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Immunological consequences
of microbiome-based
therapeutics

Md Zahidul Alam, Jeffrey R. Maslanka and Michael C. Abt*

Department of Microbiology, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA, United States
The complex network of microscopic organisms living on and within humans,

collectively referred to as the microbiome, produce wide array of biologically

active molecules that shape our health. Disruption of the microbiome is

associated with susceptibility to a range of diseases such as cancer, diabetes,

allergy, obesity, and infection. A new series of next-generation microbiome-

based therapies are being developed to treat these diseases by transplanting

bacteria or bacterial-derived byproducts into a diseased individual to reset the

recipient’s microbiome and restore health. Microbiome transplantation therapy

is still in its early stages of being a routine treatment option and, with a few

notable exceptions, has had limited success in clinical trials. In this review, we

highlight the successes and challenges of implementing these therapies to

treat disease with a focus on interactions between the immune system and

microbiome-based therapeutics. The immune activation status of the

microbiome transplant recipient prior to transplantation has an important

role in supporting bacterial engraftment. Following engraftment, microbiome

transplant derived signals can modulate immune function to ameliorate

disease. As novel microbiome-based therapeutics are developed,

consideration of how the transplants will interact with the immune system

will be a key factor in determining whether the microbiome-based transplant

elicits its intended therapeutic effect.
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Section 1: Introduction.
Microbiome-based therapy
and immune health

Millions of years of co-evolution between microbiome and

the mammalian host has resulted in mutualism and

homeostasis (1). Microbial diversity is a hallmark feature of a

healthy microbiome as the trillions of microbes act in concert to

support host health (2, 3). However, this mutualistic

relationship can be breached by environmental factors, such

as antibiotic use or dietary changes, that lead to decreased

bacterial diversity or skewed relative abundance of bacterial

species (4–6). Collectively, these changes in microbiome

composition are referred to as microbial dysbiosis (7).

Consistently, altered or ‘dysbiotic’ intestinal microbial

communities are associated with disease states such as cancer,

diabetes, allergy, obesity, neurological disorders, and infectious

diseases (8–15). These associations have been replicated

in animal studies, leading to increased mechanistic

understanding of how microbial dysbiosis can drive disease

progression. Numerous observations linking dysbiosis and

disease have provoked the biomedical community to

hypothesize that resetting the microbiome with a composition

of bacteria from healthy individuals could restore health (16–

18). In support of this theory, numerous animal studies

demonstrate resolution of disease following microbiome

transplantation directly into the host’s intestine (19–24). In

humans, however, the efficacy of microbiome-based therapies to

treat disease have been inconsistent (25). The complex

challenge of developing successful microbiome-based

therapies is exemplified by the multifaceted, bidirectional

interactions between commensal bacteria and the host

immune system (7).

At steady-state, intestinal bacteria are critical regulators of

the host immune system that promote immune education,

immunotolerance, as well as resistance to pathogens (15). For

example, distinct species of the endogenous microbiome directly

impact CD4+ T helper (TH) cell differentiation and function in

the intestine. Resident segmented filamentous bacteria (SFB)

attach to the small intestinal epithelium and drive CD4+ TH17

cell differentiation that is essential to maintain the integrity of

the intestinal barrier (26, 27). SFB colonization induce antigen-

specific TH17 cells in the small intestine via IL-22, IL-23, and

serum amyloid A protein (SAA) protein and promote host

defenses against enteric bacterial pathogens through CD4+ T

cell dependent and independent mechanisms (26, 28, 29).

Similarly, Bacteroides fragilis contributes to the differentiation

of TH1 cells and lymphoid organogenesis by its capsular

polysaccharide A (PSA). Colonization of germ-free mice with

PSA produced from B. fragilis restores splenic IFN-g producing
CD4+ T cells through antigen presentation in an IL-12/STAT4
Frontiers in Immunology 02
specific manner (30). Further, B. fragilis helps to maintain TH1/

TH2 balance and directs the generation of the CD4+ regulatory T

cells (Treg) via PSA (30, 31). Firmicutes, specifically bacteria

belong to the Clostridia class, also promote immune homeostasis

at steady-state by promoting Treg cell differentiation in the

intestine via production of short chain fatty acids (SCFA) and

secondary bile acids (32–39). Insights gained from these studies

as well as many others (40, 41) that investigate immune-

microbiome interactions at steady-state have laid the

foundation to use the microbiome as a therapeutic that can be

administered to an individual to recalibrate the immune system

and treat disease.

The collective microbiome has been referenced as a distinct

organ system, comparable to the kidney or liver organ, due to the

capacity of the microbiome to synthesize signaling molecules

that shape host physiology (42). A dysbiotic microbiome that

fails to function properly is analogous to an organ system failure

(43). Likewise, a microbiome-based transplant can be considered

a bacterial “organ” transplant meant to replace the dysbiotic

“failing organ” with a healthy one. As with kidney transplants,

there are complex molecular interactions between the donor

microbiome “organ” and the host that will determine whether

the transplant successfully engrafts or is rejected. Crosstalk

between the microbiome transplant and the host immune

system has an important role in determining transplant

success or failure and is the focus of this review.
Section 2: Dysbiosis and disease

It is often challenging to determine whether a dysbiotic

intestinal microbiome is the cause or the consequence of the

disease state. Chronic intestinal dysbiosis is associated with

elevated expression of proinflammatory mediators that are

hallmarks of various chronic inflammatory diseases (7, 41).

For example, the intestinal microbiome in patients with

inflammatory bowel disease (IBD) is characterized by a

significant decrease in Firmicutes bacteria and an increase in

Bacteroidetes and Proteobacteria (44). Instead of a diverse,

Firmicutes-enriched microbiome that promotes intestinal Treg

cell population and immune tolerance (34, 35, 45), the dysbiotic

microbiome in IBD patients supports pathogenic CD4+ type-17

T helper (TH17) cells in the intestine. In contrast to the TH17 cell

population induced by commensal bacteria that maintain barrier

integrity in the context of a diverse microbiome, TH17 cells that

arise under dysbiotic conditions release pro-inflammatory

cytokines, causing intestinal damage (46–48). Inflammatory

TH17 cells accumulate in IBD patients’ intestinal lesions both

in the ileum and colon (49, 50). Several studies support that the

dysbiotic intestinal microbiome in IBD is the causative agent

that initiates immune changes in the colon. For instance, Britton

et al. show that germ-free mice transplanted with the
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microbiome obtained from IBD patients had increased numbers

of TH17 and TH2 cells and reduced RORgt+ Treg cells in their

colon compared to germ-free mice that received microbiome

from healthy donors (51). Using a T cell transfer model of colitis

this group demonstrated the IBD microbiome caused more

severe CD4+ T cell-mediated colitis, compared to healthy

microbiome (51). Dysbiosis caused by external perturbation,

such as antibiotic treatment, can also lead to activation of host

inflammatory mediators, that provide feedback to the

microbiome and drive expansion of potentially pathogenic

intestinal bacteria. Byndloss et al. found that antibiotic-

mediated depletion of butyrate-producing bacteria reduced

peroxisome proliferator–activated receptor gamma (PPAR-g)
expression in the intestinal epithelium, leading to the

induction of NOS2 and increased the nitrate levels in the

colon (52). Host-derived nitrate can be used as respiratory

electron acceptors by colitogenic Escherichia/Shigella or

invasive Samonella bacteria in the intestine (53, 54). In both

examples, the antibiotic-induced dysbiotic microbiome led to

breakdown of intestinal immune homeostasis that leaves

the host more vulnerable to colonization with disease-

promoting bacteria.

Reciprocal to dysbiosis driving aberrant immune responses,

host inflammation can cause intestinal dysbiosis. Several studies

show that excessive intestinal inflammation due to infection or

IBD can alter the intestinal lumen microbial population (55, 56).

