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Introduction: Hyperoxaluria is a risk factor for kidney stone formation and chronic kidney disease pro-
gression. The microbiome is an important protective factor against oxalate accumulation through the
activity of its oxalate-degrading enzymes (ODEs). In this cross-sectional study, we leverage multiomics to
characterize the microbial community of participants with primary and enteric hyperoxaluria, as well as
idiopathic calcium oxalate kidney stone (CKS) formers, focusing on the relationship between oxalate
degrading functions of the microbiome.

Methods: Patients diagnosed with type 1 primary hyperoxaluria (PH), enteric hyperoxaluria (EH), and CKS
were screened for inclusion in the study. Participants completed a food frequency questionnaire recording
their dietary oxalate content while fecal oxalate levels were ascertained. DNA and RNA were extracted
from stool samples and sequenced. Metagenomic (MTG) and metatranscriptomic (MTT) data were pro-
cessed through our bioinformatics pipelines, and microbiome diversity, differential abundance, and net-
works were subject to statistical analysis in relationship with oxalate levels.

Results: A total of 38 subjects were recruited, including 13 healthy participants, 12 patients with recurrent
CKS, 8 with PH, and 5 with EH. Urinary and fecal oxalate were significantly higher in the PH and the EH
population compared to healthy controls. At the community level, alpha-diversity and beta-diversity
indices were similar across all populations. The respective contributions of single bacterial species to
the total oxalate degradative potential were similar in healthy and PH subjects. MTT-based network
analysis identified the most interactive bacterial network in patients with PH. Patients with EH had a
decreased abundance of multiple major oxalate degraders.

Conclusion: The composition and inferred activity of oxalate-degrading microbiota were differentially
associated with host clinical conditions. Identifying these changes improves our understanding of the
relationships between dietary constituents, microbiota, and oxalate homeostasis, and suggests new
therapeutic approaches protecting against hyperoxaluria.
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are composed of calcium oxalate (CaOx).” Oxalate in the
urine originates from 2 sources; up to half comes from
the diet whereas the remainder is an endogenous end
product of hepatic metabolism.” High urinary oxalate
levels are also a risk factor for chronic kidney disease
progression.5 Hepatic overproduction or intestinal

yperoxaluria is a known risk factor for neph-
rolithiasis," which affects ~9% of US adults and
is increasing in prevalence.” Most urinary tract stones
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overabsorption of oxalate increases urinary excretion,
with hyperoxaluria defined as excretion >40 mg/24h.6
The PHs are a group of very rare inherited conditions,
with estimated prevalence of 1 to 2 per million in the
US, in which defective hepatic metabolism of oxalate
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precursors leads to oxalate overproduction.” Type 1 PH
(PH1) due to pathologic changes in the AGXT gene has
on average the highest urinary oxalate excretion and
more severe long term outcomes.” These genetic dis-
eases are distinguished from EH, which can result from
any cause of intestinal malabsorption of fat including
Roux-en-Y gastric bypass (RYGB]9 or inflammatory
bowel disease.'"” In EH, fat malabsorption leads to
higher bioavailability of unbound dietary oxalate that
is mostly absorbed passively in the gastrointestinal
tract."'
The trillions of microorganisms that constitute the
gut microbiome have emerged as an important deter-
minant of health and disease, with bacterial metabolic
activity often complementing missing host functions.'”
Humans lack the enzymes for degrading oxalate,
whereas oxalate-degrading bacteria (ODB), termed the
oxalobiome, colonize the human intestinal track."’
Whereas earlier microbiome studies relied on 16S
rRNA sequencing for determining taxonomic abun-
dance, there is increasing focus on bacterial functional
potential as inferred from MTG data. Furthermore, to
date few studies have evaluated bacterial function
in vivo using MTT sequencing.'* ODB abundances have
been described in the microbiome of healthy partici-
pants and patients with inflammatory bowel disease'’
and in CKS formers.'® However, the oxalobiome of
patients with PH, which as a group is characterized by
hepatic overproduction of oxalate, has not been defined
beyond the prevalence of Oxalobacter formigenes colo-
nization.'” Furthermore, there has not been sufficient
study of the oxalobiome of patients with EH. Previous
studies, based on 16S rRNA and MTG sequencing of
the microbiome, do not accurately represent in vivo
oxalate degradation activity.'® To address this gap, we
previously described transcription of ODEs using MTT
sequencing to understand oxalate degradation in vivo."”
We hypothesize that the diversity and functions of
the microbiome are impacted by diseases that vary in
their mechanism of oxalate excess. Thus, in this cross-
sectional study, we characterized the microbiome
composition of different populations at risk for
hyperoxaluria and kidney stones. We then focused on
the oxalobiome and assessed the link between diet,
oxalobiome structure and function, and fecal oxalate.

