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Abstract

The gastrointestinal (GI) tract microbiota is an environmental factor that regulates host immunity 

in allo-transplantation (allo-Tx). It is required for the development of resistance against pathogens 

and the stabilization of mucosa-associated lymphoid tissue. The gut-microbiota axis may also 

precipitate allograft rejection by producing metabolites that activate host cell-mediated and 

humoral immunity. Here, we discuss new insights into microbial immunomodulation, highlighting 

ongoing attempts to affect commensal colonization in an attempt to ameliorate allograft rejection 

cascade. Recent progress on the use of antibiotics to modulate GI microbiota diversity and innate-

adaptive immune interface are discussed. Our focus on the microbiota’s influence of endoplasmic 

reticulum (ER) stress and autophagy signaling through hepatic EP4/CHOP/LC3B platforms 

reveals a novel molecular pathway and potential biomarkers determining the progression of allo-

Tx damage. Understanding and harnessing the potential of microbiome/bacteriophage therapies 

may offer safe and effective means for personalized treatment to reduce risks of infections and 

immunosuppression in allo-Tx.

Introduction

Scientific discoveries continue to propel organ transplantation (Tx) to become the definitive 

treatment option for patients with end-stage organ diseases. Though the evolution of Tx 

success is marked by technical advancements in experimental approaches that include 

enhanced surgical techniques, medical diagnosis, selection process, and pharmacotherapy, 

there remains a significant imbalance between the supply of donor organs and the number of 

patients awaiting the life-saving transplant. The fulfillment of organ Tx premise requires 
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methodological refinement based on novel, targeted and titratable immunosuppression to 

reduce risks and complications associated with early (acute) and late (chronic) graft 

rejection as well as minimizing harmful side effects of post-Tx therapies. Although donor – 

recipient MHC genetic disparity remains the key to the strength of alloimmune response, an 

essential role for environmental factors, such as “microbiota” of the gastrointestinal tract 

only recently has emerged as an important regulator of host immunity in allo-Tx (1).

The term microbiota refers to the microorganisms found in an environment, including 

bacteria, viruses, and fungi. In the gastrointestinal tract, a complex ecosystem exists where 

microbes compete and cooperate in symbiosis with the host. The community of human 

commensal microorganisms is a diverse ecosystem of ca. 100 trillion bacteria (1–2 kg in 

mass), with a genome of ca. 150-fold more genes than the human genome itself. It has been 

suggested that more than 1000 types of microorganisms occur in the human gut (2) with a 

significant proportion of all metabolites circulating systematically as microbiota products 

(3). Indeed, numerous studies establish the gut microbiome as an important physiological 

regulator of pathogen colonization, dietary nutrient metabolism, and immune regulation (4). 

As the role of microbiome in organ Tx remains largely unknown, there is unmet scientific 

and clinical need to develop a better appreciation of its unique mechanisms in order to build 

a foundation for development of improved and clinically-relevant novel treatment protocols 

to improve Tx outcomes. With the current limited knowledge on the role of microbiota in 

organ Tx, it is impossible to elucidate whether organ dysbiosis will eventually be linked to 

microbes in a causal role or represent an epiphenomenon related to allograft rejection or 

survival. In this review, we discuss the current knowledge and identify gaps that need further 

in-depth investigation, as it pertains to transplantation.

Microbiota considerations in allo-Tx

The microbiota can modify local and distal immune responses in Tx recipients (5–7) raising 

the possibility that it might fine-tune host alloreactivity. This hypothesis is supported by the 

fact that organs colonized with microbial communities, such as lung, or intestine have 

inferior outcomes than organs considered “sterile”, such as kidney or heart. In addition, the 

survival of minor MHC antigen mismatched skin grafts was prolonged when donors and 

recipients were pretreated with broad-spectrum antibiotics (Abx), at least in part by 

decreasing priming of alloreactive T cells (6). Emerging clinical evidence also suggests that 

acute rejection of intestinal and lung allografts associate with shifts in bacterial composition 

of the intestinal microbiome (8, 9). This might be even more pronounced in the skin 

component of vascularized composite allografts (VCA), such as face and extremity 

transplantation. As the human skin is densely colonized by a highly diverse microbiota 

comprising all three domains of life, it is obviously influenced by host and environmental 

factors and interacts with the skin immune system itself (10). However, how this response 

may ultimately affect VCA outcomes remains unknown. Of note, by modulating the 

activation of skin-draining lymph node APCs and their ability to prime alloreactive T cells, 

gut microbiome was identified as an important factor in skin allograft survival (7); while 

skin-restricted commensal colonization was shown to accelerate skin graft rejection (11). 

