut microbiota in situ.477 This
system allowed them to introduce DNA to both Gram-positive
and Gram-negative bacteria. The conjugation plasmid encoding
the transposon and transposable cassette allows the integration
of DNA into genomic DNA in situ. Fluorescence-activated cell
sorting (FACS) and 16S RNA analysis showed that at least 5% of
gut bacteria were successfully modified in situ. However,
transconjugants were no longer detectable after 72 h, likely
due to toxicity or vector instability. Consequently, further
improvements are needed for MAGIC to be used in the stable
genome manipulation of gut microbiota for the investigation
and identification of causal genes in microbiome-associated
diseases.
Another method for transferring DNA into bacteria in

complex communities in situ is by using phages. Phages are

viruses that infect specific bacteria and transfer their genomic
DNA into bacterial cells. After infection, phage-derived plasmid
DNA is integrated into host genomic DNA or replicated in the
host. By cloning a desired DNA fragment into the phage’s
genomic DNA, exogenous genes can be transferred to bacterial
cells, where they confer new functions with a fairly high
efficiency. Notably, the transduction efficiency of the P2
bacteriophage can reach nearly 100%,478 far beyond other
DNA delivery methods like chemical transformation or
electroporation. Because of target specificity, high efficiency,
and activity in situ, phages are now being applied in microbiome
engineering.479,480 For instance, Citorik et al. utilized a phage to
deliver CRISPR/Cas9 with a gRNA targeting the antibiotic
resistance gene in a synthetic E. coli population in waxworms and
changed bacteria composition.481 In addition, Lam et al.
demonstrated that phages could deliver a CRISPR/Cas9
cassette to E. coli in the murine gut,294 showing that CRISPR/
Cas9 delivered by a phage in situ could cause a chromosomal
large deletion.
Knowing genetically tractable microbes and choosing an

optimal DNA transfer method for microbes of interest in situ are
crucial because there is no versatile DNA transfer method for all
commensal microbes. Rubin et al.471 developed the environ-
mental transformation sequencing (ET-seq) and DNA-editing
all-in-one RNA-guided CRISPR−Cas transposase (DART)
systems, techniques that allowed the identification of genetically
tractable bacteria in microbial communities and organism- and
locus-specific genetic manipulation in situ. In ET-seq, DNA
containing a nontargeted mariner transposon was transferred to
microbial communities by conjugation, electroporation, or
natural transformation, after which transposon-integrated loci
were identified by deep sequencing. Following the identification
of tractable bacteria and an optimal DNA delivery method,
organism- and locus-specific CRISPR-associated transposase
plasmids were designed and introduced into soil and infant gut
microbiota. Using DART, they targeted strain-specific genomic
loci of E. coli and demonstrated that DART could change E. coli
strain composition. Another example of the optimization of
DNA manipulation was done by Jin et al. They developed a
pipeline to manipulate nonmodel gut microbiota (Clostridia) in
vitro and in the host.303 Their pipeline included the
identification of compatible rep and ori combinations for the
vector, antibody selection for both E. coli and Clostridia, and,
finally, the reduction of restriction modifications to increase
stability for stable conjugation and genome modification.

5. CHALLENGES AND LIMITATIONS
In section 2, we reviewed microbiome studies that showed the
link between the microbiome and disease/health states. These
studies suggested that the microbiome plays a crucial role in
human health through microbiome−host interactions. Mean-
while, in section 3, we reviewed how compositional and
functional alterations of the microbiome could affect human
health states, indicating that the microbiome can be a
contributing factor to several diseases. Revealing the causality
of microbiomes in diseases enables its modulation by various
strategies. However, microbiome engineering therapies have not
yet yielded a viable commercial product. Although we are
awaiting the results of clinical evaluation in some cases, other
therapies, particularly engineered bacteria therapies, have been
unable to perform well in clinical trials so far due to lack of
efficacy.
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Accordingly, we propose three limitations hindering the
feasibility of leveraging engineered microbiome therapy for
diseases: (1) the lack of mechanistic understanding underlying
microbiome-associated diseases at multiple levels; (2) the
challenges involved in modifying genetically intractable
organisms; and (3) the spatiotemporal regulation of the
engineered microbiome. In section 4, we reviewed the current
progress of meta-omics studies and synthetic biology tools that
can help resolve these limitations. In particular, metabolomics,
metatranscriptomics, metaproteomics, and multimeta-omics
approaches enable association studies at the metabolite, gene,
and gene interaction levels�deepening our knowledge of the
molecular mechanisms of microbiome-associated diseases and
allowing the design of reprogrammed microbes with predictable
and regulated behavior against specific targets. Moreover,
CRISPR and in situ DNA transfer technologies using bacterial
conjugation and phages permits the manipulation of genetic
intractable microbes both in vitro and in situ. Advances in such
new DNA manipulation technologies will help in the
identification of responsible genes and the engineering of
commensal microbes in vitro and in situ.
We also reviewed how common design principles in synthetic

