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Abstract

BACKGROUND: Gut microbiota, the collective community of microorganisms inhabiting the
intestine, have been shown to provide many beneficial functions for the host. Recent advances in
next-generation sequencing and advanced molecular biology approaches have allowed researchers
to identify gut microbiota signatures associated with disease processes and, in some cases,
establish causality and elucidate underlying mechanisms.

CONTENT: This report reviews 3 commonly used methods for studying the gut microbiota and
microbiome (the collective genomes of the gut microorganisms): 16S rRNA gene sequencing,
bacterial group or species- specific quantitative polymerase chain reaction (QPCR), and
metagenomic shotgun sequencing (MSS). The technical approaches and resources needed for each
approach are outlined, and advantages and disadvantages for each approach are summarized. The
findings regarding the role of the gut microbiota in the health of patients with cancer and stem cell
transplant (SCT) patients (specifically in modulating the development of gut-derived bacterial
infections and a posttransplant immune-mediated complication known as graft-vs-host-disease)
are reviewed. Finally, there is discussion of the potential viability of these approaches in the actual
clinical treatment of cancer and SCT patients.
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SUMMARY: Advances in next-generation sequencing have revolutionized our understanding of
the importance of the gut microbiome to human health. Both 16S rRNA gene sequencing and MSS
are currently too laborintensive or computationally burdensome to incorporate into real-time
clinical monitoring of gut microbiomes. Yet, the lessons learned from these technologies could be
adapted to currently used methods (e.g., gPCR) that could then be rigorously tested in the clinical
care of these patients.

Gut microbiota, the collective community of bacteria residing within the gastrointestinal
tract, have been shown to have many beneficial functions for the host, including enhancing
digestion, modulating metabolism, and promoting immune system development (1). These
findings were made possible by recent advances in molecular biology and deep sequencing
technologies, and also by coordinated research efforts to begin to understand the role of the
microbiome in human health, such as the National Institutes of Health Human Microbiome
Project, where researchers have characterized the composition and diversity of microbial
communities that inhabit major mucosal surfaces of the human body, including nasal
passages, oral cavities, skin, gastrointestinal tract, and urogenital tract, and also evaluated
the genetic metabolic potential of these communities (2). An explosion of microbiome
research has now documented numerous microbiome associations with specific disease
processes, while also yielding deep insight into their mechanistic underpinnings. There is
mounting evidence that modulating gut microbiota populations (in both preclinical models
and human patients) has the potential to be a viable therapeutic modality.

Patients with cancer and stem cell transplant (SCT)4 patients are particularly susceptible to
disruptions of gut microbiota communities because of antibiotic exposure (3, 4) and
chemotherapy treatment (5). Cytotoxic chemotherapy continues to be the mainstay of cancer
and SCT therapy, and the resulting deficits in host immunity (namely, neutropenia and gut
mucosal damage) have made these patients highly prone to developing invasive bacterial and
fungal infections, many of which originate from the gastrointestinal (Gl) tract. Thus,
standard clinical practice is to treat these patients with prophylactic or empiric antibiotics (in
many cases, multiple antibiotics) for long durations of time (up to several weeks) to prevent
these invasive infections. Recent studies have now shown that patients with cancer and SCT
patients with large disruptions in gut microbiota communities are at increased risk for
developing invasive infections (6) and the posttransplant complication known as graft-vs-
host disease (GVHD) (3, 7, 8). In fact, specific antibiotic therapies appear to be linked to the
development of these complications (3, 9). Thus, this patient population could potentially
benefit from real-time gut microbiota monitoring to either modify current clinical practice
(e.g., antibiotic use) or perhaps in the future initiate a specific medical intervention, such as
an antibiotic conjugated to a pathogen-specific antibody (10) or genetically engineered
bacteria created to outcompete pathogenic bacteria (11).

This review will describe the basic principles underlying methods for profiling and
quantifying gut microbiota, show how these approaches have yielded important insights into

4Nonstandard abbreviations: SCT, stem cell transplant; Gl, gastrointestinal; GVHD, graft- vs-host disease;
MSS,metagenomicshotgunsequencing;qPCR,quantitativePCR; rRNA, ribosomal RNA; gDNA, genomic DNA; AIC, antiinflammatory

Clin Chem. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Koh

Page 3

how changes in gut microbiota populations impact the health of patients with cancer and
SCT patients, and provide an overview of how monitoring gut microbiota concentrations
might be used to modify the clinical care of these patients.