METHODS

Study Population Recruitment

Between August 2016 and September 2018, we
recruited participants with PHI1 from the Rare Kidney
Stone Consortium Oxalosis and Hyperoxlauria PH
registry at the Mayo Clinic, Rochester Minnesota.
Healthy, EH, and CaOx stone-forming participants
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were recruited from the kidney stone clinics at Mayo
Clinic and New York University Langone Health.
Eligibility criteria included the following: age between
18 and 80 years and relatively preserved kidney
function (estimated glomerular filtration rate >50 ml/
min per 1.73 m®). PHI was confirmed via pathologic
AGXT mutations'® and patients with EH had under-
gone RYGB surgery at least 6 months previously.
Idiopathic CKS formers were screened for a history of a
CKS either passed spontaneously or removed by uro-
logical intervention within 5 years of recruitment, with
stone composition determined by infrared spectros-
copy or x-ray crystallography. The control group
consisted of healthy participants with no history of
kidney or bowel disease. Patients who received anti-
biotics within 6 months of recruitment or had a history
of kidney or liver transplant were excluded from the
study.

We reviewed the clinical records and collected data
on patient age, sex, race, ethnicity, weight, gastroin-
testinal symptoms, height, body mass index, and esti-
mated glomerular filtration rate within 2 years of the
stool collection. Results of 24-hour urine study collec-
tion in the patients before enrollment allowed the
confirmation of hyperoxaluria in patients with EH and
those with PH (urinary oxalate >45 mg/24h). To
quantify the average dietary intake of calcium, oxalate,
and vitamin C, participants completed a food frequency
questionnaire using the Viocare software within 1
month after the stool collection.'’

This study was conducted in compliance with the
Declaration of Helsinki. Written informed consent was
obtained from the patients for enrollment and approval
was granted by the institutional review board of both
institutions (Protocol Number: NCT02794649).

Data and Sample Collection
Urine chemistry analytes was obtained from the 24-
hour urine measurements in the clinical records
before recruitment. Urine chemistry analytes included
oxalate, calcium, citrate, sodium, potassium, and pH,
together with volume and supersaturation calculations
by EQUIL2*’ (Supplementary Table S1). For healthy
subjects, urine oxalate was imputed based on normal
distributions from a large US population.”’ For the 2
patients with CKS with missing urine data, the primary
outcomes were imputed from the means of urine oxa-
late from the other CKS participants in our study of the
same sex, as previously described.”” Subjects with
missing dietary oxalate data were excluded from the
affected analyses.

All participants were provided with stool collection
kits with written instructions for fecal sample collec-
tion in Norgen stool stabilizer that were shipped to
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New York University. Norgen has been shown to sta-
bilize RNA for up to 1 week and DNA for up to 1
month at room temperature.”’ These aliquots were
stored at —70 °C until processing. Fecal oxalate levels
were measured using the Abcam kit (Abcam, Cam-
bridge UK/Catalog # ab196990)'” and normalized by
weight. For the measurement of total fecal oxalate
content (as micromoles/mg of feces), fecal samples were
vigorously mixed with ultrapure 2 M HCI (ratio of 1 mg
to 9 ul) for 20 minutes at room temperature to ensure
complete dissolution of all oxalate crystals.”

DNA was extracted from fecal samples using the
DNeasy PowerSoil Pro Kit (Qiagen, Germantown, MD/
Catalog # 47016) per protocol. RNA extraction was
performed wusing the QIAGEN RNeasy Power-
Microbiome Kit per protocol (Qiagen/Catalog # 26000-
50). Library preparation was performed using Kapa
Hyper library prep. Whole MTG and MTT sequencing
was performed wusing the Illumina HiSeq4000
sequencing platform at the New York University
Genome technology center. All 38 samples except 1
were sequenced in the same run to reduce batch
effects.

Bioinformatics Pipeline

Analysis of the microbiome community was performed
by the New York University Microbiomic Informatics
Laboratory of the Center for Health Informatics and
Bioinformatics. The raw data obtained from shotgun
MTG and MTT sequencing underwent upstream pro-
cessing for quality control, including adapter trimming
performed via trim-galore; quality scores <30 were
trimmed. Human-associated gene removal was per-
formed by KneadData v.0.7.4 with default settings.
Microbial taxonomic profiles were generated with
Kraken2.”” The extensive microbiome and metagenome
data compiled as part of the Human Microbiome Proj-
ect’® served as reference data for our analysis.

Using the MTG and MTT data, we performed tar-
geted identification of microbial enzymes involved in
oxalate degradation (formyl-CoA:oxalate CoA trans-
ferase [FRC] and oxalyl-CoA decarboxylase [OXC]) us-
ing our targeted pipeline, as described previously.'’
Two protein homolog families of FRC and OXC were
obtained from Uniprot InterPro via protein family
number IPR017659 and IPR017660. The MTG and MTT
analysis focused on exploiting differential genomic
content and transcripts via a gene-targeted approach.

