Development of a Humanized Murine Model for the Study
of Oxalobacter formigenes Intestinal Colonization

Amanda M. PeBenito,"* Menghan Liu,® Lama Nazzal,' and Martin J. Blaser'?*

The Journal of Infectious Diseases : -
V& hivma
MAJOR ARTICLE WI)SA -

Departments of 'Medicine and “Microbiology and *Sackler Institute of Graduate Biomedical Sciences, New York University School of Medicine, New York, and “Center for Advanced
Biotechnology and Medicine, Rutgers University, Piscataway, New Jersey °Current affiliation: Massachusetts General Hospital, Boston

Background: Oxalobacter formigenes are bacteria that colonize the human gut and degrade oxalate, a component of most kidney
stones. Findings of clinical and epidemiological studies suggest that O. formigenes colonization reduces the risk for kidney stones. We
sought to develop murine models to allow investigating O. formigenes in the context of its native human microbiome.

Methods:
human O. formigenes strain into recipient mice. We transplanted microbiota into mice that were treated with broad-spectrum anti-
biotics to suppress their native microbiome, were germ free, or received humanization without pretreatment or received sham gavage
(controls).

Results:

For humanization, we transplanted pooled feces from healthy, noncolonized human donors supplemented with a

Allhumanized mice were stably colonized with O. formigenes through 8 weeks after gavage, whereas mice receiving sham
gavage remained uncolonized (P < .001). Humanization significantly changed the murine intestinal microbial community structure
(P <.001), with humanized germ-free and antibiotic-treated groups overlapping in B-diversity. Both germ-free and antibiotic-treated
mice had significantly increased numbers of human species compared with sham-gavaged mice (P < .001).

Conclusions:
human microbiome, with stable O. formigenes colonization; such models can define optimal O. formigenes strains to facilitate clinical

Transplanting mice with human feces and O. formigenes introduced new microbial populations resembling the

trials.
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The prevalence of nephrolithiasis has risen in recent decades
[1], affecting approximately 1 in 11 persons in the United States
[2]. Nephrolithiasis also causes substantial financial burden [3],
and can lead to chronic kidney disease [4]. Most kidney stones
(approximately 80%) are composed of calcium oxalate, and uri-
nary oxalate excretion is a major risk factor [5]. Oxalate is a by-
product of amino acid catabolism and also is present in the diet
[6]. The intestinal microbiota includes bacteria that degrade
oxalate, which can potentially lower the hosts oxalate load.
Oxalobacter formigenes is the most efficient oxalate degrader in
the human intestine, using oxalate as its exclusive carbon and
energy source [7, 8]. O. formigenes also may secrete bioactive
factors that induce oxalate transport across intestinal epithelial
cells into the gut lumen [9, 10].

In case-control studies, O. formigenes colonization was asso-
ciated with a 70% reduced risk of recurrent oxalate stones [11].
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However, in contrast to those living under premodern condi-
tions in which O. formigenes is ubiquitous, only a minority of
persons in the United States, United Kingdom, and other in-
dustrialized countries carry O. formigenes [11-15]. Exposure
to commonly used oral antibiotics can eliminate O. formigenes
[16], and a 2018 epidemiological study provides evidence that
antibiotic use is associated with higher nephrolithiasis risk [17].
Strategies to introduce O. formigenes into patients with a high
risk of kidney stones are being considered [18, 19].

With the potential of O. formigenes to lower nephrolithiasis
risk, study of its intestinal habitat is needed. However, there
have been few prospective human studies, because it is chal-
lenging to control dietary calcium and oxalate levels and other
clinically relevant variables [20, 21]. Therefore, to elucidate the
biology of O. formigenes in animal hosts, and because it is not
native to laboratory mice, we introduced it together with a hu-
manized microbiota [22]. We hypothesized that by introducing
feces from human donors into germ-free mice, we could create
a humanized model for O. formigenes carriage superior to that
in conventional or antibiotic pretreated mice. We now report
that we could successfully colonize both germ-free and antibi-
otic pretreated mice with human microbiota and O. formigenes,
creating a stable humanized mouse with O. formigenes persist-

ence for >8 weeks.
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METHODS

Mice
Groups consisted of 7-11-week-old C57BL/6 mice.
Conventional mice were purchased from Jackson

Laboratories, and germ-free mice obtained from the National
Gnotobiotic Rodent Resource Center at the University of
North Carolina. Mice initially received normal chow until
their first gavage, when an irradiated, high-oxalate diet
(1% oxalate, 0.5% calcium; D16080401, Research Diets)
was begun, and continued for the duration of the experi-
ment. Mice were maintained on 12-hour light-dark cycles
with ad libitum access to food and water. All mouse experi-
ments were approved by the New York University School
of Medicine Institutional Animal Care and Use Committee
(protocol 160724) and complied with federal and institu-
tional regulations.