Methods for Profiling Gut Microbiota

The notion that commensal bacteria provide benefit to the host is a long-standing concept in
both science and medicine (12). Initial attempts at dissecting the mechanisms by which
specific commensal bacteria confer benefit to the host were hampered by culture-dependent
methods that were laborious, time-consuming, and unreliable (because many gut commensal
bacteria are difficult, if not impossible, to culture). Over the years, advances in culture-
independent molecular biology-based methods have led to innovative approaches for
profiling complex communities ofbacteria. For example, sequencing of the 16S rRNA gene
was developed nearly 40 years ago as a powerful tool to determine bacterial phylogeny (13).
Advanced molecular biology methodologies, such as in situ hybridization and PCR, have
also been used to identify and quantify bacterial isolates. More recently, the advent of next-
generation sequencing platforms has allowed unbiased approaches to high-resolution
characterization of complex microbial communities known as metagenomic shotgun
sequencing (MSS). Here, we will focus on 16S rRNA gene sequencing, MSS, and bacterial
group/species quantitative polymerase chain reaction (qQPCR).

16S rRNA GENE SEQUENCING

16S ribosomal RNA (rRNA) is a component of the 30S small subunit of a prokaryotic
ribosome. The 16S rRNA gene has been the focus of phylogenetic studies because it has
regions that are highly conserved between different species of bacteria (14) and variable
regions that are unique for specific bacterial groups or species. By sequencing a variable
region of the 16S rRNA gene (designated as V1—V9), the taxonomic identity of any single
bacteria can be ascertained. Unfortunately, amplifying different variable regions can lead to
taxonomic bias secondary to technical factors (i.e., primer design, chemical reagents used,
and amplification conditions) and sample choice (bacterial composition and environment)
(15—17).

The same methodologic approach has been used to identify the relative abundance of
different bacteria within a complex microbial community. For example, genomic DNA
(gDNA) can be extracted from a human stool specimen, of which the majority
(approximately 99%) is bacterial gDNA, including 16S rRNA gene DNA. A 16S rRNA gene
variable region is amplified from each sample using a composite forward primer and a
reverse primer containing a unigque nucleotide barcode that is used to tag PCR products from
respective samples. Samples are then pooled and sequenced simultaneously (15). Whereas
many of the original 16S rRNA gene sequencing experiments (such as those in the Human
Mi- crobiome Project) were performed on the Roche 454 sequencing platform, more recent
published reports have used sequencing platforms readily used by individual research
laboratories (e.g., llumina MiSeq) (18). The Roche 454 platform uses pyrosequencing
chemistry (use of the enzymes ATP sulfurylase and luciferase) and can provide read lengths
of up to 700 bp, whereas the Illumina platform uses reversible dye terminator chemistry and
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can provide single read lengths of up to 300 bp and paired-end reads of up to 600 bp (Fig.
1).

16S rRNA gene sequencing data requires sophisticated computational methods and
bioinformatics pipelines. Currently, numerous open-source software programs are available
[i.e., Mothur (19), QIIME (20)] to analyze these data sets. Briefly, sequences are clustered
first into phylotypes termed operational taxonomic units according to (a) their similarity to
previously annotated sequences in a reference database (21) or (b) a de novo approach,
based purely on their similarity (22). In either case, representative sequences of each
operational taxonomic unit are then interrogated against a reference database of validated
16S rRNA gene sequences (23—25) to provide taxonomic identification. Relative
abundances of bacterial taxa (ranging from phylum- to species-level resolution) can then be
calculated and presented in graphical representations, most commonly histograms or pie-
chart diagrams (Fig. 1).

