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Abstract

In the human body, there are 10 bacterial cells for every one human cell. This fact highlights the
importance of the National institutes of Health’s initiative to map the human microbiome. The
Human Microbiome Project was the first large-scale mapping of the human microbiome of 5 body
sites: Gl tract, mouth, vagina, skin and nasal cavity using culture-independent methods. The
bladder was not originally tested because it was considered to be sterile and there were
complexities regarding sample collection. Over the last couple years our team along with other
investigators have shown that a urinary microbiome exists and for most individuals it plays a
protective role.
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Introduction

With the aid of interdisciplinary research, clinicians are learning more about the complex
roles that microbial communities (microbiota) play within each organ system. The
interactions between these microbiota and their host, and the relationship between these
interactions and organ health and disease are complex. For example, we know that the
bacterial species Clostridium difficile and Helicobacter pylorilive in the gut, contributing to
gastrointestinal health. With fluctuations in the host environment, however, these bacteria
may cause severe illness in the form of C. diffcolitis or H. pyloripeptic ulcers.
Understanding such symbiotic, yet potentially pathologic, relationships has been an ongoing
journey for researchers; the more we learn, the more we realize we do not fully understand.
As the Loyola Urinary Education and Research Collaborative (LUEREC), a interdisciplinary
team that includes clinicians, clinical microbiologists, and basic scientists, works to
understand the microbiota of the bladder and their impact on wellness and illness, we
appreciate the scientists who paved the way for our current discoveries and recognize the
value of new technologies that permit us to make new discoveries.

Historical perspective

The origin of the “urine is sterile” dogma dates to the mid-1800s and the attempt to
understand germ theory by the earliest bacteriologists, including Louis Pasteur, Joseph Lister
and William Roberts [2-4], who showed that a vial of urine in a sealed container did not turn
cloudy, in contrast to a vial of urine exposed to air or with added tap water. The conclusion
was that “...fresh and healthy urine is perfectly free from bacteria or other minute
organisms” [3, 4]. In other words, the dogma originated in an era when all bacteria were
considered pathogens and microbiology was in its infancy. Yet, the dogma persists.

In the 1950s, Edward Kass, an infectious disease physician at Harvard Medical School,
established a threshold for infection to detect patients with pyelonephritis [6]. After
analyzing the urine of symptomatic versus asymptomatic women in pregnancy or with
diabetes or a cystocele, Kass determined that 10° colony forming units per milliliter
(CFU/mI) was the dividing line between contamination and infection in most populations
[7]. Since then, this standard culture method has been adopted to include lower urinary tract
infections, despite several studies that have since provided evidence that the >10° CFU/mL
threshold is insufficient to detect significant bladder infections [9-13].

There were those who went against the dogma and as a result improved patient outcomes. In
the mid-1800s, Lister developed aseptic catheterization to prevent contamination of a sterile
body site. Aseptic catheterization soon became standard of practice for urethral
catheterization [3]. However, in the 1960s, the urologist Jack Lapides suggested that
intermittent catheterization did not have to be a sterile procedure performed exclusively by
medical professionals. It was hypothesized that intraluminal urinary tract pressure results in
local ischemia of the bladder wall, resulting in bladder distention, thereby causing urinary
tract infections (UTI) in spinal cord injury patients. He taught a clean technique in which a
patient, after washing his or her hands, would insert a catheter for voiding. Lapides’ research
in neurogenic bladder patients challenged the idea that UTIs were caused by
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instrumentation. Clean intermittent catheterization not only improved continence, but
decreased rates of UTI and pyelonephritis in these patients [3, 14]. His work demonstrated
that UTIs could be prevented by, rather than be the result of, catheterization.

If instrumentation is not always the cause of an infection, could there be more to the bladder
environment than previously thought? Rosalind Maskell, a clinician directing a clinical
microbiology laboratory in England, thought the answer might be ‘yes.” Maskell noticed that
patients with UTI symptoms, but negative standard urine cultures, contained slow growing
organisms that required different growth conditions than those in standard method [15, 16].
She concluded that standard urine culture was insufficient to diagnose many urinary
disorders, and she urged general practitioners to collaborate with microbiologists to
understand urinary disorders [15, 16]. Her advice was repudiated or ignored. It was not until
culture-independent methods were developed that we began to understand that the slow-
growing organisms revealed by Maskell’s experiments were just the tip of the iceberg.