0. formigenes Culture Preparation

For this study, we selected O. formigenes strain OxCC13, a well-
characterized group 1 strain that colonizes germ-free mice [22]
and has been used in human challenge studies. As such, we
believed it appropriate to test in mouse models. Pure cultures
were grown in Schaedler broth containing 100 mmol/L oxalate
and 10 mmol/L sodium acetate [23] at 37°C in an anaerobic
chamber. Optical density at 595 nm was measured performed
using a SpectraMas iD3 plate reader, with readings of 0.09-0.1
for cultures used for gavage, approximately 10° colony-forming

Preparation of Human Donor Feces

Human fecal samples were selected from 3 O. formigenes—nega-
tive donors after samples were negative by (1) polymerase chain
reaction (PCR), (2) quantitative PCR (qPCR), and (3) oxalate
degradation assay (4 samples each, obtained over a 6-month
period). Fecal samples were stored at —80°C and then resus-
pended in anaerobic transport medium (Anaerobe Systems) to
create an 80-mg/mL pooled suspension for humanization.

Humanization Protocol

Pooled human donor feces and O. formigenes cultures were com-
bined under anaerobic conditions and administered to mice via
gastric gavage. Mice receiving gavage (Figure 1) were either (1)
conventional, (2) germ free; or (3) pretreated with vancomycin
(0.5 g/L), ampicillin (1 g/L), neomycin sulfate (1 g/L), and met-
ronidazole (1 g/L) (all from Sigma) [24, 25] to suppress their na-
tive microbiome. Gavage was performed with 10 uL/g of donor
inoculum or sham (anaerobic transport medium alone), 3 times
at 48-hour intervals. The timing in all groups was coordinated
to gavage germ-free mice immediately on arrival to our facility,
minimizing microbial exposures before humanization.

Later Antibiotic Exposure

To attempt to eliminate O. formigenes from stably colonized
mice, we used a pulsed antibiotic treatment (PAT) known to
affect the murine microbiome [26-28]. Tylosin tartrate (Sigma)
was dissolved (333 mg/L) in nonacidified water to achieve a
therapeutic dose [29] of approximately 50 mg/kg body weight/d

units/mL. in recipient mice, as described elsewhere [26-28].
Normal chow === High-oxalate diet >
Group 1. Germ-free
humanized (n = 3) FIx FIx FIx
Group 2. Germ-free
humanized, O. formigenes 0. formigenes' FI'x  FIx
first (n = 3)
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suppression
Group 4: Antibiotic-sham (VANM)
_ Sham Sham Sham
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Group 5: Conventional
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Figure 1.  Design of fecal humanization experiment in adult mice. Studies were conducted with germ-free (groups 1 and 2) or conventional (groups 3-5) C57BL/6J mice.

Conventional mice either received antibiotics (0.5 g/L vancomycin, 1 g/L ampicillin, 1 g/L neomycin, 1 g/L metronidazole [VANM]) [24, 25] in their drinking water for 6 days or
did not. Within 36 hours after ending the antibiotic course (or at the same time paint in those who did not receive VANM), all mice were gavaged with either pooled human
feces to which Oxalobacter formigenes was added (FTx), O. formigenes alone, or transport medium (sham) alone. All mice were followed up for 8 weeks after gavage.
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DNA Isolation
Murine fecal pellets and the human fecal gavage inoculum were
collected and stored at —80°C until DNA was extracted, using
the MoBio 96-well extraction kit, following the manufacturer’s
instructions.

