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Fecal microbiome transplant (FMT) has gained popularity over the past few years, given its success in treating several gastrointestinal diseases. At the same time, microbial populations in the gut have been shown to have more physiological effects than we expected as “habitants” of the gut. The imbalance in the gut microbiome or dysbiosis, particularly when there are excessive harmful pathogens, can trigger not just infections but can also result in the development of common diseases, such as cancer and cardiometabolic diseases. By using FMT technology, the dysbiosis of the gut microbiome in patients can be resolved by administering fecal materials from a healthy donor. The current review summarizes the history and current uses of FMT before suggesting potential ideas for its high-quality application in clinical settings.
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INTRODUCTION

The Food and Drug Administration (FDA) in the United States (US) recently issued several warnings on fecal microbiome transplant (FMT) and has even planned to halt several FMT clinical trials following numerous infections and one death after FMT procedure (US Food and Drug Administration, 2019a,b, 2020a). FMT is a procedure that delivers specially prepared stool material from healthy donors to the patient (i.e., as a recipient) to improve certain medical conditions by restoring the balance of the gut microbial community. In other words, FMT involves transferring a healthy donor’s “poop” to a patient. It may sound disgusting as the word “poop” or “feces” is generally known as waste or bodily excretion. This perception is not entirely wrong, as the main component of feces would be “carcass” of food after they have passed through our digestive system, with most of their nutrients (presumably) having been absorbed. Nonetheless, in clinical settings, stool samples are often collected for health screening purposes to detect any presence of harmful pathogens or inflammatory status. Given that normal stool (typically brown and a soft to firm consistency) indicates good health, this prompts the question: Can stool be used as a “tool” to improve general health in humans?

Firstly, the term “gut eubiosis” is widely used to describe aharmonic interbacterial condition, marked by an optimal balance of the microbiome in the digestive tract, as well as a mutualistic relationship between the microbiome and the host that is favorable for human health (Figure 1). Theoretically, microorganisms in our gut would try to compete with incoming microbes (e.g., from food or external contact/environment) in the conquest to secure their habitat and improve their propagation, which ultimately ensures their survival in the human body. However, the gut microbiome would usually be in the state of eubiosis in a healthy individual, carrying a diverse array of microorganisms with considerable tolerance to commensal or “friendly” bacteria (Thaiss et al., 2016; Yang et al., 2016; Lau et al., 2021). In the early 1970s, several American microbiologists had run a few statistical analyses with a series of assumptions and subsequently suggested the ratio of bacteria to human cells to be 10:1 (Luckey, 1970). However, recent studies disapproved this ratio and revised the estimation for the number of human and bacteria cells in the body (Sender et al., 2016). The research group explained that an average human body (with a bodyweight of 70 kg) is made of approximately 200 types of cells and sums up to a whopping total of 30 trillion cells. On the other hand, the mass of bacteria cells in our body is estimated to be 0.2 kg; this figure may not seem to be fascinating, but when you take a deeper look at the bacterial cell count, 0.2 kg of body weight is comprised of 30 trillion bacterial cells! With these findings, Sender et al. (2016) has busted the myth that bacterial cells outnumbered human cells in the body and proposed a revised estimated ratio of bacterial to human cells to be 1:1, with the vast majority of them residing in the colon (approximately 10 trillion cells, 33% of the total bacterial cells). In fact, many studies have examined the development of the gut microbiome in infants; the gut microbiome of infants can differ based on delivery methods (i.e., vaginal birth or cesarean birth), and the cessation of breastfeeding can induce a shift in microbiome towards an adult-like composition (Backhed et al., 2015; Yang et al., 2016; Mohammadkhah et al., 2018). Consequently, it is totally reasonable to acknowledge that the gut microbiome represents a highly dynamic environment in which changes can be induced through diet, medication intake, or even emotional stress (Voreades et al., 2014; Ma et al., 2018; Yu et al., 2018; Lee S.H. et al., 2020; Morrison et al., 2020; Vila et al., 2020).
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FIGURE 1. Fecal microbiome transplant use to restore balance in the gut microbiome.




IMPORTANCE OF GUT MICROBIOME IN DISEASES

In a healthy state, the gut microbiome is predominantly colonized by Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and Verrucomicrobia bacterial phyla (Jiménez-Avalos et al., 2021). Having that said, the composition and colonization pattern differs slightly between different regions of the digestive tract due to many factors such as pH, oxygen levels, as well as the host immune system (Donaldson et al., 2016; Jiménez-Avalos et al., 2021). Gut dysbiosis occurs when there is a perturbation to the complex commensal microbial communities in the digestive tract, including the overgrowth of certain microorganisms (e.g., bacteria or fungal). As a matter of fact, the risk factors that result in gut dysbiosis are yet to be fully discovered and understood. In infants, apart from delivery methods, some researchers have described the maternal use of antibiotics during pregnancy and labor (i.e., intrapartum) can also influence the infant’s microbiome (Mshvildadze et al., 2010; Gonzalez-Perez et al., 2016; Dunn et al., 2017; Miyoshi et al., 2017; Neuman et al., 2018; Lee J.K.F. et al., 2020; Mitchell et al., 2020; Hoang et al., 2021). Mshvildadze and the team have explored the microbiome of preterm infants and revealed that infants of those who received antibiotics intrapartum have less microbiome diversity than those who did not receive antibiotics (Mshvildadze et al., 2010). This observation is relatively simple to comprehend as antibiotics intake would disrupt the balance in the normal gut microbiome, even though it was supposed to be preventing infection by taking out pathogenic bacteria (Yoon and Yoon, 2018). Moreover, antibiotics use during intrapartum have been shown to be associated with overall microbial composition in breast milk including decreased levels of protective bacteria like Bifidobacteria, which then led to the concern that infant would benefit less from drinking the mother’s breast milk and place them at a higher risk of having gut dysbiosis (Bezirtzoglou et al., 2011; Walker, 2013; Gardner et al., 2017; Stearns et al., 2017; Leppälehto et al., 2018; Hermansson et al., 2019; Padilha et al., 2019). Similar observations were also seen in human adults, whereby medication use is often associated with altered gut microbiome and dysbiosis (Francino, 2015; Yoon and Yoon, 2018). For instance, Dethlefsen and team have harnessed the potential of advanced sequencing technology in exploring gut microbiome composition after the use of ciprofloxacin (an antibiotic that is commonly prescribed to treat bacterial infections in the urinary tract, respiratory tract, and so on) instead of traditional culture methods that reveal reduced portion of bacteria growth on media plates (Dethlefsen et al., 2008). Based on their results, the use of ciprofloxacin reduced the diversity and species richness of the gut microbiome, affecting about 30% of bacterial taxa abundance in the gut. More importantly, even after some microorganisms did “make a comeback” by 4 weeks after stopping the antibiotic, some failed to recover at a long period of 6 months. In short, the excessive use of antibiotics can alter the community structure of the microbiome, leading to gut dysbiosis. In the long run, misuse of antibiotics fosters antibiotic resistance, resulting in a bigger problem – the emergence of multidrug-resistant microorganisms (Francino, 2015; Yallapragada et al., 2015; Frohlich et al., 2016).