As a consequence of intestinal mucosal inflammation,

inflammatory by-products like reactive oxygen species and

reactive nitrogen species derivatives can change the intestinal

microbiome by providing a growth advantage to inflammation-

tolerant colitogenic bacteria (e.g., Gammaproteobacteria) over

the inflammation-sensitive (e.g., Bifidobacteria) beneficial

bacteria (53, 57, 58). For instance, infection due to

Toxoplasma gondii, causes a marked immune-driven intestinal

dysbiosis by increasing macrophage-derived NO byproducts in

the colon that supports anaerobic respiration in E. coli (59).

Likewise, in recurrent Clostridioides difficile infection patients,

increased intestinal inflammation is associated with an
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abundance of Escherichia/Shigella in the intestinal tract (60,

61). Studies using genetically modified mice or mice treated

with immunostimulatory agents to initiate immune activation

demonstrate that immune activity can result in dysbiosis.

Dysbiosis that is caused by immune activation renders the

host more susceptible to severe colitis (62–64). Combined,

these studies demonstrate the bidirectional influence of

immune system and dysbiosis.

In dysbiosis-associated diseases, it is difficult to determine

whether the altered microbiome is driving pathogenic immune

responses or, conversely, dysregulated immunity promotes

microbial dysbiosis. In reality, a reciprocal relationship

exists where both the dysbiotic microbiome and aberrant

immune system feed forward to reinforce dysbiosis and

immunopathology. Microbiome-based therapies seek to break

this cycle by resetting the microbiome back to a “healthy” state.

The immunologic consequences of such therapies need to be

considered for successful implementation of such therapies.
Section 3: Types of microbiome-
based therapies

Microbiome-based therapeutics seek to restore the healthy

microbial populations that reside on or within the host and the

downstream metabolic networks that the microbiome directs.

Broadly, microbiome-based therapies can be categorized into

five approaches. These are prebiotics, fecal microbiota

transplantation (FMT), probiotics, live-biotherapeutics, and

postbiotics (Table 1).
3.1 Prebiotics

Prebiotics are non-living food components that are not

digestible by the host but beneficially impact the host’s health by

selectively stimulating the activity and growth of some genera of

microbes in the intestine (65, 77). Current prebiotics are
TABLE 1 Categories of microbiome-based therapies.

Therapeutic Description Interaction with immune system Ref

Prebiotics (e.g Galacto-
oligosaccharides)

Non-digestible molecules to
boost bacterial growth

Reduced allergic TH2 responses Improved NK cell function (65, 66)

Fecal Microbiota
Transplantation

Feces from a healthy donor Increased Treg cells, decreased TH1 cells (67, 68)

Probiotics (e.g.
Bifidobacterium)

Live non-permenant resident
microorganism,

Increased Treg cells Anti-inflammatory in colitis models (69–71)

Live bio-therapeutics
(e.g. SER-287)

Select, live microorganism(s)
provide clinical benefit

Increased Treg cell abundance and function (38, 72–
74)

Postbiotics (e.g.
Butyrate)

Bacterial metabolites or
bacterial components

Increased Treg cells, decreased TH17 cells Reduced innate cell sensitivity to microbiome
Decreased infiltration of colonic neutrophils and lymphocytes

(34, 36,
75, 76)
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predominantly carbohydrate-based, but other substances, such as

polyunsaturated fatty acids and polyphenols, also exert prebiotic

effects (65). An ideal prebiotic can resist the actions of acids, bile

salts, and other hydrolyzing enzymes in the intestine, is non-

absorbable in the upper gastrointestinal tract, and can be

fermented by beneficial intestinal microbes Fecal microbiota

transplantation (FMT) (77). Among many prebiotics, non-

digestible oligosaccharides, such as inulin and its hydrolysis

products oligofructose, and (trans) galacto-oligosaccharides fulfill

all those criteria (65, 66). Prebiotics prevent pathogen growth by

increasing intestinal organic acids thereby reducing luminal pH

levels and establishing a stable population of commensal bacteria

that compete with invading pathogens for nutrients (78–80).

Efficacy of prebiotic therapy, however, is dependent on beneficial

microbes already residing within the host, a condition that may not

be met in dysbiosis. Therefore, more direct microbiome-based

therapeutic modalities may be needed.
3.2 Fecal microbiota transplantation

FMT, also known as bacteriotherapy, is a procedure to obtain

feces from a healthy individual and introduce the fecal slurry into

a patient’s intestinal tract. FMT can restore the recipient’s

gastrointestinal bacterial diversity and bacterial-derived

metabolites termed the metabolome (81, 82). FMT is considered

the crudest form of live microbiome based therapies since the

transplant inoculum is often an undefined mixture of microbes.

The first known description of the therapeutic use of feces was by

Ge Hong for the treatment of human diseases, including diarrhea,

in the fourth century in China (83). However, it was not until the

mid-twentieth century that feces were used to treat a specific

disease in a controlled way. In 1958, Eisenmen and colleagues

were the first to treat pseudomembranous colitis with FMT (84).

More recently, FMT to treat recurrent C. difficile infection is the

most widely used application of this microbiome-based

therapeutic. In controlled, double-blinded studies, FMT has

been proven to be ~89% efficacious in preventing recurrent C.

difficile infection (85). During C. difficile infection there is a

decrease in SCFAs and secondary bile acids in patients’ colons

(60, 86). Following FMT, the clinical improvement in patients is

directly associated with engraftment of donor microbes,

restoration of SCFAs and secondary bile acids, and resolution of

inflammation in the colon (82, 87, 88). Bacteria to bacteria

interactions and restoration of commensal bacteria colonization

resistance are thought to be the primary FMT mechanism of

action for resolution of C. difficile infection. In agreement with this

prevailing theory, SCFAs and secondary bile acid metabolites can

directly inhibit C. difficile growth (89, 90). However, as described

in the following sections, FMT may also work indirectly via

signaling with the host immune system.

FMT is also being studied for the treatment of non-

infectious intestinal diseases like IBD (91) as well as
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extraintestinal diseases such as immune checkpoint inhibitor

(ICI) cancer immunotherapies (92), metabolic, and

neuropsychiatric disorders (93). Clinical trials using FMT to

treat these diseases have more varied success compared to the

use of FMT to treat recurrent C. difficile infection. In a

systematic meta-analysis assessing the efficacy of FMT for the

treatment of ulcerative colitis (UC), Narula et al. found that

28% of patients progressed to clinical remission of active UC

following FMT. This was a marked improvement over the 9%

remission in the placebo groups but still demonstrated that the

majority of FMT recipients did not experience a therapeutic

benefit from the FMT (94). Both animal and human trials with

FMT have demonstrated the feasibility but also potential

dangers of using an undefined bacterial consortium as a

therapy (95). This concern has led to slow adoption of crude

FMT as a standard practice and search for more refined forms

of FMT. A clean mixture of purely isolated gut bacteria

collected from a healthy donor termed ‘defined gut microbial

ecosystem components’- effectively cleared C. difficile from two

patients who failed to clear the pathogen with several courses of

traditional antibiotics therapy (96, 97). This defined FMT

approach may be a safer, more controlled, and more

acceptable method. However, future large-scale randomized

controlled trials are needed to determine the efficacy of this

defined FMT approach. Next generation microbiome-based

therapies that are described below seek to further refine and

remove donor variability inherent with FMT.
3.3 Probiotics

Probiotics are live microorganisms, mainly Lactobacillus,

Bifidobacterium and Saccharomyces, that do not naturally

reside in the mammalian host but provide health benefits

when administered (98). The discovery that fermented food

such as yogurt and fermented milk contain mixtures of bacteria

with health benefits led to the development of modern

probiotics. These bacteria can be isolated, grown, and

administered in controlled doses. Probiotics can provide health

benefits through several mechanisms including producing

antimicrobial peptides, enhancing mucus production, and

regulating mucosal immune functions (65). Several studies

show an anti-inflammatory role of probiotics in alleviating

colitis in mouse model (69–71). Although promising in animal

studies, the therapeutic effect of probiotics in treating

inflammatory diseases in patients is not well established.

Lactobacillus and Bifidobacterium probiotic treatment failed to

reduce TNF-a or increase IL-10 expression in IBD patients (99).

