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Abstract
The human microbiome exerts profound influence over various biological processes within the body. Unlike many host 
determinants, it represents a readily accessible target for manipulation to promote health benefits. However, existing com-
mercial microbiome-directed products often exhibit low efficacy. Advancements in technology are paving the way for the 
development of novel microbiome therapeutics, across a wide range of indications. In this narrative review, we provide an 
overview of state-of-the-art technologies in late-stage development, examining their advantages and limitations. By cover-
ing a spectrum, from fecal-derived products to live biotherapeutics, phage therapy, and synthetic biology, we illuminate the 
path toward the future of microbiome therapeutics.

Key Points 

The human gut microbiome is an accessible target for 
manipulation to promote health.

An overview of state-of-the-art microbiome therapeutics 
and technologies for a range of indications, their advan-
tages and limitations are summarized in this review 
article.

1  Introduction

The advent of sequencing technologies has revolutionized 
our understanding of the human microbiome, a diverse and 
intricate community of microorganisms that resides within 
us. Comprising predominantly bacteria but also encom-
passing viruses, fungi, archaea, and protists, this ecosystem 
thrives throughout the body, with the intestinal tract serving 
as its primary habitat, displaying escalating density and com-
plexity from the esophagus to the large intestine. Despite the 
existence of a relatively stable core of microbial members, 
the variability between individuals is influenced by lifestyle 
choices, health conditions, and medication usage [1]. Nota-
bly, taxonomic classification often fails to capture functional 
diversity, as there exists considerable overlap in metabolic 
capabilities among taxa. Indeed, the metabolic functions of 
the microbiome exhibit more similarity across individuals 
than across their taxonomic compositions [2]. The presence 
and function of these microorganisms exert profound effects 
on the host, impacting various aspects of health and disease. 
Recognizing the significance of microbe–host interactions 
has spurred endeavors to modulate the gut microbiome to 
promote beneficial health outcomes. From dietary interven-
tions to fecal microbiota transplantation (FMT), the field 
of microbiome therapeutics is rapidly evolving, driven by 
advancements in technology and a growing focus on preci-
sion medicine. In this narrative review, we provide a concise 
overview of the current state-of-the-art in microbiome thera-
peutics and highlight recent breakthroughs with translational 
potential. From untargeted interventions to more targeted 
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interventions (Fig. 1), we describe the available tools and 
provide a constructed summary of the current and future 
methods (Table 1). We also address the challenges and pros-
pects associated with each therapeutic approach. Although 
microbial manipulation also holds promise for disease pre-
vention, this topic will not be discussed in this review as it 
involves many aspects beyond its scope.

2 � The Microbiome and the Host

The human gastrointestinal (GI) tract stands as a pivotal 
player in human physiology, recognized as one of the larg-
est neurologic, endocrine, and immune organs. Recent 
evidence indicates that the gut orchestrates homeostasis 
not only within its immediate vicinity, but also extends 
its influence to distant organs, such as the liver, lungs, 
central nervous system, and muscle [3–6]. Central to this 
intricate interplay is the intestinal microbiome, which 
interacts extensively with the host through multifaceted 
pathways. Perturbations in the microbial community can 
disrupt the integrity of the intestinal mucus layer and are 

associated with poor barrier function (e.g., “leaky gut”) 
[7]. Our microbial community is a metabolic factory that 
can metabolize most types of nutrients and host products, 
as well as perform metabolic functions that humans do 
not possess (i.e., degradation of complex carbohydrate). 
These metabolites can deliver local and distant signals. 
With ongoing research, an expanding repertoire of recep-
tors for microbial metabolites is being identified, span-
ning various cell types, including immune cells. Notably, 
the microbiome exerts regulatory effects on the immune 
system. For example, it is now thought that early-life expo-
sure to microbial antigens augments the host’s immune 
system and predisposes individuals to diseases later in life 
[8]. Furthermore, “aging” of the microbiome is associated 
with many age-related diseases, possibly through some 
level of inflammation. Given the profound impact on the 
host, microbial interventions emerge as compelling strate-
gies for promoting health and combating disease.