The significance of the gut microbiome in human health emerged as early as 400 B.C. when the Greek physician Hippocrates said, “death is in the bowels” and also “poor digestion is the origin of all evil” (Iebba et al., 2016). Over the years, researchers have discovered that there are strong correlations between the gut microbiome and important systems in the human body, such as the brain in the nervous system and the immune system that protects the body against deadly infections and cancer (Schwabe and Jobin, 2013; Gonzalez-Perez and Lamousé-Smith, 2017; Yang and Jobin, 2017; Chew et al., 2020; Johnson et al., 2020; Lee et al., 2021). Existing evidence has demonstrated that gut dysbiosis can contribute to the etiology of numerous human diseases, including diabetes, atherosclerosis, inflammatory bowel disease, atopic dermatitis, autism, or even the development of cancer (Adlerberth et al., 2007; Michail et al., 2012; Morgan et al., 2012; Mulle et al., 2013; Vinje et al., 2014; Zackular et al., 2014; Song et al., 2016; Gózd-Barszczewska et al., 2017; Jie et al., 2017; Ni et al., 2017; Lee et al., 2020a,b; Selvaraj et al., 2020; Wang et al., 2021). The process of how gut dysbiosis and certain microbial metabolites can lead to mucosal leakiness in the gut and promote inflammation milieu in the entire body by activating specific immune cells has been actively discussed over the past 10 years (Chassaing et al., 2012; Nicholson et al., 2012; Tremaroli and Bäckhed, 2012; Chang et al., 2014; Joyce and Gahan, 2014; Lee and Hase, 2014; Vazquez-Castellanos et al., 2015; Marchesi et al., 2016; Rooks and Garrett, 2016). Using the study by Gózd-Barszczewska and the team as an example to showcase the association of gut microbiome and cardiovascular diseases, they published their results a few years back, noting that individuals with improper levels of total cholesterol displayed Prevotella-enriched microbiome (p = 0.03) with a decreased abundance of Clostridium (p = 0.02) compared to those with no cardiovascular disease (Gózd-Barszczewska et al., 2017). Even though Prevotella spp. are natural inhabitants in the gut, some of them are now considered as pathobionts and linked with chronic inflammatory conditions (Ley, 2016). For instance, Prevotella copri, as one of the “enterotypes” consistently detected in the gut microbiome, is frequently implicated in prompting metabolic changes and enhancing host susceptibility to gut mucosal inflammation (Iljazovic et al., 2020; Wang et al., 2021). By manipulating the gut microbiome through diet, Wang and the team advocated the idea of using precision nutrition to restore the balance in the gut microbiome and consequently reducing the risk of cardiometabolic diseases (Wang et al., 2021). In the same study, the team revealed a strong protective association between Mediterranean-style diet and cardiometabolic disease risk among a subgroup of the participants could be attributed to the absence of P. copri in their gut microbiomes. So now, given that the composition of the gut microbiome significantly correlated with human diseases, here comes the question again: How do researchers exploit the fecal microbiome to improve human health?



THE EXPLOITATION OF GUT MICROBIOME AND FECAL MICROBIOME TRANSPLANT

The idea of FMT can be traced back to the Chinese civilization, nearly 1,700 years ago in the 4th century when a well-known traditional Chinese medicine doctor named Ge Hong successfully treated patients who had food poisoning and/or severe diarrhea with a human fecal suspension called “yellow soup” by mouth (Zhang et al., 2012; Shi and Yang, 2018). In point of fact, this is not the only record that marks the use of fecal material in Chinese history. Another traditional Chinese medicine practitioner, Li Shizhen, has recorded the use of fecal material to treat abdominal diseases in the most-known book of traditional Chinese medicine known as “Ben Cao Gang Mu” or Compendium of Materia Medica. In the West, FMT studies were led by the Italian anatomists named Fabricius Aquapendente in the 17th century; he named the process “transfaunation,” where viable enteric bacteria transplanted from the healthy animal has effectively restored sick animals to health and vigor (Borody et al., 2004; Dodin and Katz, 2014). However, the transfer of fecal material was done differently in humans compared to those of Chinese practitioners. In 1958, the Chief of Surgery at Denver General Hospital, Dr. Ben Eiseman, and his colleagues shared their experience when they productively used fecal enemas to treat four patients reported to have pseudomembranous colitis (Eiseman et al., 1958). It wasn’t until 20 years later, in 1978, when researchers realized that the condition they were treating, pseudomembranous colitis, was likely to be caused by a pathogenic bacterium known as Clostridioides difficile (George et al., 1978). It was clearly indicating that these observations did not happen by chance, but some changes must have occurred after the transplant process, regardless of the administrative route. Thinking of it from another angle, what these practitioners and modern researchers have in mind is that through the fecal transplant process, the gut microbiome of the recipient will be forced to go through a “re-education” process and reinstating the balance as the specially treated fecal material can possibly contain more than a thousand functional bacterial species (Zhang et al., 2012; Brandt and Aroniadis, 2013; Smits et al., 2013; de Groot et al., 2017). Indeed, with the advanced sequencing technologies that we have, researchers can now monitor population changes in the microbiome, bypassing the need for cultivation on plates. What’s more interesting is that it was revealed that cross-species FMT might work as well; German soldiers from Afrika Corps had to follow what the natives did and consumed camel stool during World War II, which expedited their recovery from bacillary dysentery when no antibiotics were available (Lewin, 2001). Even though no one was able to explain such a “treatment” method at the time, scientists are now witnessing major progress in science, particularly in the drug discovery sector, using a stool to rehabilitate the gut microbiome of patients (Brandt, 2012; Xu et al., 2015; Gaines and Alverdy, 2017).

Whilst drug in pill form does not sound foreign to many of us, what about pills carrying stool within it? Two years ago, researchers from Canada and China had published their findings from a randomized clinical trial comparing the efficacy of oral capsule containing stool material and colonoscopy route in treating recurrent C. difficile infection (Kao et al., 2017). C. difficile is classified as a Gram-positive bacteria that is a frequent cause of infectious colitis; this infection is deemed as a complication of antibiotic therapy (Kelly and LaMont, 2008; Honda and Dubberke, 2009; Chai and Lee, 2018). On top of that, recurrent infections are frequently seen in patients; more often than not, it is extremely hard to treat recurrent infections due to its antibiotics resistance, which further justified itself as a high mortality cause in the United States (Honda and Dubberke, 2009; Lessa et al., 2015; McDonald et al., 2018). Based on the findings by Kao et al. (2017), 96.2% of the participants suffering from recurrent C. difficile infections were cured of the infections for over 12 weeks after taking the “poop pill,” making it not too different from those received FMT through colonoscopy (with a non-inferiority margin of 15%). Additionally, another team led by Hirsch and Honig in the United States have also observed similar results in recurrent C. difficile infections patients treated with specially packed “poop pill” containing feces from healthy volunteers, further substantiating the use of FMT for frail patients (Hirsch et al., 2015). A systematic review was also performed to evaluate the use of FMT to treat C. difficile infections, concluding that the administration of fecal material from healthy donors to patients with recurrent C. difficile infections is more effective than vancomycin (Moayyedi et al., 2017).

Besides using FMT in treating C. difficile infections, some pharmaceutical companies have started trials to examine the potential use of FMT in conjunction with current cancer drugs to ensure higher treatment efficacy (Ryan, 2019). In reality, Stephanie Culler, the co-founder of Persephone Biome, shared her views in a Tedx Talk and started the “Poop for the Cure” campaign to collect feces for cancer therapeutics design (Persephone Biosciences, (n.d)). Within 18 months, the company managed to collect around 1,400 samples around the United States and identified some missing microbes from those who did not respond well to cancer treatment (Ryan, 2019; Culler et al., 2020). The journey on how researchers identify the role of the microbiome in cancer therapy begun when mice with tumors but no gut microbiome showed a different response when treated with drugs like cyclophosphamide, oxaliplatin, cisplatin, and even anti-programmed cell death 1 protein (PD-1) immunotherapy (Iida et al., 2013; Viaud et al., 2013; Gopalakrishnan et al., 2018; Panebianco et al., 2018).

In other words, the gut microbiome plays a significant role in drug metabolism, which then may influence the drug efficacy. This important fact was indeed raised in a recent paper published in Science by Rekdal et al. that described gut microbes like Enterococcus faecalis and Eggerthella lenta can sequentially metabolize levodopa (Ash, 2019; Maini Rekdal et al., 2019). With these findings, it was then described that gut microbes should be taken into considerations when developing new drugs, and perhaps cancer patients could benefit more in terms of recovery by using a “combinatory therapy” plan that involves FMT and certain drugs to restore the balance in the microbiome, while eradicating cancer cells simultaneously.



CURRENT PROBLEM OF FMT: DETECTION OF POTENTIALLY INFECTIOUS BACTERIA

Even though the potential use of FMT therapy in clinical settings has been encouraged in the past few years, that changed from investigational new drug status in 2013 to biologic agent and drug in 2014, FDA abruptly announced on June 13, 2019, that this therapy should be proceeded with cautions following a death of a patient after undergoing FMT and another suffered an invasive infection (US Food and Drug Administration, 2013, 2019a, 2019b, 2020a; Moore et al., 2014; Woodworth et al., 2017; Allegretti et al., 2019; Kaako et al., 2019). Back in 2019, after examining all possible reasons, these two immunocompromised individuals were found to have received fecal material from the same donor, which contained extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli. What was shocking to the community is that the stool samples used were not screened for ESBL-producing gram-negative organisms before use; these findings came to light only after conducting investigations with the stored preparations of FMT from this stool donor, which took place after the occurrence of serious adverse effects. As a result, the FDA has issued a statement that requires clinicians to perform in-depth screening for ESBL pathogens before FMT.

