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ARTICLE

Translational Development of Microbiome-Based
Therapeutics: Kinetics of E. coli Nissle and Engineered
Strains in Humans and Nonhuman Primates

Caroline Kurtz', William S. Denney?, Larry Blankstein', Sarah E. Guilmain', Suman Machinani', Jonathan Kotula', Saurabh Saha3,

Paul Miller' and Aoife M. Brennan'+*

Understanding the pharmacology of microbiome-based therapeutics is required to support the development of new medicines.
Strains of E. coli Nissle (EcN) were genetically modified and administered to cynomolgus monkeys at doses of 1 x 10° and 1
x 102 colony-forming units (CFU)/day for 28 days. A clinical study to evaluate the exposure and clearance of EcN in healthy
volunteers was also performed. Healthy subjects received oral doses of EcN, 2.5 to 25 x 10° CFU 3 times daily for 28 days or
a single day. In cynomolgus monkeys, replicating strains yielded higher fecal concentrations than nonreplicating strains and
persisted for longer following cessation of dosing. In the clinical study, all subjects cleared EcN following cessation of dosing
with median clearance of 1 week. Quantitative methodology can be applied to microbiome-based therapeutics, and similar
kinetics and clearance were observed for EcN in cynomolgus monkeys and humans.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
There are little published data on methods to assess the
pharmacology of microbiome-based therapeutics.

WHAT QUESTION DID THIS STUDY ADDRESS?

The studies described here were designed to 1) develop
methodologies to determine the pharmacology of EcN (a
probiotic bacteria) and engineered strains; 2) evaluate the
pharmacology of engineered strains in nonhuman primates;
and 3) quantitatively assess the pharmacology of EcN in
healthy human volunteers.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

The study demonstrates that it is feasible to assess
pharmacology of bacterial therapeutics using specific

An increasing understanding of the importance of host:
microbiome interactions in health and disease has led
to the initiation of several clinical studies of microbiome-
based interventions. Despite the proliferation of basic sci-
ence and epidemiological research, translation of discov-
eries in this area into new therapies is limited by gaps
in our ability to evaluate pharmacology for live prod-
ucts that act from within the gut lumen. This leads to
difficulty in extrapolating from preclinical disease models
and uncertainty in selecting dose and regimen for clinical
studies.

Most analyses of microbiome or probiotic-based ther-
apeutics have historically involved culturing bacteria from
stool or assessment of the relative abundance of bacte-
rial species in stool using 16S RNA sequences. While these
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PCR-based assays and quantitative pharmacology
methodologies. It also demonstrated that nonhuman pri-
mates may be an appropriate preclinical model to evaluate
pharmacology for EcN and engineered strains.

HOW THIS MIGHT CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE

The methods initiated in this article support translation
of microbiome-based therapeutics from nonclinical to clin-
ical species. The studies also support the design of first-
in-human studies of microbiome-based therapeutics with
quantitative methods for assessing kinetics and washout
with both unmodified and auxotrophic bacterial therapeu-
tics.

methodologies can provide information about the presence
or absence of broad taxa, their utility in quantitative assess-
ment of microbial load for specific species is limited by speci-
ficity of the culture media and variability in expression and
copy number of 16S rBNA in bacteria. Further complicat-
ing quantitative assessment is the unknown and inconsis-
tent recovery of microbial DNA from stool. Therefore, detect-
ing bacterial strain exposure using sensitive and specific
methodologies in humans remains a challenge.

Escherichia coli is one of the earliest probiotic bacterial
strains to be developed for human therapeutic use (Nissle A,
1916). Among probiotic E. coli strains, E. coli Nissle (EcN)
1917 has been the topic of numerous studies in humans
since its discovery in the early 1900s, and is marketed in
Germany and other countries under the brand name Mutaflor
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(Ardeypharm, Herdecke, Germany)." While prior studies have
been performed evaluating the clearance of EcN in humans,
many gaps remain regarding the quantitative kinetics of EcN,
translation from preclinical models, and the contribution of in
vivo replication.?-8