METAGENOMIC MICROBIAL PROFILING

Whole metagenome shotgun analysis (i.e., MSS) is accomplished by unrestricted sequencing
of the genome of all microorganisms present in a given sample. High- quality gDNA is
extracted from a tissue sample (e.g., stool) (26), quantified, and undergoes massive parallel
sequencing—allowing the sequencing of thousands of organisms simultaneously. Currently,
both desktop sequencing systems (e.g., lllumina MiSeq or NextSeq) and high-throughput
sequencing systems (e.g., lllumina HiSeq) can perform MSS; whereas the former can be
purchased and used by individual research laboratories, the latter provides greater depth of
coverage and is typically relegated to core facilities or commercial vendors (Fig. 2). With the
capability to obtain high sequence coverage, MSS can detect very low abundance members
of the microbiota community that may be missed using other methods (27). Of note, a more
recent sequencing platform using single-molecular, real-time sequencing developed by
Pacific BioSciences (and commonly referred to as PacBio sequencing) can also be used for
microbial metagenomics. Compared with the Illumina platform, PacBio sequencing provides
much longer read lengths (average > 10 kb and maximum >60 kb) but also has higher error
rates and lower throughput capability (28).

The resulting MSS sequencing data, which can consist of up to hundreds of millions of
sequences, can then undergo taxonomic and functional analysis. For taxonomic
identification, unique clade-specific marker genes (29) or lowest common ancestor
positioning approaches have been used. For the former, sequences are queried against a
unique clade-specific marker gene marker database. For the lowest commaon ancestor
approach, prealigned sequences are hierarchically classified on a taxonomy tree using a
placement algorithm (30) (Fig. 2).

MSS can also provide a direct assessment of the functional attributes of a given microbiome
(31). Using the Kyoto Encyclopedia of Genes and Genomes orthol- ogy database, each
sequence can be directly mapped to a Kyoto Encyclopedia of Genes and Genomes orthology
representative sequence; the sum of sequences belonging to a particular pathway can then be
computed (32, 33). Another functional insight that MSS analysis can provide is an
assessment of the resistome, the collection of all the antibiotic resistance genes in both
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pathogenic and non- pathogenic bacteria (34). Given the rising incidence of antibiotic
resistance, MSS has been used to better understand the effect of systemic antibiotic
treatment on the development of antibiotic resistance in endogenous bacteria (35, 36) (Fig.
2).

In an attempt to move beyond correlating microbiota taxonomic changes with
pathophysiology, there is a great focus on trying to identify how metagenomic taxonomic
changes relate to microbiome and/or host function, with a particular emphasis on metabolic
function. Using a combination of microbial metagenomic sequencing and metabolomic
profiling can provide tremendous insight into how taxon-level changes can influence
metabolic function and ultimately host function (37). For example, a gut-derived metabolite,
trimethylamine A-oxide, directly induces platelet hyperactivity and increases thrombosis
potential. Specific gut microbiota taxa are associated with both trimethylamine A~oxide
concentrations and thrombosis potential. Antibiotics that deplete these gut microbiota lead to
decreases in gut-derived trimethylamine A-oxide and decreased thrombotic risk. Conversely,
microbial gut transplantation (into germ-free mice) confers increased thrombosis potential
(38). Thus, future microbiome studies that attempt to establish causality will need to move
beyond focusing merely on taxa and try to elucidate functional correlates.

BACTERIAL GROUP OR SPECIES qPCR

A limitation of both 16S rRNA gene sequencing and MSS taxonomic profiling is that
absolute concentrations of microbiota cannot be determined, only relative abundance. An
increase in gut microbiota relative abundance does not necessarily correlate with an increase
in total microbiota concentrations. Bacterial group or species- specific g°PCR performed on
biological samples can provide absolute concentrations. Species-specific genes are often
used as targets for bacterial species gPCR (39). In addition, gPCR has been applied to 16S
rRNA gene methodology and has been validated for quantification of bacterial groups and
specific bacterial species within complex bacterial communities (40—42).