Hence, future studies on microbiota in VCA settings should involve both, the effects of 

recipient gut microbiome as well as skin-specific microbiome of the VCA donor.
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The development of culture-independent methods such as 16S ribosomal RNA-tagged 

sequencing has improved the ability to detect the different types of microorganisms 

associated with various diseases. The use of shotgun metagenomics sequencing, 

transcriptomics, metabolomics and proteomics has enabled the identification of microbe’s 

functional capacity within the mammalian host. Based on the comprehensive 

characterization of 16S ribosomal RNA (rRNA) bacterial gene sequencing, the gut of 

humans and many other vertebrae is mostly dominated by four bacterial phyla: 

Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria with Bacteroidetes and 

Firmicutes representing most endemic bacteria in the GI tract (12). Imbalances of the 

intestinal microbiota, however, can be disrupted by several factors such as medications, diet, 

obesity, metabolic stress, and be essential for innate immune-dominated organ ischemia-

reperfusion injury (IRI) (13). Indeed, IR stress-triggered tissue damage represents a 

significant and ongoing challenge in organ Tx because it causes an imbalance in metabolic 

supply and demand within the ischemic organ, resulting in tissue hypoxia and microvascular 

dysfunction. This is accompanied by elaboration of danger-associated molecular patterns 

from damaged tissue, targeted migration and infiltration of circulating monocyte-derived 

macrophages, neutrophils and T cells that generate reactive oxygen species and 

proinflammatory cytokine/chemokine programs (14). Hence, dampening the inflammatory 

response by targeting microbiota-derived mediators could lead to improvement in Tx 

outcomes (15).

Microbiome and immune regulation

Immunopathologic mechanisms in allo-Tx rejection may be regulated by discrete changes in 

the microbiota diaspora and involve cell-mediated, humoral immunity and aberrant 

immunoregulation. The idea that microbes regulate alloimmunity originates from studies of 

germ-free mice that exhibit poor lymphoid organogenesis or reduced number of lacteals, 

whereas conventionalization of germ-free mice restore such immune deficits and lacteal 

maturation and integrity (16, 17). Similarly, early exposure to germs modified kidney 

damage and inflammation in a mouse model of IRI (18). The interaction of epithelial cells 

and the microbiota can affect the differentiation of innate and adoptive immune cells not 

only in the gut but also in the systemic circulation through the metabolites produced (Figure 

1). For example, short-chain fatty acids (SCFAs), bile acids, tryptophan metabolites and 

amines from the microbiota can modulate neutrophil functions. SCFAs which are an 

important energy source of intestinal epithelial cells (19) can serve as an inhibitors of 

histone deacetylases (HDACs), leading to the suppression of proinflammatory cytokine 

expressions through the inhibition of NF-kB signaling (19–21). Innate lymphoid cells (ILCs) 

are recently discovered innate immune cells that belong to the lymphoid system, but do not 

show antibody-specific response and do not have B-cell and T-cell receptors. Although ILCs 

develop normally in the absence of the microbiota (22), interaction with the bacterial flora is 

required for their normal functioning (23). As Type 3 innate lymphoid (ILC3) cells are 

abundant at mucosal sites (24) much attention has been paid to their interaction with the 

microbiota.