The MTG and MTT reads were aligned against these
2 protein homologs via diamond BLASTX, with the best
hit (-max-target-seqs 1). Using reads mapped via
BLASTX, we built contigs, against KEGG sequences of
the targeted oxalate genes, performed on a per-sample
basis over the proposed set of total samples.
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Statistical Analysis

All statistical analysis was performed using R software
(Version 4.3). We conducted descriptive analyses to
compare clinical variables across disease groups, using
analysis of variance for continuous variables, and Fisher
exact test for categorical variables. Pairwise comparisons
between any 2 disease condition populations using t-test
for continuous variables and Fisher’s exact test for cat-
egorical variables. Pearson correlation was employed to
assess the associations between dietary variables and
fecal oxalate. Alpha (Observed, Chaol, Shannon, and
Simpson indices) and beta diversities (Bray—Curtis
dissimilarity and Jensen—Shannon divergence) were
calculated at the species rank to estimate microbial
community-level diversity in both MTG and MTT data.
Linear regression was used to check whether alpha di-
versities vary across different populations, while
adjusting for age and sex. Wilcoxon signed-rank tests
were used for pairwise group comparisons of alpha di-
versity. Spearman correlation tests assessed associations
between alpha diversity and both dietary factors (cal-
cium and/or oxalate) and continuous clinical outcomes
(urinary or fecal oxalate). Permutational multivariate
analysis of variance”’ was used to assess group beta di-
versity differences, adjusted for age and sex.

We then assessed the population-level contribu-
tion of different taxa to total ODEs, as described."’
The abundance of each ODE protein homolog was
calculated as reads/kilobase/million. By deconvo-
luting ODE genes into taxa at the species level, we
then evaluated the contribution of each species to
both ODE genetic material (MTG; DNA) and their
transcription (MTT; RNA) relative to the full oxa-
lobiome. Species with prevalence less than 10%
were excluded from the following analysis, as
previously described.”®*’

For both MTG and MTT data, we calculated gamma
diversity, reflecting the total number of unique taxa
across all samples within each population. We used
ANCOM-BC™® to assess the differential abundance of a
particular taxa harboring an ODE, between one of the
populations of interest and healthy controls, while also
adjusting for age and sex. This evaluation in the
transcriptomic dataset informs about the differential
transcriptional activity within the oxalate degrading
community.

In microbial ecology, bacterial networks allow the
representation of the interactions within the commu-
nity based on rates of cooccurrence or coexclusion of
the species involved in the network.” Network ana-
lyses were conducted to assess interactions among ODB
in the 4 populations based on the taxon-taxon corre-
lations obtained using SparCC’' in both the MTG and

MTT data; every correlation between 2 ODB

Kidney International Reports (2024) 9, 1836-1848
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constitutes an edge between 2 nodes.”’ A prespecified
correlation cut-off of 0.2 was used for network con-
struction and its graphical representation. We used
permutation tests to compare PH, EH, and CKS net-
works of ODB with healthy controls, based on the
following 2 invariance measures: the global strength
and the structure invariance.’”” The former measure
tests whether the overall level of connectivity is the
same across populations and the latter measure tests
whether any edges are different. We also considered 2
scenarios for the weight of edges used in both mea-
sures. Weights were either defined at 1 or considered
in their observed correlation coefficients if the absolute
correlation between 2 taxa was =0.2; in both cases,
weight was attributed a value of 0 if absolute corre-
lation was <0.2.

Furthermore, we explored whether the species
contributing to the network as a community were
associated with dietary components and fecal oxalate.
Specifically, for a given constructed network, we
treated the member species as a subcommunity and
calculated its community diversities using Shannon
index, total abundance, and the number of present
taxa, respectively.”’ Spearman correlation was then
employed to investigate the relationship between these
community diversities and the dietary components and
fecal oxalate. The Benjamini-Hochberg procedure was
applied to correct for multiple comparison testing.34
The g value, a false discovery rate—adjusted P value,
is calculated using the Benjamini-Hochberg procedure
for multiple testing correction. Due to the small sample
size, P/q values <0.10 were considered as statistical
significance.

Table 1. Characteristics of the 38 subjects in the study population

CLINICAL RESEARCH

RESULTS

Population Characteristics

In total, 38 participants were included in the study as
follows: 8 with PHI; 5 with EH that developed post-
RYGB; 12 who were idiopathic CKS formers, and 13
who healthy participants (Supplementary
Figure S1). Their baseline characteristics are summa-
rized in Table 1 and a head-to-head comparison can be
found in Supplementary Tables S2 to S4, with g-values
summarized in Supplementary Table S5.

