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Role of Oxalobacter formigenes
Colonization in Calcium Oxalate Kidney
Stone Disease

John Knight and Ross P. Holmes

Microbiology of O. formigenes

O. formigenes is a Gram-negative, obligately anaerobic, rod or curve-shaped, non-
motile, non-spore forming bacterium that belongs to the Betaproteobacteria class
and Burkholderiales order. Its existence was first recognized from its role in accli-
mating livestock to the ingestion of high-oxalate diets and preventing oxalate toxic-
ity [1, 2]. Comparisons of the profiles of cellular fatty acids of 17 strains of O.
formigenes, including strains isolated from gastrointestinal contents from humans,
sheep, cattle, pigs, guinea pigs, rats and from fresh water lake sediments, support
the concept of separating these strains into two main groups (currently designated
as Group I and II). In Group 1 strains, a cyclic 17 carbon fatty acid predominates
whereas in Group 2 a cyclic 19 carbon acid is dominant [3].

The products from oxalate metabolism are carbon-dioxide and formate, with
approximately 1 mole of each produced per mole of oxalate metabolized. Energy
generation is centered on the development of a proton motive force through the
electrogenic exchange of oxalate (in) and formate (out) across the cell membrane
together with the consumption of a proton inside the cell when the CoA-ester of
oxalate is decarboxylated by oxalyl-CoA-decarboxylase [4, 5].

The availability of the genome [6] and, more recently, proteome of O. formi-
genes [7] has provided an opportunity to increase our understanding of the biology
of this organism and how it survives in its environment. The release of the genome
sequence of a Group 1 (OXCC13) and a Group 2 strain (HOxBLS) by the Broad
Institute has provided a genetic framework for investigating important biological
properties of the organism [6]. An independent sequence for OXCC13 has been
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published as well as the sequence of the HC-1 strain which is being used by Oxthera
in clinical trials [8, 9]. With this data, molecular and functional studies can now be
performed to identify important proteins and pathways that promote colonization
resilience, enhance aerotolerance and increase enteric secretion of host derived oxa-
late. A recent review of the genomic sequences of the two strains of O. formigenes
identified some interesting differences that may suggest the two strains utilize dif-
ferent pathways to survive and flourish within the intestine [6]. Mass spectrometry
based shotgun proteomics identified 1822 proteins of the 1867 unique protein cod-
ing genes in the Group 1 O. formigenes strain OxCC13 [7]. From the protein datas-
ets presented it is clear this organism contains a repertoire of metabolic pathways
that mediate adaptation with nutrient shifts and environmental stress. For example,
the proteomic analysis showed superoxide dismutase increases in stationary relative
to log phase suggesting O. formigenes has the ability to persist outside the anaerobic
environment of the intestine.

Growth of O. formigenes in culture occurs under anaerobic conditions, with opti-
mal growth at pH between 6 and 7 in a carbonate—bicarbonate buffered medium that
contains minerals, oxalate, acetate, and a small amount of yeast extract. It requires
a low concentration of acetate (0.5 mM) to grow, but acetate alone cannot support
growth [3]. Oxalate serves as both the energy yielding substrate and the major
source of carbon for growth [10, 11]. Smaller amounts of carbon are also assimi-
lated from acetate and carbon dioxide. The energy yield from oxalate is low, but
sufficient to support growth. The low yield of O. formigenes in culture and its sen-
sitivity to oxygen has implications for the preparation of O. formigenes for probiotic
use. A recent study examining some common processes and conditions associated
with manufacturing of probiotic strains highlighted the resilience of the Group 1 O.
Sformigenes strain OxCC13 to lyophilization and storage in yogurt. In light of this
work, it would be of interest to test if individuals can be colonized with either lyoph-
ilized O. formigenes or O. formigenes mixed in with yogurt. Previous in vitro work
examining various biological properties of O. formigenes showed that different
strains of O. formigenes have different tolerances to environmental stress such as
acid and air exposure. This work would suggest that it will be prudent to identify an
O. formigenes strain more resilient to common processes associated with probiotic
preparation before embarking on a colonization study in humans.

A recent in vitro study indicated that O. formigenes culture conditioned medium
stimulates oxalate secretion in human intestinal Caco-2-BBE cells [12]; however,
these findings were not replicated by a different group [13] and warrants further
investigation. Arvans et al. also showed that rectal administration of O. formigenes
culture conditioned medium resulted in a reduction in urinary oxalate excretion in a
mouse model of PH1; however, a direct measurement of enteric oxalate secretion
utilizing oxalate isotopes administered intravenously and then measured in the gut
is still needed to quantify the extent of this pathway. Of interest was the recent filing
of a patent by OxThera Pharmaceuticals that covers the invention of the isolation
and administration of secretagogues derived from O. formigenes that may enhance
oxalate secretion into the intestinal lumen (http://www.google.com/patents/
WO02015002588A17cl=en). Although the work described in this patent did not
identify any compelling secretagogue candidates, the identification of a bioactive
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factor or factors secreted by O. formigenes that induces oxalate secretion may be an
effective therapy to reduce the oxalate burden in patients with Primary Hyperoxaluria.

