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SUMMARY

The nucleotide-binding oligomerization domain-containing
protein 2 recognizes bacterial antigens and contributes
to intestinal barrier function. We report that bacterial

communities of nucleotide-binding oligomerization domain-
containing protein 2-deficient mice have an altered recovery
from antibiotic perturbation, which elicits mucosal inflamma-
tion in recipient germ-free, wild-type mice.

BACKGROUND & AIMS: Loss-of-function variants in
nucleotide-binding oligomerization domain-containing protein
2 (NOD2) impair the recognition of the bacterial cell wall
component muramyl-dipeptide and are associated with an
increased risk for developing Crohn’s disease. Likewise, expo-
sure to antibiotics increases the individual risk for developing
inflammatory bowel disease. Here, we studied the long-term
impact of NOD2 on the ability of the gut bacterial and fungal
microbiota to recover after antibiotic treatment.

METHODS: Two cohorts of 20-week-old and 52-week-old wild-
type (WT) C57BL/6] and NOD2 knockout (Nod2-KO) mice were
treated with broad-spectrum antibiotics and fecal samples

were collected to investigate temporal dynamics of the intes-
tinal microbiota (bacteria and fungi) using 16S ribosomal RNA
and internal transcribed spacer 1 sequencing. In addition, 2
sets of germ-free WT mice were colonized with either WT or
Nod2-KO after antibiotic donor microbiota and the severity of
intestinal inflammation was monitored in the colonized mice.

RESULTS: Antibiotic exposure caused long-term shifts in the
bacterial and fungal community composition. Genetic ablation of
NOD2 was associated with delayed body weight gain after antibiotic
treatment and an impaired recovery of the bacterial gut microbiota.
Transfer of the postantibiotic fecal microbiota of Nod2-KO mice
induced an intestinal inflammatory response in the colons of germ-
free recipient mice compared with respective microbiota from WT
controls based on histopathology and gene expression analyses.

CONCLUSIONS: Our data show that the bacterial sensor NOD2
contributes to intestinal microbial community composition af-
ter antibiotic treatment and may add to the explanation of how
defects in the NOD2 signaling pathway are involved in the etiology
of Crohn’s disease. (Cell Mol Gastroenterol Hepatol
2020;10:365-389; https://doi.org/10.1016/jjcmgh.2020.03.008)
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See editorial on page 424.

M icrobial communities are important for physio-
logical homeostasis of the mammalian gut.
Although fluctuations in diet and other environmental fac-
tors affect the gut microbiota in diverse ways, an altered
composition and function of microbial communities likely
contribute to the development and pathogenesis of human
inflammatory bowel disease (IBD). Currently, more than
200 distinct genetic risk loci for IBD have been identified
through genome-wide association studies.' Many of the
identified genes have been shown to play a role in main-
taining intestinal barrier function and potentially are
involved in controlling the intestinal microbiota (eg, by
affecting levels of antimicrobial peptides, mucus composi-
tion, or autophagic clearance of intracellular bacteria).”
Nucleotide-binding oligomerization domain-containing pro-
tein 2 (NOD2) was the first identified susceptibility gene for
Crohn’s disease (CD)."® As an intracellular recognition
protein, NOD2 senses muramyl-dipeptide, which is an
essential bacterial cell wall component derived from pepti-
doglycan. NOD2 is highly expressed by specialized intestinal
epithelial cells, in particular Paneth cells, but also by mye-
lomonocytic cells and T cells.””” Remarkably, approximately
20% of all Caucasian CD patients carry a deleterious mu-
tation on at least 1 NOD2 allele.” In human beings, the 3
main CD risk alleles (rs2066844, rs2066845, and
rs2066847) lead to a complete or partial loss of function
with impaired recognition of muramyl-dipeptide and
diminished activation of the downstream target nuclear
factor-kB.'” It is assumed that these genetic variants are
contributing to disease manifestation as a consequence of a
loss of tolerance toward the gut microbiota. In mice, genetic
deletion of NOD2 leads to a broad spectrum of abnormal
immune responses and an increased susceptibility to
experimental colitis."*~*® Several studies have reported that
NOD2-deficient mice are prone to develop a dysbiotic mi-
crobial community with an increase in bacterial taxa related
to the Bacteroidetes genus already early in life,"*'” whereas
other studies found no genotype-dependent differences in
the intestinal microbiome at homeostatic conditions among
littermates.'®'” Several reasons may explain the diverging
findings, which may include animal housing, diurnal varia-
tions, as well as coprophagy and self-grooming among lit-
termates, which could lead to a dominant takeover of the
dysbiotic microbiota from mutant mice upon co-housing.
Early life exposure to antibiotics has been identified as an
independent risk factor for the development of IBD.'®
Numerous studies have shown the disruptive effects of
external perturbations such as antibiotics or nutrition shifts
can have on the host microbiome.'’ 2! However, insights on
how host genetic risk factors such as NOD2 deficiency shape
the recovery of microbiota in response to a defined pertur-
bation still are missing. We thus performed a short-term
antibiotic combination therapy”” in wild-type (WT) and
Nod2-knockout (KO) mice to investigate the effect of NOD2
on longitudinal dynamics of the bacterial microbiota after a
pulsed perturbation in adult mice. We hypothesized that the

Cellular and Molecular Gastroenterology and Hepatology Vol. 10, No. 2

bacterial sensor NODZ may contribute to resilience phe-
nomena of the intestinal microbiome.”*** In line with this
hypothesis, a recent report showed an influence of NOD2 on
the outcome of early postnatal antibiotic treatment in mice."”
Because fungi (mycobiome) largely were ignored by previous
studies, we also performed longitudinal profiling of fungal
communities after antibiotic exposure because it may play an
important role for gut community stability.

Here, we show that middle-aged (1-year-old) NOD2-
deficient mice suffer from a delayed recovery from
antibiotic-induced body weight loss and bacterial dysbiosis.
We validate these findings in a second animal facility and
age cohort (young adult mice, 20 weeks old). Moreover,
germ-free (GF) mice were colonized with the microbiota
from Nod2-KO and WT mice at 7 weeks after antibiotic
exposure. Colonization with microbiota from Nod2-KO mice
resulted in increased colonic inflammation in the recipient
WT mice compared with those colonized with the micro-
biota of WT mice. These results point to an important role of
the bacterial sensor NOD2 during perturbation and recovery
events of intestinal microbial communities with relevance
for intestinal inflammation.