However, several clinical studies demonstrate that combinations

of probiotics provide some benefit in UC patients (100). A

systematic review with a meta-analysis by Derwa et al. that

included 22 randomized controlled trials that administered

probiotics to IBD patients demonstrated no therapeutic benefit
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of probiotics at inducing remission of active UC compared to the

placebo group (101). In the same meta-analysis, the probiotics

effect was similar to 5-aminosalicylic acid (5-ASA), a commonly

used anti-inflammatory drug, in preventing UC relapse. In

addition, no benefit of probiotics was observed in inducing

remission of active Crohn’s disease (CD) as well as in

preventing relapse of quiescent CD. In C. difficile infection,

administration of the probiotic, Saccharomyces boulardii showed

promise in preventing recurrence. McFarland and colleagues

(102) found that oral administration of S. boulardii for four

weeks with standard antibiotics therapy significantly reduced

recurrent C. difficile-associated disease (34.6%), compared to the

placebo group (64.7%). In another study (103), S. boulardii was

effective in decreasing recurrences (16.7%) only when

administered with a high-dose of vancomycin (2 grams/day),

compared to placebo with a high-dose-vancomycin group

(50%). In both studies, S. boulardii was effective with

concurrent antibiotic therapy. The limitation of probiotic

therapy could be due to the inability of the probiotic bacteria

to colonize and take up residence in the dysbiotic intestinal tract

and stably restore microbiome diversity.
3.4 Live bio-therapeutics

Distinct from probiotics, live bio-therapeutics are a single

bacterial species or a selected combination of bacteria, that can

colonize the intestine and are designed to provide a clinical

benefit for a particular disease (104). Live bio-therapeutics are

often identified and isolated from fecal bacterial populations.

They are considered “next-generation” microbiome therapy

products to treat diseases like C. difficile and IBD with more

refinement than a heterogeneous fecal transplant mixture. A

series of encouraging clinical trials have demonstrated the

potential of this more refined microbiome-based therapy

approach. A consortium of purified Firmicutes spores

developed by Seres Therapeutics was effective in a phase 3

clinical trial to reduce the risk of C. difficile recurrence

compared to standard of care antibiotics (105). Further, a

defined collection of 8 bacteria, named VE303, developed by

Vedanta Biosciences also shows promise in phase 2 clinical trial

for the treatment of recurrent C. difficile infection (88). Similarly,

SER-287, an oral formulation of Firmicutes spores, showed

promising results in a phase 1 clinical trial for the remission of

mild to moderate UC (106). Due to the complexity of microbial

interactions with the host, identifying a single or small

combination of bacterial species that convey comparable

therapeutic effects to FMT is challenging. However, the studies

described above demonstrate that live bio-therapeutics in

development have the capacity to treat a broad range of

dysbiosis associated diseases and could be used as a safer

alternative to FMT.
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3.5 Postbiotics

Postbiotics are soluble components of microbial cells or their

derived metabolites that can provide therapeutic benefits (107).

SCFAs and secondary bile acids are two examples of well-studied

microbial-derived metabolites being actively tested for therapeutic

effects. SCFAs consist of a class of molecules produced during

bacterial fermentation of complex fibers in the colon (108).

Administration of SCFAs reduces colitis in mice (45, 109),

however, human IBD trials show inconsistent results (110).

Further, secondary bile acids show anti-inflammatory effects on

immune cells and alleviate intestinal inflammation in a mouse

model of colitis (111). A clinical trial on the therapeutic effect of

secondary bile acid, ursodeoxycholic acid in IBD is ongoing

(NCT03724175). Notably, high physiologic concentrations of

secondary bile acids drive colorectal tumorigenesis through

oxidative stress and DNA damage in the epithelium (112, 113).

The goal of postbiotics therapy is to identify and isolate downstream

effector metabolites produced by the beneficial bacteria of the

microbiome and administer these molecules to treat disease

without the detrimental side effects. Postbiotic therapeutics offer

the potential for chemical modifications to reduce off-target

interactions and enhance on-target therapeutic effects.
Section 4: The role of the immune
system in shaping the outcome of
microbiome-based therapy

The immune status of the recipient prior to microbiome

transplantation shapes the engraftment, function and ultimately

efficacy of any microbiome therapy to treat disease (Figure 1). The

microbiome transplant recipient’s immune status can be impacted

by infection, genetics or pre-existing dysbiosis and in turn shape the

intestinal microenvironment into a hostile or receptive setting for

the microbial consortium attempting to colonize the host. Work

from our group has begun to identify the immune components

prior to microbiome therapy that determine whether the

microbiome transplant is successful. In a mouse model of FMT-

mediated resolution of C. difficile infection, FMT recipient Rag1-/-

mice, which lack B and T cells, failed to engraft the transplanted

bacteria, did not restore cecal secondary bile acid levels, and were

not able to resolve C. difficile infection compared to

immunocompetent littermate control mice (114). CD4+ T cells,

specifically Treg cells, were the critical adaptive immune cell type

that supported FMT success as depletion of Treg cells rendered C.

difficile infected mice non-responsive to FMT therapy. Notably,

uninfected Rag1-/- mice readily engraft the FMT bacterial

consortium indicating that immune deficiency in combination

with infection-driven inflammation is both needed to inhibit

FMT engraftment. The intestinal Treg cell compartment is
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comprised of heterogenous subsets of thymic-derived and

peripherally-induced Treg cells (115–118). These Treg cell subsets

promote tissue homeostasis mediated through a diverse repertoire

of anti-inflammatory mechanisms, such as secretion of IL-10 and

TGF-b, sequestration of IL-2, and expression of co-inhibitory

molecules CTLA-4, ICOS and PD-1. In the absence of Treg cell-

mediated regulation, the intestinal environment can shift towards

an inflammatory setting that results in elevated expression of pro-

inflammatory mediators that provide a growth advantage to

inflammation-tolerant bacterial species, and may skew microbial

engraftment to favor these bacterial species over donor-derived,

inflammation-sensitive bacteria (54, 119, 120). While it is known

that inflammation can favor selective growth of some bacteria (54)

further study is needed to identify which specific molecular

pathways can be targeted to enable bacterial species from a

microbiome transplant to engraft.

Clinical studies assessing the host inflammatory status prior to

FMT further highlight the importance of immune status in

transplant engraftment and thereby efficacy of such therapies.

For example, recurrent C. difficile patients that have higher

intestinal inflammation prior FMT, as measured by fecal

calprotectin level, are more likely to require repeated FMT

administration to resolve infection (121). Further, patients with

recurrent C. difficile infection that have underlying IBD experience

reduced beneficial effects following FMT therapy (122).

Microbiome-based treatment of recurrent C. difficile infection in

patients with underlying IBD is a difficult clinical challenge since
Frontiers in Immunology 06
both diseases have the potential to amplify mucosal barrier

breakdown and dysregulate mucosal immunity. In a large

retrospective study that used clinical metadata and colonoscopy

to diagnosis patients’ IBD status, 74.4% of patients with

concomitant IBD resolved C. difficile at 2 months following a

single infusion of FMT compared to 92.1% of patients who did not

have IBD (122). More evidence that pre-existing immune-driven

inflammation impairs FMT efficacy comes from a study that

found that active IBD patients on high dose drug regimens to

control IBD flares, indicating more aggressive inflammation in

this patient subset, had reduced success when administered FMT

to treat recurrent C. difficile infection (123). In addition, IBD

patients are more likely to experience intestinal flares following

FMT, although the precipitating factors for these flares could be

the progression of the underlying IBD condition, the recurrence of

C. difficile or the FMT itself (124). Data on whether a microbiome

transplant recipient’s intestinal inflammatory status is in an active

flare phase or in maintenance phase may be crucial in

understanding microbiome transplant failure or success.