The Human Microbiome Project (HMP)

Only recently has it become accepted that most human body sites are colonized with
bacteria, and that the majority of those bacteria are non-pathogenic. The first large-scale
mapping of the human microbiome using culture-independent methods was the Human
microbiome project (HMP). In the human body, there are 10 bacterial cells for every one
human cell. However, medical studies have traditionally focused on disease-causing
bacteria. Therefore, very little was known about the natural residents, or commensals, of the
human body. Initially, the HMP characterized the gut microbiome because samples from this
heavily colonized (high biomass) environment are easy to collect, significant diversity exists
between individuals [17], and differences had previously been observed in health and
disease states [18]. Following the initial phase, the project was expanded to sample the
microbiome of 300 “normal” individuals at a total of five body sites: Gl tract, mouth, vagina,
skin and nasal cavity, using culture-independent methods, such as metagenomic and
amplicon sequencing [19].

Sequencing Technologies

Most current high throughput DNA sequencing technologies can only produce relatively
short sequence reads (~250-400 base pairs). Because they use massively parallel sequencing
approaches and thus generate large numbers of sequences, these technologies (often called
Next Generation Sequencing or NGS) allow for large coverage of a genome or great depth
of a single genomic site. Sequencing strategies fall into two categories: whole genome and
metagenome. Whole genomes sequencing starts with an isolated pure culture, while
metagenomics is performed on patient samples with mixed populations, such as a swab,
fecal material, or urine. Each sequencing strategy uses a different technique to turn the large
amounts of short sequences generated by NGS into useful information (Figure 1).

The most common technique to classify bacteria within a population is 16S rRNA gene
amplicon sequencing (Figure 1C). The 16S rRNA gene is used because it is highly
conserved [20, 5, 1] among bacteria, a direct result of its critical cellular role, but is lacking
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in other domains of life. Within the gene, some stretches do evolve. Thus, conserved regions
are interspersed with hypervariable regions. These hypervariable regions contain specific
polymorphisms that can be used for measuring evolutionary distance and thus phylogenetic
relatedness (20). All 9 known hypervariable regions (V1-V9) of the 16S rRNA gene are
proven to contain sufficient polymorphisms for species level classification. However,
sequencing one hypervariable region is only sufficient to achieve taxonomic classification to
the family or genus level.

Much of the HMP research has relied on 16S rRNA amplicon sequencing to obtain a first
glimpse of bacteria present in different niches, at different times, and between different
disease states. Amplicon sequencing relies on polymerase chain reaction (PCR)
amplification. This method is not quantitative; different sequences amplify at different rates;
thus, the number of sequence reads obtained from different samples cannot be directly
compared. Instead, researchers compare these data qualitatively, looking at the relative
amounts of classified bacteria, rather than the numbers of raw sequences.

A relative abundance graph (Figure 2) depicts the bacterial community structure in terms of
percentage of total classified reads (y-axis) per sample collected (x-axis). Each color
represents a different taxonomic classification. These graphs can be shown at any taxonomic
level (Phylum, Class, Order, Family, or Genus) or combination of levels. For example, the
previously published data in Figure 2 represents catheterized urines sequenced from women
with urgency urinary incontinence or from continent controls [21]. Some urine samples were
dominated by the genera Lactobacillus (blue) or Gardnerella (red) or by the family
Enterobacteriaceae (green), which includes Escherichia, Klebsiella, and Proteus. The V4
region does not contain enough variability to distinguish between members of the
Enterobacteriaceae family. In other samples, no bacterium dominated; these were termed
“diverse.” In this way, one graph can display large amounts of taxonomic information
concerning the qualitative differences between samples.

Results of the HMP

Due to complex community structures, and variation between individuals, the data obtained
through HMP was more complex that initially expected and a new set of analyses had to be
developed. One qualitative approach was the identification of community types; they are
called enterotypes in the gut [22], community state types (CSTs) in the vagina [23], and
urotypes in the urine [21]. To form community types, bacterial profiles are clustered together
based on taxonomic similarity. Those clusters can then be tested for their statistical
association between individuals and diseases. Using this method, different enterotypes were
found to be correlated to one’s diet, obesity, or Crohn’s disease [24, 22, 25].

The HMP resulted in a large increase in our understanding of the vaginal microbiome. It is
well documented that the vagina of reproductive age women is highly colonized with
bacteria (high biomass) and that the vaginal microbiome tends to fall into one of five CSTs:
CST 1, 2, 3, and 5 are dominated by different species of Lactobacillus (L. crispatus, L.
gasseri, L. iners, and L. jensenii, respectively) [23]. In contrast, CST 4 is dominated by a

Curr Bladder Dysfunct Rep. Author manuscript; available in PMC 2017 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thomas-White et al.