Results
Loss of NOD2 Alters Antibiotic-Induced Body
Weight Loss and Recovery From Bacterial
Dysbiosis

When middle-aged and young WT and Nod2-KO mice
(ages, 1 year or 20 weeks, C57BL/6] background) were
challenged with a cocktail of broad-spectrum antibiotics
(vancomycin, metronidazole, ampicillin, and neomycin®%),
animals lost substantial weight in both age groups imme-
diately after antibiotic administration (Figures 1A and 2A4).
However, the kinetics and severity of weight loss differed
slightly between age groups. Twenty-week-old animals lost
weight more rapidly than 1-year-old mice. Antibiotic treat-
ment had to be stopped on day 10 in 20-week-old-mice for
ethical reasons. In contrast, the 1-year-old animals lost
weight only until day 6 in the WT and day 8 in the Nod2-KO
groups, after which their body weight increased despite
continuing antibiotic administration until day 14. Recovery
from antibiotic-induced weight loss occurred earlier and
faster in WT mice compared with Nod2-KO mice in both age

*Authors share co-first authorship; SAuthors share co-senior

authorship.

Abbreviations used in this paper: CD, Crohn’s disease; CXCL1, che-
mokine (C-X-C motif) ligand 1; GEE, generalized estimating equation;
GF, germ-free; IBD, inflammatory bowel disease; ITS, internal tran-
scribed spacer; KO, knockout; NOD2, nucleotide-binding oligomeri-
zation domain-containing protein 2; OTU, operational taxonomic unit;
PCoA, principle coordinate analysis; qPCR, quantitative real-time po-
lymerase chain reaction; rRNA, ribosomal RNA; SPF, specific path-
ogen free; WT, wild-type.
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groups (Figures 14 and 2A4). All age groups and genotypes
showed complete weight recovery on the day they were
killed (day 86 for 1-year-old mice and day 50 for 20-week-
old mice).

16S ribosomal RNA (rRNA) gene amplicon sequencing
was performed on longitudinally sampled fecal material to
monitor the temporal development of the gut bacterial
composition during and after antibiotic perturbation. First,
alterations of (-diversity (ie, bacterial diversity between
samples) were studied using principle coordinate analysis
(PCoA) based on Bray-Curtis and Jaccard distances of
operational taxonomical units (OTUs). A nonparametric
analysis of variance (Table 1) comparing both genotypes
showed no difference between WT and Nod2-KO mice
before antibiotic treatment (day 0 [d0]) in 1-year-old mice
(P = .9411) or 20-week-old mice (P = .233). Antibiotic
treatment drastically changed the microbiota composition in
both genotypes and age groups (Figures 1B and C and 2B
and C). After withdrawal of the antibiotics, the individual
bacterial communities shifted back toward their initial
states in 1-year-old mice, although d86 communities still
were significantly different from day 0 (P = .00099). Sam-
ples from day 86, however, clustered more closely with day
0 samples in WT animals compared with Nod2-KO mice as
measured by Bray-Curtis distance (Figure 1B and (), indi-
cating an impaired recovery in the Nod2-KO animals. This
also was confirmed through Jaccard (-diversity distance
analyses comparing the distance between day 0 and day 86
for both genotypes, which showed a significantly greater
distance among Nod2-KO mice compared with the WT ani-
mals (Figure 3, Table 1). In the 20-week-old mice, however,
neither the microbiota of the WT nor Nod2-KO returned to
its initial state but shifted to a new configuration (Figure 2B,
Table 1), suggesting an age- and/or animal
house-dependent trajectory of the microbiota during the
time course of the experiment. Interestingly in this age
group, although already starting from a different composi-
tion, the overall changes of the microbiota of Nod2-KO mice
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were smaller compared with WT animals (Figure 20), as
measured by the total path travelled (sum of the change in
distance between time points). The Nod2-KO mice already
reached an equilibrium state on day 20, which, however,
was significantly different from the respective WT animals
(P = .035) (Table 1).

To analyze taxonomic shifts associated with antibiotic
treatment and/or with the absence of NOD2, we next per-
formed phylogenetic analyses on the 16S rRNA amplicon
data sets. At baseline, the most abundant phyla in both ge-
notypes and age groups were Bacteroidetes and Firmicutes
(Figures 1D and 2D). A clear increase in the relative abun-
dance of Proteobacteria was observed during the antibiotic
period. Verrucomicrobia showed a greater relative abun-
dance (P values listed in Table 2) early after the antibiotic
period in both age groups regardless of genotype (day 20/
21), but were found at higher frequency in the 1-year-old
animals than in the 20-week-old mice. Recovery phenomena
were observed in WT and Nod2-KO mice of both age groups,
for example, with a striking contraction of the relative
abundance of Proteobacteria after antibiotic treatment.
Taken together, these data show a complex influence of
NOD2 on microbial recovery processes after antibiotic
exposure.

To analyze the difference in recovery processes between
NOD2 and WT mice in greater detail (ie, to identify bacterial
taxa indicating significant resilience), we next investigated
the overall effect size of genotype and antibiotic treatment
with regard to bacterial community composition on the
phylum and genus levels. Of note, we focused on middle-
aged mice from here on because they showed similar
microbiota at baseline, and recovery processes were not
influenced additionally by age- and/or laboratory-
dependent trajectories. We therefore generated a general-
ized estimating equation (GEE) correlation matrix (Tables 2
and 3). With this method, the overall effect of the genotype
(regardless of the time point) or the respective time point
(regardless of the genotype) can be shown. At the phylum