Presently, there are non-profit organizations promoting FMT research among clinicians and scientists (Chen et al., 2020; McCune et al., 2020; Openbiome, n.d.). Like a blood bank that collects blood, this organization works like a “poop” bank that collects feces samples from donors around the United States, and to date, they have obtained more than 3.5 tons of stool and shipped stool materials to seven countries. Due to the recent incidence, the organization has also promoted the importance of “quality check” before FMT procedures, which begins from the first engagement with the donor where he/she is required to undergo a rigorous screening process involving 200 questions and clinical evaluation by internal medicine specialists and a series of biological assays before qualifying as a donor. To ensure the highest quality of stool samples used in FMT, stools are collected continuously from the donor for 60 days, and these materials are kept in quarantine until all assessments (e.g., clinical assessment, stool, and serological testing) are completed. During this period, lab technicians will perform mostly culture-based biochemical assays on each stool sample collected from the donor, coupled with high-throughput sequencing of a specific gene that acts as a “fingerprint” of every microbe, the 16S rRNA gene sequence. Nonetheless, FDA had issued another notice earlier this year to inform two patients developed enteropathogenic E. coli (EPEC) infection and four patients developed shiga toxin-producing E. coli (STEC) infection after receiving FMT products (US Food and Drug Administration, 2020a). After that, the FDA initiated another round of discussion with OpenBiome where they reached a consensus to implement stricter rules, including additional testing with nucleic acid amplification tests (NAATs) to detect EPEC and STEC (US Food and Drug Administration, 2020c). In addition to that, the organization assured that all the stool samples would be screened according to the new standards to ensure safe access to FMT.

With the availability of next-generation sequencing (NGS) tools like MiSeq and HiSeq systems by Illumina and single-molecule, real-time sequencing (SMRT) technology by Pacific Biosystems, the cost of sequencing has dropped drastically over the past decades (Wetterstrand, 2013; Besser et al., 2018; Solares et al., 2018). Compared to the traditional Sanger sequencing, scientists can now obtain a large amount of genetic information from once-thought problematic samples like stool and identify microbial populations without the need for cultivation. As a screening method, NGS can provide an overview of the microbial population in the stool sample within a short period, and this information can be used to predict the risk of pathogenic infections if used in the FMT process (Besser et al., 2018). Even though the donor may appear healthy, some microorganisms can persist in the body without causing serious infections (Gopinath et al., 2012; Galdys et al., 2014; Zhang et al., 2015). Through NGS, it may potentially improve the outcome of FMT, particularly those who are immunocompromised. Compared to nucleic acid amplification tests (NAATs) that detect specific genes of certain microbes, NGS offers a more rapid solution with a higher depth of information in terms of the microbial population in the samples. Nevertheless, NAATs can be used in combination with NGS; NGS provides an overview of the microbial population during the first screening to ensure the “eubiosis” status of the microbiome, and those who passed the “quality check” can be monitored using NAATs to observe the growth of certain “unwanted” populations.



DISCUSSION

Even though the skin is thought to be the largest organ in the body, the largest amount of microorganisms is in the gastrointestinal tract instead (Sender et al., 2016). The gut microbiome consists of a mixture of microbes that can be beneficial (i.e., commensal bacteria), and a relatively small portion of them may pose as a disease risk to us (Thursby and Juge, 2017; Bresalier and Chapkin, 2020). Apart from infections, any changes in the equilibrium in the microbial population in the gut have shown to cause or associate with the development of diseases like inflammatory bowel diseases, neuropsychiatric-related diseases, or even cancer (Lee et al., 2019; Johnson et al., 2020; Ternes et al., 2020; Lee and Chang, 2021). As much as gut microbiome composition is affected by diet, recent data have also pointed out that microbes in the gut have functional importance in nutrients and also drug metabolisms (Hooper et al., 2002; Ash, 2019; Maini Rekdal et al., 2019). The entire process may be more complicated than we thought: before considering host-microbial interactions, interspecies microbial interactions can convert pro-drug to drug, or even facilitate the breakdown of an active drug into something useless and in the worst scenario, a toxic substance that can have detrimental effects on the host!

Whether FMT procedure is mature enough to be used in treating human diseases or not, there might be several concerns that should be carefully thought of. First of all, the duration and frequency of FMT therapy for each disease may differ between patients. The primary aim of FMT is to restore and reconstitute the normal microbiome of the gut in patients using specially packed stool materials from healthy individuals. Using FMT treatment for recurrent C. difficile (RCDI) infection as an example, Khan et al. have consolidated findings from several randomized clinical trials that inspected the efficacy of FMT (Khan et al., 2018). The analysis revealed that the FMT procedure has superior long-term efficacy as seen with prolonged disease-free (post-procedural) intervals compared to other medical treatments. Furthermore, 70–75% of patients recovered from RCDI with just a single infusion of FMT with the restoration of the microbiome (by evaluating the ratio of Bacteroidetes to Firmicutes), and the efficacy further rises to 90% when multiple FMT infusion is performed (Cammarota et al., 2015; Johnson and Gerding, 2017; Fareed et al., 2018; Khan et al., 2018). Another key point is that there was no significant difference observed in terms of delivery route/methods; regardless of in enema form or capsules containing frozen stool materials, FMT promoted recovery in patients with recurrent C. difficile infections (Hui et al., 2019). Then again, as the gut microbiome is a dynamic environment and can be affected by multiple factors, there is still much room to explore the frequency of FMT procedures for other diseases (e.g., ulcerative colitis, etc.) before coming up with the recommended guidelines for clinical use. A quick search on the clinical trial registry (ClinicalTrial.gov) maintained by the United States National Library of Medicine at the National Institutes of Health looking at FMT yielded a total of 242 studies. While several studies celebrated the triumph of FMT, a portion of them reported no significant improvements post-FMT treatments for diseases other than RCDI (attributed to small sample size and characteristics of recruited patients) (Goyal et al., 2016; Aroniadis et al., 2019; Saha et al., 2019; Yu et al., 2020). A randomized clinical trial conducted by Leong and the team explained a difference in microbiome at baseline between FMT donor and obese participant; donor had higher abundance of Akkermansia muciniphila which is known as a beneficial player in metabolism and confers the host protection against metabolic disorders including obesity (Leong et al., 2020; Xu et al., 2020). Even though there was a shift in microbiome composition among participants post-FMT (which maintained up to 12 weeks), no weight loss was observed in adolescence post-FMT treatment (Leong et al., 2020). At this point in time, more thoughts need to be placed on designing the treatment plan using FMT, including “dose” and method of delivery (oral or enema), alongside with figuring out important microbe(s) in different diseases and their mechanisms to achieve optimal long-term treatment outcome (Goyal et al., 2016; Yu et al., 2020).

Comparatively, researchers have also begun inspecting the potential use of FMT in combination with the current medical regime. As the gut microbiome acts as an important key player in immune response, the presence of pro-inflammatory microbes can trigger a vicious cycle of inflammation, breaking down the mucosal barrier and subsequently trigger widespread damage in the body system, as observed in ulcerative colitis and also neurodegenerative diseases. Thus, several clinical trials have decided to take a leap of faith, combining currently in-use chemotherapy drugs with FMT in the hope of eradicating cancer/tumor cells by modulating the immune response in the body. An ongoing Phase II clinical trial reported by Hassane Zarour and Merck Sharp & Dohme Corp., is currently investigating the potential of FMT to be used along with pembrolizumab to treat patients with melanoma (U.S. National Library of Medicine: Clinicaltrials.gov, n.d). Similarly, for infectious agents like C. difficile infections, it might be worthwhile to consider a combination of bacteriophage therapy with FMT rather than FMT alone to ensure higher efficacy of treatment. Some studies have described the “bottleneck” in search of bacteriophage for bacterial infections, even though bacteriophage may provide the way out in combating multidrug-resistant organisms (Hargreaves and Clokie, 2014; Letchumanan et al., 2016; Nale et al., 2016; Cisek et al., 2017). Under these circumstances, bacteriophage can act similarly like an “adjuvant” or booster along with FMT procedure to ensure the suppression of certain pathogens while reinstating the healthy “eubiosis” status of the gut.12pt

Lest we forget, we are still at war against one of the biggest threats now, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes the disease known as COVID-19 (that stands for Coronavirus disease 2019) and has claimed more than a million lives worldwide (Dong et al., 2020; Ser et al., 2020; Tan et al., 2020). After the announcement of COVID-19 as a pandemic on March 11, 2020, the FDA provided an alert update to inform clinicians and patients on the potential risk of the transmission of SARS-CoV-2 through the FMT process (World Health Organization [WHO], 2020; US Food and Drug Administration, 2020b). Concurrently, the agency also recommended that FMT product manufactured from stool donated on or after December 1, 2019, should not be used clinically until additional tests and criteria are met (e.g., donor screening for SARS-CoV-2 symptoms and diagnosis, extra confirmatory tests to detect the presence of SARS-CoV-2 virus or RNA in donated stool) (Openbiome, 2020; US Food and Drug Administration, 2020b). Although researchers are getting a better understanding of this notorious coronavirus, it is still too early to ban FMT altogether in treating human diseases in the current situation. Equally important are the tests for SARS-CoV-2 in donors and their stool, ensuring the proper handling of the specimen is one of the aspects that should be investigated to prevent cross-contamination and maintain the chain of custody (Bharat et al., 2020; Kanamori et al., 2020; Rizou et al., 2020; Ryu et al., 2020).