Page 5

diverse group of anaerobes, including Anaerococcus, Peptoniphilus, Prevotella,
Streptococcus, Atopobium, and Gardnerella[23].

The bladder is not sterile

The bladder was not originally tested in the HMP, primarily because it was considered
sterile. Therefore, the study of the bladder microbiome is years behind the study of other
human niches. As Maskell demonstrated, bacteria have not been detected in the bladder
primarily because culture techniques were developed for fast growing aerobic uropathogens,
such as uropathogenic £. coli. However, the paradigm is changing [26].

Two other major hurdles prevented the bladder microbiome field from moving forward: first,
bacteria from the bladder had to be distinguished from vulvo-vaginal contamination; second,
the detected DNA had to be shown to originate from live bacteria. To overcome the first
hurdle, LUEREC researchers sampled urine directly from the bladder using suprapubic
aspiration (SPA). SPA collection bypasses the vagina and thus the samples could not be
contaminated by vulvo-vaginal flora. Using 16S amplicon sequencing, the bacterial DNA in
SPA samples was compared to the bacterial DNA in urine from the same individuals
obtained by transurethral catheter (TUC). TUC samples were also compared to voided urine
and vaginal swabs. SPA and TUC urine had similar profiles, and were distinct from voided
urine and vaginal swabs. Since SPA sampling bypasses the vagina, it was concluded that the
bladder contained bacterial DNA and that TUC also samples the bladder environment [27].
Since TUC is a more feasible urine collection method, currently it is sampling method of
choice [28, 29].

To overcome the second hurdle, LUEREC researchers showed that the detected bacterial
DNA represents living bacteria, instead of DNA from dead cells or free floating DNA. The
previous study had provided taxonomic identification of the 16S sequences detected in the
bladder [27]. Most of the detected bacteria were cultivatable, but not under standard urine
culture conditions. Therefore, an enhanced quantitative urine culture (EQUC) protocol was
developed. Unlike the standard urine culture protocol, which plates 1l urine on blood and
MacConkey agar with incubation in air for 24 hours, EQUC plates a greater amount of urine
(100ul) on a variety of media with incubation under diverse atmospheric conditions for 48
hours [30]. The result is that many organisms detected by sequencing can be grown by
culture. The development of EQUC and other enhanced culture protocols [29] showed that
the DNA detected by sequencing represent live bacteria.

The female urinary microbiota in relation to health and disease

Now that we know the female urinary microbiota (FUM) exist, the next obvious issue is
whether they contribute to health and disease. A few key things are known. First, the FUM
are distinct between overactive bladder (OAB) patients and continent controls [21, 31]
(Figure 2). Overall, the OAB cohorts tend to be more diverse by culture and sequencing, and
have fewer Lactobacillus-dominant profiles. This is reminiscent of the vaginal microbiome
story. However, it is unclear how much of the difference in diversity is due to the age, and
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therefore hormone status, of the individual versus the disease. Currently, studies are
underway to address this concern.

Furthermore, the FUM profile, or phenotype, of a patient’s bladder microbiome could be
predictive of anticholinergic (solifenacin) treatment response [31]. Less diverse FUM (mean
of 3 unique organisms by EQUC) correlate with robust treatment response, whereas FUM
with more diverse cultivatable organisms tend to require either an increased dose or do not
respond to the medication. All of these data show that there is a correlation between the
FUM and important factors associated with OAB syndrome; however, it is still unclear if
these correlations are simple biomarkers or play a pivotal role in the etiology, progression, or
resolution of the disease.

Finally, there is evidence to suggest the presence of protective FUM. Notice that most of the
organisms discussed so far are not commonly thought of as uropathogens. In fact, the most
common genus, Lactobacillus, is considered beneficial in many other areas of the body,
including the gut and vagina. In a study of women undergoing instrumentation, it was found
that detection of urinary bacteria correlated with greater symptom resolution and a decreased
incidence of post-instrumentation UTIs [32], suggesting that certain FUM profiles can be
beneficial or protective.

Future directions

If a bladder microbiome exists, how can we tell if it is friend or foe? Most likely, it will not
be from urine cultures alone since we cannot identify bacterial virulence factors with this
information. Lower urinary tract symptoms such as urinary urgency, frequency and
incontinence can be a starting point. We hope to identify the bacteria that cause specific
symptoms including an inflammatory response in the host. Many of us hypothesize that,
similar to other bacterial niches, the inflammatory response to the same bacteria in the
bladder may differ based on host factors.