PCR Protocol

PCR to detect the O. formigenes oxc gene was performed
using Taq DNA Polymerase and x10 CoralLoad PCR
buffer (Qiagen), with oligonucleotide primers (forward, 5-
ATGTAGAGTTGACTGATGGC-3’;  reverse, 5-TTGATG
CTGTTGATACG-3’). PCR conditions included an initial 95°C
denaturation for 3 minutes and 39 cycles at 95°C for 30 seconds,
annealing at 54°C for 30 seconds, and extension at 72°C for 1
minute. PCR products were analyzed by electrophoresis using
2% agarose gels.

qPCR Protocol

qPCR to quantitate O. formigenes oxc copies was per-
formed using LightCycler 480 SYBR Green I master mix
and the LightCycler 480 system (Roche) (primers: for-
ward, 5-GTGTTGTCGGCATTCCTATC-3; reverse
5-GAAGCAGTTGGTGGTTGC-3’). Samples were prepared
under a laminar flow hood, with each reaction well containing
16 uL of master mix, 0.5 umol/L of each primer, and 2 pL of
DNA template. Cycling conditions included an initial 95°C
incubation for 10 minutes, followed by 40 cycles at 95°C for
23 seconds, annealing at 63°C for 20 seconds, and extension
at 70°C for 40 seconds. Melting peak analysis was performed
from 65°C to 95°C to confirm amplicon specificity. A positive
result was defined by amplification >1.0E2, with melting peak
between 86°C and 87°C. Levels of oxc were normalized to total
16S DNA by performing qPCR with universal 16S primers (for-
ward 5'-GGM TTA GAT ACC CBG GTA GTC C-3/, reverse 5'-
CCG TCA ATT CMT TTG AGT TT-3") as follows: 95°C for 10
minutes, followed by 40 cycles of 95°C for 10 seconds, 60°C for
20 seconds, 72°C for 20 seconds, and a final 30 seconds at 40°C.

Oxalate Degradation Assay

Donor feces were inoculated into O. formigenes-specific growth
medium B [8] supplemented with sodium oxalate (20 mmol/l)
and then incubated at 37°C for 10 days. Degradation of oxalate
by O. formigenes was assessed by adding 100 nmol/L calcium
chloride to culture supernatant.

Sequencing

For amplicon library generation, the 16S ribosomal RNA
(rRNA) gene V4 region was amplified with gene-specific pri-
mers, as described elsewhere [30]. The reverse amplification
primers contained a 12-base pair (bp) Golay barcode for multi-
plexed sequencing runs. Amplicons were prepared in triplicate,
and DNA concentrations were measured using the QuantiT

PicoGreen double-stranded DNA Assay kit (Invitrogen) and
pooled at equal DNA quantities. After samples were com-
bined in subpools of approximately 96 samples, excess pri-
mers were removed with the Qiaquick PCR purification kit
(Qiagen). DNA concentrations in these subpools were quan-
tified with the Qubit high-sensitivity double-stranded DNA
Assay (Invitrogen) and combined at equal concentrations. The
254-bp V4 region was sequenced using the Ilumina MiSeq
2 x 150-bp platform. The data sets generated and/or analyzed
in the current study are available in the National Center for
Biotechnology Information's Sequence Read Archive reposi-
tory (under no. SUB4058073).

Data Analysis

Raw data processing was performed with QIIME-1 software
[31]. Operational taxonomical units (OTUs) were picked
against reference database GreenGenes 13_8 [32], using the
open reference picking strategy [31]. For quality filtering, OTUs
identified as chimerae (ChimeraSlayer method [33]) were ex-
cluded, as were OTUs with only a single read.

Statistics

An unpaired, 2-tailed ¢ test was used to compare oxc/16S levels.
For examination of the {3-diversity differences in microbial com-
munities, Adonis tests with 999 permutations were used, and
multiple-comparison P values were corrected using Bonferroni
methods. Wilcoxon rank sum tests with multiple comparisons
corrected by false discovery rate methods were used in the re-
maining statistical analyses, unless noted.

RESULTS

Study Design

We included 5 study groups to assess O. formigenes coloniza-
tion efficacy and effects of both the humanizing gavage and
antibiotics on the microbiota (Figure 1). In germ-free mice,
group 1 (germ-free humanized) received 3 successive gavages
of a pooled human fecal (O. formigenes-negative) suspension,
to which O. formigenes was added. In group 2 (germ-free hu-
manized, O. formigenes first), germ-free mice received a first
gavage consisting only of O. formigenes to provide a potential
colonization advantage, and with 2 subsequent gavages with the
standard pooled feces together with O. formigenes. Two other
groups received antibiotic treatment to suppress the normal mi-
crobiota; mice in group 3 (antibiotic-humanized) were given the
same humanization regimen as in group 1, and those in group
4 (antibiotic-sham) were not humanized at all but were given a
sham (control) gavage of transport medium. Mice in group 5
(conventional humanized) were gavaged with the human fecal
suspension with O. formigenes, but did not receive any antibi-
otic before treatment. At the time of the first gavage, all mice
were begun on the high-oxalate diet.
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Oxalobacter Colonization