Figure 1. (See previous page). Loss of NOD2 delayed recovery from antibiotic-induced body weight loss and bacterial
dysbiosis in middle aged mice. C57BL/6J (WT) and Nod2-KO mice (age, 52 wk) were administered a combination of broad-
spectrum antibiotics for 12 days via drinking water. Mice subsequently were monitored for a total of 86 days to investigate the
genotype effect on the gut microbial resilience. Donor microbiota from WT and KO feces collected on day 63 were used to
colonize C57BL/6J GF WT mice. (A) Percentage change in body weight of C57BL/6J (WT) and Nod2-KO mice. The percentage
of body weight was calculated based on the initial body weight at the time the experiment was started. Data are represented as
means + SEM values (n = 11 WT, n = 10 KO). Brown circles indicate collected fecal pellets and the red circle indicates the
feces used for GF colonization. *Significant difference (P < .05) between the genotypes evaluated using the Student ¢ test. (B)
PCoA using the Bray—Curtis dissimilarity of the fecal bacterial communities across time (days), where principal coordinate (PC)
1 explains 27.7% and PC2 explains 9.75% of the data variance. Each dot represents the bacterial composition of an individual
fecal sample. Samples are colored by day. Filled circles represent WT and open circles represent Nod2-KO mice. (C)
Bray—Curtis distance of samples from d21, d71, and d86 from d0 (baseline). A smaller distance indicates more similar microbial
communities. Note the increased distance to dO in the Nod2-KO compared with the WT, indicating delayed resilience. (D)
Relative abundance (%) of 16S-based bacterial community composition across all time points in feces of WT and Nod2-KO
mice at the genus level. (E) Bacterial indicator analysis to identify possible key taxa. Bacterial taxa indicating resilience events
are depicted in 3 groups: (l) showing a significant difference of indicator values between WT and Nod2-KO (depleted after
antibiotic treatment and regained at day 86); (Il) comprises 2 indicator taxa that are enriched after antibiotic treatment and
again low in abundance at day 86 (E coli/Shigella 001, independent of genotype; Streptococcus 067, significant only in WT);
and (lll) a group of indicator OTUs being depleted after antibiotic treatment and regained at day 86, which do not formally
discriminate between WT and Nod2-KO microbiota. Circle sizes correspond to abundances, each column represents an in-
dividual animal, and indicator values shown are obtained from WT animals during the resilience period (days 9-86). Indicator P
values are color coded, note that all day 0 abundances are shown as starting points, which are nonsignificant by default.
Numbers next to bacterial taxa correspond to the OTU numbers while unclassified taxa are marked by a star. AB, antibiotics;
uncl, unclassified.
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Figure 2. Loss of NOD2 alters trajectories of recovery from antibiotic-induced body weight loss and bacterial dysbiosis
in 20-week-old mice. The 20-week-old WT and Nod2-KO mice were treated with an antibiotic cocktail for 10 days and were
followed up until day 50. (A) Percentage change in body weight of WT and Nod2-KO mice. The percentage body weight was
calculated based on initial body weight at the time the experiment started. Data are represented as means + SEM values (n =5
WT, n = 5 Nod2-KO). Brown circles indicate collected fecal pellets. *Significant difference (P < .05) between the genotypes
was evaluated using the Student t test. (B) PCoA using the Bray—Curtis dissimilarity of the fecal bacterial communities across
time (days), where PC1 explains 25.0% and PC2 explains 15.6% of the data variance. Each dot represents the bacterial
composition of an individual fecal sample. Samples are colored by day. Filled circles represent WT and open circles represent
Nod2-KO mice. (C) Cumulative Bray—Curtis distance of samples travelled from d0 to d10, d20, d27 to d50. The distance
travelled indicates the degree of change in bacterial composition over time during antibiotic perturbation and recovery. Note
the decreased travelled distance in the Nod2-KO compared with the WT. (D) Relative abundance (%) of 16S bacterial com-
munity composition across all time points in feces of WT and Nod2-KO mice at genus level. AB, antibiotics; uncl, unclassified.
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Table 1.Nonparametric Analysis of Variance on Bray—Curtis Distance in Relation to Bacterial Resilience

Matrix (comparison) Psuedo F P value
20-week-old mice
WT gayo~WTdays0 7.704 .010007
KOgay 0~KOgqay 50 10.607 .005007
day0™" day0 1.273 .23300
WTgay50~KOgays0 9.156 .03500
1-year-old mice
WT gayo~WTdayss 3.723 .000999%
KOgay 0~KOyqay 86 3.608 .0009997
WT 4ay0~KOqayo 0.606 9411
WT gaye6~KOuqayss 1.955 .011997

4 Indicates significance.

level, most taxa differed significantly during days 2-14 in
comparison with before antibiotic treatment (day 0). How-
ever, only Verrucomicrobia remained significantly different
on day 86 (Table 3). At the genus level, Barnesiella was
significantly discriminating between WT and Nod2-KO
microbiota, which resulted from changes of the genus before
and early after antibiotics. Prevotella and Clostridium XIVa
remained significantly different at all time points compared
with day 0, however, comparison between Nod2-KO and WT
mice did not reach formal significance in the GEE analysis.
To get a more detailed view on the level of OTUs, we next
performed an indicator species analysis based on the rela-
tive abundances of OTUs in longitudinal comparisons (see
the Materials and Methods section for details). The indicator
analysis identified 11 bacterial OTUs, which followed dif-
ferential patterns of resilience over time (Figure 1E,
Table 4). These could be categorized further into 3 groups.
Group I is characterized by loss of abundance followed by
significantly higher recovery in the WT and included 4 OTUs
classified as Clostridium 1V #125, Barnesiella #2, and
Ruminococcaceae #29 and #166. Group II shows 2 OTUs,
which were enriched during antibiotic treatment and
depleted again upon recovery (Streptococcus #067 is sig-
nificant only in WT, whereas Escherichia coli/Shigella #001

showed a similar pattern in WT and Nod2-KO). Group III
recovered independently of the NOD2 genotype. The results
show subtle differences of specific microbial taxa between
WT and Nod2-KO animals upon recovery from antibiotic
treatment.

Emergence of Antibiotic Resistance Occurs
Independently of NOD2 Signaling

Exposure to antibiotics may induce resistances.”” To
study whether NOD2 plays a role in the emergence of
antibiotic resistance, we surveyed the presence and relative
abundance of antibiotic resistance genes in the middle-aged
cohort by a validated quantitative real-time polymerase
chain reaction (qPCR) panel containing 11 genetic elements
relevant for the antibiotic cocktail used.”® Antibiotic resis-
tance genes commonly associated to the bacterial phylum
Proteobacteria (Type C §-lactamase, §-lactamase, ampicillin
resistance) and Firmicutes (vanC2-C3-2 and vanA2 genes,
vancomycin resistance) were detected in the fecal micro-
biota of both WT and Nod2-KO mice (Tables 5 and 6). The
number of resistance genes in the fecal microbiota increased
significantly during the antibiotic administration and
peaked right after (day 14), and on subsequent days (days

Table 2.Significance (P value) Determined by GEE Correlation Matrix of Phylum Level Gut Bacteria Comparing Day

0 (Pretreatment) With Time Points Across the Longitudinal Study (Kinetics) or for Genotype (WT vs Nod2-KO)

Bacteroidetes Proteobacteria Verrucomicrobia Firmicutes Tenericutes
Genotype (WT vs Nod2-KO) 6.26E-01 1.38E-01 0.576497 8.23E-01 5.10E-01
Day 2 vs day 0 1.29E-057 5.72E-117 0.302459 2.94E-087 3.31E-01
Day 9 vs day O 1.40E-117 0.00E-+00? 0.0015127 1.11E-117 8.29E-037
Day 12 vs day O 0.00E+007 0.00E+00? 0.000808" 3.87E-117 9.03E-037
Day 14 vs day O 1.74E-147 0.00E+00? 0.016084 2.96E-037 4.29E-037
Day 21 vs day O 1.30E-01 8.27E-01 0.190371 3.10E-01 3.00E-01
Day 28 vs day 0 5.46E-02 5.50E-01 0.0250257 8.18E-01 2.35E-027
Day 49 vs day O 5.33E-037 5.38E-01 0.932214 2.24E-027 1.40E-027
Day 70 vs day O 9.37E-01 1.80E-01 0.290782 5.25E-01 7.10E-01
Day 86 vs day 0 3.58E-01 1.04E-01 0.0232267 1.71E-01 2.35E-01

@Significant at P < .05.