O. formigenes in the Human Gut

Because of O. formigenes dependency on oxalate for growth, its intestinal numbers
are sensitive to both dietary oxalate and dietary calcium intake. This was high-
lighted in a study where O. formigenes numbers were measured in the stool of
healthy subjects equilibrated to diets controlled in oxalate, calcium and other nutri-
ents, as shown in Fig. 9.1 [14]. In this study, bacterial numbers were shown to
increase 12-fold on average as dietary oxalate increased 15-fold. Interestingly, the
availability of oxalate was also shown to influence bacterial numbers as a fivefold
increase in dietary calcium, which will limit the bioavailability of oxalate due to the
high affinity of calcium for oxalate, decreased bacterial numbers approximately
fivefold. The dependency for oxalate and the inverse relationship between dietary
calcium and O. formigenes numbers may lead to a loss of colonization in stone
formers who are recommended to maintain an adequate calcium and low oxalate
intake and warrants further investigation.

Enumeration in human stool from healthy non-kidney stone forming individuals
suggests O. formigenes represents a tiny fraction of the total intestinal microbiota [6].
Many low abundance bacteria are thought to survive in the intestines by occupying
specific nutrient niches where competition for their food source is limited [15].
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Fig. 9.1 Number of fecal O. formigenes with changes in dietary oxalate (lll) or dietary calcium
(D). Daily calcium intake was 1000 mg on the varied oxalate dietary phase and daily oxalate was
250 mg on the varied calcium dietary phase. Real-time PCR was used to quantitate O. formigenes
numbers. 5.5% 10* CFU/ng DNA was used to convert gPCR data to number of O. formigenes per
g feces. (Modified from [14])
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Indeed, both in vitro culture studies [16] and a recent human study [14] show that O.
formigenes utilizes oxalate more efficiently than many other bacteria. Thus, an
important factor in the survival of this organism in the intestines is its unique ability
to outcompete other bacteria for its food source [14], highlighting the highly efficient
oxalate degrading capacity of O. formigenes relative to other microbiota. These data
also show that the oxalate degrading capacity of the microbiome of non-colonized
individuals is negligible at low oxalate intake, but increases with adaptation to inges-
tion of higher levels of dietary oxalate, as the dietary oxalate recovered in stool with
a daily intake of 250 and 750 mg dietary oxalate was ~80% and ~60%, respectively
(Fig. 9.2). The impact of these “generalist” oxalate degrading bacteria in calcium
oxalate stone disease is not known, and warrants careful investigation [17].

0. formigenes Colonization

Little is known about how and when individuals become colonized or how O. for-
migenes persists over time. The source of O. formigenes that colonizes the gut is not
known. Studies to date suggest it occurs early in childhood [18] and based on what
we know about O. formigenes transmission from animal experiments it is obtained
from the environment, not directly from the mother [19].

A review of the colonization frequencies conducted worldwide indicated that
38-77% of a normal population is colonized and it was consistently observed that
the colonization frequency in stone formers was about half that in normal subjects
[20-23]. Several studies have indicated that the intake of antibiotics can result in the
loss of colonization [21, 24, 25], and this is supported by lower prevalence of O.
formigenes in both cystic fibrosis patients [26], and calcium oxalate stone formers
who are frequently prescribed antibiotics [27, 28]. It is also possible that a lower
rate of colonization in stone formers is due to patients restricting dietary oxalate
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intake. To date, there has only been one study to examine factors that impact colo-
nization, and in this study [21] only a slight (non-significant) trend was observed
between prevalence of colonization (simply whether or not a person was colonized
with O. formigenes) in normal subjects and dietary oxalate intake.

Recent analyses of the American Gut Project (AGP) large-scale datasets (>8000
samples) has provided novel insights into O. formigenes colonization of the human
gastrointestinal tract [22]. These analyses support the finding that individuals resid-
ing in countries with strong healthcare programs and/or higher economic life-styles
tend to have significantly less O. formigenes colonization, an observation consistent
with the higher general use of antibiotics within these more affluent societies and
populations. The AGP sequence analysis also revealed humans may be co-colonized
by Group 1 and Group 2 O. formigenes strains, and Group 1 strains may be the most
prevalent and abundant strains in the human gastrointestinal tract, while group 2
strains are less common; however, studies still need to be performed to determine if
colonization with both strains is possible and offers any advantages regarding oxa-
late handling. The AGP and a recent study of gut microbiota in stone formers and
controls [29] emphasize that biodiversity in the communal structure supporting O.
formigenes is a key feature in oxalate degradation.