We are developing synthetically modified strains of EcN
as therapeutics for rare inborn errors of metabolism such
as urea cycle disorders and phenylketonuria. We developed
strains of EcN with kanamycin resistance (SYNB975) as
well as with combination kanamycin resistance, thymidine
auxotrophy, and a modified arginine synthetic pathway to
enhance conversion of ammonia to arginine (SYNB1010). In
advance of studying these strains in patients, we designed
preclinical and clinical studies with the modified strains
and the parent strain (EcN) to develop methodologies
for quantitative microbial kinetics using specific probes to
genomic sequences and quantitative polymerase chain reac-
tion (PCR). The current research comprised a two-part
investigation, first to characterize the kinetics and clear-
ance for each strain in cynomolgus monkeys, and second
to evaluate the exposure and clearance of EcN in healthy
volunteers.

METHODS

Nonhuman primate study

A study was conducted in the cynomolgus monkey to
explore tolerability and evaluate the pharmacokinetics
of two EcN strains: SYN975 (kanamycin-resistant EcN)
and SYNB1010 (kanamycin-resistant, arginine-producing,
and thymidine auxotroph); see Supplementary Methods,
Table S1 for a comparison of the genetic modifications of
each bacterial strain. Bacteria were diluted in phosphate-
buffered saline and administered by nasogastric gavage
once daily for 28 days to groups of three female cynomol-
gus monkeys. SYN975 or SYNB1010 were administered at
dose levels of 1 x 10° and 1 x 10'? colony-forming units
(CFU)/day. Assessments included daily clinical observations
and weekly body weights and blood samples for hematology
and clinical chemistry. Fecal samples or fecal swabs (when
no feces were produced) were collected at baseline, during
dosing, and during washout. No terminal necropsies were
performed and animals were returned to the stock colony
upon completion of the study. Fecal samples from Day -5
(predose), Days 2, 21, and 28 (during dosing), and Days 30
and 35 (during washout) were analyzed by quantitative PCR
using EcN-specific primers.

Clinical study

A prospective, open-label, single-center study was per-
formed in healthy subjects who received oral doses of EcN
in the form of Mutaflor capsules. The study included two
cohorts: a multiple-day cohort in which subjects received
EcN 3 times daily with meals for 28 days and a single-day
cohort in which subjects received EcN 3 times with meals in
a single day. The primary objective of the study was to evalu-
ate EcN clearance in the gastrointestinal tract, including the
percentage of subjects with positive samples at 24 weeks
after treatment initiation as well time to no detection of EcN
in feces in two consecutive samples. Secondary objectives
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included evaluation of safety, tolerability, and changes in gas-
trointestinal symptoms.

Eligible subjects were males or females aged 18-55 years
with no preexisting medical conditions, a body mass index
of 18.5-30 kg/m?, between four and 14 bowel motions
per week, and all subjects had to be negative for EcN
at baseline based on the results of a fecal EcN qualita-
tive PCR assay. Subjects agreed to maintain a stable diet
with no major dietary changes during the treatment phase
of the study and until 2 weeks after the last treatment
administration.

Following completion of informed consent and confirma-
tion of eligibility, subjects initiated treatment with dispensed
investigational product refrigerated at their homes and self-
administered orally on a prespecified schedule. Subjects
were instructed to take one capsule of EcN (Mutaflor) with
meals three times daily for 28 days (multiple-day cohort)
or in a single day (single-day cohort). Each capsule nomi-
nally contained 2.5 to 25 x 10° bacteria. During the dos-
ing period, subjects maintained diaries to record treatment
compliance and were continuously monitored for adverse
events (AEs), concomitant medications, and gastrointesti-
nal tolerability. Blood cultures were performed at baseline
in both cohorts and on Days 4 and 14 in the multiple-
day cohort. Blood samples for hematology and biochem-
istry were collected at baseline and end of study in both
cohorts. Following completion of dosing, subjects were
followed until two consecutive fecal samples were neg-
ative for EcN or until at least 6 months (multiple-day
cohort) or 12 weeks (single-day cohort) after the last EcN
administration.

This study was conducted in accordance with the Inter-
national Conference on Harmonization of Technical Require-
ments for Registration of Pharmaceuticals for Human Use
Good Clinical Practices, including collection of written
informed consent from all subjects prior to study participa-
tion. The study protocol and related materials were approved
by local regulatory authorities and a site-specific Ethics
Committee prior to study initiation.