Table 3.Significance (P value) Determined by GEE Correlation Matrix of Genus Level Gut Bacteria Comparing Day 0 (Pretreatment) With Time Points Across the Longitudinal

Study (Kinetics) or for Genotype (WT vs Nod2-KO)

Uncl. Uncl. Esch Uncl. Uncl.
Barne Parabac porphyromona Pre Ali Bacter Bacter Para erichia  Anaero Akker Lact  Clostridium Lachno Rumino Uncl.
siella  teroides daceae votella stipes oides oidales sutterella Shigella plasma mansia obacillus XIVa spiraceae coccaceae Clostridiales
Genotype 0,045312° 0,4866 2,34E-01 2,08E-01 2,41E-01 2,16E-01 0,40942 0,69085 0,70228 0,74512  4,95E-01 7,01E-01 2,27E-01 2,23E-01 7,72E-01 3,62E-01
(WT vs
Nod2-KO)
day 2 vs 0? 0,182 1,20E-08" 8,29E-06° 2,69E-01 1,89E-01 0,00702° 0,55719 0? 0,125309 3,87E-02° 6,14E-01 1,83E-057 1,94E-13% 1,95E-087 6,03E-01
day 0
day 9 vs 0° 0,0396°  2,22E-16" 6,63E-10° 7,44E-15" 1,67E-06° 0,21807 0,72818 0° 0,000455° 1,31E-07° 3,44E-04" 1,12E-027 1,94E-10° 1,78E-057 1,11E-037
day O
day 12 vs 0” 0,1362 0,00E+-007 5,55E-16" 0,00E+00° 5,60E-09° 0,09343 0,00278° 07 0,000339° 1,54E-07° 8,98E-06" 6,55E-047 1,84E-13  8,18E-117 2,44E-06"
day O
day 14 vs 0° 0,6734 0,00E+-007 0,00E+00° 0,00E+00° 1,43E-02° 0,00563 0,46939 0” 0,633845 2,43E-05° 1,22E-01 2,26E-06" 4,35E-14"  4,24E-12° 5,31E-07°
day 0
day 21 vs 0,000144% 0,0241%  5,32E-07° 4,81E-02° 3,98E-01 2,56E-01 0,13552 0,31411 0,00301% 0,142477 2,44E-02° 6,33E-01 1,40E-027 6,48E-01 4,23E-027 4,28E-01
day 0
day 28 vs 0,0318427 0,0887 2,72E-027 3,98E-04° 4,26E-01 5,28E-01 0,02707° 0,2149 0,05153 0,018377° 1,01E-01 7,80E-02 9,71E-037 9,53E-01 3,11E-01 6,40E-01
day O
day 49 vs 0,535091 0,3141 5,96E-01 3,07E-10° 9,81E-01 1,07E-01  0,1357 0,86042 0,03436° 0,03386" 3,19E-01 3,92E-02° 3,62E-037 2,77E-01 2,70E-01 2,02E-027
day O
day 70 vs 0,085452 0,1169 3,41E-01 4,62E-07° 8,92E-04° 8,38E-03" 0,09318 0,96517 0,26435 0,765982 5,02E-02 2,39E-01 1,91E-027 8,26E-01 4,44E-01 1,89E-01
day 0
day 86 vs 0,415301 0,1269  7,12E-01 7,83E-11* 3,53E-01  1,57E-03° 0,14705 0,22099 0,68781 0,07713  1,54E-01 1,40E-01 2,14E-03° 1,736-01  1,85E-01 8,62E-02
day O

uncl, unclassified.

@Significant at P < .05.
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Table 4.Resilience Indicator OTUs Observed in Response to Genotype

WT Nod2”"
oTuU Day 0 Day 9 Day 86 Day 0 Day 9 Day 86

Clostridium IV #125 3 0? 27 2 0? 1
Barnesiella #012 7 0? 137 0 0 2
Ruminococcus #029 7 0? 47 5 0 1
Unclassified Ruminococcaceae #166 1 0° 1 1 0 0
Escherichia #001 0 11717 (0 0 11547 1
Streptococcus #067 0 1 0? 0 0 0
Unclassified Porphyromonadaceae #017 23 0° 137 32 0° 207
Barnesiella #009 6 0? 73 4 0? 247
Unclassified Ruminococcaceae #032 6 0° 157 5 0° 7
Barnesiella #073 4 0? 37 3 0? 3
Oscillibacter #023 16 0° 7 6 0? 107
NOTE. Numbers represent relative abundances. Data corresponding to E.

qndicative effect.

21 and 71) (P = .048 vs day 0) (Table 6). However, a dif-
ference associated with NOD2 genotype was not observed
with the current set of genes.

The Fungal Gut Communities Change Long Term
Irrespective of NOD2 Deficiency

To elucidate the role of NOD2 on additional members of
the gut microbiome other than bacteria, we performed
amplicon sequencing of the internal transcribed spacer
(ITS1) in the middle-aged cohort to assess the composition
of the fungal gut communities. PCoA based on the weighted
Bray-Curtis distance showed clustering by day rather than
by genotype. However, some interindividual heterogeneity
was observed with a trend of differing fungal communities
at day 0 (Figure 4). Importantly, contrary to the results for
bacterial communities, PCoA plots and nonparametric sta-
tistics using Bray-Curtis distances showed a near-complete
lack of resilience in the fungal communities of both geno-
types (Figure 4D). These observations were supported

further using unweighted Jaccard-based analyses (Figure 5).
The dominant phyla in both genotypes were Ascomycota
and Basidiomycota (Figures 64 and 7). To characterize
fungal a-diversity across time, Shannon and Chao1l diversity
indices were used. Remarkably, during and after antibiotic
treatment, a-diversity of the fungal community increased in
both genotypes (Figure 6B and 5D). Similar to a-diversity,
fungal community shifts continued for the duration of the
study with individuals remaining distinct from day 0 (pre-
treatment) (Figures 64 and 7).

We then investigated whether specific bacterial taxa
were associated to members of the mycobiome across all
time points in relation to NOD2 genotype. Notably, a higher
number of negative bacteria-fungi correlations were
observed in Nod2-KO compared with WT mice, including the
bacterial genera Barnesiella, Prevotella, and Ruminococca-
ceae (Figure 8). In particular, Prevotella had negative cor-
relations to various fungal taxa, which prompted us also to
investigate levels of Prevotella and fungal abundance in the
colonization experiment in GF mice.