Obviously, the role of the microbiota in T lymphocyte differentiation is of major importance 

in organ Tx. Microorganisms that colonize in the specific gut, create their own 
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microenvironments, and provide signals that render dendritic cell (DCs) interactions with T-

cells. Tolerogenic DC can induce immunotolerance by T cell anergy, or a lack of reaction by 

the body’s defense mechanisms to foreign substances, and regulatory T cell activation. DCs 

can interact with commensal bacteria as a luminal antigen and readily induce lamina propria 

resident macrophages to promote local Treg cells expansion (25). Moreover, the interaction 

between inflammatory monocytes and microbiota in the acute gastrointestinal tract infection 

provokes production of prostaglandin-2, which in turn suppress the activation of tissue 

damaging neutrophils (26). Taken together, these data indicate that the microbiota may affect 

not only local immunity but also organ Tx outcomes by interacting with local immune cells 

as well as releasing metabolites to induce distal immunity.

Microbiome challenges in allo-Tx

Infectious complications represent a serious challenge in clinical organ Tx that can result 

from disruptions of intestinal barriers. Gut dysbiotic changes involving multidrug-resistant 

organisms (MDROs) predispose human patients to end-stage liver complications and can 

lead to decreased microbiome diversity. This was shown recently when 16S rRNA 

sequencing was performed on fecal samples collected prior to liver transplant and 

periodically until one-year post-transplantation to test whether MDRO colonization was 

associated with decreased microbiome diversity (27). In another study, it was shown that the 

clinically important pathogen methicillin-resistant Staphylococcus aureus can cause 

infections in lung recipients during the first month post-Tx and vancomycin resistant 

Enterococcii (VRE) has been observed in 15% of solid organ transplantation (SOT) (28). 

Interestingly, differences in the use of Abx in Europe and America may explain why US 

centers show VRE in 32% of liver transplant recipients whereas numbers are minimal in 

Europe (29, 30). Many studies now show that the success of SOT and the prevention of 

graft-failure depends not only on the diagnosis, and management of infectious diseases but 

also on the patient’s immunosuppressive status, stemming from epidemiologic and 

commensal exposures of the microbiota (31). This is important when considering that long-

term graft survival is much worse for patients that experience acute rejection episodes (32). 

Unfortunately, studies that detail the effects of the microbiota in allo-Tx remain in their 

infancy, and only associating putative correlations between graft outcomes and the gut or 

allograft microbiota profiles. However, as skin-restricted microbiota was shown to accelerate 

skin graft rejection (11), while gut microbiota impacted chronic lung allograft rejection (33), 

it is possible that the microbiota in both anatomical locations, skin and intestine, may 

independently influence alloreactivity towards distinct allo-Tx. For example, in a minor 

mismatch model of orthotopic lung transplantation, the priming phase of the alloresponse, or 

when T cells first encounter donor antigens, did not correlate with reduced lung allograft 

pathology. Instead, the authors propose a mechanism that involves diminished graft-reactive 

T cell activation (33). In another study, modulation of cutaneous S. epidermidis–painted 

monocolonization restricted to donor skin was sufficient to accelerate skin graft rejection, by 

a mechanism involving alloimmunity at the effector rather than during the priming phase of 

the alloresponse (11). Another consideration that has clinical relevance concerns the 

therapeutic levels of immunosuppressive drugs, such as tacrolimus, and their potential for 

altering distinct microbiota structures. Early studies from the kidney transplant field 

established the challenge of tacrolimus dosing because of interpatient and intrapatient 
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variability in drug absorption, metabolism, and disposition. For example, in one study, fecal 

specimens were collected from kidney transplant patients maintained on tacrolimus during 

the first week of transplantation, compared to those on tacrolimus maintenance, or those 

who did not develop acute rejection in the first post-transplant month (34). Using deep 

sequencing of the PCR amplified 16S rRNA V4-V5 region, gut microbial analyses identified 

a novel association between fecal Faecalibacterium prausnitzii abundance and tacrolimus 

dosing requirements. Specifically, the authors show that fecal F. prausnitzii abundance in the 

first week of transplantation was 11.8% in the group that received an escalation of 

tacrolimus but only 0.8% in the group that did not require additional immunosuppression. 