Likewise, we hope to elucidate the factors that contribute to a “healthy” (asymptomatic)
bladder. Since the incidence of UTI in women increases after menopause, age and estrogen
are thought to play significant roles. It is more than likely that the FUM is altered with age.
Other microbial niches, such as the vaginal tract, are greatly altered in the absence of
estrogen. Given that estrogen alters the bladder epithelium [33, 34], and that estrogen
improves the incidence of UTIs [35-37] and urgency urinary incontinence (UUI) [38-40], it
is very likely that the microbiome will be altered following menopause which could be a
contributing factor to many lower urinary tract symptoms associated with age.

At this time, all of our work has been done with catheterized urine samples to avoid
obtaining the urethral, periurethral, vaginal and perineal microbiome that becomes part of
the voided urine specimen. It will be critical that we develop methods that allow us to use
voided urine specimens since large-scale multi-age group studies cannot be encumbered by
needing to obtain catheterized urine specimens. In addition, the data generated from our
work on the urinary microbiome requires the development of large databases and the
expertise to statistically analyze these data.
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Summary
A urinary microbiome exists and for most individuals it plays a protective role. Changes in
the urinary microbiome appear to be a factor for some individuals who have the symptom of
urgency urinary incontinence. The urinary microbiome may also be predictive of
anticholinergic (solifenacin) treatment response. Our future work is based on better
understanding what lifestyle and host factors can contribute to developing and maintaining a
healthy urinary microbiome.
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O — — —
—— — S — SROLEEN0E OF da-nova assembly

From a pure culture of bacteria, multiple copies of a bacterial genome are isolated. a0
genomes are fragmented and sequenced each fragment & sequenced and a program puts
them back together using overlapping segments to creats one whole genome.

Shotgun Metagenomic Sequencing

fample with a mined
papulatieon of Bactarin

-——. -~ Amgbdy small sections from
-'__-//m/ M" — all of the genomes as
—
- s N sandoenty s passible

“L Put thi sequences together:
_J Aligri npainat a refurence

=8 — segueEnce or de-noyo assembly

A mihure of DMA is extracted from a patient sample (stecl, swab, or urine). Short segments af
tha guncms sre srplified st rendem Thae small ssaquercs sms put beck together bared o
owerlapping segments o create whole genes or segments of DNA. The genes identifisd through
this mathod can rarely be clissfied 1o one single crganism. Thus, this method provided a
snapshot of the genetic content of 3 community {the types of metabolic, howse-keeping, or even
pathogenic genes) but very litthe infarmation sbout the identification of the aganisms, It tels
you what the bacteria are dodng, but not who thay are.

Shotgun Amplicon Sequencing

Samphe with 3 mised
popud ilion of Bllinid

Amgh fy ore regan

b 1 e}

h Cliris iy ared count tha

e of seguinoe:
- belonging o eath tasan
This time targeted primers are used to sequence a specific section of the DNA, the 165 gene. The 165
rRMNA mene is an exsential gene, required for life in all bacteria. Therefore all bacteria have it, it is
highly conserved, but it coes mutate. The mestations, or varistions, in the 1€5 gene can be mapped
1o the lineage of 3 particular organism. This gene has been grestly studied Since the 15705 [1], and
was even used to identify the three domains of life [J]. The gene encodes nine varisbie regions,
when 2l nine are seguenced, the organism can be classified to the species level Due to small
sequencing length in the ourment technology, only 1 to 3 variable regions oan be sequenced st any
given time. Depending on the variabie region and the organisms, the low seguence length means the
icentification will be at the family or genus leval. There are some tocls availadie that will icentify to
the species level, but uzually it is for a certain Zroup of crganisms when a certain 52t of V-regions are
amplified [].

Figure 1.
Sequencing Technologies
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Figure 2. Relative Abundance of urgency urinary incontinence (UUI) patients ver sus continent
controls

Here is shown the bacterial community structure in terms of percentage of total classified
reads (y-axis) per sample collected (x-axis) from previously published data [21]. Each color
represents a different taxonomic classification at the Family or Genus level. Some urine
samples were dominated by Lactobacillus (blue) or Gardnerella (red) or by the family
Enterobacteriaceae (green), which includes Escherichia, Klebsiella, and Proteus. In other
samples, no bacterium dominated; these were termed “diverse.” The UUI cohort has more
individuals in the Gardnerella urotype and tends to be more diverse overall than the
continent controls.
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