Table 5.Assays Used in This Study as Part of the TagMan-Based Microfluidic Real-Time PCR System to Detect Antibiotic

Resistance Genes

Family/genus Target

Target gene

Assay ID Context sequence

Enterobacteriaceae ESBL CTX-M group9 Pa04646127_s1 GCTTAATCAGCCTGTCGAGATCAAG
Phylum: Proteobacteria SHV Pa04646134_s1 CGCTTTCCCATGATGAGCACCTTTA
TEM Pa04646128 s1 GCGGCCAACTTACTTCTGACAACGA
OXA-1 Pa04646133_s1 TCATACACCAAAGACGTGGATGCAA
AmpC resistance BIL/LAT/CMY Pa04646135_s1 TAAGACGTTTAACGGCGTGTTGGGC
ACT/MIR Pa04646124_s1 ACCGTTACGCCGCTGATGAAAGCGC
Carbapenem resistance VIM Pa04646155_s1 GATGGTGATGAGTTGCTTTTGATTG
KPC Pa04646152_s1 CCTCGTCGCGGAACCATTCGCTAAA
Enterococcus Vancomycin resistance vanA2 Pa04646147_s1 AGCTACTCCCGCCTTTTGGGTTATT
Phylum: Firmicutes vanB Pa04646150_s1 AACTTAACGCTGCGATAGAAGCGGC
vanC2-C3-2 Pa04646122_s1 TTGAGATCGGTTGCGGTATTTTGGG

AmpC, Type C $-lactamase; ESBL, extended-spectrum g-lactamases.
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The Postantibiotic Nod2-KO Microbiota Elicits a
Proinflammatory Response Upon Transfer to GF
WT Mice

To test whether the NOD2Z-dependent differences in
microbial resilience lead to functional physiological conse-
quences, in particular altered intestinal inflammation, we
transferred the fecal microbial communities of donor WT
and Nod2-KO mice into adult 15-week-old GF WT recipients

(WT>GF and NOD2>GF, respectively) in 2 independent
transfer experiments. Mice were Kkilled 17 days after initial
colonization. In both sets of mice, there were no significant
differences between WT>GF and NOD2>GF mice in body
weight or organ characteristics (ie, colon length, small in-
testinal length, spleen, or liver weight), which are known to
potentially be affected by intestinal inflammatory responses
(Figure 94). Histologic analysis of the colon showed higher
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Table 6.Summary of Antibiotic Resistance Genes Present in Feces of Individual Mice From Days 0, 2, 14, 21 and 71

Individual mouse Day resistance gene was present

Target gene Target Associated phylum
ACT/MIR AmpC resistance Proteobacteria
ACT/MIR AmpC resistance Proteobacteria
vanC2-C3-2 Vancomycin resistance Firmicutes

vanA2 Vancomycin resistance Firmicutes
vanC2-C3-2 Vancomycin resistance Firmicutes
vanC2-C3-2 Vancomycin resistance Firmicutes
BIL/LAT/CMY AmpC resistance Proteobacteria

#46 WT 14
#55 WT 71
#24 WT 21 and 71
#32 KO 0
#35 KO 14
#11 KO 21
#7 KO 21

NOTE. The presence of resistance genes was determined by gPCR assays listed in

AmpC, Type C -lactamase.

levels of mucosal inflammation in NOD2>GF compared with
WT>GF mice as indicated by a significantly increased his-
tologic score (Figure 104 and B) (P = .01). Moreover,
colonic levels of the proinflammatory chemokine chemokine
(C-X-C motif) ligand 1 (CXCL1) were significantly higher in
NOD2>GF compared with WT>GF mice (Figure 10C) (P =
.004). In line with this observation, the numbers of p22
phagocyte b-cytochrome-positive phagocytes were higher in
NOD2>GF compared with WT>GF mice (Figure 10D, upper
panel) (P = .007). P22 phagocyte b-cytochrome is a
component of the reduced nicotinamide adenine dinucleo-
tide phosphate oxidase complex involved in the antimicro-
bial oxidative burst of neutrophils and macrophages. Levels
of CD3-T-cell coreceptor-positive cells also were increased
significantly in NOD2>GF mice (Figure 10D, lower panel)
(P = .048). Taken together, these data indicate that transfer
of the dysbiotic postantibiotic NOD2 microbiota elicited an
increased proinflammatory response in the colon of GF
recipient mice in comparison with the postantibiotic WT
microbiota. Inflammation also was detectable in the small
intestine, however, this was independent of the NOD2 ge-
notype (Figure 9B-D). To determine whether the observed
significant negative correlations between Prevotella and
fungal taxa in the postantibiotic microbiota also could be
transferred to the colonized recipient mice, we measured
the abundance of Prevotella and fungi by reverse-
transcription qPCR. Prevotella were more abundant in the
WT>GF than in NOD2>GF mice (Figure 9G). Moreover, the
abundance of Prevotella and fungi were correlated inversely
in the NOD2>GF mice (P = .04), but not in the WT>GF
recipients. These data therefore indicate a functional
transfer of the postantibiotic, Nod2-KO-dependent micro-
biota into the recipient GF mice.

Discussion

The present study investigated the influence of NOD2 on
resilience phenomena of the gut microbiota after broad-
spectrum antibiotic perturbation in mice. Supporting pre-
vious literature using a number of vertebrate hosts
including human beings,”” >’ we show that a single anti-
biotic treatment severely disrupted the intestinal bacterial
and fungal communities, and that after antibiotic exposure a

recovery of microbial communities could be observed.
Among middle-aged WT mice, the microbial equilibrium
clearly shifted back to its initial state. In younger WT ani-
mals from another animal facility, the microbiota showed a
temporal trajectory to a different equilibrium, which could
either reflect ongoing maturation processes or differences of
housing conditions. Interindividual variation within each
experiment clearly point to stochastic events, which act on
restoration of community composition after such cata-
strophic events. The absence of NOD2 delayed recovery of
the bacterial communities in the middle-aged cohort and
interfered with microbiota trajectories in the second
experiment, indicating that NOD2 has an influence on re-
covery processes independently of housing environment.
Transfer of the postantibiotic microbiota of middle-aged
Nod2-KO and WT mice into GF WT recipient mice showed
an increased proinflammatory potential of the transferred
Nod2-KO microbiota in 2 independent colonization experi-
ments. The delayed recovery in Nod2-KO mice therefore
may have opened up a window of opportunity for
pathobionts.

Numerous studies have reported an increased abun-
dance of Proteobacteria and Enterobacteriaceae in IBD
patients.>*3? In our study, a relative abundance of Proteo-
bacteria, namely E coli/Shigella, increased significantly
during antibiotic treatment. This effect is from the vanco-
mycin component of the antibiotic cocktail, which has been
shown previously to promote an expansion of Proteobac-
teria®*** including Enterobacteriaceae and E coli.** Vanco-
mycin targets gram-positive bacteria and therefore may
have created a niche availability to members of the gram-
negative phylum Proteobacteria (eg, by disruption of
mechanisms of bacterial cross-feeding), which in turn may
have led to an increase in microbiota-liberated sugars,
promoting the growth of opportunistic pathogens.***>¢ It
is important to note that the observed enrichment of
Enterobacteriaceae is an important indicator of dysbiosis
during antibiotic treatment but was not unique to NOD2
deficiency. This antibiotic-induced change in function of
entire communities may be harmful for the health of the
host, for example, by colonization of known opportunistic
pathogens®* or bloom of otherwise unrecognized bacterial
taxa, which may lead to monodominance community states
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Figure 4. Weighted g-diversity analysis of fungal communities in 1-year-old mice after antibiotic perturbation. PCoA of
fecal fungal composition across time (days 0, 14, 21, 71, 86) in 1-year-old (A) WT and (B) Nod2-KO mice, and (C) combined
data for both genotypes only at day O (pretreatment) and day 86. (D) Nonparametric analysis of variance (PERMANOVA) on