biology taken from engineering fields facilitate spatiotemporal
regulation in engineered microbes with synthetic genetic
circuits. Although most experiments were performed in in
vitro conditions, some were applied in the gut microbiome,
proving the feasibility of spatiotemporal regulation within the
microbiome environment.
As mentioned earlier, functional meta-omics and synthetic

biology approaches help resolve the limitations hindering the
feasibility of engineered microbe therapy. However, exper-
imental tools must still be specifically tuned for studying the
microbiome, as synthetic biology emerged independently of
microbiome studies. Hence, most available tools are designed
for E. coli to work under constant laboratory conditions. To date,
a collection of standardized genetic parts for the nonmodel
commensal microbiome remains limited or is unavailable. For
instance, E. coli genetic parts were originally developed for in
vitro purposes; hence, most of their functionalities in micro-
biome environments are not well-evaluated and may cause the
loss of robustness in genetic circuits. A robust design is crucial
for therapeutic applications due to the diversity of the
microbiomes found in individuals. Therefore, the optimization
of genetic parts and gene circuits for in vivo environments is set
to be accelerated by developments in in vitro platforms such as
organs-on-a-chip and organoids.
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The Initial State of the Human Gut Microbiome Determines Its
Reshaping by Antibiotics. ISME J. 2016, 10, 707−720.
(268) Vickers, R. J.; Tillotson, G.; Goldstein, E. J. C.; Citron, D. M.;
Garey, K. W.; Wilcox, M. H. Ridinilazole: A Novel Therapy for
ClostridiumDifficile Infection. Int. J. Antimicrob. Agents 2016, 48, 137−
143.
(269) Vickers, R. J.; Tillotson, G. S.; Nathan, R.; Hazan, S.; Pullman,
J.; Lucasti, C.; Deck, K.; Yacyshyn, B.; Maliakkal, B.; Pesant, Y.; et al.
Efficacy and Safety of Ridinilazole Compared with Vancomycin for the
Treatment of Clostridium Difficile Infection: A Phase 2, Randomised,
Double-Blind, Active-Controlled, Non-Inferiority Study. Lancet Infect.
Dis. 2017, 17, 735−744.
(270) Thorpe, C. M.; Kane, A. V.; Chang, J.; Tai, A.; Vickers, R. J.;
Snydman, D. R. Enhanced Preservation of the Human Intestinal
Microbiota by Ridinilazole, a Novel Clostridium Difficile-Targeting
Antibacterial, Compared to Vancomycin. PLoS One 2018, 13,
No. e0199810.
(271) Avis, T.; Wilson, F. X.; Khan, N.; Mason, C. S.; Powell, D. J.
Targeted Microbiome-Sparing Antibiotics. Drug Discovery 2021, 26,
2198−2203.
(272) Machado, A.; Cerca, N. Influence of Biofilm Formation by
Gardnerella Vaginalis and Other Anaerobes on Bacterial Vaginosis. J.
Infect. Dis. 2015, 212, 1856−1861.
(273) Bradshaw, C. S.; Sobel, J. D. Current Treatment of Bacterial
Vaginosis�Limitations and Need for Innovation. J. Infect. Dis. 2016,
214, S14−S20.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.2c00431
Chem. Rev. 2023, 123, 31−72