This study’s participants were mostly (84%) White,
and 55% were females. Patients with PH (aged 33.0 &
13.6 years) were significantly younger than in the other
groups of stone formers CKS (aged 47.5 £ 13.8 years)
and those with EH (aged 55.6 & 14.6 years). All groups
had similar body mass index except the patients with
EH who had higher mean body mass index (35.7 &= 5.88
kg/m?), reflecting their history of obesity and indica-
tion for RYGB.

The main dietary exposures of interest, calcium and
oxalate intake, were similar across the 4 populations
(Table 1). Dietary vitamin C intake among patients with
PH was higher than in healthy controls (152 & 61.5 vs.
80.4 & 37.6 mg, P = 0.02) (Supplementary Table S2).

Urine oxalate from chart review was similar between
the CKS stone formers and the healthy controls in the US
population (33.8 &= 12.2 mg/24h vs. 31.9 4= 7.73 mg/24h;
P =0.66).”' Compared to the controls, patients with EH
(62.5 & 12.7 mg/24h; P = 0.003) and PHI (99.9 & 57 mg/
24h; P = 0.012) had significantly higher levels of urine
oxalate, thus confirming the hyperoxaluria phenotype.
Other urine parameters were similar in all 3 stone-forming

WEre

Population Healthy control Enteric hyperoxaluria Primary hyperoxaluria CKS former P-value*
n 13 5 8 12
Characteristics Age 39.1 (11.8) 55.6 (14.5) 33.0 (13.6) 47.5 (13.8) 0.017
Sex Female 7 (563.8%) 4 (80%) 6 (75%) 4 (33.3%) 0.222
Male 6 (46.2%) 1 (20%) 2 (25%) 8 (66.7%)
Ethnicity Hispanic or Lafino 2 (15.4%) 0 (0%) 0 (0%) 1 (8.3%) 0.852
not Hispanic or Lafino 11 (84.6%) 5 (100%) 8 (100%) 11 (91.7%)
Race American Indian 0 (0%) 0 (0%) 1 (12.5%) 0 (0%) 0.834
White 11 (84.6%) 5 (100%) 6 (75.0%) 10 (83.3%)
Other 2 (15.4%) 0 (0%) 1 (12.5%) 2 (16.7%)
Body Measures Height (cm) 166 (10.5) 167 (7.82) 170 (4.60) 174 (8.62) 0.165
Weight (kg) 70.4 (13.7) 99.4 (19.6) 72.3 (8.40) 83.5 (21.2) 0.016
BMI 25.2 (3.43) 35.7 (6.88) 24.9 (1.76) 27.2 (6.43) <0.001
Nutritional Data Dietary calcium (mg) 1160 (629) 1250 (426) 1320 (464) 1300 (742) 0.938
Dietary oxalate (mg) 236 (316) 331 (275) 333 (323) 212 (167) 0.741
Ox/Ca ratio 0.280 (0.233) 0.275 (0.232) 0.250 (0.196) 0.184 (0.144) 0.832
Diefary vitamin C 80.4 (37.6) 133 (152) 152 (61.5) 166 (129) 0.249
QOutcome Fecal oxalafe (uM/mg) 0.240 (0.0944) 0.932 (0.117) 0.998 (0.140) 0.742 (0.192) <0.001
Urinary oxalate (mg/24h) 31.9 (7.73) 62.5 (12.7) 99.9 (67.0) 33.8 (12.2) <0.001

BMI, body mass index.
Data for body measurements, nutrition, and outcomes are presented as Mean (£ SD).
*P-value from the ANOVA test for the continuous variables, and chi-squared test for the categorical variables.
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Figure 1. Metagenomic findings, based on Kraken output. (a) Alpha diversity comparison between groups, with p-value based on analysis of
variance adjusted for age and sex. (b) Pairwise group comparison for alpha diversity: g-value based on Benjamini-Hochberg correction
adjusted for age and sex. (c) Association analysis of alpha diversity with clinical variables using a heat map of metagenomic alpha diversity
correlation with outcomes; *P-value < 0.1. (d) Beta-diversity based on the Bray-Curtis dissimilarity and the Jensen-Shannon divergence, with
P-value based on permutational multivariate analysis of variance, adjusted for age and sex. (e) Taxonomic abundance in the different groups of

study subjects. Ca0x, calcium oxalate.

groups, except for 24-hour urine volume, which was
highest in PH1 participants (Supplementary Table S1).
Measured fecal oxalate levels were significantly
higher in patients with PH1 (0.998 & 0.140 [IM/mg),
those with EH (0.932 & 0.117 UM/mg) or CKS formers
(0.742 £ 0.192 UM/mg) compared with the healthy
controls (0.240 4= 0.094 UM/mg; P < 0.001 in all 3 cases).
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To address whether dietary intake patterns were
associated with measured fecal oxalate, we examined
dietary calcium, oxalate, and vitamin C intake within
each disease subgroup (Supplementary Figure S2).
There were no significant associations except that
vitamin C was positively correlated with fecal oxalate
in CKS formers.