Bray-Curtis distance in relation to genotype and fungal community composition. Pseudo F, Pseudo F ratio as calculated by
PERMANOVA. Larger F-ratios indicate more pronounced group separation.
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Figure 5. Unweighted g-diversity analysis of fungal communities in 1-year-old mice after antibiotic perturbation. PCoA
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0 (pretreatment) and day 86 based on Jaccard (Jacc) distances. (D) Chao1 index showing fungal richness in WT and KO across
time. Time points (days 14, 21, and 71) in both genotypes differ significantly from day 0. P < .05; Student t test.

in the gut’’ Similar to our study, the postantibiotic
Proteobacteria-dominated state was present in both NOD2-
proficient and NOD2-deficient animals and readily revers-
ible after cessation of antibiotics in both groups, we have no
evidence for succession events, in which transient Proteo-
bacteria might be followed by other dominant taxa. It will be
interesting to follow-up such events on a strain level, in
which ancestral strains of similar taxa might be replaced by
other strains with different evolved functions.”®*?
Contrary to several previous studies by us and others in
mice and human beings, we did not observe an unequivocal
increase in Bacteroidetes at the phylum level in the Nod2-
KO compared with WT before antibiotic treatment in the 2
animal houses, and the microbiota of Nod2-KO and WT
animals did not differ at the §-diversity level at the begin-
ning of the experiment.”‘ls"m’45 These data, however, are in

line with other previous studies reporting no NOD2
genotype-dependent differences in the intestinal micro-
biome under homeostatic conditions.'®'” Several factors
may explain the observations. First, 3 of the published
studies, including our own, showed the strongest differ-
ences between Nod2-KO and WT bacterial communities in
ileal content or in mucosal tissue samples, whereas the fecal
microbiota were analyzed here. Second, all experiments
presented here were performed in different animal houses
(because facilities were moved both in Kiel and Lille)
compared with our previous studies, which is why we
cannot fully exclude potential influences of even subtle
changes in environmental factors such as standards of hy-
giene, food, and bedding. Despite the lack of NOD2-
dependent microbiota differences before the antibiotic
treatment, both cohorts of Nod2-KO animals showed an
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Figure 7. Abundance of selected fungal taxa relative abundance (%) of fungal taxa in 1-year-old WT and Nod2-KO mice
at (A) phylum and (B) class levels. (C-F) Relative abundance (%) of the genera (C) Wallemia, (D) Rhodosporidium, (E)
Sporidiobolales, and (F) Claviceps in 1-year-old feces of WT and Nod2-KO across time (days 0, 14, 86). *P < .05, **P < .005,
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influence of the KO on the postantibiotic trajectories of their
bacterial communities. This phenotype is supported by a
recent study showing an impaired microbial resilience and
an establishment of genotype-dependent microbiota differ-
ences after early postnatal antibiotic treatment.” We can
only speculate about potential mechanisms of how NOD2
deficiency translates into altered recovery of bacterial
communities because our experimental set-up aimed at
longitudinal follow-up evaluation and did not include early
time points for analysis of the host side (eg, differential
activation of innate immune pathways). From other murine
studies, however, we know that a number of mechanisms
relevant to host-bacteria interaction in the gut of NOD2-
deficient animals are disturbed, including decreased
expression of antimicrobial peptides and proteins,'***” as
well as altered cytokine/chemokine levels,'>** or auto-
phagy/endoplasmic reticulum stress signals.**°° Two
recent studies identified further interactions between the
microbiota and NOD2 that modulate immune responses and
susceptibility to intestinal inflammation. Kim et al°! showed
that adjuvant activity of cholera toxin during vaccination
critically depends on recognition of symbiotic bacteria
through NOD2 and subsequent production of interleukin 18.
Caruso et al” described that the functional absence of the 2
CD risk genes NOD2 and phagocyte reduced nicotinamide
adenine dinucleotide phosphate oxidase lead to increased

susceptibility to the gram-negative bacterium Mucispirillium
schaedleri owing to impairment of neutrophil recruitment
and bacterial clearance in a murine model. More detailed
studies investigating the impact of such alterations on mi-
crobial community dynamics thus are warranted to under-
stand the exact impairment of signals or selective principles,
which are critically influenced by NOD2 function.

In addition to selection mechanisms of the host, other
nonbacterial members of the intestinal microbiota could
play a role in shaping the bacterial communities. Because
overgrowth of fungi in the gut is promoted through the use
of antibiotics®® and gut inflammation also can promote
proliferation of fungi,”* we hypothesized that the observed
changes between NOD2 genotypes could be associated with
different shifts in the mycobiome. We observed in the
middle-aged cohort that fungal community diversity signif-
icantly increased in both genotypes after antibiotic treat-
ment. Interestingly, the enhanced diversity was sustained
during the course of the experiment (ie, despite the recov-
ery of bacterial microbiota), pointing to potential long-term
effects of single-antibiotic courses. Although NOD2 did not
appear to affect the mycobiome composition in our experi-
mental setting, it still could be possible that the inflamma-
tory response to the increased diversity of fungal taxa could
be altered in the NOD2-deficient situation. Because loss of
NOD2 has been shown to lead to a faulty recognition of
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fungi,55 this mechanism could contribute to the observed
weight-loss phenotype and delayed bacterial resilience.
Notably, we detected negative correlations of various fungal
taxa to the bacterial genus Prevotella, which generally is
associated with a healthy intestinal function.'>® Our find-
ings are supported by a study investigating the role of diet
and microbial interactions on gut fungi that also identified
numerous correlations between Prevotella and fungal taxa
as possible means of influencing host health.”’

To formally test whether the alterations of the post-
antibiotic microbiota, which were licensed by the absence of
a functional NOD2 signaling pathway, were able to induce
an inflammatory phenotype, we colonized WT GF recipients
with the fecal microbiota of Nod2-KO and WT donor mice
and monitored histologic changes, infiltration of immune
cells, and the induction of CXCL1/KC (keratinocyte chemo-
attractant) as a mucosal inflammation marker.”®° Indeed,
in 2 independent experiments, transfer of the postantibiotic
microbiota from middle-aged Nod2-KO donors was able to
induce an increased inflammatory response in comparison
with the respective WT donors. The results are in line with
other studies, which showed transmission of susceptibility
to intestinal inflammation®” or metabolic syndrome®’ by
fecal transfer from dextran sodium sulfate or high-fat chal-
lenged Nod2-KO mice to WT recipients, respectively. A
recent study by Goethel et al'” described a similar phe-
nomenon in Nod2-KO mice in which antibiotic treatment of
NOD2-deficient animals early in life led to a higher sus-
ceptibility to a second inflammatory hit, in this case dextran
sodium sulfate colitis, later in life. Mechanistically, the
observed increase of CXCL1 may result from a breach of the
intestinal barrier, which is reflected by increased histologic
subscores for epithelial damage and ulcers. In turn, CXCL1 is
a potent chemoattractant,”* which may explain the observed
increase of p22 phagocyte b-cytochrome-positive cells in the
lamina propria.