Currently, there are very limited clinical studies considering this

factor when reporting trial results. In a small study on patients

with active UC, individuals taking immunosuppressants had a

stronger response rate following FMT (5 out of 11 patients)

compared to UC patients not on immunosuppressants (4 out of

27 patients) (125). In the same study FMT was found to be more

effective in patients (75% efficacy) who were recently diagnosed

with UC compared to those with chronic disease (18% efficacy)
BA

FIGURE 1

Microbiome-immune cell interactions determine the failure and success of microbiome-based therapies (MBTs). (A) Inflammation associated
with dysbiosis renders the intestinal environment refractory to MBT engraftment (Section 4). (B) MBT can promote therapeutic effects through
immune regulation following administration (Section 5). Following successful MBT engraftment, the overall microbiome diversity increases.
Postbiotics or metabolites produced by incoming bacteria including SCFAs and 2° bile acids can induce CD4+ Treg cells, which reduce
inflammation and restore the immune homeostasis of the colon.
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suggesting persistent chronic inflammation may shape the

intestinal microenvironment to be refractory to FMT (125).
Section 5: Microbiome-based
therapies acting on the
immune system

Microbiome-based therapies are designed to reshape the

composition of resident microbial communities and restore

health. One mechanism through which these therapies elicit their

beneficial properties is via stimulation of the immune system.

Broadly, the microbiome transplant can promote immune

tolerance mechanisms to decrease inflammation (Figure 1) or

activate the immune system to enhance effector activity (Figure 2).
5.1 Microbiome-based therapies
promoting immunoregulation in
intestinal disorders

5.1.1 IBD
Animal and clinical studies investigating microbiome-based

therapies for IBD have focused on assessing whether the
Frontiers in Immunology 07
recipient's intestinal microbial communities and their derived

metabolites are restored following treatment. Studies focused on

the impact of microbiome-based therapies on the host immune

response are less prevalent. In the dextran sodium sulfate (DSS)-

induced colitis mouse model, FMT reduces colonic

inflammation and improves mucosal immune health by

inducing IL-10 expressing CD4+ T cells and invariant NK T

cells in the colon of mice (126). Additionally, FMT reduces

macrophage and neutrophil numbers in the colon and dampens

antigen presentation capabilities to T cells, which is critical to

controlling exaggerated inflammation (126). In agreement, a

study by Wei et al. found that in DSS-induced colitis, FMT

upregulates the aryl hydrocarbon receptor, IL-10, and

transforming growth factor beta (TGF-b) expression in the

mouse colon, providing favorable therapeutic effect in limiting

DSS-induced colitis (127). Interestingly, contrary to the above

studies, Il10-/- mice that develop spontaneous microbiome

driven colitis (128) exhibit increased pro-inflammatory

cytokines in the colon and exacerbated colitis following

ileocolic resection and subsequent FMT administration (129),

suggesting the FMT loses it therapeutic effect in the absence of

IL-10. These studies suggest the prominent role of IL-10

signaling in the therapeutic effects of FMT against colitis in

mice. Identifying specific immune pathways activated by the
BA

FIGURE 2

Microbiome-based therapy (MBT) in immune checkpoint inhibitor (ICI) therapy and ICI-associated colitis. (A) MBTs such as Bifidobacterium spp and
Bacteroides fragilis cooperate with ICI, leading to increased infiltration and activation of effector T cells in the tumor microenvironment (TME). This
mechanism boosts the anti-tumor activity of ICI therapy. (B) Activated T cells and their released cytokines induced by ICI therapy can cause off-
target inflammation, leading to ICI-associated colitis. FMT can alleviate this ICI-associated colitis via inducing immunoregulatory properties.
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FMT will be important in determining the therapeutic outcome

of the FMT.

Like FMT, live biotherapeutic bacteria have protective

properties in mouse colitis models by modulating the immune

response in the colon. For example, Round et al. showed that

colonization of germ-free mice with B. fragilis, a prominent

commensal bacterium, induced Treg cell function and anti-

inflammatory cytokine release from the Treg cell population

(72). This immunomodulatory effect of B. fragilis was driven by

PSA, inducing differentiation of CD4+ T cells into FoxP3+ Treg

cells that produce IL-10. B. fragilis-derived PSA administered as a

postbiotic therapy alone had an immunomodulatory effect and

prevented and ameliorated TNBS-induced colitis in mice. Oral

administration of a defined consortia of 17 Clostridia commensal

bacteria also alleviated colitis in mice through Treg-mediated

immunomodulatory effects (38). Mechanistically, these 17

Clostridia strains produced SCFAs that increased TGF-b
concentration in the mouse colon leading to elevated colonic

Treg cells that expressed ICOS and produced IL-10. A follow up

study further demonstrated the ability of these 17 Clostridia

strains to produce SCFAs (73). Another defined consortium of

bacteria reported by Zhu et al. also found an IL-10 associated

beneficial effect. This probiotic cocktail with an equal mixture of 3

Bifidobacterium and 7 Lactobacillus sub-strains significantly

reduced signs and symptoms of DSS-induced colitis and was

associated with an increase of IL-10 and decrease of

proinflammatory cytokines in the serum (74). The improvement

in colitis was also associated with an increased expression of

epithelial tight junction proteins, indicating restoration of

compromised barrier functions. These observations suggest an

IL-10-dependent pathway as a prominent mechanism through

which microbiome transplants convey their therapeutic effect in

limiting inflammation.

Commensal bacteria-derived metabolites, such as SCFAs,

have also been studied for therapeutic potential in murine colitis

models. In a TNBS-induced colitis model, Chen et al. found that

butyrate administered through drinking water protected mice

from severe colitis by suppressing proinflammatory responses in

the colon and improving gut barrier integrity (130). This

protective effect of butyrate was GPR109a receptor-mediated

as GPR109a deficient mice completely lost butyrate-mediated

protection. Several other animal studies also demonstrate

protective role of SCFA against experimental colitis through

boosting Treg cells and downregulating pro-inflammatory

cytokines in the colon (131, 132). Similarly, secondary bile

acids demonstrate anti-inflammatory effects on immune cells

and alleviate intestinal inflammation in a mouse model of colitis

(111). Secondary bile acids derivatives, such as 3-oxoLCA and

isoalloLCA can promote the differentiation of Treg cells and

inhibit TH17 cells (36, 37, 39).

Numerous clinical microbiome transplant studies report

changes in transplant recipient’s immune parameters following

transplantation in IBD. In a pilot study on active CD by Vaughn
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et al., a single colonic FMT infusion lead to an increase of Treg

cells in the colon at 12 weeks. However, the Treg cell population

increased in both FMT recipient patients who responded and

failed to respond to the FMT (67). Another prospective, open-

label study with 20 active UC patients showed a decrease in Treg

and TH1 cells in the colon at four weeks following a single dose

of colonoscopy-delivered FMT, with no differences in TH2 and

TH17 cells (68). Patients treated with Lactobacillaceae-enriched

probiotic, named VSL#3, showed therapeutic benefit against

active UC, compared to the placebo group. VSL#3 had an

immunomodulatory effect on colonic dendritic cells (DCs).

Specifically, immune profiling from rectal biopsies obtained

from patients demonstrated a decrease in IL-12 and an

increase in IL-10 production from the colonic DCs. Probiotics

can modulate DC populations and lower the proinflammatory

response in the colon, contributing to clinical improvement of

UC patients (133). Lactobacillus casei administered rectally, but

not orally, with 5-ASA therapy significantly improved clinical

outcomes in UC patients, compared to 5-ASA-treatment alone

(134). The clinical improvement was associated with immune

changes in the colon. Biopsies from the sigmoid region of the

large intestine showed decreased expression of IL-1b and TLR-4

and increased levels of IL-10 in the colon of patients who

benefitted from L. casei probiotic. SCFAs have also been tested

as a postbiotic therapy to treat IBD in patients. Luhrs and

colleagues report that UC patients treated with butyrate have a

significant clinical improvement compared to a non-butyrate

treated group (135). Histologically, butyrate treated patients had

less mucosal inflammation, reduced infiltration of neutrophils

and lymphocytes in the lamina propria of the colon, associated

with decreased activation of NF-kB signaling in macrophages.

Other clinical studies also demonstrate immune mediated

beneficial effect of SCFA in UC patients through decreasing

the infiltration of neutrophils (75) and suppressing mucosal

inflammation in the colon (76).