For example, to quantify the concentrations of the bacterial group Enterobacteriaceae (which
include gramnegative bacteria such as Escherichia coli, Klebsiella, and Salmonella),
Enterobacteriaceae group-specific primers are used to clone a segment of the 16S rRNA
gene using a representative strain’s (e.g., £. coli) gDNA (43). This PCR fragment is
subcloned into a vector and transformed into £. coli. Varying concentrations of linearized
plasmid (circular plasmid can overestimate gene copy abundance) (44) are then used to
perform Enterobacteriaceae-specific qPCR, and standard curves are created (Fig. 3A).
Unknown samples (e.g., patient stool samples) can then be assessed for Enterobacteriaceae
concentrations by performing Enterobacteriaceae gPCR on gDNA extracted from tissue
(Fig. 3B). Whereas qPCR measures the number of 16S rRNA gene copies per sample, not
actual bacterial numbers or colonyforming units, gPCR values correlate well with
colonyforming units (40, 45, 46).
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Advantages and Disadvantages of 16S rRNA Gene Sequencing, MSS, and
gPCR Methods

Each of these approaches to gut microbiota profiling has distinct advantages and
disadvantages (Table 1). In general, both 16S rRNA gene sequencing and MSS can provide
taxonomic snapshots ofgut microbial communities, with 16S rRNA gene being generally
more affordable and less computationally intensive, whereas MSS has the capability of
profiling other microbes beyond bacteria and also providing some functional insight.
Bacterial group or species-specific qPCR is technically the easiest to perform, both from a
laboratory and analysis standpoint. qPCR provides absolute quantitative data but does not
provide any metagenomic insight.

Gut-Derived Infections in Cancer and SCT Patients

Patients with cancer and SCT patients are extremely vulnerable to serious bacterial
infections, many of which originate from the gut (6, 47). The cytotoxic chemotherapy
routinely used to treat cancer and SCT patients markedly suppresses the host’s immune
system, resulting in impaired cellular immunity, damaged gut epithelium, and decreased
humoral immunity. In fact, when systemic cytotoxic chemotherapy was first being used in
the late 1960s, an alarming number of patients developed serious, and often fatal, bacterial
bloodstream infections (48). Gram-negative bacterial bloodstream infections were the most
common, and 1 gram-negative bacterium, Pseudomonas aeruginosa, was associated with the
highest degree of patient morbidity and mortality (49). Ironically, the primary source of
these gram-negative bacterial infections in patients with cancer and SCT patients was
thought to be the patient’s own Gl tract, substantiated by demonstrating the existence of
gram-negative bacterial gut colonization preceding the development of gramnegative
bloodstream infections using culture-based methods (50). These findings led to sweeping
changes in clinical practice whereby initiation of empiric antibiotics for patients with signs
of an impending infection (in particular, fever and neutropenia) had a remarkable effect on
decreasing the morbidity and mortality associated with these deadly infections (51). Even to
this day, treating patients with cancer at risk for infection, specifically those that are febrile
and neutropenic, with empiric antibiotics is still standard of care (52). Although countless
lives have been saved by this practice, clinicians are now facing an increasing number of
antibiotic-resistant bacteria in these patients (9), and there are now data to suggest that
widespread antibiotic use may inadvertently be increasing the risk of infection in some
patients.

Microbial pathogens that translocate from the Gl tract [i.e., Enterobacteriaceae (53),
Enterococcus spp. (6,54), and Candida albicans (47)] are typically not abundant in the gut of
healthy hosts. More recent studies, using 16S rRNA gene sequencing, have shown that adult
SCT patients exhibiting intestinal microbiota domination (defined as >30% relative
abundance) with either Enterococcus spp. or Enterobacteriaceae had a significantly
increased risk of bacteremia with the gut-dominating bacteria (6). Preclinical models of
enteric-derived bacteremia or fungemia have also shown that the risk of invasive infection is
directly proportional to the bacterial burden in the gut (45, 54). Thus, the obvious question is
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why do some patients develop expansion of pathogenic microbes in the gut and subsequently
develop invasive infections whereas others do not.

One key factor in determining whether a host can maintain healthy gut microbiota
communities is the ability to maintain colonization resistance, the process by which the
host’s commensal gut bacteria prevent pathogenic bacteria from colonizing or expanding in
the Gl tract (12). Colonization resistance was first described >50 years ago and was quickly
identified to be relevant to human disease (55). For example, antibiotic therapy disrupts gut
commensal microbial communities and fosters the development of infections, such as
Clostridium difficile (12). Recently, by using next-generation sequencing gut-profiling
techniques (both 16S rRNA gene and MSS) and sophisticated bioinformatics pipelines, 1
specific commensal anaerobic bacterial species, Clostridium scindens, a bile acid 7a.-
dehydroxylating intestinal bacterium, enhanced resistance to C. difficile infection in a
secondary bile acid-dependent manner (56). Likewise, fecal microbiota transplants can
restore gut microbial communities and are effective in treating C. difficile infections (57).
These data underscore the importance of intact microbial communities in resisting
colonization with pathogens.