In summary, resilience of bacterial communities might
be a critical and under-recognized factor to host health,?"¢?
and our results emphasize the need for more longitudinal
studies to identify consequences of these dynamic shifts and
the influences of genotypic variation. We want to point out
that our results are derived solely from mice, which may not
fully reflect the human being situation. However, we clearly
show that microbial resilience to antibiotic treatments can
have considerable individual variation and that the geno-
type of the respective host contributes to the microbial
response to antibiotics. Consequently, microbial perturba-
tions and current treatments need further evaluation in
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human individuals at genetic risk with standardized pro-
cedures and sampling times. Antibiotics often are used in
the management of IBD patients because of several different
reasons (eg, infections). Our findings of the NOD2-
dependent proinflammatory potential of a postantibiotic
microbiota therefore may add another layer to the complex
disease etiology. Genotype-adjusted supplementation with
lost bacteria after antibiotic therapy thus may represent a
potential intervention strategy.

Materials and Methods

Specific Pathogen—Free Mice

All animal experiments were approved by the local ani-
mal safety review board of the federal ministry of Schleswig
Holstein and conducted according to national and interna-
tional laws and policies (V 312-72241.121-33 [95-8/11]
and V242-62324/2016 [97-8/16]). Specific pathogen-free
(SPF) animals were housed in mouse facilities at the
Christian Albrechts University of Kiel (Germany) and the
Institute Pasteur de Lille (France) (accreditation C59-
350009). A single NOD2-deficient male mouse was
crossed to a C57BL/6] female to obtain heterozygous
offspring. Heterozygous mice (F1) then were used to
generate WT and Nod2-KO breeder pairs (F2). Male
offspring of the next 2 generations then were used for the
experiment and maintained in single cages under SPF con-
ditions. At the onset of the study (Figures 14 and 24, day 0),
mice were approximately 1 year (middle-aged) or 20 weeks
(voung adult) old. Fecal pellets were collected immediately
from mice throughout the experiment and stored at -80°C.
Mice were monitored and weighed regularly, and killed at
the conclusion of the study, at which point organ and tissue
samples were collected and stored at -80°C.

Antibiotic Treatment

SPF C57BL/6] WT and Nod2-KO mice were treated with
a cocktail of broad-spectrum antibiotics composed of ampi-
cillin (1 g/L), vancomycin (500 mg/L), neomycin (1 g/L),
and metronidazole (1 g/L) (Sigma Aldrich)**°® for 12 days
(1-year-old mice) or 10 days (20-week-old mice). Antibiotics
were freshly prepared and administered ad libitum via
drinking water in light protected bottles.

Colonization of GF Mice

GF animals were housed in mouse facilities at the Max-
Planck-Institute for Evolutionary Biology in Plon, Germany.
Fifteen-week-old female C57BL/6] mice were maintained

Figure 9. (See previous page). Absence of small intestinal and systemic signs of inflammation after transfer of dysbiotic
postantibiotic microbiota of Nod2-KO mice. Fecal transfer of postantibiotic microbiota from WT and Nod2-KO donor mice
into GF WT recipients. GF WT mice were colonized for 17 days with feces collected from day 63 from WT and Nod2-KO mice
(49 days after antibiotic treatment). (A) Change in body weight expressed as the ratio of the end/start of the experiment (ie, 17
days after and before colonization), and organ measures (length of colon and small intestine, weights of spleen and liver) at the
end of the experiment. (B) Representative H&E staining of paraffin-embedded small intestinal sections. Scale bar: 100 um. (C)
Histologic scoring of the small intestine. Each bar represents an individual mouse. (D) Levels of tumor necrosis factor (TNF)-«
and Cxcl1 encoding chemokine (C-X-C motif) ligand 1 in serum of the colonized mice as measured by enzyme-linked
immunosorbent assay. (E) Quantification of bacterial load in the liver and spleen of the colonized mice measured by
reverse-transcription gPCR. (F) Abundance of Prevotella (left panel) and correlation of abundances between fungi and Pre-
votella (right panel) in stool samples of the colonized mice as by reverse-transcription gPCR. Rel., relative.
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Table 7.16S rRNA Gene-Specific Primers for Relative Quantification of Bacteria and Fungi

Primer Sequence 5’ to 3’ Probe 5’ to 3’ Reference
All bacteria, Bac338_F ACTCCTACGGGAGGCAG TGCCAGCAGCCGCGGTAATAC PMID: 9687486
All bacteria, Bac805_R GACTACCAGGGTATCTAATCC
Bacteroidetes, Bac 32F AACGCTAGCTACAGGCTTAACA CAATATTCCTCACTGCTGCCTCCCGTA PMID: 11010920
Bacteroidetes, BactR ACGCTACTTGGCTGGTTCA
Firmicutes, 8F AGAGTTTGATCCTGGCTCAG CTGATGGAGCAACGCCGCGT PMID: 10461381
Firmicutes, 534R ATTACCGCGGCTGCTGG PMID: 9687486
Prevotalla, F_Bacter 11 CCTWCGATGGATAGGGGTT AAGGTCCCCCACATTG PMID: 19302550
Prevotalla, R_Bacter 08 CACGCTACTTGGCTGGTTCAG
FungiQuant-F GGRAAACTCACCAGGTCCAG TGGTGCATGGCCGTT PMID: 23136846
FungiQuant-R GSWCTATCCCCAKCACGA

under GF conditions as described previously.®*®° Briefly,
mice were kept under a 12-hour light cycle and fed an
autoclaved chow diet ad libitum (V1124-927; ssniff, Soest,
Germany). Colonization of GF mice by fecal microbiota
transfer was performed as described previously.®® Briefly, 1
frozen fecal pellet (~50 mg) of SPF Nod2-KO or C57BL/6]
WT control mice from day 63 was resuspended in 1.2 mL
sterile phosphate-buffered saline and GF mice were gavaged
orally with 200 uL of freshly prepared suspension. Two to 3
recipient GF mice were colonized per fecal sample of each 3
Nod2-KO and WT control mice, and co-housed in individu-
ally ventilated cages (Green Line; Tecniplast [Hohenpei-
Benberg, Germany]) for 17 days without opening the cages.
In total, 35 GF mice were colonized in 2 independent ex-
periments (n = 15 in experiment 1, n = 20 in experiment 2).
Donors were selected based on cages (each mouse was from
a different cage) and PCoA clustering (to avoid taking in-
dividuals that were more distant than the approximate
average to reflect the overall variation in the groups). On
day 17 after colonization, mice were Kkilled by cervical
dislocation. Blood was collected from the vena porta and
tissue biopsy specimens were collected, snap frozen, and
stored at -80°C.