Assessments

Treatment compliance was assessed through patient diaries,
and AEs were recorded and reviewed by the investigator at
each visit. Fecal samples were collected by subjects in sterile
plastic containers at their homes on protocol-specified days,
stored at 4°C, and returned to the phase | unit the following
day for processing. During dosing in the multiple-day cohort,
fecal samples were provided for qualitative and quantitative
PCR at baseline (Day 0), Days 2, 4, 6, 8, 10, 12, 14, 16, 18,
20, 22, 24, 26, and 28 and at Weeks 5, 6, 7, 8, 9, 12, 16,
24, 32, 40, and 48. In the single-day cohort, fecal samples
were provided for qualitative and quantitative PCR at screen-
ing, before the start of treatment (Day 0), on Days 1, 2, 3,
4,5,7,14, 21, and 28 and at Weeks 5, 6, 7, 8, 9, 10, 11,
and 12.

PCR methods and primers

PCR primers for the qualitative and quantitative assays were
generated by performing comparative sequence analysis on
49 E. coli genomes including Nissle to identify sequences
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Table 1 PCR primers

Qualitative? primer

set (primer name) Sequence Study Used for

N1 (B - 2F) gcaactggcccgtaattatcc Clinical study Screening of subjects and determining clearance post
treatment

N1 (B - 2R) acgcatcgcacgtaggttt

N2 (B - 3F) tgccgaaaggctaaacaggt

N2 (B - 3R) tgctctattctgaccgtgee

Quantitative® primer

set and probe Sequence Study Used for

16075F ggcgceggcegctacac Clinical and nonclinical studies Quantification of E. coli Nissle sequences and
determination of clearance (nonclinical)

16075R tgcaattcgaatcatcttctcatc

16075 Probe ggcgceggcegctacac

16073F ggcccgtaattatccatagetgt Nonclinical study Quantification of E. coli Nissle Sequences and
determination of clearance (nonclinical)

16073R gctcgecatcattgegtt

16073 Probe tgatcactcggtccgaatt

2Syber Green Methodology.
bTagMan Methodolgy.

unique to Nissle among E. coli and also not found in
other bacterial species (see Supplementary Methods). This
process generated multiple primer pairs, from which two
were selected for validation in an SYBR Green assay and
primer/probe sets were identified for the quantitative (Tag-
man format) assay (Table 1).

Assay development

For the qualitative PCR assay, a standard was generated
using EcN DNA that had been prepared from a Mutaflor cap-
sule using the QlAamp DNA Mini Kit (Qiagen, Germantown,
MD) with DNA eluted in 100 uL of elution buffer. Good lin-
earity of signal was observed for the dilution series between
5 x 10° and 5 x 10® CFU/PCR reaction. The limit of detec-
tion was <5 CFU/PCR for both the N1 and N2 primer sets
corresponding to <500 CFU/mL heat-treated stool sample.
The N1 and N2 primer pairs also showed no crossreactivity
when tested against purified DNA from 34 different bacte-
rial species frequently isolated from human stool samples,
demonstrating good specificity. For the quantitative PCR
assay, two target sequences were identified for detection by
primer pairs and probes that were designated assays 16073
and 16075 (Table 1). A standard curve was generated using
the selected conditions (see Supplementary Methods for
additional details) to determine the assay range, specificity,
linearity, limit of detection, and quantitation over a range
between 1 x 10" to 1 x 108 copies of a DNA fragment con-
taining the target sequences. At a threshold setting of 0.2,
the limit of detection for assays 16073 and 16075 were esti-
mated to be 40 copies and 20 copies, respectively. Speci-
ficity was confirmed using DNA extracted from yeast tRNA,
Lambda DNA, cynomolgus monkey genomic DNA and total
RNA, mouse genomic DNA and total RNA, and human pla-
cental DNA and RNA. No indication of nonspecific amplifica-
tion was observed with any of these substrates. The quali-
tative and quantitative PCR methods were qualified against
samples of human and monkey stool samples spiked with
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known concentrations of ECN DNA and found to be sensitive
and valid (see Supplementary Methods). The 16073 primer
set demonstrated a limit of quantitation of 40 copies, while
the 16075 set had a limit of quantitation of 20 copies.