Other studies imply that gut microbiota are capable of metabolizing tacrolimus, suggesting a 

mechanism explaining why tacrolimus exposure in kidney transplant recipients has 

differential efficacy (35). In sum, investigating communities of commensal microbes 

associated with different Tx outcomes should allow the identification of specific members of 

the microbiota that can either positively or negatively affect the allograft rejection cascade 

and clinical outcomes.

FMT as a viable bacterial replacement strategy in allo-Tx

In some chronic gut dysbioses, bacterial replacement therapy has shown great promise for 

human health. For example, fecal microbiota transplantation (FMT), which transfers fecal 

microbiota from healthy donors to the gut of diseased individuals has shown promising 

results in the treatment of recurrent Clostridium difficile infection (36). To date, only a 

handful of studies have investigated the consequences of FMT in allo-Tx. In one recent 

study, mice receiving vascularized murine cardiac allografts and FMT treatment were 

assessed for how discrete microbial populations influence allogeneic immunity (37). Fecal 

samples were sourced from normal, pregnant (immune-suppressed), or spontaneously colitic 

(proinflammatory) mice and when compositional differences were studied, they found that 

normal mice had higher relative abundance of Lactobacillus and Bifidobacterium whereas 

colitic mice had more Lachnospiraceae, Bacteroides, Desulfovibrio, and Mucispirillum. 

Importantly, transient immunosuppression with anti-CD40L mAb coupled with Abx 

treatment led to a graft survival advantage. Since colitic FMT in these experiments reduced 

graft survival in comparison with the normal or pregnant FMT, the authors concluded it was 

likely that Abx treatment attenuated the components of the microbiota that were detrimental 

to graft survival. Importantly, this study identified Bifidobacterium pseudolongum as an 

environmental factor that can influence allograft outcomes by altering anti-inflammatory 

cytokine IL-10 and chemokine CCL19 levels while lessening levels of proinflammatory 

cytokines, TNFα and IL-6. While B. pseudolongum was associated with potential anti-

inflammatory functions, it is still not clear as to whether and how it alone can ameliorate 

allograft rejection. In another study, the effect of FMT was investigated on the 

immunosuppressive effect in mice that had first been treated with tacrolimus (38). Indeed, 

tacrolimus treatment significantly increased the relative abundance of Allobaculum, 

Bacteroides, and Lactobacillus and CD4+ CD25hiFoxP3+ regulatory T cells in the colonic 

mucosa and the circulation. Moreover, when low-dose tacrolimus was supplemented with 

FMT from high-dose tacrolimus–altered mice, skin allograft survival rate significantly 

improved, thus establishing that alteration of bacterial taxa of the gut microbiota has the 

potential to control allograft rejection.
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Because colonized organs have worse transplant outcomes than sterile organs, future allo-Tx 

practices will need to understand how host and donor microbiota could serve as independent 

predictors for graft dysfunction. Already several studies have hinted at this possibility by 

showing how infections with Staphylococcus aureus (39) or Listeria monocytogenes (40) at 

the time of transplantation can increase alloreactivity and prevent the induction of immune 

tolerance. In one study, measuring pro-inflammatory cytokines led to the discovery that S. 
aureus infections impact T cell alloreactivity and confer resistance to anti-CD154/donor-

specific transfusion through the production of IL-6 (39). After demonstrating that graft 

rejection was associated with S. aureus infection in a classic T cell-mediated response, 

mouse IL-6−/− recipients or wild-type counterparts with disrupted IL-6 signaling were 

utilized to demonstrate that S. aureus-induced IL-6 was critical for the ability of S. aureus to 

prevent skin allograft acceptance.

In another study revealing a role for metabolite-induced alloimmunity in skin transplants, 

genetically similar individuals [e.g., C57BL/6 mice from Jackson (Jax) laboratory or from 

Taconic (Tac) Farms] were investigated to determine whether variability observed in graft 

rejection was the result of differences in their commensal community structures (41). 