CONCLUSION

The safety and quality check of stool material remains a vital concern for FMT treatment. With the advancement of sequencing tools, this issue may be solved in the nearest future simply by introducing a series of recommended criteria like population ratio of beneficial/protective organisms versus those with pathogenic risk and high drug resistance profile. Looking over the past, researchers are giving human stool “another chance” at contributing to human health, to a certain extent by using stool from healthy humans as a “role model” to re-educate microbial populations in patients. FMT procedure might still be far from perfect, but with the joint effort from researchers and clinicians worldwide, the FMT procedure may come as an easily accessible treatment with lower toxicity than other synthetic drugs, making it worthwhile to be explored and improved at the moment.



AUTHOR CONTRIBUTIONS

H-LS and VL drafted the manuscript. B-HG, SW, and L-HL contributed to the revision of the manuscript and provided vital guidance on the scientific content. H-LS, B-HG, and L-HL conceptualized the research topic. All authors read and approved the final manuscript.



FUNDING

This work was supported by the External Industry Grant (Biotek Abadi – Vote Nos. GBA-808138 and GBA-808813, Biomerge – Vote No. BMRG2018-01) awarded to L-HL, and SEED Funding from Microbiome and Bioresource Research Strength (MBRS), Jeffrey Cheah School of Medicine and Health Sciences (Vote Number: MBRS/JCSMHS/02/2020) awarded to VL.12pt



REFERENCES

Adlerberth, I., Strachan, D. P., Matricardi, P. M., Ahrne, S., Orfei, L., Aberg, N., et al. (2007). Gut microbiota and development of atopic eczema in 3 European birth cohorts. J. Allergy Clin. Immunol. 120, 343–350. doi: 10.1016/j.jaci.2007.05.018

Allegretti, J. R., Fischer, M., Sagi, S. V., Bohm, M. E., Fadda, H. M., Ranmal, S. R., et al. (2019). Fecal microbiota transplantation capsules with targeted colonic versus gastric delivery in recurrent Clostridium difficile infection: a comparative cohort analysis of high and lose dose. Dig. Dis. Sci. 64, 1672–1678. doi: 10.1007/s10620-018-5396-6

Aroniadis, O. C., Brandt, L. J., Oneto, C., Feuerstadt, P., Sherman, A., Wolkoff, A. W., et al. (2019). Faecal microbiota transplantation for diarrhoea-predominant irritable bowel syndrome: a double-blind, randomised, placebo-controlled trial. Lancet Gastroenterol. Hepatol. 4, 675–685.

Ash, C. (2019). The Dope On L-Dopa Metabolism. Washington, DC: American Association for the Advancement of Science.

Backhed, F., Roswall, J., Peng, Y., Feng, Q., Jia, H., Kovatcheva-Datchary, P., et al. (2015). Dynamics and stabilization of the human gut microbiome during the first year of life. Cell Host Microbe 17, 690–703. doi: 10.1016/j.chom.2015.04.004

Besser, J., Carleton, H. A., Gerner-Smidt, P., Lindsey, R. L., and Trees, E. (2018). Next-generation sequencing technologies and their application to the study and control of bacterial infections. Clin. Microbiol. Infect. 24, 335–341. doi: 10.1016/j.cmi.2017.10.013

Bezirtzoglou, E., Tsiotsias, A., and Welling, G. W. (2011). Microbiota profile in feces of breast- and formula-fed newborns by using fluorescence in situ hybridization (FISH). Anaerobe 17, 478–482. doi: 10.1016/j.anaerobe.2011.03.009

Bharat, A., Querrey, M., Markov, N. S., Kim, S., Kurihara, C., Garza-Castillon, R., et al. (2020). Lung transplantation for patients with severe COVID-19. Sci. Trans. Med. 12:eabe4282.

Borody, T. J., Warren, E. F., Leis, S. M., Surace, R., Ashman, O., and Siarakas, S. (2004). Bacteriotherapy using fecal flora: toying with human motions. J. Clin. Gastroenterol. 38, 475–483.

Brandt, L. J. (2012). Fecal transplantation for the treatment of Clostridium difficile infection. Gastroenterol. Hepatol. 8, 191–194.

Brandt, L. J., and Aroniadis, O. C. (2013). An overview of fecal microbiota transplantation: techniques, indications, and outcomes. Gastrointest. Endosc. 78, 240–249. doi: 10.1016/j.gie.2013.03.1329

Bresalier, R. S., and Chapkin, R. S. (2020). Human microbiome in health and disease: the good, the bad, and the bugly. Dig. Dis. Sci. 65, 671–673.

Cammarota, G., Masucci, L., Ianiro, G., Bibbo, S., Dinoi, G., Costamagna, G., et al. (2015). Randomised clinical trial: faecal microbiota transplantation by colonoscopy vs. vancomycin for the treatment of recurrent Clostridium difficile infection. Aliment. Pharmacol. Ther. 41, 835–843. doi: 10.1111/apt.13144

Chai, J., and Lee, C. H. (2018). Management of primary and recurrent Clostridium difficile infection: an update. Antibiotics 7:54. doi: 10.3390/antibiotics7030054

Chang, P. V., Hao, L., Offermanns, S., and Medzhitov, R. (2014). The microbial metabolite butyrate regulates intestinal macrophage function via histone deacetylase inhibition. Proc. Natl. Acad. Sci. U. S. A. 111, 2247–2252. doi: 10.1073/pnas.1322269111

Chassaing, B., Aitken, J. D., Gewirtz, A. T., and Vijay-Kumar, M. (2012). Gut microbiota drives metabolic disease in immunologically altered mice. Adv. Immunol. 116, 93–112. doi: 10.1016/B978-0-12-394300-2.00003-X

Chen, J., Zaman, A., Ramakrishna, B., and Olesen, S. W. (2020). Stool banking for fecal microbiota transplantation: methods and operations at a large stool bank. MedRxiv [Preprint]. doi: 10.1101/2020.09.03.20187583

Chew, S. S., Tan, L. T. H., Law, J. W. F., Pusparajah, P., Goh, B. H., Ab Mutalib, N. S., et al. (2020). Targeting Gut Microbial Biofilms—A Key to Hinder Colon Carcinogenesis? Cancers 12:2272.

Cisek, A. A., Dabrowska, I., Gregorczyk, K. P., and Wyzewski, Z. (2017). Phage therapy in bacterial infections treatment: one hundred years after the discovery of bacteriophages. Curr. Microbiol. 74, 277–283. doi: 10.1007/s00284-016-1166-x

Culler, S., Haselbeck, R., and Van Dien, S. (2020). Developing Precision Microbiome Medicines. Chem. Eng. Prog. 116, 33–38.

de Groot, P. F., Frissen, M. N., de Clercq, N. C., and Nieuwdorp, M. (2017). Fecal microbiota transplantation in metabolic syndrome: history, present and future. Gut Microbes 8, 253–267. doi: 10.1080/19490976.2017.1293224

Dethlefsen, L., Huse, S., Sogin, M. L., and Relman, D. A. (2008). The pervasive effects of an antibiotic on the human gut microbiota, as revealed by deep 16S rRNA sequencing. PLoS Biol. 6:e280. doi: 10.1371/journal.pbio.0060280

Dodin, M., and Katz, D. E. (2014). Faecal microbiota transplantation for Clostridium difficile infection. Int. J. Clin. Pract. 68, 363–368. doi: 10.1111/ijcp.12320

Donaldson, G. P., Lee, S. M., and Mazmanian, S. K. (2016). Gut biogeography of the bacterial microbiota. Nat. Rev. Microbiol. 14, 20–32.