Kidney International Reports (2024) 9, 1836-1848
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Figure 2. Population level contribution of the formyl-CoA:oxalate CoA transferase oxalate-degrading enzyme. (a) Population level contribution
based on formyl-CoA:oxalate CoA transferase metagenomic and metatranscriptomic level of activity. (b) Gamma diversity of the oxalobiome
based on formyl-CoA:oxalate CoA transferase in the metagenomic analysis. (c) Gamma diversity of the oxalobiome based on formyl-CoA:oxalate
CoA transferase in the metatranscriptomic analysis. Ca0x, calcium oxalate.

Bacterial Community Level Analysis

Alpha diversity measures the taxonomic richness and the
evenness of the microbiome. There were no differences in
alpha diversity between the groups of stone-formers and
the healthy controls (Figure 1a and b). We then explored
the correlation between alpha-diversity and dietary
covariates and fecal oxalate (Figure lc). None of the
comparisons were significant, but the oxalate to calcium
ratio was positively correlated with alpha diversity in PH
and EH, and calcium intake was negatively associated
with alpha diversity in PH and EH. Analysis of beta-
diversity, examining differences in community popula-
tion structure between the clinical groups, showed no
significant differences (Figure 1d). Therefore, at the global
level of microbiota analysis there were no consistent dif-
ferences between the clinical groups.

At the taxonomic family level, the Bacteroidaceae
represented the largest single group in all populations.
The Prevotellaceae, which were highly abundant in the
healthy and CKS population, were not as abundant in the
PH and EH populations. The Enterobacteriaceae
accounted for a bigger part of the microbiome population
in patients with EH than in the other groups (Figure le).

Kidney International Reports (2024) 9, 1836-1848

ODEs

Two oxalate degradation pathways have been
described in bacteria. The 2-step pathway involving
sequential reactions catalyzed by FRC and OXC is most
frequently seen in human-associated microbiota,
whereas the pathway involving the oxalate oxidase/
decarboxylase enzyme is rarely detected in the human
gut microbiota."’

High throughput sequencing, by evaluating genes
related to oxalate degradation in all 38 subjects, led to 2
complementary outputs. MTG sequencing provides a
normalized abundance of bacterial genes, allowing
quantitation of the genetic potential of the microbiome
for a specific function. The MTT output assesses the
aggregate and specific transcriptional activity level of
the microbiota. We focused on FRC in all further ana-
lyses for 2 reasons. First, FRC has been better charac-
terized with a higher number of reference proteins in
databases than OXC.*’ Second, the profiles based on
FRC and OXC mirrored each other in our datasets
(Figure 2a and Supplementary Figure S3A).

In total, we identified 183 taxa encoding FRC in the
MTG and 106 taxa transcribing FRC in the MTT data.
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Figure 3. Differential abundance analysis using ANCOM-BC in primary hyperoxaluria, enteric hyperoxaluria, and CaOx kidney stone patients
compared with healthy controls, based on formyl-CoA:oxalate CoA transferase, adjusted for age and sex. (a) enteric hyperoxaluria versus
healthy controls at metagenomic level; species found to be concordantly differentially abundant in the metagenomic and metatranscriptomic
datasets are highlighted with an *. (b) Enteric hyperoxaluria versus healthy controls at metatranscriptomic level. (c) Primary hyperoxaluria
versus healthy controls at metagenomic level. (d) CKS versus healthy controls at metagenomic level. Ca0X, calcium oxalate; EinD, Enriched in

disease.

These results confirm our previous findings that not all
taxa with ODG transcribe those genes in vivo.'"
Computing the contribution of each bacterial taxa to
overall oxalate degradation from the MTG to the MTT
levels in every population allowed identification of the
most active contributors to oxalate degradation in each
of the groups in vivo (Figure 2a).

In healthy participants, the contribution of O for-
migenes to total ODEs increased from less than 10% at
the gene level to approximately >70% at the tran-
scripts level. A similar pattern was observed in PHI,
with the O formigenes contribution accounting for most
of the ODEs at the transcriptional level. Bacteria that
predominated at the gene level, like Escherichia coli in
healthy participants or Azospirillum sp 51_20 in pa-
tients with PH1, had a more modest contribution when
the transcriptome was assessed. Importantly, the E coli
contribution to the ODEs was predominant in CKS
formers and patients with EH at both the gene and
transcript level, suggesting a disruption of the normal
oxalate degrading community in these diseases, with
little or no contribution of O formigenes.
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In summary, patients with PH1 had a similar pattern
of oxalate-degrading activity across their microbiome
when compared with healthy participants, with pre-
dominant O formigenes contribution at the transcrip-
tional level, whereas oxalate degradation was via other
bacteria including E Coli in EH and CKS.