5.1.2 ICI-colitis
Immune checkpoint inhibitors (ICI) work by removing the

intrinsic breaks of the immune system and thereby boosting the

effector functions of T cells effector function (136). One serious

adverse effect of ICI use is colitis caused by an overactivated

immune response, which resembles IBD and can be life-

threatening. Recent studies suggest that the development of

ICI-associated colitis is correlated with gut microbiome

dysbiosis and restoration of the bacterial population can

mitigate the ICI-associated colitis in animals and patients

(137) (Figure 2).

In a mouse study, anti-CTLA-4 treatment was combined

with DSS administration to model severe ICI-associated colitis.

Oral administration of Bifidobacterium species rescued mice

from colitis in a Treg cell dependent manner without an

apparent impact on the antitumor activity of anti-CTLA-4

immunotherapy (138). In a follow up study, this group found
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that Bifidobacterium enhanced mitochondrial fitness and IL-10

activity of intestinal Treg cells to limit ICI-induced colitis (139).

Similarly, Lactobacillus reuteri administration inhibits the

progression of ICI-associated colitis in mice administered DSS

in their drinking water and treated with anti-CTLA-4 and anti-

PD-1 immunotherapy (140). The protective effect of L. reuteri in

preventing colitis was associated with decreased infiltration of

leukocytes in the intestinal tissue and decreased levels of

proinflammatory cytokines such as TNF-a, IFN-g, and IL-6 in

serum, compared to non L. reuteri-administered mice.

Additional studies have identified specific bacterial-derived

metabolites with therapeutic effects against ICI-associated

colitis. Mice orally administered with indole-3-carboxaldehyde

(3-IAld), a microbial-derived tryptophan catabolite, had

decreased disease severity, weight loss, and colonic damage

compared to mice non-treated with 3-IAld (141). This

protective effect of 3-IAld was AhR-signaling mediated and

dependent on IL-22 cytokine production, which protected

mice by inducing Reg3g expression in the colon.

In humans, a case report of two patients with ICI-associated

colitis that were refractory to steroid treatment, found FMT

successfully treated the colitis (142). In one patient, the clinical

improvement was associated with a substantial reduction in

colonic CD8+ T cells with a concomitant increase in Treg cells.

The second patient had a decrease of all the T cell subtypes

following FMT; however, the CD4+ T cell population was

relatively unchanged compared to the CD8+ T cells, which was

associated with the persistence of Treg cells in the colonic mucosa.

In another recent case study (143), a patient suffering from palatal

malignant melanoma developed severe ICI-associated colitis after

the third dose of anti-PD-1 treatment. After unsuccessful

treatment with corticosteroids, an FMT was administered to

successfully resolve colitis symptoms. The patient’s clinical

outcome was associated with decreased fecal calprotectin and

restoration of the congested, inflamed colonic mucosa to near

normal level (143). These mucosal immune changes reported in

the case reports suggest that FMT is signaling to reshape intestinal

immune cell populations resulting in therapeutic effect against

ICI-associated colitis. It is unknown, however, whether FMT-

mediated immunoregulation during ICI treatment counteracts the

anti-tumor activity of the checkpoint blockade therapy and

changes cancer progression. For example, Treg cells contribute to

tumor growth by suppressing effector T cell functions (144). In

addition, increased levels of Treg cells in the tumor

microenvironment are positively correlated with poor prognosis

in various cancers (145, 146). As mentioned above (142),

increased level of Treg cells in the colon could be one of the

potential mechanisms of FMT-mediated amelioration of ICI-

associated colitis. Therefore, it will be important for future

studies to determine whether there is any detrimental effect of

FMT-driven Treg cells on the capacity of ICI to limit cancer

progression. Studies investigating the efficacy of microbiome-

based therapies to limit ICI-associated colitis have involved a
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small number of patients with various types of cancers. Large-

scale randomized trials are needed. A clinical trial is currently

underway on the use of FMT for treating ICI-associated

diarrhea or colitis in patients with genitourinary tract

cancer (NCT04038619).
5.2 Microbiome-based therapies driving
immune activation

Data from animal studies and clinical trials also indicate that

the microbiome can enhance the antitumor responses of ICI

(Figure 2). In mice, anti-CTLA-4 antibody treatment controls

melanoma and colon cancer progression in specific pathogen-

free (SPF) mice but not in germ-free mice. Additionally, the

anti-CTLA-4 effect was compromised in SPF mice treated

with broad-spectrum antibiotics supporting an active role of

the bacteria (24). Further animal studies demonstrated the

therapeutic role of microbiome transplants in boosting the

antitumor effect of ICIs. Routy et al. found that germ-free or

antibiotic-treated mice receiving FMT from cancer patients who

responded to ICIs, had improved antitumor activity following

anti-PD-1 treatment compared to mice receiving FMT from ICI-

non-responder (147). This study also showed a correlation

between the clinical benefit of ICIs with the relative abundance

of Akkermansia muciniphila. Oral supplementation with A.

muciniphila restored the efficacy of PD-1 blockade in non-

responsive mice by increasing the recruitment of CCR9+

CXCR3+ CD4+ T cells into mouse tumors in an IL-12-

dependent manner. This study demonstrates a clear immune-

mediated role of a specific bio-therapeutic bacteria species in

improving the efficacy of ICIs during cancer therapy. Tanoue

et al. showed that a consortium of 11 bacterial strains obtained

from healthy human donors can boost the efficacy of anti-PD-1

immunotherapy in suppressing adenocarcinoma and melanoma

growth in mice by increasing the infiltration of IFN-g+ CD8+ T

cells in the tumor microenvironment (148). Interestingly, these

11 strains of bacteria are normally present in low abundance in

the intestinal microbiome but could have strong potential for

ICI-mediated cancer therapy if enabled to expand in the

intestinal tract. Another study by Sivan et al. demonstrated

that oral administration of Bifidobacterium enhanced the

capacity of anti-PD-L1 treatment to control melanoma growth

(23). This effect was mediated through activation of antigen

presenting cells that enhanced CD8+ T cell infiltration into the

tumor microenvironment. Similarly, in another mouse study, B.

fragilis was shown to boost anti-CTLA-4 effect against tumors in

mice (24). The anti-CTLA-4 anti-tumor response in germ-free

or antibiotic-treated mice was rescued by oral administration of

B. fragilis, immunization with B. fragilis polysaccharide, or by

adoptive transfer of memory B. fragilis-specific TH1 cells. This

immunostimulatory effect was mediated by an IL-12 dependent

TH1 cell response that controlled the tumor progression. In
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another study of colorectal cancer and melanoma in mice, oral

administration of live Lactobacillus rhamnosus augmented the

antitumor activity of anti-PD-1 immunotherapy by triggering

IFN-b production in dendritic cells with a concomitant increase

of CD8+ T cells in the tumor microenvironment (149). These

animal studies demonstrate the promise of microbiome-based

therapy in supporting immune checkpoint inhibitor therapy’s

antitumor effects.

Combining microbiome-based therapies with immune

checkpoint inhibitors to enhance anti-cancer effects is actively

being tested in the clinic with several promising results. Baruch

et al. investigated the role of FMT in ICI-refractory melanoma. In

this Phase I clinical trial, FMT was effective in three out of ten

patients at improving the efficacy of anti-PD-1 therapy to treat

metastatic melanoma. In responders, treatment with FMT was

associated with a favorable immune change in tumor

microenvironment, including upregulation of the IFN-g-mediated

signaling pathway, MHC-II protein expression, dendritic cell

differentiation, TH1 cell response, and an increased infiltration of

CD8+ T cells (150). Another study by Davar and colleagues also

showed some promise using FMT for patients with refractory

melanoma resistant to ICI (92). In this study fecal samples were

obtained from melanoma patients who responded to ICI therapy

previously and transferred to non-responsive patients. Following

FMT, six out of fifteen patients clinically benefitted from FMT

therapy in conjunction to anti-PD-1 treatment. Patients who

responded had increased microbiome diversity, increased

activation of CD8+ T cells, and decreased IL-8 expressing myeloid

cells in tumor microenvironment (92). Beyond the two studies

mentioned, several other ongoing clinical trials are investigating

FMT in improving ICI therapy against various tumors, including

gastrointestinal cancer (NCT04130763), renal cell carcinoma

(NCT04758507) and prostate cancer (NCT04116775).