Dong, E., Du, H., and Gardner, L. (2020). An interactive web-based dashboard to track COVID-19 in real time. Lancet Infect. Dis. 20, 533–534.

Dunn, A. B., Jordan, S., Baker, B. J., and Carlson, N. S. (2017). The maternal infant microbiome: considerations for labor and birth. MCN Am. J. Matern. Child Nurs. 42, 318–325. doi: 10.1097/NMC.0000000000000373

Eiseman, Á, Silen, W., Bascom, G., and Kauvar, A. (1958). Fecal enema as an adjunct in the treatment of pseudomembranous enterocolitis. Surgery 44, 854–859.

Fareed, S., Sarode, N., Stewart, F. J., Malik, A., Laghaie, E., Khizer, S., et al. (2018). Applying fecal microbiota transplantation (FMT) to treat recurrent Clostridium difficile infections (rCDI) in children. PeerJ 6:e4663. doi: 10.7717/peerj.4663

Francino, M. P. (2015). Antibiotics and the human gut microbiome: dysbioses and accumulation of resistances. Front. Microbiol. 6:1543. doi: 10.3389/fmicb.2015.01543

Frohlich, E. E., Farzi, A., Mayerhofer, R., Reichmann, F., Jacan, A., Wagner, B., et al. (2016). Cognitive impairment by antibiotic-induced gut dysbiosis: analysis of gut microbiota-brain communication. Brain Behav. Immun. 56, 140–155. doi: 10.1016/j.bbi.2016.02.020

Gaines, S., and Alverdy, J. C. (2017). Fecal microbiota transplantation to treat sepsis of unclear etiology. Crit. Care Med. 45, 1106–1107. doi: 10.1097/CCM.0000000000002382

Galdys, A. L., Nelson, J. S., Shutt, K. A., Schlackman, J. L., Pakstis, D. L., Pasculle, A. W., et al. (2014). Prevalence and duration of asymptomatic Clostridium difficile carriage among healthy subjects in Pittsburgh, Pennsylvania. J. Clin. Microbiol. 52, 2406–2409. doi: 10.1128/JCM.00222-14

Gardner, A. S., Rahman, I. A., Lai, C. T., Hepworth, A., Trengove, N., Hartmann, P. E., et al. (2017). Changes in fatty acid composition of human milk in response to cold-like symptoms in the lactating mother and infant. Nutrients 9:1034. doi: 10.3390/nu9091034

George, R. H., Symonds, J. M., Dimock, F., Brown, J. D., Arabi, Y., Shinagawa, N., et al. (1978). Identification of Clostridium difficile as a cause of pseudomembranous colitis. Br. Med. J 1:695.

Gonzalez-Perez, G., and Lamousé-Smith, E. S. (2017). Gastrointestinal microbiome dysbiosis in infant mice alters peripheral CD8(+) T cell receptor signaling. Front. Immunol. 8:265. doi: 10.3389/fimmu.2017.00265

Gonzalez-Perez, G., Hicks, A. L., Tekieli, T. M., Radens, C. M., Williams, B. L., and Lamouse-Smith, E. S. (2016). Maternal antibiotic treatment impacts development of the neonatal intestinal microbiome and antiviral immunity. J. Immunol. 196, 3768–3779. doi: 10.4049/jimmunol.1502322

Gopalakrishnan, V., Spencer, C. N., Nezi, L., Reuben, A., Andrews, M. C., Karpinets, T. V., et al. (2018). Gut microbiome modulates response to anti–PD-1 immunotherapy in melanoma patients. Science 359, 97–103.

Gopinath, S., Carden, S., and Monack, D. (2012). Shedding light on Salmonella carriers. Trends Microbiol. 20, 320–327. doi: 10.1016/j.tim.2012.04.004

Goyal, A., Kufen, A., Jackson, Z., and Morowitz, M. (2016). P-214 A Study of Fecal Microbiota Transplantation in Pediatric Patients with Inflammatory Bowel Disease. Inflamm. Bowel Dis. 22:S74.

Gózd-Barszczewska, A., Kozioł-Montewka, M., Barszczewski, P., Młodzińska, A., Humińska, K., et al. (2017). Gut microbiome as a biomarker of cardiometabolic disorders. Ann. Agric. Environ. Med. 24, 416–422. doi: 10.26444/aaem/75456

Hargreaves, K. R., and Clokie, M. R. (2014). Clostridium difficile phages: still difficult? Front. Microbiol. 5:184. doi: 10.3389/fmicb.2014.00184

Hermansson, H., Kumar, H., Collado, M. C., Salminen, S., Isolauri, E., and Rautava, S. (2019). Breast milk microbiota is shaped by mode of delivery and intrapartum antibiotic exposure. Front. Nutri. 6:4. doi: 10.3389/fnut.2019.00004

Hirsch, B. E., Saraiya, N., Poeth, K., Schwartz, R. M., Epstein, M. E., and Honig, G. (2015). Effectiveness of fecal-derived microbiota transfer using orally administered capsules for recurrent Clostridium difficile infection. BMC Infect. Dis. 15:191. doi: 10.1186/s12879-015-0930-z

Hoang, D. M., Levy, E. I., and Vandenplas, Y. (2021). The impact of Caesarean section on the infant gut microbiome. Acta Paediat. 110, 60–67.

Honda, H., and Dubberke, E. R. (2009). Clostridium difficile infection: a re-emerging threat. Mo. Med. 106, 287–291.

Hooper, L. V., Midtvedt, T., and Gordon, J. I. (2002). How host-microbial interactions shape the nutrient environment of the mammalian intestine. Ann. Rev. Nutr. 22, 283–307. doi: 10.1146/annurev.nutr.22.011602.092259

Hui, W., Li, T., Liu, W., Zhou, C., and Gao, F. (2019). Fecal microbiota transplantation for treatment of recurrent C. difficile infection: an updated randomized controlled trial meta-analysis. PLoS One 14:e0210016. doi: 10.1371/journal.pone.0210016

Iebba, V., Totino, V., Gagliardi, A., Santangelo, F., Cacciotti, F., Trancassini, M., et al. (2016). Eubiosis and dysbiosis: the two sides of the microbiota. New Microbiol. 39, 1–12.

Iida, N., Dzutsev, A., Stewart, C. A., Smith, L., Bouladoux, N., Weingarten, R. A., et al. (2013). Commensal bacteria control cancer response to therapy by modulating the tumor microenvironment. Science 342, 967–970. doi: 10.1126/science.1240527

Iljazovic, A., Roy, U., Gálvez, E. J., Lesker, T. R., Zhao, B., Gronow, A., et al. (2020). Perturbation of the gut microbiome by Prevotella spp. enhances host susceptibility to mucosal inflammation. Mucosal Immunol. 14, 113–124.

Jie, Z., Xia, H., Zhong, S. L., Feng, Q., Li, S., Liang, S., et al. (2017). The gut microbiome in atherosclerotic cardiovascular disease. Nat. Commun. 8, 1–12.

Jiménez-Avalos, J. A., Arrevillaga-Boni, G., González-López, L., García-Carvajal, Z. Y., and González-Avila, M. (2021). Classical methods and perspectives for manipulating the human gut microbial ecosystem. Crit. Rev. Food Sci. Nutr. 61, 234–258. doi: 10.1080/10408398.2020.1724075

Johnson, D., Letchumanan, V., Thurairajasingam, S., and Lee, L. H. (2020). A revolutionizing approach to autism spectrum disorder using the microbiome. Nutrients 12:1983.