Until recently, the mechanisms by which commensal gut microbiota maintained or promoted
colonization resistance were unknown. Recent studies have shown that commensal gut
microbiota, particularly anaerobic bacteria, can induce gut epithelial cells to produce
antimicrobial peptides that can kill pathogenic bacteria and fungi (45, 54, 58). When these
beneficial commensal anaerobes are depleted, pathogenic microbes expand in the gut, and
the likelihood of invasive infections increases. Interestingly, even in the setting of depleted
commensal microbiota, inducing gut immune effectors (e.g., antimicrobial peptides) with
pharmacologic agents or biological agents (e.g., bacterial lipopolysaccharide or flagellin)
can significantly decrease pathogenic microbial colonization in the gut, and dramatically
decrease mortality from invasive infections. In preclinical models, a 1 to 2 log-fold reduction
in bacterial (54) or fungal gut colonization levels (45) has been shown to be sufficient to
significantly decrease dissemination or mortality, suggesting that complete eradication or
absence of colonization is not needed to achieve a significant decrease in dissemination.
Thus, modulating pathogen GI colonization by manipulating gut microbiota and/or
augmenting mucosal immune effectors could be a viable and effective strategy for reducing
invasive infections in patients.

Patients with cancer and SCT patients are particularly vulnerable to impairments in
colonization resistance, which in part explains the high incidence of gutderived invasive
microbial infections in these patients. The major adverse effects of cytotoxic chemotherapy
that directly increase the risk of pathogenic microbial translocation from the gut in humans
include neutropenia (deficiencies in cellular immunity), mucositis (impaired intestinal
barriers), and use of broad-spectrum antibiotics (disruptions in gut microbiota communities)
(59, 60). The latter 2 are directly linked to the host’s ability to maintain colonization
resistance: Gut mucosal/epithelial damage may inhibit or decrease antimicrobial peptide
production, and broad-spectrum depletion of anaerobic bacteria may decrease the microbiota
stimulus needed to induce gut-derived antimicrobial peptides. Thus, recent studies now show
that broad-spectrum antibiotic therapy in patients with cancer leads to depletion of
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commensal gut bacteria, expansion of pathogenic bacteria in the gut, and a subsequent
increased risk of gut-derived pathogen infections (4, 6, 9, 61).

With the advent of advanced gut microbiota profiling tools such as 16S rRNA gene or MSS,
the reality of real-time monitoring of gut microbiota populations in patients merits
discussion. Given that increased gut microbial burden (e.g., increased gut abundance of £.
coli) precedes and significantly increases the risk of bacteremia (with £. coli) (6) in this
patient population, one could argue that frequent monitoring of gut Enterobacteriaceae (the
family of bacteria that includes the notable gramnegative pathogens such as £. colj,
Klebsiella spp., and Enterobacter spp.) in patients with cancer and SCT patients should be
used to identify those patients at risk for developing Enterobacteriaceae bacteremia. Both
16S rRNA gene sequencing and MSS have not been used in the clinical setting because of
logistical barriers to implementation, namely, time, cost, and complexity. As noted
previously (Table 1), the turnaround time for obtaining actionable data from 16S rRNA gene
sequencing and MSS is on the order of weeks to months, whereas results from group- or
species-specific microbial gPCR could realistically be provided to a clinician in days. Many
clinical microbiology laboratories already offer g°PCR to monitor a number of infectious
pathogens, such as cytomegalovirus, Epstein—Barr virus, and adenovirus. In fact, routine
screening or monitoring patients for systemic viral infections with gPCR tests (e.g.,
cytomegalovirus gPCR) (62) is standard practice for patients undergoing SCT. Thus, a
clinical microbiology laboratory should be able to implement a bacterial gPCR assay.
Bacterial qPCR, however, will not provide a snapshot of the entire gut microbiota
population; thus, a clinician will be limited to following concentrations from the specific
bacterial gPCRs tests offered by the clinical microbiology laboratory.