Notably, when fecal material from Jax mice was transferred to Tac recipients, prolongation 

of skin graft survival was observed. When the fecal microbiota composition was analyzed, it 

was discovered that the genus Alistipes (ASV_5969) could delay skin graft rejection. This 

led the authors to hypothesize that Alistipes-colonized Tx recipients benefit from 

alloimmunity-dampening by the presence of anti-inflammatory metabolite sulfobacin B 

(42). Supporting this supposition were the cumulative findings: 1/ TNF and NF-κB levels 

were diminished after co-culturing macrophages with sulfobacin B, in vitro (43); 2/ 

intraperitoneal in vivo injections of sulfobacin b diminished the inflammatory response to 

phorbol 12- myristate 13-acetate and LPS; and 3/ TNF transcript levels in the lymph nodes 

of skin transplanted Jax mice were significantly lower than in Tac mice (41). Whether these 

findings warrant a future consideration of mono-probiotic or FMT therapies in organ Tx 

remains unclear, but these studies and others show the scientific community is moving 

towards the goal of understanding how specific microbial communities cause/reduce 

disease-specific pathophysiology.

Moving towards mono-bacteriotherapy in allo-Tx

The use of gut microbes in the treatment of allo-Tx will remain a significant challenge until 

adequate monitoring of fecal material and long-term recipient safety outcomes can be 

ensured. Notably, in a demonstration of how little we understand the diversity, structure, and 

function of the microbes present in FMT, the Food and Drug Administration (FDA) has 

currently ceased all ongoing clinical trials as a result of two patients who suffered invasive 

infections, one of whom perished, from a common donor infected with extended-spectrum 

beta-lactamase (ESBL)-producing Escherichia coli (44). In both cases, the donor stool had 

not been tested for ESBL-producing gram-negative organisms prior to use, leading to the 

unfortunate spread of MDROs. One solution to bypass the unwarranted spread of MDROs 

and the exhaustive necessity of cataloging the compositional complexity of FMT is for the 

organ transplantation field to move in the direction of those more mature fields that have 

already identified beneficial intestinal flora in their models. For example, early experiments 
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from the ‘80s identified three species from the Bacteroides genus (B. ovatus, B. 
thetaiotaomicron and B. vulgatus) that contributes to remission of recurrent Clostridium 
difficile (rCDI) (45). In these experiments, a cocktail of ten different facultatively aerobic 

and anaerobic bacteria diluted in sterile saline were delivered to five patients presenting with 

recurrent Clostridium difficile (rCDI) with subsequent loss of C. difficile and its toxin from 

the patients’ stools. This led to the rapid bowel colonization of Bacteroides sp, which had 

not been present in pre-treatment stool samples (45). Three species from the Bacteroides 
genus (B. ovatus, B. thetaiotaomicron and B. vulgatus) were recognized to contribute to 

remission of rCDI following these studies and this led the FDA to approve an IND 

(Investigational New Drug) application to test the safety and efficacy of triple Bacteroides 
combinations in human patients (46). Recently, Ihekweazu et al. (46) refined their treatment 

of rCDI to a single monotherapy. Using colitis-inducing dextran sulfate sodium and 

coculturing with either a triple or single Bacteroides cocktail as compared to FMT from the 

stool of healthy donor mice, Bacteroides ovatus as a monotherapy was superior in mitigating 

weight loss, improved survival and reduced inflammation by increasing epithelial cell 

proliferation, goblet cell production and crypt depth. These data suggest that microbiota 

manipulation in organ Tx, as either a prebiotic and postbiotic, can offer a new means of 

prevention and possibly treatment of allo-Tx rejection.

Bacteriotherapy - a case study to improve allo-Tx outcomes in mice and humans

Given its unique anatomic location and vascular supply, the liver serves an important role in 

metabolism and immunological functions. The liver receives 70% of its blood supply 

through the portal vein and produces first-pass metabolism for the gastrointestinal luminal 

contents including dietary nutrients, toxins, xenobiotics, gut microbiota and its metabolites 

that translocate through the intestinal epithelium. Microbial diversity, therefore, is associated 

with the prognosis of orthotopic liver transplantation (OLT) (47, 48). Disturbed imbalances 

of the endogenous gut microbiota are associated with chronic liver conditions such as 

nonalcoholic fatty liver disease (NAFLD) or nonalcoholic steatohepatitis (NASH), alcoholic 

liver disease (ALD), as well as complications from cirrhosis. It was reported that the 

differences in the intestinal microbiota of patients between pre-OLT and post-OLT showed a 

significant decrease in the abundance of Actinobacillus, Escherichia and Shigella, and a 

significant increase in the abundance of Micromonosporacease, Desulfobacrerales, the 