At the MTG level, the healthy controls had the
highest number of taxa with oxalate-degrading poten-
tial, (42) followed by CKS, PH, and EH (Figure 2b). A
total of 17 taxa were shared by the 4 groups
(Supplementary Table S6). At the MTT level, PHI had
the highest number of taxa transcribing FRC; followed
by healthy controls; then CKS; and EH, which only has
3 taxa transcribing FRC (Figure 2c). These pattern
differences point toward microbiome associations with
illness status that may have substantial clinical
significance.

Differential Abundance Analysis

At the species level, in the MTG patients with data EH
had a decreased abundance of several oxalate-degraders
such as Bifidobacteria and Muribaculaceae (Figure 3a). In
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Figure 4. Oxalate-degrading bacteria network based on formyl-CoA:oxalate CoA transferase levels. (a) Oxalate-degrading bacterial interaction
network based on the metagenomic abundances of formyl-CoA:oxalate CoA transferase. (b) Oxalate-degrading bacterial interaction network
based on the metatranscriptomic abundances of formyl-CoA:oxalate CoA transferase. (c) Network comparison in the metagenomic-based
formyl-CoA:oxalate CoA transferase networks. (d) Network comparison in the metatranscriptomic-based formyl-CoA:oxalate CoA transferase
networks. A correlation cut-off of 0.2 is used for graphical representation. Each red edge is a negative correlation, and a blue edge is a positive
correlation. Network comparisons are summarized in a table of P-values, using 2 metrics with 2 types of comparison, one involving the raw
correlation value and the other a majored value. Significance is shown in bold. CaOx, calcium oxalate.

the MTT dataset, the differential abundance analysis
reflects the differential activity of a member of the gut
microbiome community. Notably, O formigenes was
noted to be depleted in the EH population, as was Bifi-
dobacterium pseudocatenulatum (Figure 3b). At the MTG
level, Adlercreutzia muris had decreased abundance in
the 3 disease populations (Figure 3).

Network Analysis

In the MTG analysis, patients with EH had the most
active bacterial interaction network whereas patients
with PH1 demonstrated a less interactive network at
the gene level (Figure 4a and c). In contrast, the tran-
scriptional data revealed an opposite pattern with a
dense network in patients with PHI as opposed to a
scarce network interconnection in the EH group
(Figure 4b and d). ODB interaction networks in CKS
formers and healthy controls were poorly developed
based on both the MTG and MTT datasets. Moreover,
CKS formers manifest a significantly different network
than healthy controls, based on the invariant global
strength of the FRC transcriptomic network (P =
0.002). Although OXC-based networks were less
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developed for all groups, they showed similar patterns
as the FRC networks (Supplementary Figure S4A-D).
The node degree (ND) of a species in network ana-
lyses refers to its number of connections to other species
and estimated betweenness (EB) to the number of times a
node lies on the shortest path between other nodes. Both
ND and EB infer the importance of species’ involvement
in a specific network. Species with the highest ND and
EB are central to a network because they act as bridges
between multiple nodes (Supplementary Tables S7-510).
In the PHI group, O formigenes involvement in the
oxalate-degraders network seemed peripheral based on
the MTG analysis of FRC, whereas analysis of the MTT
dataset instead establishes O formigenes as the most
crucial species in the network, having both the highest
ND and EB of the network. B pseudocatenulatum, Mur-
ibaculaceae, and E coli were also among the major spe-
cies. In patients with EH, networks were only
identifiable on the gene level (MTG), with the major
species being Ligilactobacillus animalis, Pseudonocardia-
ceae bacterium, Caballeronia grimmiae and Actino-
phytocola sp., whereas species such as B dentium, O
formigenes, and Porphyromonadaceae bacterium had in-
termediate importance in the network. ND and EB were
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Figure 5. Network correlation with dietary factors and outcomes of interests in patients with primary hyperoxaluria patients with enteric
hyperoxaluria, and CKS formers. Correlation of FRC activity at the metagenomic and metatranscriptomic levels to dietary factors and urinary and
fecal oxalate. Spearman correlation is performed. *P —value = 0.05. CKS, calcium oxalate kidney stone; FRC, formyl-CoA:oxalate CoA

transferase; MG, metagenomics; MT, metatranscriptomics.

not computed for the CKS and healthy participants
because the networks were underdeveloped.

Next, we examined correlations between the taxa
identified as members of a network and either dietary
factors or fecal oxalate in EH, PH1 and CKS participants
(Figure 5). In the EH and PHI cohorts, 3 microbial
metrics, namely total abundance, Shannon index, and
observed taxa from the transcriptomic MTT data, had
consistent correlations, whereas there was none at the
MTG level. In patients with PHI, the oxalate-
degrading network was positively correlated with di-
etary calcium and oxalate exposure. In patients with
EH, the network of oxalate degraders was negatively
correlated with fecal oxalate levels. For the CKS for-
mers, the MTG and MTT datasets yielded opposite
trends in every analysis.