Johnson, S., and Gerding, D. N. (2017). Fecal fixation: fecal microbiota transplantation for Clostridium difficile infection. Clin. Infect. Dis. 64, 272–274. doi: 10.1093/cid/ciw735

Joyce, S. A., and Gahan, C. G. (2014). The gut microbiota and the metabolic health of the host. Curr. Opin. Gastroenterol. 30, 120–127. doi: 10.1097/MOG.0000000000000039

Kaako, A., Al-Amer, M., and Abdeen, Y. (2019). Bezlotoxumab use as adjunctive therapy with the third fecal microbiota transplant in refractory recurrent Clostridium difficile colitis; a case report and concise literature review. Anaerobe 55, 112–116. doi: 10.1016/j.anaerobe.2018.11.010

Kanamori, H., Weber, D. J., and Rutala, W. A. (2020). The role of the healthcare surface environment in SARS-CoV-2 transmission and potential control measures. Clin. Infect. Dis ciaa1467. doi: 10.1093/cid/ciaa1467 [Epub Online ahead of print]

Kao, D., Roach, B., Silva, M., Beck, P., Rioux, K., Kaplan, G. G., et al. (2017). Effect of oral capsule- vs colonoscopy-delivered fecal microbiota transplantation on recurrent Clostridium difficile infection: a randomized clinical trial. JAMA 318, 1985–1993. doi: 10.1001/jama.2017.17077

Kelly, C. P., and LaMont, J. T. (2008). Clostridium difficile–more difficult than ever. N. Eng. J. Med. 359, 1932–1940. doi: 10.1056/NEJMra0707500

Khan, M. Y., Dirweesh, A., Khurshid, T., and Siddiqui, W. J. (2018). Comparing fecal microbiota transplantation to standard-of-care treatment for recurrent Clostridium difficile infection: a systematic review and meta-analysis. Eur. J. Gastroenterol. Hepatol. 30, 1309–1317. doi: 10.1097/MEG.0000000000001243

Lau, A. W. Y., Tan, L. T. H., Ab Mutalib, N. S., Wong, S. H., Letchumanan, V., and Lee, L. H. (2021). The chemistry of gut microbiome in health and diseases. Prog. Microbes Mol. Biol. 4:a0000175.

Lee, J. K. F., Tan, L. T. H., Ramadas, A., Mutalib, N. S. A. B., and Lee, L. H. (2020). Exploring the role of gut bacteria in health and disease in preterm neonates. Int. J. Environ. Res. Pub. Health 17:6963.

Lee, L. H., Letchumanan, V., Tan, L. T. H., Ser, H. L., and Law, J. W. F. (2020b). IDDF2020-ABS-0112 Gut-skin axis: decoding the link between the gut microbiome and hives. Gut 69, A16–A17.

Lee, L. H., Ser, H. L., Khan, T. M., Gan, K. G., Goh, B. H., and Ab Mutalib, N. S. (2019). IDDF2019-ABS-0321 Relationship between autism and gut microbiome: current status and update. Gut 68, A40–A41.

Lee, L. H., Tan, L. T. H., Letchumanan, V., Law, J. W. F., and Ser, H. L. (2020a). IDDF2020-ABS-0115 A moulding game: the role of gut microbiome in osteoporosis. Gut 69, A18–A19.

Lee, L. H., Wong, S. H., Chin, S. F., Singh, V., and Ab Mutalib, N. S. (2021). Human Microbiome: symbiosis to Pathogenesis. Front. Microbiol. 12:252. doi: 10.3389/fmicb.2021.605783

Lee, M., and Chang, E. B. (2021). Inflammatory Bowel Diseases (IBD) and the Microbiome—Searching the Crime Scene for Clues. Gastroenterology 160, 524–537.

Lee, S. H., Yoon, S. H., Jung, Y., Kim, N., Min, U., Chun, J., et al. (2020). Emotional well-being and gut microbiome profiles by enterotype. Sci. Rep. 10, 1–9.

Lee, W. J., and Hase, K. (2014). Gut microbiota-generated metabolites in animal health and disease. Nat. Chem. Biol. 10, 416–424. doi: 10.1038/nchembio.1535

Leong, K. S., Jayasinghe, T. N., Wilson, B. C., Derraik, J. G., Albert, B. B., Chiavaroli, V., et al. (2020). Effects of fecal microbiome transfer in adolescents with obesity: the gut bugs randomized controlled trial. JAMA Netw. Open 3:e2030415.

Leppälehto, E., Pärtty, A., Kalliomäki, M., Löyttyniemi, E., Isolauri, E., and Rautava, S. (2018). Maternal intrapartum antibiotic administration and infantile colic: is there a connection? Neonatology 114, 226–229.

Lessa, F. C., Mu, Y., Bamberg, W. M., Beldavs, Z. G., Dumyati, G. K., Dunn, J. R., et al. (2015). Burden of Clostridium difficile infection in the United States. N. Eng. J. Med. 372, 825–834. doi: 10.1056/NEJMoa1408913

Letchumanan, V., Chan, K. G., Pusparajah, P., Saokaew, S., Duangjai, A., Goh, B. H., et al. (2016). Insights into bacteriophage application in controlling Vibrio species. Front. Microbiol. 7:1114. doi: 10.3389/fmicb.2016.01114

Lewin, R. A. (2001). More on Merde. Perspect. Biol. Med. 44, 594–607.

Ley, R. E. (2016). Prevotella in the gut: choose carefully. Nat. Rev. Gastroenterol. Hepatol. 13, 69–70.

Luckey, T. D. (1970). Introduction to the ecology of the intestinal flora. Am. J. Clin. Nutr. 23, 1430–1432. doi: 10.1093/ajcn/23.11.1430

Ma, W., Chen, J., Meng, Y., Yang, J., Cui, Q., and Zhou, Y. (2018). Metformin alters gut microbiota of healthy mice: implication for its potential role in gut microbiota homeostasis. Front. Microbiol. 9:1336. doi: 10.3389/fmicb.2018.01336

Maini Rekdal, V., Bess, E. N., Bisanz, J. E., Turnbaugh, P. J., and Balskus, E. P. (2019). Discovery and inhibition of an interspecies gut bacterial pathway for Levodopa metabolism. Science 364:eaau6323. doi: 10.1126/science.aau6323

Marchesi, J. R., Adams, D. H., Fava, F., Hermes, G. D., Hirschfield, G. M., Hold, G., et al. (2016). The gut microbiota and host health: a new clinical frontier. Gut 65, 330–339. doi: 10.1136/gutjnl-2015-309990

McCune, V. L., Quraishi, M. N., Manzoor, S., Moran, C. E., Banavathi, K., Steed, H., et al. (2020). Results from the first English stool bank using faecal microbiota transplant as a medicinal product for the treatment of Clostridioides difficile infection. EClinicalMedicine 20:100301.

McDonald, L. C., Gerding, D. N., Johnson, S., Bakken, J. S., Carroll, K. C., Coffin, S. E., et al. (2018). Clinical practice guidelines for Clostridium difficile infection in adults and children: 2017 Update by the Infectious Diseases Society of America (IDSA) and Society for Healthcare Epidemiology of America (SHEA). Clin. Infect. Dis. 66, e1–e48. doi: 10.1093/cid/cix1085

Michail, S., Durbin, M., Turner, D., Griffiths, A. M., Mack, D. R., Hyams, J., et al. (2012). Alterations in the gut microbiome of children with severe ulcerative colitis. Inflamm. Bowel Dis. 18, 1799–1808. doi: 10.1002/ibd.22860

Mitchell, C. M., Mazzoni, C., Hogstrom, L., Bryant, A., Bergerat, A., Cher, A., et al. (2020). Delivery mode affects stability of early infant gut microbiota. Cell Rep. Med. 1:100156.

Miyoshi, J., Bobe, A. M., Miyoshi, S., Huang, Y., Hubert, N., Delmont, T. O., et al. (2017). Peripartum antibiotics promote gut dysbiosis, loss of immune tolerance, and inflammatory bowel disease in genetically prone offspring. Cell Rep. 20, 491–504. doi: 10.1016/j.celrep.2017.06.060

Moayyedi, P., Yuan, Y., Baharith, H., and Ford, A. C. (2017). Faecal microbiota transplantation for Clostridium difficile-associated diarrhoea: a systematic review of randomised controlled trials. Med. J. Aust. 207, 166–172.