Sarcina genus of Eubacteriaceae and Akkermansia after liver transplantation (49). Others 

reported the family level Bacteroides, Enterobacteriaceae, Streptococcaceae and 

Bifidobacteriaceae were increased in patients with acute cellular rejection (ACR), while 

Enterococcaceae, Lactobacillaceae, Clostridiaseae, Ruminococcaceae and 

Peptostreptococcaceae were increased in none-ACR patients (48). However, few studies 

have elucidated the mechanism of how the intestinal microbiota may actually influence the 

prognosis of OLT.

We recently reported on the benefit of Abx pretreatment in OLT recipients, and identified a 

mechanistic underpinning of the gut – liver axis that involves attenuated endoplasmic 

reticulum (ER) stress and enhanced autophagy signaling (Figure 2) (50). While ER stress is 

known to promote various pathologies, including hepatic IRI (51), autophagy exerts largely 

cytoprotective functions against peri-transplant IR stress (52). In our study, mouse OLT 
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recipients pretreated with oral amoxicillin for 10 days showed improved hepatocellular 

function as evidenced by decreased levels of serum aspartate aminotransferase (AST), 

attenuated histological pathology and decreased frequency of TUNEL positive (apoptotic), 

CD68 positive (macrophages) and cathepsin G positive (neutrophils) infiltrating cells. We 

discovered Abx pretreatment increased the expression of COX2, a responsive enzyme that 

produces Prostaglandin E2 (PGE2) in the intestine, PGE2 metabolite levels in portal and 

peripheral blood and PGE2 receptor 4 (EP4) in the liver. When we moved to in vitro studies 

with mouse primary hepatocytes co-cultured with exogenous PGE2, we were able to 

replicate suppression of ER stress (CHOP) and enhanced autophagy (LC3B) seen in our 

animal model. Moreover, EP4 antagonist adjunct restored ER stress (CHOP) and inhibited 

autophagy (LC3B) responses both in vitro and in vivo. These results indicate that the 

PGE2/EP4 axis plays a key role in ER stress and autophagy regulation and protection 

against IRI in OLT; while pro-inflammatory microbe communities may serve as stressors of 

innate responses in myeloid cells, and impact survival.

In the clinical arm, a retrospective analysis of human OLT recipients with extended Abx 

treatment showed increased EP4, reduced ER stress (CHOP), increased autophagy (LC3B) 

and decreased CD68/cathepsin G expression, as well as decreased AST/ALT levels, all 

indicative of mitigated IR-mediated liver damage. Interestingly, patients with prolonged 

(>10 days) Abx treatment showed a significantly higher Model for End-Stage Liver Disease 

(MELD) score, longer hospital and ICU stays and required more blood transfusions during 

surgery. However, despite their higher acuities, the patient cohort under prolonged Abx 

regimen exhibited superior post-transplant hepatocellular function. Most importantly, 

multivariate analysis showed pre-OLT Abx free or Abx<10days was an independent 

predictive factor of early allograft dysfunction (EAD). By integrating mouse and human 

data, this study underscores the benefits of extended recipient Abx pretreatment in OLT 

recipients.