Yet, although bacterial qPCR assays are potentially a viable means to monitor gut
microbiota populations in cancer and SCT patients, the reality is that there is still a lack of
conclusive clinical data and proven clinical utility. In contrast, monitoring cytomegalovirus
viral loads during SCT has been well-studied and is the standard of care (62). Therefore,
additional studies will need to be conducted to determine whether real-time monitoring of
gut microbiota abundance can reliably identify those patients at highest risk for developing
invasive microbial infections.

Graft-vs-Host Disease in SCT Patients

The success of SCT is limited, in part, by GVHD, a complex immune-mediated process
occurring in 20% to 50% of SCT patients (63) and accounting for 15% to 30% of deaths that
occur following allogeneic SCT (64). The newly engrafted immune system (graft) attacks
the recipient’s (host) body, with the main target organs including the skin, Gl tract, and liver.
GVHD is primarily a cytotoxic T cell-driven process. Unfortunately, there are no currently
accepted or used noninvasive biomarker tests to diagnose GVHD, leaving biopsy and
pathologic confirmation as the gold standard. Furthermore, immunosuppressive medications
(e.g., steroids) are the primary treatment for GVHD, which is accompanied with a myriad of
side effects, including increased infection risk.
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Commensal gut bacteria have long been implicated in initiating and perpetuating GVHD
(65). Studies in the 1970s showed that germ-free mice (66) or mice receiving “gut-
decontaminating” nonabsorbable antibiotics (a combination of neomycin, streptomycin,
bacitracin, and pimaricin) (65) experienced less frequent or attenuated GVHD. Recent
studies using next-generation sequencing methods have shown that a depletion of
commensal anaerobes, particularly Clostridiales or what has been previously termed as
antiinflammatory Clostridia (AIC) (67), and an expansion of Enterococcus spp., occurs in
patients who develop GVHD (3, 7, 8, 68). Interestingly, this group AIC bacteria has been
shown to ameliorate inflammatory bowel disease (69, 70) and GVHD (71) in mice.

Antibiotics, particularly antibiotics effective in killing beneficial commensal anaerobic
bacteria (including AIC), appear to be key drivers of the gut microbiota changes associated
with GVHD. The use of specific antianaerobic antibiotics [e.g., clindamycin (72),
piperacillintazobactam (3), and imipenem-cilastin (3)] has been associated with the
development of GVHD in patients and shown to exacerbate GVHD in mice. Although these
specific antibiotics do provide broader coverage, including activity against anaerobic
bacteria, infections with anaerobic bacteria are rare (73). The most frequent gutderived
pathogens that cause infections in the peritransplant period include gram-negative bacteria
(Enterobacteriaceae), gram-positive bacteria (coagulase-negative Staphylococci,
Streptococcus viridans group, Enterococcus spp.), and Candida species (73). Thus,
understanding how specific classes or types of antibiotics drive gut microbiota changes, and
implementing reliable and rapid methods of monitoring gut microbiota changes, could
greatly help clinicians make informed choices about which antibiotics to use.

The current gold standard for establishing a diagnosis of GVHD involves biopsy and
pathologic confirmation, all of which can take weeks to transpire, thus delaying diagnosis
and treatment of GVHD (64). Yet, as stated previously, noninvasive biomarker tests for
GVHD are not currently used in practice because there is no clinical consensus on their
efficacy or utility. Beginning empiric GVHD therapy, which entails immunosuppression to
dampen the inflammatory process, can increase the risk of infection or, in the worst case,
exacerbate an infection (i.e., fungal or viral infection). Because of this risk, GVHD therapy
is rarely started until a definitive diagnosis has been established. Thus, the idea of
monitoring changes in the gut microbiome as a noninvasive biomarker for GVHD is
appealing. For example, a bacterial group-specific g°PCR could be used to monitor
concentrations of AIC on a weekly basis. If AIC concentrations were to fall below a certain
threshold (e.g., >3 log-fold decrease from initial levels), this would indicate that the patient
could be at high risk for developing GVHD and appropriate GVHD therapy could be started
(72). In fact, a study of pediatric patients (n = 15, from 2 different institutions) undergoing
SCT showed that patients who developed GVHD showed significant declines in AIC
concentrations (sometimes up to 10 log fold), whereas those patients who did not develop
GVHD had no more than a 3 log-fold decrease in AIC (72). Furthermore, real-time
monitoring of AIC concentrations could also be used to monitor the efficacy of future
probiotic therapies that may be used for GVHD and could also provide further confirmation/
validation that specific antibiotics are not depleting beneficial commensal bacteria, such as
AIC. Again, although the use of bacterial qPCR as a biomarker for GVHD is intriguing,
further studies will need to be performed with larger sample sizes from multiple institutions
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to conclusively determine its efficacy as a biomarker and also to validate whether clinical
laboratories can feasibly use this gPCR assay in real time. On a related note, a recent study
showed that a gut microbiota-derived metabolite measured in the urine correlated with the
abundance of AIC and showed promise as a biomarker assay for GVHD (74).