Mohammadkhah, A. I., Simpson, E. B., Patterson, S. G., and Ferguson, J. F. (2018). Development of the gut microbiome in children, and lifetime implications for obesity and cardiometabolic disease. Children 5:160. doi: 10.3390/children5120160

Moore, T., Rodriguez, A., and Bakken, J. S. (2014). Fecal microbiota transplantation: a practical update for the infectious disease specialist. Clin. Infect. Dis. 58, 541–545. doi: 10.1093/cid/cit950

Morgan, X. C., Tickle, T. L., Sokol, H., Gevers, D., Devaney, K. L., Ward, D. V., et al. (2012). Dysfunction of the intestinal microbiome in inflammatory bowel disease and treatment. Genome Biol. 13:R79. doi: 10.1186/gb-2012-13-9-r79

Morrison, K. E., Jašareviæ, E., Howard, C. D., and Bale, T. L. (2020). It’s the fiber, not the fat: significant effects of dietary challenge on the gut microbiome. Microbiome 8, 1–11.

Mshvildadze, M., Neu, J., Shuster, J., Theriaque, D., Li, N., and Mai, V. (2010). Intestinal microbial ecology in premature infants assessed with non-culture-based techniques. J. Pediatr. 156, 20–25. doi: 10.1016/j.jpeds.2009.06.063

Mulle, J. G., Sharp, W. G., and Cubells, J. F. (2013). The gut microbiome: a new frontier in autism research. Curr. Psychiatry Rep. 15:337. doi: 10.1007/s11920-012-0337-0

Nale, J. Y., Spencer, J., Hargreaves, K. R., Buckley, A. M., Trzepinski, P., Douce, G. R., et al. (2016). Bacteriophage combinations significantly reduce Clostridium difficile growth in vitro and proliferation in vivo. Antimicrob. Agents Chemother. 60, 968–981. doi: 10.1128/AAC.01774-15

Neuman, H., Forsythe, P., Uzan, A., Avni, O., and Koren, O. (2018). Antibiotics in early life: dysbiosis and the damage done. FEMS Microbiol. Rev. 42, 489–499. doi: 10.1093/femsre/fuy018

Ni, J., Wu, G. D., Albenberg, L., and Tomov, V. T. (2017). Gut microbiota and IBD: causation or correlation? Nat. Rev. Gastroenterol. Hepatol. 14, 573–584. doi: 10.1038/nrgastro.2017.88

Nicholson, J. K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W., et al. (2012). Host-gut microbiota metabolic interactions. Science 336, 1262–1267. doi: 10.1126/science.1223813

Openbiome (n.d.) https://www.openbiome.org/home. (accessed on 19 June 2019).

Openbiome. (2020). OpenBiome Announces Enhanced Donor Screening Protocols Following FDA Alert. URL: Available online: https://www.openbiome.org/press-releases/2020/3/12/openbiome-announces-enhanced-donor-screening-protocols-following-fda-alert

Padilha, M., Iaucci, J. M., Cabral, V. P., Diniz, E. M. A., Taddei, C. R., and Saad, S. M. I. (2019). Maternal antibiotic prophylaxis affects Bifidobacterium spp. counts in the human milk, during the first week after delivery. Benef. Microbes 10, 155–163.

Panebianco, C., Andriulli, A., and Pazienza, V. (2018). Pharmacomicrobiomics: exploiting the drug-microbiota interactions in anticancer therapies. Microbiome 6:92. doi: 10.1186/s40168-018-0483-7

Persephone Biosciences (n.d) https://persephonebiosciences.com/. (accessed on 20 Feb 2021)

Rizou, M., Galanakis, I. M., Aldawoud, T. M., and Galanakis, C. M. (2020). Safety of foods, food supply chain and environment within the COVID-19 pandemic. Trends Food Sci. Technol. 102, 293–299.

Rooks, M. G., and Garrett, W. S. (2016). Gut microbiota, metabolites and host immunity. Nat. Rev. Immunol. 16, 341–352. doi: 10.1038/nri.2016.42

Ryan, C. (2019). Inspired by the microbiome, can poop pills and gut bugs help boost cancer immunotherapy’s effects? Chem. Eng. News https://cen.acs.org/biological-chemistry/microbiome/Inspired-microbiome-poop-pills-gut/97/i16. (accessed on 19 June 2019).

Ryu, B. H., Cho, Y., Cho, O. H., Hong, S. I., Kim, S., and Lee, S. (2020). Environmental contamination of SARS-CoV-2 during the COVID-19 outbreak in South Korea. Am. J. Infect. Control. 48, 875–879.

Saha, S., Tariq, R., Tosh, P. K., Pardi, D. S., and Khanna, S. (2019). Faecal microbiota transplantation for eradicating carriage of multidrug-resistant organisms: a systematic review. Clin. Microbiol. Infect. 25, 958–963.

Schwabe, R. F., and Jobin, C. (2013). The microbiome and cancer. Nat. Rev. Cancer 13, 800–812. doi: 10.1038/nrc3610

Selvaraj, S. M., Wong, S. H., Ser, H. L., and Lee, L. H. (2020). Role of low FODMAP diet and probiotics on gut microbiome in irritable bowel syndrome (IBS). Prog. Microbes Mol. Biol. 3:a0000069.

Sender, R., Fuchs, S., and Milo, R. (2016). Revised estimates for the number of human and bacteria cells in the body. PLoS Biol. 14:e1002533. doi: 10.1371/journal.pbio.1002533

Ser, H. L., Letchumanan, V., Law, J. W. F., Tan, L. T. H., Ab Mutalib, N. S., and Lee, L. H. (2020). PMMB COVID-19 Bulletin: spain (18th April 2020). Prog. Microbes Mol. Biol. 3:a0000074.

Shi, Y. C., and Yang, Y. S. (2018). Fecal microbiota transplantation: current status and challenges in China. JGH Open 2, 114–116. doi: 10.1002/jgh3.12071

Smits, L. P., Bouter, K. E., de Vos, W. M., Borody, T. J., and Nieuwdorp, M. (2013). Therapeutic potential of fecal microbiota transplantation. Gastroenterology 145, 946–953. doi: 10.1053/j.gastro.2013.08.058

Solares, E. A., Chakraborty, M., Miller, D. E., Kalsow, S., Hall, K., Perera, A. G., et al. (2018). Rapid low-cost assembly of the Drosophila melanogaster reference genome using low-coverage, long-read sequencing. G3 8, 3143–3154. doi: 10.1534/g3.118.200162

Song, H., Yoo, Y., Hwang, J., Na, Y. C., and Kim, H. S. (2016). Faecalibacterium prausnitzii subspecies-level dysbiosis in the human gut microbiome underlying atopic dermatitis. J. Allergy Clin. Immunol. 137, 852–860. doi: 10.1016/j.jaci.2015.08.021

Stearns, J. C., Simioni, J., Gunn, E., McDonald, H., Holloway, A. C., Thabane, L., et al. (2017). Intrapartum antibiotics for GBS prophylaxis alter colonization patterns in the early infant gut microbiome of low risk infants. Sci. Rep. 7, 1–9.

Tan, L. T. H., Letchumanan, V., Ser, H. L., Law, J. W. F., Ab Mutalib, N. S., and Lee, L. H. (2020). PMMB COVID-19 Bulletin: united Kingdom (22nd April 2020). Prog. Microbes Mol. Biol. 3:a0000078.

Ternes, D., Karta, J., Tsenkova, M., Wilmes, P., Haan, S., and Letellier, E. (2020). Microbiome in colorectal cancer: how to get from meta-omics to mechanism? Trends Microbiol. 28, 401–423.

Thaiss, C. A., Zmora, N., Levy, M., and Elinav, E. (2016). The microbiome and innate immunity. Nature 535, 65–74. doi: 10.1038/nature18847

Thursby, E., and Juge, N. (2017). Introduction to the human gut microbiota. Biochem. J. 474, 1823–1836. doi: 10.1042/BCJ20160510

Tremaroli, V., and Bäckhed, F. (2012). Functional interactions between the gut microbiota and host metabolism. Nature 489:242.

U.S. National Library of Medicine: Clinicaltrials.gov (n.d) Fecal Microbiota Transplant (FMT) in Melanoma Patients. URL: https://clinicaltrials.gov/ct2/show/NCT03341143.