DISCUSSION

Our study provides novel insights into the charac-
teristics of the gut microbiome and ODB in 3 distinct
cohorts of kidney stone formers. Although the
microbiome of stone formers has been explored in
previous studies,'® the gut microbiome and specif-
ically the function of ODB have not been examined in
patients with PH1 or those with EH. The differences
we identified between the MTG and MTT outputs
highlight the importance of focusing on functional
analysis rather than just taxonomic composition. Our
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results show that although overall community com-
positions were comparable in the healthy and other
KS-forming conditions, analysis of bacterial networks
demonstrated the highest bacterial interaction den-
sity in patients with PH on an MTT level. By
comparing the MTG and MTT analyses, we further
support the notion that functional level analysis
provides a more comprehensive understanding of
microbiome activity and its implications for health
outcomes. Our approach also typifies a step toward
personalized medicine whereby in the case of kidney
stone formers, based on their microbiome, we argue
that not all populations would benefit equally from a
probiotic. High fecal oxalate levels were found in the
3 stone forming groups (EH, PH1, and CKS) compared
with healthy controls despite no significant differ-
ence in dietary calcium or oxalate intake. In PH1, this
finding is consistent with observations in PHI mu-
rine models that suggested a gut oxalate clearance
route in chronic kidney disease.’””” We also identi-
fied enrichment of the normal oxalate-degrading
community and function in the PH1 cohort and
speculate that this derives from increased substrate
availability due to oxalate secretion into the gut
lumen. Enrichment of the oxalobiome in patients
with PHI1 could explain the lack of apparent effect on
urinary oxalate excretion in human trials that sup-
plemented O formigenes.m'39
response to a high oxalate milieu was different in CKS

The gut microbiome
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formers and patients with EH, suggesting a dysbiotic
oxalobiome.

The interactions between diet, the microbiome, and
host are major determinants of health and disease.”
Human oxalate homeostasis is maintained by the
interplay between dietary oxalate gut absorption and
secretion, its endogenous production, and renal
excretion.™ Oxalate is ubiquitous in the human diet,*?
and urinary excretion levels are related to dietary
“¥* PHI is an exception because dietary ef-
fects on urinary oxalate are overwhelmed by hepatic
overproduction. The dietary oxalate intakes we
measured were similar in the healthy controls and pa-
tients with kidney stone, confirming previous reports
demonstrating that stone-formers often have difficulty
complying with a low oxalate diet.””"*

EH and PHI1 are rare conditions characterized by a
disruption of oxalate homeostasis.''**” In PH1, the most
severe form of PH, an increase in endogenous oxalate
production leads to severe hyperoxaluria frequently
requiring kidney and/or liver transplant. In EH,
increased bioavailability of dietary oxalate secondary
to fat malabsorption causes hyperoxaluria, kidney
stones, and in severe cases, kidney failure. An impor-
tant modulator of intestinal oxalate absorption is bac-
terial oxalate degradation.”’ It has been inferred from
studies in CKS formers that high oxalate loads could
affect the gut microbiome. Inhibition of multiple spe-
cies including O formigenes was attributed to increased
fecal oxalate concentrations, a claim that should be
cautiously interpreted in the absence of fecal oxalate
measurements.’® A similar potentially toxic effect of
high intestinal oxalate concentrations on the gut
microbiome has been inferred from animal studies
where bacterial diversity steeply decreased once di-
etary oxalate supplementation reached 12%."" The
translation of this finding to humans is questionable
because of the use of supraphysiological dietary oxa-
late. Interestingly, the same study described increased
microbiota diversity and oxalate-degrading activity
with lesser (0.5%—3%) oxalate supplementation.”’

Despite previous attempts to reduce gastrointestinal
oxalate absorption via oral administration of oxalate
degraders to both patients with PHI1 and murine PH1
models,”**”**”" to our knowledge, no study has
attempted to investigate the effect of high oxalate on
the oxalobiome in PH. We now have established that
the gut microbiome of patients with PH1 is exposed to
high oxalate concentrations, with a fecal oxalate level 4
times higher than in healthy controls; this increases the
activity of the bacterial community to counter the
increased load and increase oxalate degradation.
Network analysis of the metatranscriptome showed a
densely interconnected network in PHI1, with O

amounts.
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formigenes identified as the core species of the oxalate-
degrading network. In this case, the observation that
patients with PHI1 and healthy controls share many
species in the gamma diversity analysis suggests a
simple response to increased substrate in the PHI
group.