Fig. 1   Schematic distinction 
of targeted and untargeted 
approaches of microbial thera-
peutics. Microbial consortia 
are considered both targeted 
and untargeted. All microbial 
therapeutic modalities are in 
close relationship with the gut 
microbiome and the intestinal 
mucosa of the host. LBT live 
biotherapeutic product, NLBT 
nonlive biotherapeutic product. 
The figure was created using 
BioRender.com
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Table 1   Current and future microbiome therapeutic modalities
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3 � Current Microbial Interventions

Microbiome therapeutics, intended to improve health and 
treat disease, are ultimately mediated by one or more of the 
above-mentioned mechanisms i.e., through direct or indirect 
enhancement of microbes’ beneficial functions. Dietary modi-
fications or supplements, such as prebiotics, mostly include 
dietary fibers that reach the colon undigested, and are utilized 
there by microorganisms to produce metabolites which affect 
the host. Another therapeutic option are conventional probiot-
ics, which constitute “live microorganisms (mostly bacteria 
but also yeasts) that, when administered in adequate amounts, 
confer a health benefit on the host” [9]. The current use of 
untargeted probiotics is (largely) unsubstantiated, backed only 
by low, real-world efficacy and poor clinical evidence for most 
indications [10]. Although widely used, strong evidence exists 
for only a few clinical indications [11, 12]. This is likely owing 
to the flawed concept that organisms, which are non-native 
to the adult intestinal tract, will colonize for the long term, 
together with uncertain quality control of the products and 
loose regulations by the authorities [probiotics are considered 
foods or dietary supplements by the Food and Drug Admin-
istration (FDA)]. FMT is an untargeted, but ecological ther-
apeutic modality that involves the transfer of fecal material 
from a healthy donor to a recipient in order to achieve a new 
balance of gut microbiota and enhance its functionalities and 
diversity. The high success rate of FMT for the treatment of 
recurrent Clostridioides difficile infection (rCDI) (above 80% 
with a single administration, and > 90% with repeating doses) 
[13], has given hope that this therapeutic modality may be 
successful for other non-infectious diseases associated with 
skewed microbial composition. The FDA established that the 
clinical use of FMT for the treatment of rCDI no longer needs 
an investigational new drug application (IND) [14]. However, 
this exemption does not apply to other therapeutic applica-
tions of FMT. Overall, FMT is considered a potent and holis-
tic approach which has been extremely successful for rCDI; 
however, while benefits for some other indications have been 
shown, for many indications the benefits are still uncertain and 
FMT treatment is currently not recommended.

4 � Microbial Consortia

Given the efficacy and feasibility of FMT as a comprehen-
sive ecological intervention, alongside the inherent risks 
associated with the transmission of undetected or emerg-
ing pathogens, there is a compelling rationale for explor-
ing alternative combinations of microbial communities that 
are disease specific. A microbial consortium is a group of 
microorganisms that are symbiotic (e.g., a mutual host-
microorganism bidirectional and beneficial relationship), 
naturally coexist and thrive, and can collectively impact 
biological processes. Unlike mixtures of bacteria in cur-
rent probiotic formulations, which are single strains mixed 
at the processing step, microbial consortia are designed to 
work together in a specific, synergistic way, focusing on 
recreating a more diverse and stable microbial community 
similar to natural microbiomes. Initial efforts in this area 
focused on standardizing the manufacturing of an FMT-
derived product, in the form of Rebyota (RBX2660), which 
is an enema-delivered product approved by the FDA for 
rCDI. Although superior to placebo for reducing rCDI (n 
= 180, RBX2660; n = 87, placebo; success rate 70.6 ver-
sus 57.5%, respectively), the results are not comparable 
with prior FMT studies, while the incidence of adverse 
events was similar among interventions [13, 15–17]. Sub-
sequently, fecal material processing was implemented to 
preserve some level of diversity while increasing preci-
sion and safety. Vowst (SER-109), an FDA-approved, 
oral fecal-derived purification of Firmicutes spores has 
shown superiority to placebo in reducing rCDI (n = 89, 
SER-109; n = 93, placebo; relative risk 0.32) [18]. The 
inactivation and purification of stool to remove vegetative 
forms of microorganisms [19], support the positive safety 
results [18]. As opposed to this “top-down” approach (FMT 
derivatives), a different approach that constructs a ration-
ally selected microbial community (“bottom-up”) is also 
being attempted. One example is VE303, a bacterial con-
sortium constructed from eight strains of Clostridia origi-
nating from stools of healthy individuals, obtained from 
bacterial biorepositories. VE303 has shown superiority over 
placebo in reducing rCDI (n = 29, high-dose VE303; n = 

Recommendations for most of the compounds in this table are aimed for the prevention, treatment, or cure of a human disease, or condition. 
Clinical evidence is scarce for certain modalities, and more studies are needed to determine effectiveness in particular indications
XOS xylo-oligosaccharides, GOS galacto-oligosaccharides, RCT​ randomize clinical trial, CDI Clostridioides difficile infection, GVHD graft-
versus-host-disease, FMT fecal microbiome transplants, BT biotherapeutics