The notion that the commensal gut microbiota play a critical role in both infections and
GVHD in patients with cancer and SCT patients was first described >40 years ago, but only
recently have advances in deep sequencing technology and advanced molecular biology
approaches allowed us to begin to understand how and why. The challenge as both clinicians
and scientists will be to either adapt these more time- and labor-intensive gut microbiota
profiling approaches (i.e., 16S and MSS) into efficient and reliable assays (e.g., qPCR) that
could be adopted into clinical practice, or to develop novel approaches that can provide real-
time data to clinicians. Thus, in the future, active monitoring of GI microbiota populations,
followed by targeted manipulation of the gut immune system (via bacterial products or
metabolites and/or chemical compounds) to modulate gut microbiota populations to either
prevent or treat infections or GVHD, could become the standard of care for patients with
cancer and SCT patients.
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Fig. 1. Overview of 16S rRNA gene sequencing.
Genomic DNA is extracted from a stool sample. The 16S rRNA gene variable region (e.g.,

V4) is amplified from each sample using a composite forward primer and a reverse primer
containing a unique 6- to 12-base barcode that is used to tag PCR products from respective
samples. Amplicon libraries are pooled together and sequenced simultaneously. 16S rRNA
gene sequencing data undergoes quality control and filtering and is demultiplexed.
Sequences are clustered into phylotypes termed operational taxonomic units (OTUS).
Representative sequences of each OTU are then interrogated against a reference database of
validated 16S rRNA gene sequences. Relative abundances of bacterial taxa can then be
calculated and presented in graphical representation (e.g., pie-chart).
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Fig. 2. Overview of MSS.
Genomic DNA is extracted from a stool sample, quantified, and assessed for quality. High-

quality gDNA then undergoes massive parallel sequencing, allowing the sequencing of
thousands of organisms simultaneously. MSS sequencing data undergo quality control and
removal of human sequences. For taxonomic identification, unique clade-specific marker
genes or lowest common ancestor positioning approaches are commonly used. Functional
insight can be ascertained by utilizing the Kyoto Encyclopedia of Genes and Genomes
(KEGG) orthology database, with each sequence directly mapped to a KEGG orthology
representative sequence. Furthermore, antibiotic resistance gene abundance of the entire
metagenome can also be determined by mapping to antibiotic resistance gene databases.
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Enterobacteriaceae qPCR standardization B Enterobacteriaceae qPCR on fecal gDNA

Extract gDNA from representative strain
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Fig. 3. Overview of bacterial group or species-specific qPCR.
Standardization of Enterobacteriaceae qPCR assay (A). Enterobacteriaceae group-specific

primers are used to amplify a segment of the 16S rRNA gene using a representative strain’s
(e.g., £. coli) gDNA. This PCR fragment is subcloned into a vector and transformed into £.
coli. Plasmids are recovered from transformed £. coliand sequenced for verification.
Varying concentrations of linearized plasmid are then used to perform Enterobacteriaceae-
specific qPCR, and standard curves are created. Enterobacteriaceae gPCR on an unknown
sample (B). An unknown sample (e.g., patient stool specimen) can then be assessed for
Enterobacteriaceae concentrations by performing Enterobacteriaceae gPCR on gDNA
extracted from feces. Bacterial numbers are then determined from the previously determined
standard curves. gPCR measures the number of 16S rRNA gene copies per sample, not the
actual bacterial numbers or colony-forming units. Gene copies per sample are then
normalized to both stool gDNA concentration and weight.
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