Reduced oxalate-degrading activity has been found
in fecal cultures of patients who underwent jejunoileal
bypass compared to healthy individuals’’; however,
assessment of oxalobiome function has not been pre-
viously performed in patients after RYGB surgery.
Exploring the association of the known dysbiosis in
RYGB patients with higher fecal oxalate concentration
was one of our primary aims. This is particularly
relevant in the context of the ongoing worldwide in-
crease in obesity prevalence,”’ especially because
obesity is associated with both CKS and hyper-
oxaluria.”* In previous studies, hyperoxaluria before
RYGB surgery did not correlate with fecal fat excretion;
however, urinary oxalate excretion and fecal fat output
were strongly correlated 1 year after surgery.” This
observation confirms that malabsorption after bariatric
surgery is a main driver of hyperoxaluria in this situ-
ation.”” Our EH patient population demonstrated dif-
ferential species abundance compared with healthy
participants, most notably depletion of Bifidobacteria
and O formigenes. Given that both are ODB, supple-
mentation with these taxa might be beneficial in pa-
tients with EH. Depletion of ODB (O formigenes and
Bifidobacteria sp.) could be explained by the steator-
rhea associated with EH leading to the thriving of
bacteria that degrade fat for their energy metabolism;
this could be potentially an environment over-
whelming ODB. Another possibility is that during the
RYGB procedure, patients receive antibiotics, which
can suppress those bacteria and our data and others
have shown that O formigenes is sensitive to several
commonly used antibiotics.” Bile acid malabsorption
resulting from the RYGB could also affect the viability
of the gut microbiota, particularly O formigenes.”’

Although several studies evaluated ODB abundance
in stone formers at the gene level,
that an MTT assessment is needed to infer the func-
tional aspect along the microbiome community. This is
particularly relevant because the Oxalobacter genus has
not been previously associated with the occurrence of
nephrolithiasis in this population.”” We found that the
fecal microbiome population in CKS formers differed
significantly from healthy individuals in relation to
abundance patterns for ODE, thus representing a dys-
biosis. This finding implies that CKS formers rely more
heavily on oxalate reduction by E coli, a pattern similar
to patients with EH. E coli performs oxalate degrada-
tion for acid tolerance rather than as an energy

we clearly see
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substrate.”” ODE network analyses in CKS formers
revealed a lower interaction density than in either pa-
tients with EH or those with PH, probably reflecting
the enriched substrate sources in both hyperoxaluria
illnesses. MTG and MTT datasets demonstrated oppo-
site associations between members of the ODB net-
works in relation to the fecal oxalate concentrations
which highlights the importance of assessing tran-
scriptional activity.

Finally, we note that the population contribution of
species to oxalate degradation at the gene and transcript
level in the healthy controls is in agreement with our
previous analysis of a larger cohort of healthy adults,
highlighting the stability of the composition and its
functional characteristics across healthy individuals."’
The network of oxalate-degraders in healthy partici-
pants was rudimentary compared with patients with EH
or those with PH, suggesting that with lower fecal ox-
alate and a nondysbiotic microbiome, there is little se-
lection for ODB community interaction. An
underdeveloped network could also be explained by the
contribution of individual species to total oxalate
degrading activity, which suggested that >70% of ox-
alate degradation is performed by O formigenes.
Although the concepts of niche partitioning and func-
tional redundancy are highly relevant in shaping the
microbiome in chronic kidney disease,®’ the develop-
ment of the healthy oxalobiome appears to follow these
concepts with multiple species encoding genes for ox-
alate degradation and only a few species performing the
function under healthy conditions.

We acknowledge that our study has limitations. The
sample size is small, which is a common limitation of
studies in rare diseases. However, because our patient
populations have clear phenotypes, we believe our
findings are significant. Given that RYGB results in
multiple gut and metabolic changes, our findings may
not be generalizable to all forms of EH. The imputation
of some variables and timing variation in their collec-
tion are study limitations. Although diet is a known
modulator of the gut microbiome, and we considered
many dietary factors and urinary lithogenic features
involved in CKS, diet was evaluated via a question-
naire. Even though our cross-sectional analysis identi-
fied salient features, causality cannot be inferred. Any
significant relationships identified in statistical
modeling must be confirmed experimentally. Inter-
pretation of the identified networks, essential to an
understanding of bacterial ecology, should also be
cautious because these exploratory analyses were per-
formed on relatively small sample sizes.

In conclusion, we now report on the PHI gut
microbiome and assess oxalate-degrading community
function in different hyperoxaluric and stone-forming
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conditions. Identifying the species associated with the
outcomes of interests creates a framework for further
investigations in the role of the microbiome in affecting
kidney diseases. MTT results, more closely reflecting
the oxalobiome activity and identifying the most active
species or clusters, should guide future attempts to
manipulate the microbiome. A more extensive charac-
terization of the microbiome in hyperoxaluric conditions
could guide development of future targeted therapies.
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