Fecal sample preparation and DNA Extraction
Qualitative assay. Approximately 200-400 mg of native
stool material was mixed with 2 mL H,O (high-performance
liquid chromatography grade) and vortexed until a homoge-
neous solution was obtained. The solution was incubated for
10 min at 100°C in a heating block. After cooling, the samples
were centrifuged at 3500 x g for 10 min. DNA was extracted
from 200 L of heat-treated stool sample supernatants using
the QlAamp DNA Mini Kit according to the manufacturer’s
instructions.

Quantitative assay. Fecal samples were diluted 1:1 with
phosphate-buffered saline (pH 7.4) and mixed by vortex-
ing. Approximately 250 uL were homogenized using the
PowerLyzer PowerSoil DNA Isolation Kit (MO BIO Laborato-
ries, Carlsbad, CA) following the manufacturer’s instructions.
Purity and concentration determinations of the extracted
DNA were performed on the Nanodrop 8000 with PowerLyzer
DNA elution buffer as the blanking buffer.

Analysis of stool samples. Stool samples from the
cynomolgus monkey or human were analyzed by qual-
itative and quantitative PCR. For the qualitative assay,
PCR reactions were carried out using QuantiTect SYBR
Green PCR Kit (Qiagen), with separate reactions for the
N1 and N2 primer pairs (see Supplementary Methods).
For the quantitative assay, assessments were performed
using the QuantStudio 7 Flex Real-Time PCR System with
QuantStudio Real-Time PCR Software (see Supplementary
Methods). Primers were used in the qualitative PCR pro-
tocol in a presence/absence assay. If a sample yielded a
positive result for both primer pairs, it was scored as “Nissle-
positive.” If a sample was negative for both primers, it was



scored as “Nissle-negative.” Samples that were positive
for one primer but negative for the other were reevaluated.
Samples that continued to produce a mixed result after
retesting were considered negative.

Statistical analysis
In the nonhuman primate study, relative abundance was
estimated by a log-scale linear model of fecal concentra-
tion using data at the top dose on dosing days, and clear-
ance was determined by first measurement below the limit
of quantification. Statistical analyses were performed using
R (v. 3.3.2, Vienna, Austria) for descriptive statistics with
the PKNCA (v. 0.8.1) library for assessing time to steady
state and the rstanarm (v. 2.14.1) library to assess relative
abundance.®°

No formal sample size calculations were conducted in the
clinical study. Safety analyses were performed for all subjects
who received at least one dose of EcN, and kinetic analy-
ses were performed for all subjects who completed treatment
per protocol, with no imputations for missing data. Descrip-
tive statistics were used to summarize the baseline charac-
teristics of both cohorts. The time to steady state and time
to clearance were calculated based on the quantitative and
qualitative PCR data.

RESULTS

Nonhuman primate results

In nonhuman primates, both modified EcN strains tested
(SYN975 (kanamycin-resistant) and SYNB1010 (thymidine
auxotroph, kanamycin-resistant, and arginine-producer))
were well tolerated, with no clinical observations or hema-
tology or clinical chemistry findings. Due to limited kinetic
sampling in the study, relative abundance (i.e., C,.« ratio) and
clearance were the only parameters calculated for the study.
SYN975 yielded higher fecal concentrations than SYNB1010,
with an estimated 6.9-fold higher abundance in feces when
compared with the same dose level of SYNB1010 (Figure 1).
SYNB1010 appeared to clear faster than SYN975, with 1 x
10° CFU of SYNB1010 clearing in two of three animals on
Day 30 and in three of three animals on Day 35, compared
with clearing of 1 x 10° CFU of SYN975 in zero of three and
two of three animals, respectively. Three of three animals
cleared on Day 35 for 1 x 10'> CFU of SYNB1010 compared
with two of three animals for SYN975.