Table 1   (continued)
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22, placebo; 13.8 versus 45.5%, respectively) with favorable 
safety outcomes [20]. The current strategies of microbial 
consortia are conservative and mostly designed for rCDI 
treatment, although other indications are being explored. 
MaaT013 for example, a compound of pooled fecal mat-
ter from 3–8 donors, was investigated for the treatment of 
refractory gastrointestinal graft-versus-host-disease with 
satisfactory safety outcomes in this highly immunocompro-
mised patient population [21]. This oral product is enriched 
in butyrate-producing bacteria, which promotes epithelial 
integrity and restores immune homeostasis. Other formula-
tions have been tested in animal models and are currently 
being explored in human pilot studies for different indi-
cations. Preliminary  results are promising and pave the 
way to safe and effective alternatives to FMT. However, 
constructing a de novo, sustainable and symbiotic micro-
bial consortium that will efficiently engraft is challenging. 
Microbial consortia lack other aspects of the microbiome 
ecosystem, such as the variety of substrate resources and the 
trans-kingdom interactions with viruses and fungi that are 
naturally found in the intestines [22, 23]. This might explain 
the lower efficacy of these interventions compared with the 
complex but primitive FMT.

5 � Single Strain Biotherapeutics

Considering the challenges in the manufacture of microbial 
consortia, exploring single strain biotherapeutics as another 
form of microbial intervention has become an attractive 
strategy. Live biotherapeutic products (LBPs) are a class 
of biological, medicinal products that contain live micro-
organisms to prevent, treat, or cure diseases or medical 
conditions. Unlike traditional probiotics, LBPs are classi-
fied as pharmaceuticals and not dietary supplements, and 
the FDA and the European Medicines Agency are involved 
in their regulation to ensure safety and efficacy [24]. An 
example of single strain (ss) LBPs is Akkermansia mucin-
iphila, a mucin-degrading commensal bacterium that has 
been associated with a good safety profile and contributes 
to the maintenance of an impermeable gut barrier, thereby 
regulating microbial host interactions and immunity. In ani-
mal models, this LBP has been associated with improving 
biomarkers of obesity, type 1 and type 2 diabetes mellitus, 
hepatic steatosis, intestinal inflammation, and several can-
cers [25]. Oral administration of A. muciniphila has been 
associated with a beneficial metabolic status and improved 
metabolic and clinical outcomes in individuals with obesity 
[26]. Another potential candidate for ssLBP is Anaerobu-
tyricum soehngenii (formerly Eubacterium halli), a small, 
intestine-derived butyrate-producing bacterium that affects 
glucose metabolism and insulin resistance. Oral and enteral 
administration of A. soehngenii is safe and shows positive 

results on peripheral insulin resistance in patients with meta-
bolic syndrome [27]. Blautia hydrogenotrophica (Blautix™) 
is another short-chain fatty acid producer (mainly acetate), 
shown to be safe and potentially beneficial in patients who 
suffer from irritable bowel syndrome [28]. Other ssLBPs 
that target specific pathophysiological aspects of disease are 
being studied in pre-clinical phases. Some of these bacteria 
have mutualistic properties and can be considered as cross-
feeders [29], emphasizing the need for further research on 
combination of single strains and prebiotics to test the added 
value of co-supplementation. Non-live biotherapeutics 
(NLBPs) are medicinal products containing microorganisms 
that have been killed, inactivated, or stabilized. EDP1815 
is an example of a NLBP derived from Prevotella histicola 
cultures that possesses broad and potent anti-inflammatory 
effects, targeting Th1, Th2, and Th17 inflammatory path-
ways, and which lead to reduced skin inflammation and 
tissue cytokines in mouse models [30, 31]. Clinical stud-
ies have demonstrated that EDP1815 is well tolerated, has 
a favorable safety profile and shows clinical efficacy in 
patients with mild to moderate psoriasis [32]. Disappoint-
ing results led to the discontinuation of EDP1815 in atopic 
dermatitis [33], further highlighting the specificity of these 
interventions. Taken together, LBPs have gained great atten-
tion in microbiome therapeutics as promising alternatives. 
Still, for sustainable long-term impact on the intestinal eco-
system, single or scarce organisms may not be sufficient. 
Furthermore, since NLBPs are not expected to colonize, 
frequent and ongoing administration will be needed to exert 
their beneficial effects.