Our study has also raised the key question as to whether the modulation of hepatic EP4/

CHOP/LC3B platforms were the consequence of microbiome disturbances or the association 

of Abx – liver direct crosstalk. For example, amoxicillin used in our experimental arm is 

rapidly absorbed after oral administration, with a half-life of 61.3 minutes; and being 

excreted unchanged in the urine. By contrast, in our clinical cohort, rifaximin (Rfx) was 

identified as the most frequently used Abx in patients pre-OLT. Rfx is an FDA-approved, 

minimally absorbed oral antimicrobial agent with broad activity towards enteric pathogens, 

including gram-positive, gram-negative, aerobic and anaerobic bacteria (52). First approved 

in the United States in 2004, Rfx is now widely used for the treatment of hepatic 

encephalopathy (53), improving survival and for reducing the risk of hospitalization and 

portal hypertension (54). Fujisaka et al. (55) also reported that the gut microbiome 

modification by a nonabsorbed Abx (vancomycin) in high-fat diet-fed mice depressed 

hepatic ER stress (55). However, in our studies, no discernable difference was observed with 

Abx-conditioning as EP4 antagonists diminished the cytoprotective features in both in vivo 

and in vitro studies. To better elucidate the influence of gut microbiota composition upon 

hepatocellular damage in IR-stressed OLT, we conducted a separate series of experiments in 

Abx-pretreated mice with or without adjunctive FMT. Since adjunctive FMT from untreated 

naïve mice recreated hepatic IRI in Abx-treated OLT group, we concluded that gut 
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microbiota not only contributes to IRI pathophysiology but may also represent a potential 

target for therapeutic intervention to improve OLT clinical outcomes.

The impact of rifaximin in human OLT

Our recent translational study (50) was followed by assessing the impact of pre-transplant 

Rfx therapy on reducing hepatic IRI in human liver transplant patients (56). In this study, 

520 OLT individuals were divided into two groups based on the duration of Rfx use: 1/ Rfx 

group (28 and >28 days) and 2/ control group (none or <28days). Of the 252 patients who 

received pretransplant Abx other than Rfx, 206 patients were included in the propensity 

score-matched analysis. This important difference was mitigated by use of a propensity 

score-matching analysis to verify the true effect of Rfx. Thirty-nine patients matched to the 

nearest scores, in each group, were selected. Serum ALT levels at POD0 and POD2–6 in the 

Rfx group were significantly lower than control group and the Rfx group had a significantly 

lower rate of EAD compared with the control group. Liver biopsies obtained after 

transplantation in the Rfx group were characterized by decreased activation of infiltrating 

macrophages (CD86) and neutrophils (cathepsin G) as compared with controls. It is 

interesting that Rfx was used only in the pre-transplant period and not continued after 

transplantation, suggesting that pretreatment with Rfx may alter the microbiome in 

prospective OLT patients. It is still unclear as to whether and how administration of Rfx in 

the postoperative period could further decrease the rate of EAD and improve long-term 

clinical outcomes. Although these two studies suggest the administration of Abx influences 

OLT function via gut – liver axis, future studies warrant clarity of the detailed gut microbial 

composition after Abx (Rfx or amoxicillin) treatment.

Bacteriophage-therapy (BT) in allo-Tx

Immunosuppressive agents obligatory for the prevention of allo-Tx rejection can also induce 

severe bacterial infections caused by MDROs that range in frequency and severity. 

Therefore, as the conventionality of using fecal intestinal cocktails (whether by FMT or 

monotherapies) becomes an emerging strategy in transplant recipients, management of gut 

microbiota will remain an ever-growing challenge. An emerging strategy in the management 

of MDROs is the bacteriophage therapy (BT). Though experience with BT is more than a 

century old, it was largely forgotten and abandoned in the antibiotics era. Phages (for short) 

are bacteria-infecting viruses that employ host translation machinery to replicate and upon 

cell lysis, new phage particles are released into the environment. As a result, they are prey 

specific, infecting a single species or strain, and making targeted BT possible. Although 

phages exist in the human body (especially in the intestinal tract) and contribute to 

maintenance of immune homeostasis at the level of both the intestines and other distant 

tissues, experience in transplantation remain limited to a few studies. For instance, 

Courtwright et al. (57) reported on the successful use of BT in four lung transplant patients 

presented with life threatening Pseudomonas aeruginosa and Burkholderia dolosa MDROs. 