Clinical study results

Subject disposition

Between September 2016 and April 2017, 83 healthy adult
male and female subjects were screened for study inclusion
at a single site in Bulgaria, including 55 subjects who were
enrolled and received treatment in either the single-day (n =
10) or multiple-day (n = 45) cohort (Figure 2). All subjects
enrolled in the single-day cohort completed the intervention
and are included in the safety and kinetics analyses. Of the
45 subjects enrolled in the multiple-day cohort, two sub-
jects discontinued dosing prematurely by subject request
and were excluded from kinetics analyses. Baseline charac-
teristics for both cohorts are summarized in Table 2.
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Figure 1 Quantitation of E. coli Nissle-derived strains in cynomol-
gus monkeys using quantitative PCR. The red color indicates a
dose of 1 x 10° CFU and the green color indicates a dose of 1 x
10" CFU; the colored solid lines indicate the geometric means for
animals administered SYN975, while the colored dashed lines indi-
cate animals administered SYNB1010; the gray background indi-
cates the dosing period; the gray dashed lines indicate the LOQ,
BLOQ, and Qual Neg. BLOQ is plotted as LOQ/2, and Qual Neg
is plotted as LOQ/4. BLOQ, below the limit of quantitation with
quantitative PCR but positive with qualitative PCR; EcN, E. coli
Nissle; LOQ, limit of quantitation estimated as the lowest mea-
sured copies of EcCN/mL; Qual Neg, one or both qualitative PCR
primers were negative; SD, standard deviation.

Compliance and safety

Subjects were compliant with dosing and fecal collection,
with more than 98% of subjects consuming all prescribed
doses and 99% of fecal samples provided per protocol.

No SAEs were reported during the study. Seven treatment-
emergent AEs were reported in seven subjects (16%) in the
multiple-day cohort. Six subjects (13%) experienced events
of headache (moderate intensity), five of which were consid-
ered not related to EcN administration and one of which was
considered unlikely related. All headache events resolved
completely within 2 days. One subject (2%) experienced an
AE of increased hepatic enzymes (mild intensity) that was
detected at the final study visit and considered not related
to EcN administration. Overall, EcN was well tolerated, with
minimal changes in gastrointestinal symptoms over the study
period (data not shown).

Results of fecal E. coli Nissle kinetics in humans

Results from the primary end-point analyses indicated no
subjects with fecal samples positive for ECN at 24 weeks after
treatment discontinuation. The median time to clearance fol-
lowing the final administration of EcN using the qualitative
PCR assay was ~4 days (range 3-55 days) in the single-
day cohort and 13 days (range 0-142 days) in the multiple-
day cohort (Figure 3). Because of the requirement for two
negative samples for declaration of clearance, a compari-
son of duration of clearance between the two dosing regi-
mens is limited by disparate postdose sampling schedules.
The quantitative assay was highly correlated with the quali-
tative assay; 71% of samples that tested negative with the
qualitative PCR assay were below the lower limit of
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Analyzed for safety (n = 45)

+ Excluded from analysis for premature
discontinuation of treatment (n = 2)

Figure 2 Consort diagram for the clinical study.

Table 2 Baseline characteristics by cohort (Safety Analysis Set)

Characteristic Statistic Multiple-day cohort (n = 45) Single-day cohort (n = 10)
Male:female (n) 14:31 6:4

Caucasian (%) 100 100

Age (years) Mean + SD 36.4 +9.1 35.9 + 6.1

Height (cm) Mean + SD 169.1 (7.7) 174.6 (10.9)

Weight (kg) Mean + SD 71.9 (12.3) 74.3 (14.0)

BMI (kg/cm?) Mean + SD 25.1 (3.4) 24.2 (2.9)

n, number of subjects; SD, standard deviation.

quantification, while 90% of samples that tested positive in
the qualitative assay were above the lower limit of quantifi-
cation.

Analysis of the noncompartmental parameters for quanti-
tative PCR (Table 3, Figure 4) indicated that the median time
to maximum observed quantitative PCR concentration (Tax)
with single-day dosing was on Day 2, while with multiple-
day dosing Thax Was on Day 6. The high variability of day-
to-day measurements indicated that the maximum observed
concentration (Cax) does not define the accumulation ratio
directly, and other methods for assessing accumulation were
required (described below).