6 � Phage Therapy

The gut virome vastly interacts with other members of the 
microbiome, and can serve as another potential modality 
for gut microbiome modulation through, for example, fecal 
virome transplantation (e.g., administration of filtered and 
processed fecal material that contain particles below a cer-
tain size) [34, 35]. A more specific application of the gut 
virome is the use of bacteriophages, which are viruses that 
infect specific bacteria and can be used as antimicrobial 
agents. Unlike antibiotics, phages exhibit high specificity, 
often to the strain level, sparing unwanted off-target effects 
on the microbiota [36]. After the phage’s DNA is injected 
into the bacterium, one of two modes of action are initi-
ated: lytic or lysogenic. Bacteriolytic phages utilize bacte-
rial machinery to manufacture their own proteins leading 
to bacterial lysis and release of newly formed phage copies 
to the environment. In lysogenic replication, the phage’s 
DNA is integrated into the bacterial genome, replicates and 
passes on without killing the host (bacteria) [37]. Both phage 
modalities can serve as methods for intestinal microbiome 
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manipulation. Federici et al. identified lytic phages that 
target Klebsiella pneumoniae clades, common in patients 
with inflammatory bowel disease [38]. These bacteriolytic 
phages were able to improve colitis in mice, and were found 
to be safe in an artificial gut model and phase I trial. Clus-
tered Regularly Interspaced Short Palindromic Repeats-
associated protein 9 (CRISPR-Cas9) is a DNA nuclease that 
serves as a genomic-editing tool [39]. This machinery can be 
delivered by lysogenic phages to target specific bacteria and 
specific bacterial functions [40, 41]. SNIPR001 (by SNIPR 
BIOME) is an example of a CRISPR-armed, phage delivery 
therapeutic with broad activity against 429 Escherichia coli 
strains. The goal is to promote the degradation of specific 
segments of bacterial DNA and by that, kill antibiotic resist-
ant species [42]. Rubin et al. reported a versatile editing 
system that selects for specific strains within a microbial 
community, without the need for strain isolation as required 
by the above-mentioned technologies. This system enabled 
the introduction of a loss-of-function mutation to a growth 
inhibitory gene or the introduction of antibiotic resistance 
transposons to Klebsiella michiganensis and Pseudomonas 
simiae. By inserting those properties, bacteria were granted 
the ability to dominate the community under these spe-
cific stresses [43]. Combination of these technologies can 
enhance our capacity to personalize microbial interven-
tions. While phage therapy pharmacodynamics and phar-
macokinetics are yet to be fully investigated, preliminary 
findings (as reviewed elsewhere) suggest their safety, with 
minor and anecdotal adverse events reported in human and 
animal studies [44, 45]. However, resistance [46], immu-
nogenicity [47], efficient delivery methods, and optimal 
dosing remain significant hurdles that need to be properly 
addressed. To tackle the acidity and proteases in the upper 
GI tract that bacteriophages in-particular face, methods are 
being designed for distal delivery, allowing for minimally 
disruptive in situ modification of microbes in the gut [48]. 
This approach paves the way for future research, which will 
be crucial in achieving the full potential of phage therapy.

7 � Synthetic Biology

Synthetic biology is another powerful tool that involves 
genetic manipulation, in this case through the integration of 
selected traits into specific bacteria. Transcriptional regula-
tors and genes encoding proteins of interest can be assem-
bled into a plasmid (a circular DNA fragment that can be 
utilized as an accessory genome) that can be inserted into the 
bacterial cell or integrated into its genome [49, 50]. Micro-
bial candidates for synthetic biology are selected according 
to specific features such as the ability to engraft the intes-
tine, ease of manipulability, and previous use as a probiotic 
strain [51, 52]. Notably, the commercially available probiotic 