First, we asked whether these humanization methods permitted
O. formigenes to be successfully introduced into the mouse in-
testine. Using an O. formigenes oxc-specific QPCR assay, we
found that all of the humanization strategies were successful,
with every challenged mouse colonized with O. formigenes, at
levels significantly higher than sham (Figure 2). One week after
gavage, the (group 2 [germ-free humanized, O. formigenes first])
germ-free mice that received O. formigenes alone in the first ga-
vage initially had approximately 16-fold greater colonization
than the mice (group 1 [germ-free humanized, O. formigenes
first]) that did not receive the initial O. formigenes-alone in-
oculum, but the differences gradually diminished. All hu-
manized mice remained colonized with O. formigenes for >8
weeks, stabilizing at approximately 2.7 x 107 0xc/16S. These
levels are comparable to the relative O. formigenes abundance
in the human microbiome, as detected by means of a 16S rRNA
sequencing approach using American Gut Project data [14]; that
work showed that the O. formigenes relative abundance ranged
from 107° to 107°; the relative abundance we achieved in our
mouse model parallels that finding. Similar results were found
in the Human Microbiome Project, where the O. formigenes rel-
ative abundance was normally distributed around a median of
0.015% [13]. In total, this experiment demonstrated the feasi-
bility of introducing O. formigenes to humanized mice, leading
to stable levels with relative abundances that resemble those in
naturally colonized humans [14].
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Figure 2. Detection of Oxalobacter formigenes in mice after humanization or
sham gavage. Fecal samples from germ-free humanized (group 1, blue diamonds,
group 2, blue squares), antibiotic-treated humanized (group 3, orange), conventional
humanized (group 5, black), and antibiotic-treated sham-humanized (group 4, red)
mice were assessed using 0. formigenes—specific (oxc) quantitative polymerase
chain reaction and normalized to total 16S DNA copies in each sample. Mice were
followed up for 8 weeks after gavage.

Effect of Humanization on Intestinal Community Structure

Our second objective was to evaluate murine O. formigenes col-
onization in which interactions were with the human micro-
biota rather than the endogenous mouse microbiota. To address
this issue, we examined the community structure of the fecal
microbiota using analysis of 16S rRNA sequences. Such ana-
lyses of B-diversity provide a way to detect differences in the
aggregated composition between discrete groups. As expected,
the pregavage mouse microbiota, whether conventional or anti-
biotic perturbed, differed significantly from the human micro-
biota (Figure 3A) (P < .05; Adonis test). Subsequently, in both
the antibiotic-suppressed (group 3 [antibiotic-humanized]) and
the conventional (group 5 [conventional-humanized]) mice,
the human fecal gavage significantly shifted the community
from the pregavage status (P < .001).

Examining the communities together on a single plot further il-
lustrated several relationships (Figure 3B). First, at baseline, the
populations in the conventional mice (group 5; before gavage),
formed a tight cluster. In contrast, in the 2 groups that received
antibiotics (groups 3 and 4), there was marked heterogeneity
compared with group 5 (P < .05 for each); however, the 2 groups
largely overlapped (difference not significant), indicating the
conserved antibiotic selection. In the conventional mice that
were not humanized (group 4), antibiotic treatment led to a
long-term shift in community structure (P < .05). In conven-
tional mice that did not receive antibiotics (group 5), humaniza-
tion significantly shifted the community (P < .05) (Figure 3B),
indicating that introducing the heterologous microbiota had
ecological impact.

The combined effect of antibiotic treatment and gavage (group
3) markedly shifted the community structure compared with be-
fore gavage (P <.05). Comparing the 2 groups that received anti-
biotics, there was a significant difference after gavage between
the mice that received the sham (group 4 [antibiotic-sham])
or the human microbiota (group 3 [antibiotic-humanized])
(P < .001). After antibiotic treatment and humanization (group
3), the population structure almost completely overlapped
with that of the humanized germ-free mice (groups 1 and 2),
and these differed significantly (P < .001) from the postgavage
conventional mice (group 5). In total, these studies show the
significant ecological effects of both antibiotic treatment and
humanization; humanization significantly altered the murine
intestinal microbial composition, regardless of the method
used. Notably, 8 weeks after gavage, the humanized samples
remained distinct from the baseline conventional mouse sam-
ples, without evidence of regression toward a murine microbial
phenotype.