US Food and Drug Administration. (2013). Enforcement Policy Regarding Investigational New Drug Requirements For Use Of Fecal Microbiota For Transplantation To Treat Clostridium Difficile Infection Not Responsive To Standard Therapies Draft Guidance For Industry. Food and Drug Administration (FDA): Silver Spring

US Food and Drug Administration. (2019b). Important Safety Alert Regarding Use Of Fecal Microbiota For Transplantation And Risk Of Serious Adverse Reactions Due To Transmission Of Multi-Drug Resistant Organisms. Silver Spring: Food and Drug Administration (FDA)

US Food and Drug Administration. (2019a). Fecal Microbiota for Transplantation: Safety Communication-Risk of Serious Adverse Reactions Due to Transmission of Multi-Drug Resistant Organisms. Silver Spring: Food and Drug Administration (FDA),

US Food and Drug Administration. (2020a). Fecal Microbiota For Transplantation: Safety Alert-Risk Of Serious Adverse Events Likely Due To Transmission Of Pathogenic Organisms. Silver Spring: Food and Drug Administration (FDA),

US Food and Drug Administration. (2020c). Information Pertaining to Additional Safety Protections Regarding Use of Fecal Microbiota for Transplantation–Testing of Stool Donors for Enteropathogenic Escherichia coli. Silver Spring: Food and Drug Administration (FDA),

US Food and Drug Administration. (2020b). Information Pertaining To Additional Safety Protections Regarding Use Of Fecal Microbiota For Transplantation-Screening Donors For Covid-19 And Exposure To Sars-Cov-2 And Testing For Sars-Cov-2. Silver Spring: Food and Drug Administration (FDA),

Vazquez-Castellanos, J. F., Serrano-Villar, S., Latorre, A., Artacho, A., Ferrus, M. L., Madrid, N., et al. (2015). Altered metabolism of gut microbiota contributes to chronic immune activation in HIV-infected individuals. Mucosal Immunol. 8, 760–772. doi: 10.1038/mi.2014.107

Viaud, S., Saccheri, F., Mignot, G., Yamazaki, T., Daillere, R., Hannani, D., et al. (2013). The intestinal microbiota modulates the anticancer immune effects of cyclophosphamide. Science 342, 971–976. doi: 10.1126/science.1240537

Vila, A. V., Collij, V., Sanna, S., Sinha, T., Imhann, F., Bourgonje, A. R., et al. (2020). Impact of commonly used drugs on the composition and metabolic function of the gut microbiota. Nat. Commun. 11, 1–11.

Vinje, S., Stroes, E., Nieuwdorp, M., and Hazen, S. L. (2014). The gut microbiome as novel cardio-metabolic target: the time has come! Eur. Heart J. 35, 883–887.

Voreades, N., Kozil, A., and Weir, T. L. (2014). Diet and the development of the human intestinal microbiome. Front. Microbiol. 5:494. doi: 10.3389/fmicb.2014.00494

Walker, W. A. (2013). Initial intestinal colonization in the human infant and immune homeostasis. Ann. Nut. Metab 63, 8–15. doi: 10.1159/000354907

Wang, D. D., Nguyen, L. H., Li, Y., Yan, Y., Ma, W., Rinott, E., et al. (2021). The gut microbiome modulates the protective association between a Mediterranean diet and cardiometabolic disease risk. Nat. Med 27, 333–343. doi: 10.1038/s41591-020-01223-3

Wetterstrand, K. A. (2013). Dna Sequencing Costs: Data From The Nhgri Genome Sequencing Program (Gsp).Maryland : National Human Genome Research Institute.

Woodworth, M. H., Neish, E. M., Miller, N. S., Dhere, T., Burd, E. M., Carpentieri, C., et al. (2017). Laboratory testing of donors and stool samples for fecal microbiota transplantation for recurrent Clostridium difficile infection. J. Clin. Microbiol. 55, 1002–1010. doi: 10.1128/JCM.02327-16

World Health Organization [WHO]. (2020). WHO Director-General’s opening remarks at the media briefing on COVID-19-11 March 2020. Geneva: World Health Organization.

Xu, M. Q., Cao, H. L., Wang, W. Q., Wang, S., Cao, X. C., Yan, F., et al. (2015). Fecal microbiota transplantation broadening its application beyond intestinal disorders. World J. Gastroenterol. 21, 102–111. doi: 10.3748/wjg.v21.i1.102

Xu, Y., Wang, N., Tan, H. Y., Li, S., Zhang, C., and Feng, Y. (2020). Function of Akkermansia muciniphila in obesity: interactions with lipid metabolism, immune response and gut systems. Front Microbiol. 11:219. doi: 10.3389/fmicb.2020.00219

Yallapragada, S. G., Nash, C. B., and Robinson, D. T. (2015). Early-life exposure to antibiotics, alterations in the intestinal microbiome, and risk of metabolic disease in children and adults. Pediatr. Ann. 44, 265–269. doi: 10.3928/00904481-20151112-09

Yang, I., Corwin, E. J., Brennan, P. A., Jordan, S., Murphy, J. R., and Dunlop, A. (2016). The infant microbiome: implications for infant health and neurocognitive development. Nurs. Res. 65, 76–88. doi: 10.1097/NNR.0000000000000133

Yang, Y., and Jobin, C. (2017). Novel insights into microbiome in colitis and colorectal cancer. Curr. Opin. Gastroenterol. 33, 422–427. doi: 10.1097/MOG.0000000000000399

Yoon, M. Y., and Yoon, S. S. (2018). Disruption of the gut ecosystem by antibiotics. Yonsei Med. J. 59, 4–12. doi: 10.3349/ymj.2018.59.1.4

Yu, E. W., Gao, L., Stastka, P., Cheney, M. C., Mahabamunuge, J., Torres Soto, M., et al. (2020). Fecal microbiota transplantation for the improvement of me‘olism in obesity: the FMT-TRIM double-blind placebo-controlled pilot trial. PLoS Med. 17:e1003051. doi: 10.1371/journal.pmed.1003051

Yu, Y., Liu, Q., Li, H., Wen, C., and He, Z. (2018). Alterations of the gut microbiome associated with the treatment of hyperuricaemia in male rats. Front. Microbiol. 9:2233. doi: 10.3389/fmicb.2018.02233

Zackular, J. P., Rogers, M. A., Ruffin, M. T., and Schloss, P. D. (2014). The human gut microbiome as a screening tool for colorectal cancer. Cancer Prev. Res. 7, 1112–1121. doi: 10.1158/1940-6207.CAPR-14-0129

Zhang, F., Luo, W., Shi, Y., Fan, Z., and Ji, G. (2012). Should we standardize the 1,700-year-old fecal microbiota transplantation? Am. J. Gastroenterol. 107:1755. doi: 10.1038/ajg.2012.251

Zhang, L., Dong, D., Jiang, C., Li, Z., Wang, X., and Peng, Y. (2015). Insight into alteration of gut microbiota in Clostridium difficile infection and asymptomatic C. difficile colonization. Anaerobe 34, 1–7. doi: 10.1016/j.anaerobe.2015.03.008


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Ser, Letchumanan, Goh, Wong and Lee. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Use of Fecal Microbiome Transplant in Treating Human Diseases: Too Early for Poop?



		INTRODUCTION



		IMPORTANCE OF GUT MICROBIOME IN DISEASES



		THE EXPLOITATION OF GUT MICROBIOME AND FECAL MICROBIOME TRANSPLANT



		CURRENT PROBLEM OF FMT: DETECTION OF POTENTIALLY INFECTIOUS BACTERIA



		DISCUSSION



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
’ frontiers
in Microbiology

The Use of Fecal Microbiome
Transplant in Treating
HumanDiseases: Too Early
for Poop?









OPS/images/fmicb-12-519836-g001.jpg
Restoring diversity of gut microbial population

Healthy
individual

Diverse microbiome

Faecal microbiome transplant
(FMT)

Intact intestinal epithelial cells

Dysbiosis

Inflammatory cells infiltration
Disrupted intestinal epithelial cells
Limited diversity of gut microbiome

Started nearly 1,700 years ago in
China, known as “yellow soup”

v

“Transfaunation” process described
by Italian anatomists, Fabricius
Aquapendente in the 17th century

Modern faecal microbiome transplant process

Donor Stool
screening collection

Packing
process

Administration
to patients

Interviews and
lab-based assay
to evaluate
donor’s health
status.

Detect
presence of
infectious
pathogens in
stool samples

Determine
administration
method (e.g.
enema or oral
capsule)

Monitor
recovery of
patients via lab-
based tests.

Some examples of diseases related to gut dysbiosis

e.g. Alzheimer’s disease,
autism, schizophrenia

FMT can be used in patients who
have not responded to standard

treatment for RCDI

gam sms
isk

Combination therapy
with bacteriophage?

Improvement in detection

methods using next generation
sequencing





OPS/images/logo.jpg
, frontiers
in Microbiology