Live biotherapeutics also show promise to improve the

efficacy of ICIs in human cancers. Patients with metastatic

renal cell carcinoma, administered CBM588 (contained

Clostridium butyricum) and both anti-PD-1 and anti-CTLA-4

immunotherapies had improved clinical outcome (151). The

clinical improvement following CBM588 therapy was associated

with an anti-tumorigenic immune change in patients. Higher

level of pro-inflammatory cytokines, such as GM-CSF, IL-8,

TNF-a, IFN-g, MCP-1, IL-1RA and decreased level of Treg cells

were observed in peripheral blood of CBM588 plus anti-PD-1

and anti-CTLA4 group, compared to only anti-PD-1 and anti-

CTLA-4 treated group. A probiotic, called EDP1503 containing

Bifidobacterium spp, developed by Evelo Biosciences is now in

Phase I/II trial for the treatment of colorectal cancer and breast

cancer with ICIs (NCT03775850). Microbiome-derived SCFAs

are also found to be associated with favorable clinical outcome to

ICI therapy against human cancer. A study by Nomura et al.

found that patients having high SCFA levels in blood and feces

were associated with improved efficacy of anti-PD1 therapy

against solid tumors (152), while in another study, patients
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immunotherapy showed a positive correlation between anti-

PD-1 response and high levels of fecal propionate and butyrate

(153). These studies do not show a direct causative link between

administering SCFAs to patients and improved efficacy of ICI

nor provide a mechanism of how SCFAs elicit clinical

improvement in patients. Future large-scale animal and

clinical studies will be needed to determine the role of

postbiotics in this aspect.
5.3 Microbiome-based therapies tuning
immune defenses against infection

5.3.1 C. difficile
As detailed previously, the most successful implementation

of FMT is in resolving C. difficile infection. Most animal studies

investigating FMT’s mechanism of action have focused on

bacteria-bacteria interactions between the FMT and C. difficile

rather than the microbiome transplant driving host-immune

changes that then lead to resolution of infection. For instance,

secondary bile acid producing commensal bacteria like

Clostridium scindens directly inhibit the growth of C. difficile

through production of these secondary bile acids (90). However,

human FMT trials have reported considerable immune changes

following transplant. A pilot study found that following

successful FMT for recurrent C. difficile infection, there was an

upregulation of bile acid driven FXR-FGF signaling in the ileum,

which resulted in an increase of fibroblast growth factor (FGF)-

19 and decrease in FGF-21 in serum (154). The upregulation of

this pathway was associated with the restoration of intestinal

microbiome and secondary bile acid profile in the patient’s

colon. Both secondary bile acids and FXR signaling have been

linked to restoring immune tolerance; secondary bile acids via

promotion of Treg cell differentiation and FXR signaling by

improving intestinal barrier integrity (36, 37, 39, 155).

Therefore, restoration of secondary bile acids following FMT

(86), in addition to directly inhibiting C. difficile growth (90,

156), may signal through the host to indirectly support

resolution of C. difficile infection. Similarly, another study by

the same group showed recurrent C. difficile infection patients

have increased specific micro RNAs (miRNA) following FMT

compared to the screening control group (157). miRNAs are

short noncoding RNA molecules that can bind to

complementary sequences in the 3 ’ UTR (3 prime

untranslated region) of messenger RNAs (mRNAs), resulting

in translational suppression of target genes (158). The increase of

two miRNAs observed in the patient population following FMT,

miR-23a and miR-150, was confirmed using a mouse model of

FMT and recurrent C. difficile infection (157). Through target

scan prediction analysis and over expression of miRNA in

epithelial cells, this report found that miR-150 and miR-23a

target Il18 and Il12b respectively, two cytokines that promote a
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type-1 proinflammatory immune response. Thus, FMT driven

increases in miRNA that could work to limit deleterious

inflammation during C. difficile infection and enable

inflammation-sensitive microbes from the FMT to recolonize

the intestine. Immunoregulatory changes following FMT were

also reported by Marie and colleagues who observed increased

IL-25 levels in the colon following FMT (61). IL-25 drives type 2

immunity, which is protective following acute C. difficile

infection in mice by skewing the host response away from a

pathogenic proinflammatory response (159, 160). In the same

study, the FMT suppressed the pro-inflammatory immune

response and increased expression of a family of homeobox

and laminin genes that promote epithelial development and

homeostatic function of the colon. Further, TH17 cells in the

peripheral blood were decreased following FMT (61). While the

total TH17 cell populations decreased, another study reported

that C. difficile toxin B-specific TH17 cells as well as toxin-A and

toxin-B-specific IgG and IgA antibodies increased in the blood

following successful FMT (161). The authors proposed that the

enhanced C. difficile toxin-specific adaptive immune response

could be a mechanism through which FMT works. Combined,

the reported immune changes following FMT support the

concept that the FMT, in addition to direct bacteria-to-

bacteria interactions, could boost host immunity to clear C.

difficile infection.

5.3.2 Multidrug-resistant organisms
The success of FMT in treating recurrent C. difficile infection

has led to the application of microbiome-based therapies to treat

other bacterial infections. Multidrug-resistant organisms

(MDROs) in the intestinal tract, such as vancomycin-resistant

enterococci (VRE), carbapenem-resistant enterococci, methicillin-

resistant Staphylococcus aureus (MRSA) and extended-spectrum

b-lactamase producing bacteria, are resistant to more than three

classes of antibiotics (162, 163). Therefore alternative treatment

options are needed to combat infection originating from these

organisms. In general, FMT decreases the abundance of antibiotic

resistance genes in the intestinal microbiome reservoir (164).

Several clinical studies have described the use of FMT for the

intestinal decolonization of MDROs (165, 166). In a meta-analysis

of 23 studies that included 142 patients undergoing FMT to

decolonize MDROs in the intestines around 77.5% of patients

cleared MDROs as determined by microbiological assessment of

fecal samples and rectal swabs (167). Probiotics are also being

used to prevent and treat infections caused by MDROs. For

example, oral administration of two Lactobacillus strains (Y74

and HT121) reduced the colonization of VRE in mice colons

(168). In another clinical study MRSA colonization of the gut was

reduced by oral administration of Lactobacillus rhamnosus (169).

In these examples microbiome-based therapies are targeting

MDROs via direct bacteria to bacteria interactions that are

immune independent. The mechanisms of action for the
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resources, production of bacteriocins, or metabolic byproducts

that are toxic to the pathogenic bacteria. For example,

administering an FMT or a defined bacterial consortium

containing Blautia producta and Clostridium bolteae cleared

persistent VRE colonization in mice colons (170, 171). Kim

et al. identified that a lantibiotic produced by a specific strain of

B. productawas necessary for clearance of VRE (172). Of note, this

group observed that transplantation with the B. producta and C.

bolteae consortium resolved VRE colonization even in severely

immunodeficient mice (Rag2-/- Il2rg-/-) further demonstrating the

mechanism of action of this microbiome-based therapy was

immune independent. This result contrasts with Littman et al.

(114) that observed that success or failure FMT therapy was

dependent on the host’s immune status. These examples illustrate

that immune-independent benefits of microbiome-based therapy,

which are not the focus of this review, is a rich field of study to

itself (18). Understanding when microbiome-based therapies

work through the immune system and when they are immune

independent will be critical information as design of microbiome-

based therapies become more refined and targeted.

5.3.3 Viral infection
Microbiome-based therapies also can exert trans-kingdom

protection against enteric and systemic viral infections. Several

probiotic studies show decreased severity or duration of viral

infection following probiotic administration (173, 174). Some

probiotic effects are via non-immune-mediated mechanisms

such as bacteriocin production that also have viricidal properties

(175, 176) or inhibition of viral attachment to host cells (177). The

microbiome also induces activation of antiviral immune defenses

to poise the host to rapidly respond to invading viruses (178–182).