Escherichia coli Nissle 1917 (EcN) is frequently used as a 
vehicle strain due to the relative ease with which it is geneti-
cally manipulated. These manipulations encompass a wide 
range of functionalities, such as sensorial capacities, secre-
tory functions, and immune-invoking properties. Koh et al. 
engineered EcN to express bile salt hydrolases under the 
control of a sialic acid-responsive promoter. This situation of 
altered bile acid metabolism is seen after antibiotic treatment 
and is often associated with the occurrence of CDI. Koh’s 
engineered EcN improved infection severity and survival in 
an antibiotic-exposed mouse model of CDI [53]. Metabolic 
pathway disorders are another appealing condition to target 
using synthetic biology. One of these is hyperammonemia, 
that can be seen in primary urea cycle disorders and hepatic 
encephalopathy. Kurtz et al. manipulated the EcN genome to 
generate the strain SYNB1020 that, through oral administra-
tion, converts ammonia to l-arginine in the gut to mitigate 
disease symptoms [54]. SYNB1020 (by Synlogic) lowered 
systemic hyperammonemia in preclinical trials, and was 
well tolerated by healthy volunteers and patients with cir-
rhosis and increased urinary nitrate. However, SYNB1020 
was not able to reduce ammonia blood levels in a double-
blind randomized placebo-controlled study in subjects with 
cirrhosis and hyperammonemia [55]. Another candidate 
(SYNB1353) was designed to reduce methionine levels in 
patients with classical homocystinuria, a condition usually 
managed with dietary restriction of the amino acid. In mice 
experiments and in healthy volunteers, SYNB1353 showed a 
reduction in plasma methionine and homocysteine following 
oral methionine intake [56]. The drug, granted Orphan Drug 
Designation by the FDA, is now advancing to a phase-2 trial 
[57]. Microbial engineering also takes advantage of micro-
bial–host interactions to target inflammation. Lynch et al. 
designed a bacterial platform (PROT3EcT) that utilizes the 
Shigella type III secretion apparatus in EcN to allow active 
secretion of proteins directly into the intestinal environment 
that targets proinflammatory factors. A variant of PRO-
T3EcT, with the ability to secrete an anti-TNF-α nanobody, 
showed improvement in a murine model of inflammatory 
bowel disease and was as effective as systemic anti-TNF-α 
treatment [58]. The latest development in this field is the 
intelligent responsive bacteria for diagnosis and therapy 
(iROBOT) system that can sense local inflammatory signals 
from the host, produce molecules that influence the environ-
ment/host and noninvasively record the level of inflamma-
tion in the target tissue [59]. Overall synthetic biology is a 
versatile tool that holds great promise for a targeted and per-
sonalized approach to many medical conditions. However, 
bacterial gene transfer may undesirably alter other meta-
bolic pathways, impact environmental microbes [60], and 
potentially lead to off-target effects on bacterial members of 
the human microbiome. Of note, this gene transfer system 
can also be beneficial and leveraged for in-situ microbiome 
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manipulation, as suggested by Ronda et al. [61]. They utilize 
EcN as a vehicle to horizontally transfer genetic elements to 
members of the microbiome community in vivo. However, 
concerns are raised from the previous use of genetically 
manipulated organisms (GMOs) and potentially unwanted 
effects of these interventions [62]. In an effort to overcome 
these unwanted traits, future probiotics should be engineered 
with an understanding of metabolic cooperation and com-
petition within microbial communities using complex meta-
bolic models [63].

8 � Looking Forward

Advancements in our understanding of microbiome-asso-
ciated disease mechanisms, coupled with the progress in 
molecular technology, have equipped us with the means to 
precisely target the host–microbiome interaction in a mul-
titude of diseases. The extensive spectrum of conditions 
linked to microbiome alterations, some with established 
causal relationships, present numerous avenues for explo-
ration. Efforts to harness the microbiome for therapeutic 
purposes extend across various medical disciplines, under-
scoring its vast therapeutic potential. However, significant 
challenges remain, including enhancing efficacy, establish-
ing long-term safety, scaling up production, and ensuring 
product quality. An important fact is that while biotherapeu-
tics become more precise, they currently overlook individual 
variations in microbiome composition. Future approaches 
should involve analyzing the pre-intervention microbiome 
structure to tailor therapy on a personalized basis to opti-
mize efficacy. Although advances in molecular characteri-
zation and analytical platforms have improved our ability 
to characterize an individual’s microbiome, daily fluctua-
tions and difficulties in sampling various gastrointestinal 
tract locations pose limitations. Recent progress in smart 
capsule technology for sampling along the intestine [64], 
together with  advanced bioinformatic tools, offers prom-
ise in addressing these challenges. Additionally, combining 
these modalities and integrating lifestyle and dietary inter-
ventions can expand therapeutic options and enhance effec-
tiveness and sustainability. The widespread use of probiotics 
and prebiotics indicate acceptance of microbiome therapeu-
tics, often perceived as “natural” interventions, though con-
cerns surrounding GMO foods highlight the necessity for 
open scientific dialogue to improve patient and physician 
acceptance. Now, more than ever, the future of microbiome 
therapeutics looks bright.
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