While day-to-day measurements were variable, the data
were sufficient to estimate an approximate time to steady
state with multiple dose administration. The time to steady
state was rapid; it was estimated at or before the first mea-
surement in the study, 2.2 or 4 days, when estimated with
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either a monoexponential time to steady state or linearity
test; the times to steady state align with the observation of
median T on Day 6 with multiple dosing.!" Using quanti-
tative PCR from fecal samples, results from 28 days of dos-
ing with EcN indicate accumulation of ~1.6-fold copies/mL
compared with single-day levels.

DISCUSSION

Studies of the human microbiome in health and disease have
highlighted a potential therapeutic value of live bacteria as an
approach to combat complex and intractable disease states
that are associated with microbial dysbiosis or have a poten-
tial site of action in the gut.'? Treatment with probiotic bac-
teria may have potential to restore microbiome balance, and
numerous studies and meta-analyses have been conducted
reviewing their effectiveness in different disease states.'® The
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Figure 3 E. coli Nissle clearance via qualitative assay with two
negative results required to define clearance. The horizontal axis
represents days since the last dose, and the vertical axis is the
fraction of subjects continuing follow-up (i.e., had not yet cleared
E. coli Nissle). The solid and dashed lines indicate the Kaplan-
Meier estimates for time to clearance and its 95% confidence inter-
val; the arrows at the top indicate times when monitoring occurred
with color indicating dosing regimen.

Table 3 Clinical kinetic parameters (Kinetics Analysis Set)

Regimen Cmax (CFU/mL feces) Tmax (days)
Multiple-day cohort (n = 45) 1260000 [444] 6 [0, 28]
Single-day cohort (n = 10) 179000 [4950] 20, 14]

CFU, colony-forming unit(s); Cmax, maximum observed concentration; n, num-
ber of subjects; Tmax, time of Crmax.

Cmax Values are geometric mean [geometric coefficient of variation]; Tmax val-
ues are median [range].

For both single- and multiple-day data, parameters were calculated from Day
1 to Day 28; due to additional measurements with multiple-day data, the ratio
of Cmax Vvalues is not comparable as the accumulation ratio.

quality of the clinical evidence for probiotics is variable, with
mostly small and open-label trials, the majority of which do
not report data on exposure in either the active or placebo
group. For probiotic therapies to be rigorously developed
as therapeutic treatments, a better understanding of micro-
bial colonization and kinetics in the gastrointestinal tract is
needed. Previous studies with probiotic bacteria (including
EcN 1917) used various methodologies to detect coloniza-
tion of the human intestinal tract, including plating on selec-
tive media and PCR detection from stool samples.?'*1% In
one of the best examples of such a study, the excretion of
EcN in the stool of healthy volunteers was followed out to 48
weeks following a 7-day dosing period with EcN (Mutaflor)
in the presence or absence of mesalamine using PCR with
Nissle-specific primers.? The authors report some subjects
still being positive at 48 weeks; however, when evaluating the
data from this study, there are several limitations to the inter-
pretability of the results. Neither the sensitivity and specificity
of the PCR primers nor the quantification of levels of the bac-
teria found in stools were reported. These analyses are com-
plicated by the challenges of poor recovery of stool, extrac-
tion efficiency of bacteria from stool, and specificity of the
methodology for detecting EcN in the stool. Traditional meth-
ods of plating on selective media are limited by the inability
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Figure 4 Time course of median E. coli Nissle quantitative PCR
for single and multiple dose regimens. EcN, E. coli Nissle; PCR,
polymerase chain reaction.

to accurately distinguish EcN from other enterobacteriaceae
from stool cultures. Quantitative PCR methodologies require
identification of unique primers and probes within the EcN
genome. Recently, the complete genome sequence of EcN
has been obtained and published, allowing the use of bioin-
formatic approaches to identify unique sequences found in
EcN but no other sequenced E. coli or enterobacteriaceae
species.'®17

Results from the current investigation demonstrated the
feasibility of applying quantitative methodology to the
assessment of EcN kinetic parameters in stool in both pre-
clinical species and human subjects.

We developed a sensitive and specific quantitative PCR
assay based on the identification of two unique sets of
primers and probes based on sequences found within EcN
genomic DNA that are not found in other E. coli species
or other enterobacteriaceae sequences. This method has a
limit of detection of 20 and 40 copies of Nissle DNA per ug
of extracted stool DNA, for the two primer sets 16075 and
16073, respectively.