Several probiotic formulations have been linked to enhanced type

I and II IFN signaling and natural killer cell activity to limit viral

infection (183–185). This is further supported by mouse studies

that isolated and transplanted live bio-therapeutic bacterial species

that activated type I IFN-mediated antiviral defense pathways

resulting in improved host survival against enteric or systemic

viral infection (181, 182). Steed et al. reported that an FMT could

protect microbiome-depleted mice from influenza virus infection

and went on to identify that a specific postbiotic,

desaminotyrosine, produced by Clostridum orbiscindens through

flavonoid metabolism could be administered to enhance type I

IFN pathways in the lung and protect against lethal influenza virus

challenge (186). Microbiome-based therapies can also enhance

adaptive antiviral immunity. Several probiotics can enhance

secretory IgA antibody production to limit enteric viral entry

(187–189). Meanwhile administration of the postbiotic PSA

derived from B. fragilis limited fatal herpes simplex encephalitis.

This therapeutic effect was driven by PSA tuning down the T cell

response through increasing IL-10 production (190). Indeed,

probiotics have even been proposed as part of a treatment
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regimen to correct the dysbiosis associated with SARS-CoV-2

infection (191, 192).
6 Concluding remarks

The promise of using microbiome-based therapies to treat

disease has as much potential to improve human life as when the

first heart and liver transplant surgeries were performed in the

1960-70’s. However, the same microbiome transplant inoculum

often has a heterogenous clinical outcome when administered to

multiple patients (193). Long term engraftment in the recipients

can be determined by multiple factors such as diet, genetics, or

the pre-existing microbiome (194–197). Therefore, in the same

vein as fifty years ago when the rules of organ donor matching

and immunosuppression medication were systematically teased

apart through careful, basic scientific research, the mechanisms

determining microbiome transplantation success need to be

identified to harness the potential power of this nascent field.
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46. Reinisch W, Gasché C, Tillinger W, Wyatt J, Lichtenberger C, Willheim M,
et al. Clinical relevance of serum interleukin-6 in crohn’s disease: single point
measurements, therapy monitoring, and prediction of clinical relapse. Am J
Gastroenterol (1999) 94:2156–64. doi: 10.1111/j.1572-0241.1999.01288.x

47. Omenetti S, Bussi C, Metidji A, Iseppon A, Lee S, Tolaini M, et al. The
intestine harbors functionally distinct homeostatic tissue-resident and
inflammatory Th17 cells. Immunity (2019) 51:77–89.e6. doi: 10.1016/
j.immuni.2019.05.004

48. Lee J-Y, Hall JA, Kroehling L, Wu L, Najar T, Nguyen HH, et al. Serum
amyloid a proteins induce pathogenic Th17 cells and promote inflammatory
disease. Cell (2020) 183:2036–9. doi: 10.1016/j.cell.2020.12.008

49. Fujino S, Andoh A, Bamba S, Ogawa A, Hata K, Araki Y, et al. Increased
expression of interleukin 17 in inflammatory bowel disease. Gut (2003) 52:65–70.
doi: 10.1136/gut.52.1.65

50. Rovedatti L, Kudo T, Biancheri P, Sarra M, Knowles CH, Rampton DS, et al.
Differential regulation of interleukin 17 and interferon gamma production in
inflammatory bowel disease. Gut (2009) 58:1629–36. doi: 10.1136/gut.2009.182170

51. Britton GJ, Contijoch EJ, Mogno I, Vennaro OH, Llewellyn SR, Ng R, et al.
Microbiotas from humans with inflammatory bowel disease alter the balance of gut
Th17 and RORgt(+) regulatory T cells and exacerbate colitis in mice. Immunity
(2019) 50:212–224.e4. doi: 10.1016/j.immuni.2018.12.015
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Cooperating commensals restore colonization resistance to vancomycin-resistant
enterococcus faecium. Cell Host Microbe (2017) 21:592–602.e4. doi: 10.1016/
j.chom.2017.04.002

171. Ubeda C, Bucci V, Caballero S, Djukovic A, Toussaint NC, Equinda M,
et al. Intestinal microbiota containing barnesiella species cures vancomycin-
resistant enterococcus faecium colonization. Infect Immun (2013) 81:965–73.
doi: 10.1128/IAI.01197-12

172. Kim SG, Becattini S, Moody TU, Shliaha PV, Littmann ER, Seok R, et al.
Microbiota-derived lantibiotic restores resistance against vancomycin-resistant
enterococcus. Nature (2019) 572:665–9. doi: 10.1038/s41586-019-1501-z

173. Sazawal S, Hiremath G, Dhingra U, Malik P, Deb S, Black RE. Efficacy of
probiotics in prevention of acute diarrhoea: a meta-analysis of masked,
randomised, placebo-controlled trials. Lancet Infect Dis (2006) 6:374–82.
doi: 10.1016/S1473-3099(06)70495-9

174. Harper A, Vijayakumar V, Ouwehand AC, Ter Haar J, Obis D, Espadaler J,
et al. Viral infections, the microbiome, and probiotics. Front Cell Infect Microbiol
(2020) 10:596166. doi: 10.3389/fcimb.2020.596166

175. Botić T, Klingberg TD, Weingartl H, Cencic A. A novel eukaryotic cell
culture model to study antiviral activity of potential probiotic bacteria. Int J Food
Microbiol (2007) 115:227–34. doi: 10.1016/j.ijfoodmicro.2006.10.044

176. Quintana VM, Torres NI, Wachsman MB, Sinko PJ, Castilla V, Chikindas
M. Antiherpes simplex virus type 2 activity of the antimicrobial peptide subtilosin. J
Appl Microbiol (2014) 117:1253–9. doi: 10.1111/jam.12618

177. Su Y, Zhang B, Su L. CD4 detected from lactobacillus helps understand the
interaction between lactobacillus and HIV. Microbiol Res (2013) 168:273–7.
doi: 10.1016/j.micres.2012.12.004

178. Wu S, Jiang Z-Y, Sun Y-F, Yu B, Chen J, Dai C-Q, et al. Microbiota
regulates the TLR7 signaling pathway against respiratory tract influenza a virus
infection. Curr Microbiol (2013) 67:414–22. doi: 10.1007/s00284-013-0380-z

179. Ganal SC, Sanos SL, Kallfass C, Oberle K, Johner C, Kirschning C, et al.
Priming of natural killer cells by nonmucosal mononuclear phagocytes requires
instructive signals from commensal microbiota. Immunity (2012) 37:171–86.
doi: 10.1016/j.immuni.2012.05.020

180. Abt MC, Osborne LC, Monticelli LA, Doering TA, Alenghat T,
Sonnenberg GF, et al. Commensal bacteria calibrate the activation threshold of
innate antiviral immunity. Immunity (2012) 37:158–70. doi: 10.1016/j.immuni.
2012.04.011

181. Winkler ES, Shrihari S, Hykes BLJ, Handley SA, Andhey PS, Huang Y-JS,
et al. The intestinal microbiome restricts alphavirus infection and dissemination
through a bile acid-type I IFN signaling axis. Cell (2020) 182:901–918.e18.
doi: 10.1016/j.cell.2020.06.029

182. Yang X-L, Wang G, Xie J-Y, Li H, Chen S-X, Liu W, et al. The intestinal
microbiome primes host innate immunity against enteric virus systemic infection
through type I interferon. mBio (2021) 12. doi: 10.1128/mBio.00366-21

183. Aziz N, Bonavida B. Activation of natural killer cells by probiotics. For
Immunopathol Dis Therap (2016) 7:41–55. doi: 10.1615/ForumImmunDisTher.
2016017095

184. Park M-K, Ngo V, Kwon Y-M, Lee Y-T, Yoo S, Cho Y-H, et al.
Lactobacillus plantarum DK119 as a probiotic confers protection against
influenza virus by modulating innate immunity. PloS One (2013) 8:e75368.
doi: 10.1371/journal.pone.0075368

185. Kumova OK, Fike AJ, Thayer JL, Nguyen LT, Mell JC, Pascasio J, et al.
Lung transcriptional unresponsiveness and loss of early influenza virus
control in infected neonates is prevented by intranasal lactobacillus
rhamnosus GG. PloS Pathog (2019) 15:e1008072. doi: 10.1371/journal.ppat.
1008072