Microbial Community Ecology

Next we assessed the extent to which humanization changed
the gut microbial communities. After humanization, the ini-
tially germ-free (groups 1 and 2 [germ-free humanized]) and
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Figure 3. (3-Diversity before and after humanization or sham gavage. A, Pregavage and postgavage fecal samples from humanized mice. Mice were germ free (groups 1
and 2; left), were given broad-spectrum antibiotic treatment to suppress their own microbiota before gavage (groups 3 and 4; middle), or were untreated conventional mice
(group 5; right). Principal coordinates analysis plots depict the unweighted UniFrac analysis of gavage inocula and fecal samples before and up to 8 weeks after gavage.
The statistics below each panel reflect Adonis tests with 999 permutations to determine whether the microbiome community structures of inocula, before and after gavage,
differed significantly (P<.05). B, Principal coordinates analysis plot depicts unweighted UniFrac analysis of the gavage inocula and fecal samples. Pregavage samples were
collected from conventional mice and mice receiving high-dose, broad-spectrum antibiotics over 6 days (open circles). Postgavage samples were collected through 8 weeks
(closed circles); 1 group of antibiotic-treated mice received sham gavage (red), and 3 other groups received humanization: untreated conventional mice (green); antibiotic-
treated conventional mice (/ight blue), and germ-free mice (dark blue). By Adonis testing, the conventional humanized group differed significantly (P < .001) from both the
antibiotic-treated humanized mice and the germ-free humanized mice. The antibiotic-treated humanized group also differed significantly (P<.001) from the antibiotic-treated
sham-gavage group. Statistics were generated using Adonis tests with 999 permutations after Bonferroni correction for multiple testing.

antibiotic-treated mice (group 3 [antibiotic-humanized]) dif-
fered significantly in a-diversity from sham-treated mice
(group 4 [antibiotic-sham]) (P <.001) (Figure 4A). (a-Diversity
compares the microbial richness of the specified communities.)

The initially germ-free and antibiotic-treated mice did not
differ significantly after humanization. We then assessed the
changes in community structure (B-diversity) resulting from
humanization, using UniFrac analysis (Figure 4B). With all
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Figure 4. Microbial community ecology. A, a-Diversity in the gavage inoculum and in the treatment groups. The a-diversity metrics are represented using phylogenetic
diversity (/eft), Chao1 index (middle), or number of observed operational taxonomical units (OTUs) (right). All comparisons were significant, except the comparison between
germ-free (GF)-humanized and antibiotic-humanized groups using all 3 a-diversity measurements, based on false discovery rate—adjusted Wilcoxon rank sum tests. *P<.05;
tP<.01; £P< .001 (for group comparisons). B, Analysis of B-diversity in samples before (pre) and after (post) gavage. Results show mean pairwise unweighted UniFrac
distances with intragroup and intergroup (pre and post) comparisons. Groups were compared using Wilcoxon rank sum tests, corrected for multiple comparisons. *P< .01;
tP<.001. C, B3-Diversity (community structure) of samples from the treatment groups in relation to the gavage inoculum. Mean pairwise unweighted UniFrac distances are
shown in relation to the intragroup variation for the inoculum. All comparisons were significant by false discovery rate—adjusted Wilcoxon rank sum tests (P<.001).

3 humanization protocols, the mean pairwise unweighted
intergroup distances before and after gavage were significantly
greater than the intragroup distances, indicating that the hu-
manization significantly altered population structure. Weighted
UniFrac analyses showed parallel results (data not shown). The
B-diversity in all of the humanized mice differed significantly
from the inoculum (Figure 4C), without significant differ-
ences between them. In total, these findings demonstrate that
humanization significantly changed the community richness
and structure in the recipient mice in relation to both their
pregavage state and the inoculum.

Effects of Humanization at the Taxonomic Level

To examine the efficiency of gavage in transferring specific
human taxa, we monitored the OTUs shared between the inoc-
ulum and the mouse intestinal contents after gavage (Figure 5).

Atbaseline, the numbers of OT'Us shared between the inoculum
and the pregavage mice were approximately the same for the 3
groups of conventional mice, as expected, but the subsequent
antibiotic treatment (groups 3 and 4 [antibiotic-humanized and
antibiotic-sham]) reduced the number of shared taxa. After the
humanizing gavage, the number of OTUs matching the human
inoculum increased. However, in the mice that received sham
gavage after antibiotic treatment (group 4), the number of
shared OTUs declined below baseline.