Following treatment, the authors reported consolidative opacities improved with no 

treatment-related adverse events observed. In addition, Aslam et al. (58) also described the 

success of BT in the treatment of MDROs but highlighted specific challenges that will need 

to be overcome before BT becomes standardized treatment. For example, patients’ bacterial 

isolates will need to be identified by microbiome profiling and used in the selection of lytic 
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phage viruses by “phage hunting”. This technical achievement was recently described by 

Duan et al. (59) when they isolated phages from untreated raw sewage water to target 

cytolytic E. faecalis, in the treatment of alcoholic hepatitis. Indeed, BT-targeting of this 

particular bacteria strain depressed ethanol-induced liver disease in germ-free mice 

colonized with E. faecalis, consistent with an idea that phage therapy might exert potent 

anti-inflammatory effects to attenuate progression of bacteria-induced early hepatic injury 

into end-stage organ insufficiency requiring liver Tx.

Other considerations for BT strategies will include genotypic characterization, safety 

studies, endotoxin removal to ensure patient safety, optimization of delivery parameters 

[timing, route, and frequency of administration (inhaled vs intravenous)], screening for the 

development of phage resistance isolates, understanding phage-directed allograft humoral 

immune responses, and preventing complications with transplant medications including 

antiviral therapies. Moreover, since phages are natural modulators of bacterial colonization, 

the need to monitor the cascading effects interbacterial interactions will be an important 

consideration, as was shown recently (60). Despite these challenges, BT in allo-Tx and 

graft-versus-host disease (GvHD) remains an attractive novel idea that warrants further 

evaluation in basic research studies and well-designed clinical trials (58, 61).

Conclusion

Future research that focuses on the molecular pathways by which microbial signals 

influence alloimmunity may lead the way towards identification of novel therapeutic targets 

to alleviate the harmful consequences of allo-Tx. However, many questions remain, among 

the most clinically relevant: How does FMT recreate organ damage in Abx-treated hosts? 

How does Abx treatment change the gut-microbiota composition and what species are most 

affected? What metabolites from the presence of beneficial or loss of harmful microbes 

influence post-transplantation functionally? Is there a role for pre- or post-probiotics in 

altering the diversity of gut microbiota? What organs should be the focus of future 

microbiota-centered study? How does altering microbiome diversity influence known 

immune responses to allo-Tx? and What are the long-term consequences of personalized 

bacterio (phage) therapies? Future research should also focus on the relationship between 

dysbiosis, altered bacterial communities and their metabolites as the knowledge from these 

advances in the field will continue to augment the lives of those affected by organ 

replacement therapies.
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Highlights

• The gut microbiota has great potential to regulate allograft rejection cascade

• Microbial metabolites play complex roles in host cell-mediated and humoral 

immunity

• Mono-bacteriotherapy can increase our understanding of microbial signaling

• Antibiotic microbe replacement modulates ER stress/autophagy in mouse and 

human liver transplant recipients

• Bacteriophage therapy is an emerging personalized treatment option in organ 

transplantation
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Figure 1. Dynamic interplay between gut microbiota and host immune repertoire.
Microorganisms promote IL17 secretion from intestine leading to production of granulocyte-

macrophage colony-stimulating factor (GM-CSF), which regulates neutrophil 

differentiation. Type 3 innate lymphoid cells (ILC3), which are abundant in the mucosa, can 

suppress commensal-specific T-cell responses, license IL17 production from Th17 cells and 

regulate macrophage through GM-CSF. Dendritic cells can promote activation of mucosal 

Treg, which allows organ dysbiosis. Metabolites, such as short-chain fatty acids (SCFAs) 

can affect the differentiation, maturation and activation of immune cells, directly or 

indirectly.
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Figure 2. Abx treatment as bacteriotherapy in mouse and human OLT recipients
Amoxicillin pretreatment attenuated hepatic IRI through gut-liver crosstalk in a mouse allo-

OLT model. Recreation of classic IRI phenotype by fecal microbiota transplantation (FMT) 

from naïve mice implicates the pathogenic function of gut microbiota. Pre-transplant 

Rifaximin reduced hepatic IRI and improved hepatocellular function in human OLT patients. 

Future studies are warranted to clarify Abx-modulated gut microbial compositions and 

functions as well as other Abx with distinct activity spectrums.
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