186. Steed AL, Christophi GP, Kaiko GE, Sun L, Goodwin VM, Jain U, et al. The
microbial metabolite desaminotyrosine protects from influenza through type I
interferon. Science (2017) 357:498–502. doi: 10.1126/science.aam5336

187. Wang Y, Liu L, Moore DJ, Shen X, Peek RM, Acra SA, et al. An LGG-
derived protein promotes IgA production through upregulation of APRIL
expression in intestinal epithelial cells. Mucosal Immunol (2017) 10:373–84.
doi: 10.1038/mi.2016.57

188. Song JA, Kim HJ, Hong SK, Lee DH, Lee SW, Song CS, et al. Oral intake of
lactobacillus rhamnosus M21 enhances the survival rate of mice lethally infected
with influenza virus. J Microbiol Immunol Infect (2016) 49:16–23. doi: 10.1016/
j.jmii.2014.07.011

189. Holscher HD, Czerkies LA, Cekola P, Litov R, Benbow M, Santema S, et al.
Bifidobacterium lactis Bb12 enhances intestinal antibody response in formula-fed
frontiersin.org

https://doi.org/10.1136/gutjnl-2020-323426
https://doi.org/10.1136/gutjnl-2020-323426
https://doi.org/10.1126/science.abb5920
https://doi.org/10.1038/s41591-022-01694-6
https://doi.org/10.1001/jamanetworkopen.2020.2895
https://doi.org/10.1001/jamanetworkopen.2020.2895
https://doi.org/10.1186/s12967-020-02231-0
https://doi.org/10.1186/s12967-020-02231-0
https://doi.org/10.1080/19490976.2018.1506667
https://doi.org/10.1136/gut.2010.212159
https://doi.org/10.1128/mSphere.00045-15
https://doi.org/10.1053/j.gastro.2021.03.050
https://doi.org/10.1038/s41580-018-0045-7
https://doi.org/10.1038/nmicrobiol.2016.108
https://doi.org/10.1016/j.celrep.2016.06.007
https://doi.org/10.1053/j.gastro.2021.01.009
https://doi.org/10.1098/rstb.2014.0087
https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://doi.org/10.1111/j.1469-0691.2011.03570.x
https://doi.org/10.1093/cid/ciw390
https://doi.org/10.1016/j.amjms.2018.08.015
https://doi.org/10.1016/j.jinf.2017.04.008
https://doi.org/10.1016/j.jinf.2017.04.008
https://doi.org/10.3389/fmicb.2019.01704
https://doi.org/10.3389/fcimb.2019.00006
https://doi.org/10.1186/s12879-018-3028-6
https://doi.org/10.1016/j.chom.2017.04.002
https://doi.org/10.1016/j.chom.2017.04.002
https://doi.org/10.1128/IAI.01197-12
https://doi.org/10.1038/s41586-019-1501-z
https://doi.org/10.1016/S1473-3099(06)70495-9
https://doi.org/10.3389/fcimb.2020.596166
https://doi.org/10.1016/j.ijfoodmicro.2006.10.044
https://doi.org/10.1111/jam.12618
https://doi.org/10.1016/j.micres.2012.12.004
https://doi.org/10.1007/s00284-013-0380-z
https://doi.org/10.1016/j.immuni.2012.05.020
https://doi.org/10.1016/j.immuni.2012.04.011
https://doi.org/10.1016/j.immuni.2012.04.011
https://doi.org/10.1016/j.cell.2020.06.029
https://doi.org/10.1128/mBio.00366-21
https://doi.org/10.1615/ForumImmunDisTher.2016017095
https://doi.org/10.1615/ForumImmunDisTher.2016017095
https://doi.org/10.1371/journal.pone.0075368
https://doi.org/10.1371/journal.ppat.1008072
https://doi.org/10.1371/journal.ppat.1008072
https://doi.org/10.1126/science.aam5336
https://doi.org/10.1038/mi.2016.57
https://doi.org/10.1016/j.jmii.2014.07.011
https://doi.org/10.1016/j.jmii.2014.07.011
https://doi.org/10.3389/fimmu.2022.1046472
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Alam et al. 10.3389/fimmu.2022.1046472
infants: a randomized, double-blind, controlled trial. JPEN J Parenter Enteral Nutr
(2012) 36:106S–17S. doi: 10.1177/0148607111430817

190. Ramakrishna C, Kujawski M, Chu H, Li L, Mazmanian SK, Cantin EM.
Bacteroides fragilis polysaccharide a induces IL-10 secreting b and T cells that
prevent viral encephalitis. Nat Commun (2019) 10:2153. doi: 10.1038/s41467-019-
09884-6

191. Nguyen QV, Chong LC, Hor Y-Y, Lew L-C, Rather IA, Choi S-B. Role of
probiotics in the management of COVID-19: A computational perspective.
Nutrients (2022) 14. doi: 10.3390/nu14020274

192. Bottari B, Castellone V, Neviani E. Probiotics and covid-19. Int J Food Sci
Nutr (2021) 72:293–9. doi: 10.1080/09637486.2020.1807475

193. Li SS, Zhu A, Benes V, Costea PI, Hercog R, Hildebrand F, et al. Durable
coexistence of donor and recipient strains after fecal microbiota transplantation.
Science (2016) 352:586–9. doi: 10.1126/science.aad8852
Frontiers in Immunology 17
194. Smillie CS, Sauk J, Gevers D, Friedman J, Sung J, Youngster I, et al. Strain
tracking reveals the determinants of bacterial engraftment in the human gut
following fecal microbiota transplantation. Cell Host Microbe (2018) 23:229–
240.e5. doi: 10.1016/j.chom.2018.01.003

195. Moss EL, Falconer SB, Tkachenko E, Wang M, Systrom H, Mahabamunuge J,
et al. Long-term taxonomic and functional divergence from donor bacterial strains
following fecal microbiota transplantation in immunocompromised patients. PloS One
(2017) 12:e0182585. doi: 10.1371/journal.pone.0182585

196. Kootte RS, Levin E, Salojärvi J, Smits LP, Hartstra AV, Udayappan SD,
et al. Improvement of insulin sensitivity after lean donor feces in metabolic
syndrome is driven by baseline intestinal microbiota composition. Cell Metab
(2017) 26:611–619.e6. doi: 10.1016/j.cmet.2017.09.008

197. Zeevi D, Korem T, Zmora N, Israeli D, Rothschild D, Weinberger A, et al.
Personalized nutrition by prediction of glycemic responses. Cell (2015) 163:1079–
94. doi: 10.1016/j.cell.2015.11.001
frontiersin.org

https://doi.org/10.1177/0148607111430817
https://doi.org/10.1038/s41467-019-09884-6
https://doi.org/10.1038/s41467-019-09884-6
https://doi.org/10.3390/nu14020274
https://doi.org/10.1080/09637486.2020.1807475
https://doi.org/10.1126/science.aad8852
https://doi.org/10.1016/j.chom.2018.01.003
https://doi.org/10.1371/journal.pone.0182585
https://doi.org/10.1016/j.cmet.2017.09.008
https://doi.org/10.1016/j.cell.2015.11.001
https://doi.org/10.3389/fimmu.2022.1046472
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immunological consequences of microbiome-based therapeutics
	Section 1: Introduction. Microbiome-based therapy and immune health
	Section 2: Dysbiosis and disease
	Section 3: Types of microbiome-based therapies
	3.1 Prebiotics
	3.2 Fecal microbiota transplantation
	3.3 Probiotics
	3.4 Live bio-therapeutics
	3.5 Postbiotics

	Section 4: The role of the immune system in shaping the outcome of microbiome-based therapy
	Section 5: Microbiome-based therapies acting on the immune system
	5.1 Microbiome-based therapies promoting immunoregulation in intestinal disorders
	5.1.1 IBD
	5.1.2 ICI-colitis

	5.2 Microbiome-based therapies driving immune activation
	5.3 Microbiome-based therapies tuning immune defenses against infection
	5.3.1 C. difficile
	5.3.2 Multidrug-resistant organisms
	5.3.3 Viral infection


	6 Concluding remarks
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