Over the 8-week study, significantly more OTUs were shared
with inoculum in each of the 3 groups of humanized mice
than in the sham-gavaged mice (P < .001). In conventional
mice (group 5 [conventional-humanized), the modest increase
in OTUs shared with inoculum declined by 2 weeks after ga-
vage, with final levels similar to those at baseline, indicating
that the humanization was transient. After humanization of the
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during antibiotic treatment are from day 5 to day 10. After gavage (yellow bar), all 3 humanized groups show a significantly greater number of shared OTUs with the inoculum,

compared with the sham group (P<.001).

germ-free and antibiotic-suppressed recipients, the number of
OTUs shared with donor inoculum increased in parallel, per-
sisting throughout the study. Analyses at the taxonomic species
level yielded similar results (Supplementary Figure 1), but be-
cause of intraspecies replacements, the magnitude of the ob-
served effects was smaller than at the OTU level. In parallel,
we determined which bacterial species were differentially
abundant at baseline (before humanization) compared with
postgavage samples. We found that 14 taxa, including S24_7,
Lachnospiracaeae, and Ruminococcaceae, were depleted after
gavage and that 29 taxa, including O. formigenes, Bacteroides
fragilis, Bilophila spp., and Butyricimonas spp. were significantly
increased (Figure 6 and Supplementary Figure 2).

Next, we asked whether the method of humanization (initially
germ free (groups 1 and 2) or antibiotic before treatment (group
3) resulted in different species composition after gavage. In par-
allel with the p-diversity similarities (Figure 3B), the 2 groups of
mice had highly similar taxa present (Supplementary Figure 3),
with only 3 significant differences.

Effect of Gavage Timing
An interval between antibiotic treatment and humaniza-
tion carries the risk for rebound of murine microbiota or the

acquisition of exogenous species in the setting of affected mi-
crobiota. Assessment the bacterial load (total 16S DNA) with
qPCR showed continued suppression in the antibiotic-treated
mice until immediately before gavage (Supplementary Figure
4). We also evaluated the microbiome community structure
over time (Supplementary Figure 5); before treatment, all of
the bacterial populations formed a tight cluster. Although the
controls did not subsequently change, in the 9 mice receiving
vancomycin, ampicillin, neomycin, and metronidazole, popula-
tions shifted significantly, forming 2 distinct clusters but never
normalizing. Thus, the microbiota remained perturbed until
the time of gavage.

Effect of Antibiotic Treatment on 0. formigenes Colonization

Finally, we asked whether the introduced O. formigenes could
survive a conventional antibiotic challenge. To address this
question, we used a single 6-day PAT with the macrolide tylosin,
because we have observed its substantial effects on the intestinal
microbiota [26-28]. By qPCR 9 weeks after gavage (before PAT),
all humanized mice had significantly higher O. formigenes levels
than did the sham-treated mice (Figure 7). For the humanized
mice exposed to PAT, O. formigenes levels decreased to near the
sham levels within 1 week, but there was no diminution in the
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Figure 6. Differentially abundant taxa in feces of conventional mice before and after antibiotic-mediated humanization. Linear discriminant effect size analysis was used to
identify bacterial taxa that were significantly enriched in pregavage (n = 12) or postgavage (n = 55) samples from 9 mice. Samples included represent baseline fecal samples
from conventional mice and after high-dose antibiotics and humanization. Cladogram depicts significantly enriched taxa.

untreated mice. Six weeks later, O. formigenes levels remained
suppressed in the PAT-exposed mice compared with the unex-
posed mice (mean, 6.2 x 10°vs 3.4 x 107°) (P <.001) These data
indicate that the stable O. formigenes colonization in this model
is nonetheless susceptible to a standard therapeutic antibiotic

course.

DISCUSSION

With increased nephrolithiasis incidence [1, 2], developing
new ways to prevent calcium oxalate stones is urgently needed.
Modifying the intestinal microbiota by increasing oxalate-
degrading bacteria is attractive, but fundamental work is
needed to assess both feasibility and utility. In conventionally
raised mice and rats, O. formigenes colonization significantly re-
duces urinary oxalate levels [34-36]. However, treating patients
with primary hyperoxaluria with the selected O. formigenes
strain was not effective [19, 37]. Optimizing the strains and
conditions is one way to improve the utility of administering
O. formigenes, but with the difficulty of such studies in hu-
mans, relevant animal models must be developed. In particular,

humanized murine models can permit comparisons among
candidate O. formigenes strains before eventual human clinical
trials.