The ability to re-colonize individuals lacking O. formigenes has previously been
addressed by a study in which two healthy adults not colonized with O. formigenes
became colonized following the ingestion of cultured O. formigenes [30], and sub-
sequently remained colonized for 9 months. However, other studies where O. formi-
genes was provided in the form of an enteric coated capsule or as a frozen paste to
patients suffering from Primary Hyperoxaluria, resulted in only a minority of the
patients remaining colonized post-treatment [31, 32]. Therefore, although it seems
quite possible that O. formigenes colonization of non-colonized stone formers may
be a cheap and effective way to help minimize stone risk in calcium oxalate stone
formers, long term colonization studies are required.

0. formigenes Colonization and Risk of Calcium Oxalate Stone
Disease

Since the discovery of O. formigenes in 1985 and the recognition that it resides in
the human gut and degrades oxalate, a role for the organism in stone disease has
been considered. Initial case—control studies with small numbers of subjects sug-
gested colonization may be protective against stone disease [27, 33, 34], as mea-
surements of urinary oxalate excretion was lower in colonized compared to
non-colonized individuals despite a large variability in oxalate excretion and a lack
of dietary oxalate and calcium control during urine collections. In addition, a recent
study showed 24 h urinary oxalate excretion and plasma oxalate were significantly
lower in O. formigenes colonized patients compared to O. formigenes negative
patients on a standardized diet [35]. Colonization was also found to be significantly
inversely associated with the number of stone episodes.

Similarly, the association of recurrent calcium oxalate stone disease and a lack of
O. formigenes was assessed in a study of 247 calcium oxalate stone formers and 259
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matched controls [20]. The odds ratio for forming a recurrent stone when colonized
was found to be 0.3, which indicates a 70% reduction in stone risk. Surprisingly,
there was no difference in urinary oxalate excretion between colonized and non-
colonized individuals in either group, which may be due to highly variable oxalate
excretion results despite a large enough sample size, as well as the fact that dietary
oxalate and calcium levels were not controlled. The discordance in results may be
partially explained by our study in healthy subjects that illustrated that the beneficial
oxalate degrading activity of O. formigenes is highly dependent on diet [14]. In this
study, urinary oxalate excretion was only found to be significantly lower in colo-
nized subjects compared to non-colonized individuals when subjects were adminis-
tered a low calcium (400 mg/day) and moderate oxalate (250 mg/day) diet, indicating
that the efficiency of this bacterium is not maximal at all calcium and/or oxalate
concentrations. Further controlled dietary studies are needed to examine what levels
of dietary oxalate and calcium intake are required for successful colonization of
non-colonized calcium oxalate stone formers with O. formigenes.

Patients subjected to Roux-en-Y gastric bypass (RYGB) are at risk of hyperoxal-
uria and calcium oxalate kidney stone disease [36], most probably due to increased
net gastrointestinal absorption. Of note, rates of O. formigenes colonization have been
shown to be lower in morbibly obese individuals being evaluated for or just after bar-
iatric surgery [37, 38]. Recent work by Canales and Hatch using a RYGB rat model
showed that colonization with O. formigenes lowered 24 h urinary oxalate excretion
74% in RYGB animals, suggesting patients who exhibit hyperoxaluria after malab-
sorptive bariatric surgery may benefit from colonization with O. formigenes [39]. O.
formigenes has been demonstrated to induce gastrointestinal oxalate secretion in ani-
mal models, which may be a second mechanism by which this organism decreases
oxalate levels within the circulation and the kidney [39-42]. A recent controlled
dietary study with 11 O. formigenes calcium oxalate stone formers and 26 non-colo-
nized calcium oxalate stone formers, showed absorption of a *C,-oxalate load was not
significantly different between the groups, but plasma oxalate concentrations were
significantly higher in non-colonized (5.79 pmol/l) compared to O. formigenes colo-
nized stone formers (1.70 pmol/l) [35]. These data support the findings in rodent mod-
els that O. formigenes induces enteric secretion of endogenously produced oxalate,
thereby decreasing plasma oxalate concentration. Whether the modification of host
oxalate transport properties by O. formigenes colonization underlies the reduction of
risk for calcium oxalate stone formation is currently being tested by OxThera, Inc., in
a Phase 3 clinical trial with Primary Hyperoxaluria patients.

Conclusions

Much still remains to be learned about how O. formigenes establishes and maintains
gut colonization. Unraveling these mechanisms is especially important with respect to
the colonization of non-colonized stone formers. Further studies on the factors involved
in colonization resilience and enteric secretion of host derived oxalate are warranted in
light of this. The range of conditions where O. formigenes lowers stone risk and the
role the composition of the gut microbiome plays in this remain to be clearly defined.
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