In the nonclinical study in cynomolgus monkeys, 10° or
102 CFU of EcN-derived strains were very well tolerated dur-
ing 28 days of treatment, despite the fact that the microbial
load given was 40-fold above the highest human dose given
in the clinical study (2.5 x 10 CFU) for an animal that is
1/17'" the weight of a healthy human (4 kg vs. 70 kg) and an
approximately similar fraction of gastrointestinal volume.'®
There was some dose-dependency on the clearance, but
both dose levels cleared rapidly following cessation of dosing
and fell below the limit of quantification by 7 days postdos-
ing.

Subjects treated in the clinical study demonstrated good
compliance with stool collection in an outpatient setting,
and the resulting data permitted the calculation of pharma-
cokinetic parameters. The administration of ECN capsules
for 1 and 28 days was well tolerated, with no safety sig-
nals identified and no growth on blood culture, consistent
with the known safety profile of EcN.'® The clinical study
suggested that EcN reached an approximate steady state
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over 2-4 days and cleared relatively rapidly following dis-
continuation. Median clearance occurred within 1 week, and
over 80% of subjects had cleared EcN within 3 weeks. The
clearance in this study confirms prior reports that ECN does
not colonize the gut in adult subjects.? Recovery of bacterial
genetic material from the feces also indicated good expo-
sure in the colon. Assuming 100 g of fecal material per day
and uniform distribution, 108 CFU of the estimated 3 x 10°
CFU administered daily was recovered in the feces at steady
state.?°

Data from the study in the cynomolgus monkey indicate
that in vivo replication contributes to kinetics, as bacteria that
were engineered to be incapable of replicating in vivo through
deletion of an essential gene, thymidylate synthase, demon-
strated more rapid clearance and lower steady-state con-
centrations compared with replication-competent strains.
Kinetic parameters were consistent between cynomolgus
monkeys and healthy human volunteers; both the EcN and
the kanamycin-resistant ECN had similar clearance in both
species, with a median clearance of <2 weeks across
species, suggesting that cynomolgus monkeys may be an
appropriate preclinical model. The kinetic similarities fur-
ther suggest that translation of kinetic parameters for time
to steady state and time to clearance may be directly
comparable between cynomolgus monkeys and humans,
and additional work is warranted to compare kinetics
more quantitatively. Microbiome profiling has demonstrated
species-specific patterns.?! In addition, differences have
been described in host-microbiome interactions between
nonhuman primates and humans, including differences in
adaptations to dietary changes and diversity.?? Despite these
observations, for approaches that do not aim to change the
ecology of the gut, data in nonhuman primates may help
identify appropriate doses by providing data regarding in vivo
kinetics prior to studies in humans.

Limitations of the nonclinical study include variability in
stool output (when stool samples were not available, fecal
swabs were taken), and fewer sampling points for quantita-
tive PCR during the dosing and postdosing periods and a
small number of animals per group (n = 3). Limitations of
the clinical study include the outpatient treatment adminis-
tration and fecal collection, which may have contributed to
variability in the quantitative assessments. The random fecal
sampling performed by each subject, as well as potential dif-
ferences in the methods and storage of fecal samples, may
have influenced the fecal PCR data. While prior publications
suggest that bacteria may not be uniformly distributed within
feces, median values are considered instructive, particularly
as there was consistency between the single and multiple-
day cohorts and clearance kinetics were consistent with prior
publications.??3 Initial results suggest concordance between
cynomolgus monkeys and humans, but further investiga-
tion of the nonclinical to clinical microbe kinetic translation
are warranted to confirm the initial findings reported here
and to increase the ability to quantitatively translate non-
clinical to clinical microbiome therapeutics. The absence
of clinical data on the auxotrophic strains warrant further
investigation to assess both the microbial kinetics and phar-
macokinetic/pharmacodynamic relationship of engineered
bacteria in a clinical study setting. Despite these limitations,
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these data demonstrate the feasibility of applying quantita-
tive methodology to the study of microbiome-based thera-
peutics and provide a tool that can be used in the develop-
ment of both colonizing and noncolonizing bacteria, includ-
ing engineered strains in humans.
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