Coadministering O. formigenes with altered Shaedler flora,
a defined mixture of 8 murine bacterial species, to germ-free
mice reduced urine oxalate more than using O. formigenes or
altered Shaedler flora alone [38]. This synergistic effect suggests
the importance of additional species that may degrade oxalate
or creating an improved ecology for O. formigenes. However,
more complex microbial networks are needed to study more
human host-adapted O. formigenes strains, as well as the dy-
namics and effects of colonization on the host microbiome, and
defining optimal conditions for colonizing the human gut.

Humanized mice have been increasingly used to study
microbiome-related diseases [39-41] and, despite their limi-
tations, may provide the best available models to examine the
role of microbiome alterations on host oxalate metabolism
and risk for stone disease. Although germ-free and antibiotic-
treated mice can both be used for humanization, there are few
data comparing these methods [42], and none in relation to
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Figure 7. Intestinal Oxalobacter formigenes levels after a single pulsed an-
tibiotic treatment (PAT). The number of oxc copies was normalized to the total
16S ribosomal RNA (rRNA) copies in each sample. Left, 0. formigenes levels in
mice that were humanized and received 0. formigenes (group 3; blue circles)
or that received sham gavage (group 4; red circles), before antibiotic exposure.
Right, O. formigenes levels after half of the humanized mice (/ight blue squares)
and sham mice (red squares) received a 6-day tylosin course (PAT). There was
no change in levels in the humanized mice not exposed to PAT, which remained
significantly elevated in relation to sham. Humanized mice exposed to PAT had
significantly lower O. formigenes levels than unexposed humanized mice (blue
circles), near the background (sham) level.

O. formigenes. We found that both approaches were successful
for stable and persistent colonization of both the human fecal
microbiota and O. formigenes strain OXCC13, at relative abun-
dances similar to those found in humans [13, 14]. Antibiotic
treatment (with vancomycin, ampicillin, neomycin, and met-
ronidazole) substantially suppressed the murine microbiome,
as expected [24, 25], allowing human microbial species to be
established in the host with characteristics similar to those seen
in the humanized germ-free mice. Antibiotic-mediated human-
ization provides several advantages over germ-free methods. In
addition to being more costly, the disturbed gastrointestinal
and immunological physiology of germ-free mice also limits
their utility [43]. Furthermore, null mouse lines that might be
useful for oxalate studies, including Agxt, CFTR, SLC26A6, and
SLC26A1, are not currently available as gnotobiotes.

Although we expected at least a temporary suppression of
O. formigenes after administration of a macrolide [44], a single
antibiotic pulse was completely suppressive for 26 weeks which
is when the study ended. This supports the clinical observations
that antibiotic use has a lasting effect on O. formigenes coloniza-
tion [16], and potentially increases the risk for nephrolithiasis
[17]. Whether humans can be recolonized after such loss re-
quires investigation.

Our study had several limitations, including small sample
sizes. Although we found significant effects of the treat-
ment groups, future studies with larger samples may permit
better understanding of different humanization methods.

Useful information could have been obtained with addi-
tional control groups, including untreated conventional
mice to control for variation over the course of the study
or conventional mice gavaged with O. formigenes alone.
Shortening the interval from ceasing antibiotic exposure to
humanization also might minimize regrowth of the indig-
enous microbiota, although residual antibiotic effects may
adversely affect humanization performed within 24 hours.
The current study did not include any measurements of ox-
alate levels, since our aim was to optimize colonization; fu-
ture studies with larger study groups will include in-depth
analyses of oxalate metabolism.

In conclusion, we have created a humanized mouse model for
O. formigenes colonization, in which both humanization and
O. formigenes colonization were stable for several weeks. With
persistent O. formigenes colonization at relevant abundances,
and its removal with antibiotics, we can model host physiolog-
ical effects in ways that are generalizable to humans. The model
permits future research into differences in oxalate metabolism
among O. formigenes strains and diets and the potential benefits
of microbes interacting with O. formigenes and affecting host
metabolism.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by
the authors to benefit the reader, the posted materials are not
copyedited and are the sole responsibility of the authors, so
questions or comments should be addressed to the corre-
sponding author.
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