66

https://doi.org/10.1097/01.MIB.0000440815.76627.64
https://doi.org/10.1097/01.MIB.0000440815.76627.64
https://doi.org/10.1097/01.MIB.0000440815.76627.64
https://doi.org/10.1155/2021/6666114
https://doi.org/10.1155/2021/6666114
https://doi.org/10.1136/gutjnl-2015-310746
https://doi.org/10.1016/j.chom.2019.01.007
https://doi.org/10.1016/j.chom.2019.01.007
https://doi.org/10.1016/j.chom.2019.01.007
https://doi.org/10.1016/j.cell.2015.01.002
https://doi.org/10.1016/j.cell.2015.01.002
https://doi.org/10.1177/1756283X11428502
https://doi.org/10.1177/1756283X11428502
https://doi.org/10.1177/1756283X11428502
https://doi.org/10.1172/jci.insight.86955
https://doi.org/10.1172/jci.insight.86955
https://doi.org/10.1126/scitranslmed.aaz8631
https://doi.org/10.1126/scitranslmed.aaz8631
https://doi.org/10.1126/scitranslmed.aaz8631
https://doi.org/10.1086/515635
https://doi.org/10.1086/515635
https://doi.org/10.1086/515635
https://doi.org/10.1016/j.juro.2006.07.014
https://doi.org/10.1016/j.juro.2006.07.014
https://doi.org/10.1016/j.juro.2006.07.014
https://doi.org/10.1093/cid/cir183
https://doi.org/10.1093/cid/cir183
https://doi.org/10.1093/cid/cir183
https://doi.org/10.1038/s41575-019-0173-3
https://doi.org/10.1038/s41575-019-0173-3
https://doi.org/10.1111/j.1365-2036.2006.03042.x
https://doi.org/10.1111/j.1365-2036.2006.03042.x
https://doi.org/10.1038/s41598-017-10722-2
https://doi.org/10.1038/s41598-017-10722-2
https://doi.org/10.1038/s41598-017-10722-2
https://doi.org/10.1038/s41598-017-10722-2
https://doi.org/10.1038/s41598-019-41837-3
https://doi.org/10.1038/s41598-019-41837-3
https://doi.org/10.1038/s41598-019-41837-3
https://doi.org/10.1039/c3fo60348b
https://doi.org/10.1039/c3fo60348b
https://doi.org/10.1039/c3fo60348b
https://doi.org/10.1067/mai.2001.118130
https://doi.org/10.1067/mai.2001.118130
https://doi.org/10.1067/mai.2001.118130
https://doi.org/10.1136/adc.2006.098251
https://doi.org/10.1136/adc.2006.098251
https://doi.org/10.1093/jn/138.6.1091
https://doi.org/10.1093/jn/138.6.1091
https://doi.org/10.1093/jn/138.6.1091
https://doi.org/10.1136/gut.2005.074971
https://doi.org/10.1136/gut.2005.074971
https://doi.org/10.1136/gut.2005.074971
https://doi.org/10.1038/s41551-021-00749-2
https://doi.org/10.1038/s41551-021-00749-2
https://doi.org/10.1038/s41551-021-00749-2
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1073/pnas.1000087107
https://doi.org/10.1073/pnas.1000087107
https://doi.org/10.1073/pnas.1000087107
https://doi.org/10.3389/fmicb.2015.01543
https://doi.org/10.3389/fmicb.2015.01543
https://doi.org/10.1038/ismej.2015.148
https://doi.org/10.1038/ismej.2015.148
https://doi.org/10.1016/j.ijantimicag.2016.04.026
https://doi.org/10.1016/j.ijantimicag.2016.04.026
https://doi.org/10.1016/S1473-3099(17)30235-9
https://doi.org/10.1016/S1473-3099(17)30235-9
https://doi.org/10.1016/S1473-3099(17)30235-9
https://doi.org/10.1371/journal.pone.0199810
https://doi.org/10.1371/journal.pone.0199810
https://doi.org/10.1371/journal.pone.0199810
https://doi.org/10.1016/j.drudis.2021.07.016
https://doi.org/10.1093/infdis/jiv338
https://doi.org/10.1093/infdis/jiv338
https://doi.org/10.1093/infdis/jiw159
https://doi.org/10.1093/infdis/jiw159
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00431?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(274) Landlinger, C.; Tisakova, L.; Oberbauer, V.; Schwebs, T.;
Muhammad, A.; Latka, A.; Van Simaey, L.; Vaneechoutte, M.; Guschin,
A.; Resch, G.; et al. Engineered Phage Endolysin Eliminates Gardnerella
Biofilm without Damaging Beneficial Bacteria in Bacterial Vaginosis Ex
Vivo. Pathogens 2021, 10, 54.
(275) Whitney, C. G.; Farley, M. M.; Hadler, J.; Harrison, L. H.;
Bennett, N. M.; Lynfield, R.; Reingold, A.; Cieslak, P. R.; Pilishvili, T.;
Jackson, D.; et al. Decline in Invasive Pneumococcal Disease after the
Introduction of Protein−Polysaccharide Conjugate Vaccine. N. Engl. J.
Med. 2003, 348, 1737−1746.
(276) Biesbroek, G.; Wang, X.; Keijser, B. J.; Eijkemans, R. M.;
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