16S Amplicon Sequencing

Bacterial profiling using 16S amplicon sequencing was
performed as described previously.®” Briefly, DNA from
fecal pellets was isolated using the PowerSoil DNA Isolation
Kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s directions. Individual amplicons were tagged with
specific multiplex identifier barcodes and pooled for library

construction before sequencing. The 16S rRNA gene vari-
able region V3-V4 was amplified and sequenced on an
[llumina (San Diego, CA) MiSeq with 2 x 300 base pairs.
Sequencing reads initially were processed for quality con-
trol and downstream analysis using Mothur®® and
MacQIIME v1.9.1.°° Paired-end sequences were assembled
to V3-V4 contigs. Only sequences with less than 450 base
pairs, a homopolymer count of 6 and zero ambiguities, with
a mean quality score >25 were considered for further
alignment with the SILVA reference database. Initially pro-
cessed sequences with the SILVA reference database that
did not align to the target region of the 16S rRNA gene were
discarded from analysis. Chimeric sequences were detected
using the UCHIME algorithms and were removed from the
analysis. Reads matching to eukaryotic, chloroplast, or
mitochondrial sequences were excluded. All samples were
rarified to 1190 reads per sample to eliminate sampling bias
and uneven depth of coverage. §-diversity was assessed by
Bray-Curtis and Jaccard metrics,°® and statistical signifi-
cance was studied with Adonis/nonparametric analysis of
variance using Vegan package in R (v 3.2.5). Distances of all
samples were measured in comparison with day 0 to assess
the amount of change from baseline. A smaller distance
value indicated greater similarity. A paired Wilcoxon test
was performed for time wise analysis and a nonparametric
Mann-Whitney test was performed for genotype compari-
son using GraphPad 7. To determine the proportional
abundance of microbiota at the phylum and genus level, we
used a GEE model.”’ To identify bacterial taxa indicating
significant resilience, taxa were selected by their ability to
show resilience (indicator species for day 0 vs day 9 and day
9 vs day 86, while not being an indicator for day 0 vs day

Figure 10. (See previous page). The dysbiotic postantibiotic microbiota of Nod2-KO mice elicits an intestinal inflam-
matory response in the colon of recipient WT mice. GF WT mice were colonized with fecal material collected on day 63 from
middle-aged WT and Nod2-KO mice and then were killed 17 days after colonization. (A) Histologic scoring of colon sections.
Each bar represents an individual mouse (P = .0015). (B) Representative pictures of H&E-stained colon sections. Scale bar:
100 um. (C) Levels of the proinflammatory cytokine CXCL1 in colon lysates as measured by enzyme-linked immunosorbent
assay (P = .004). (D) Representative immunofluorescence pictures and quantification of p22 phagocyte b-cytochrome
(p22phox) (marker for neutrophils and activated macrophages; upper panel; P = .007) and CD3 (marker for mature T lym-
phocytes; lower panel; P = .048) of colonic sections from the colonized mice. Scale bar: 100 um. Every dot in the dot plots
represents an individual recipient mouse. Horizontal lines indicate the group mean. Data are combined from 2 independent
colonization experiments as indicated by circles and triangles. Exp., experiment.
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86). Indicator species are defined as an OTU with an indi-
cator value within the 95th percentile (of all OTUs indicator
values), and an indicator P value of < .05. After applying
these criteria, 11 resulting bacterial indicator taxa were
grouped into 3 categories. Data for days 2, 12, 14, 21, 28, 49,
and 71 were omitted for visualization purposes.

Fungal ITS1 Amplicon Sequencing

Fungal profiling was performed using ITS1 (located be-
tween 18S and 5.8S rRNA genes) amplicon sequencing in a
2-step PCR approach on fecal DNA. The initial PCR was
performed using the primers ITS1-F(F) (5-CTTGGTCATT-
TAGAGGAAGTAA-3") and ITS2(R) (5-GCTGCGTTCTTCATC-
GATGC-3")"""% to amplify the fungal ITS1 region. The 25-uL
PCR mixture contained 12.5 uL Master Mix (Phusion Hot-
Start Flex 2x Master Mix; New England Biolabs, Ipswich,
MA), 1 uL of each primer (1.25 umol/L), 7.75 uL PCR clean
water, 0.75 uL. dimethyl sulfoxide, and 2 uL. DNA template.
Reactions were held at 94°C for 2 minutes, with amplifica-
tion proceeding for 40 cycles, with 1 cycle consisting of 94°C
for 15 seconds, 55°C for 30 seconds, and 72°C for 45 sec-
onds; a final extension was performed for 10 minutes at
72°C. In a second PCR linker sequence, a sample specific
index and an Illumina adapter were attached. The 25-uL
PCR mixture contained 12.5 uL. Master Mix (Phusion Hot-
Start, Flex 2x Master Mix; New England Biolabs), 0.5 uL of
each primer (2.25 umol/L), 8.75 uL PCR clean water, 0.75
uL. dimethyl sulfoxide, and 2 uL of first-round product.
Reactions were held at 94°C for 2 minutes, with amplifica-
tion proceeding for 20 cycles, with 1 cycle consisting of 94°C
for 15 seconds, 55°C for 30 seconds, and 72°C for 45 sec-
onds; a final extension was performed for 10 minutes at
72°C. Correct amplification was monitored by agarose gel
electrophoresis. Samples were pooled and paired-end
sequenced (2 x 300 base pairs) on an Illumina MiSeq.
Sequencing resulted in 7,990,874 pairs of reads. The PIPITS
pipeline was used for fungal community analysis.”® Read-
pairs were joined with PEAR.* Assembled reads then
were quality-filtered with FASTQ_QUALITY_FILTER (FASTX-
Toolkit) (Hannon, available from: http://hannonlab.cshl.
edu). Files then were converted into FASTA format with
FASTQ_TO_FASTA (FASTX-Toolkit). The highly variable ITS1
subregion was extracted from sequences using the software
ITSx (version 1.0.11).”° Of the 7,849,824 input sequences,
7,334,632 contained an ITS1 region. ITS1 sequences were
clustered into OTUs with VSEARCH (Rognes, available from:
https://github.com/torognes/vsearch) at 97% sequence
similarity including chimera detection and removal by
UCHIME. A total of 7,244,071 reads passing quality control
then were used to assign taxonomic classifications with the
RDP Classifier against the UNITE fungal ITS reference data
set’® and to generate an OTU abundance table with a con-
fidence threshold of 97% sequence identity. Three samples
of WT at day 14 were discarded because of poor quality and
a low number of reads. a-Diversity estimation for diversity
and richness-based methods Shannon and Chaol index was
performed using in-house scripts in R (v 3.2.5). Correlations
were calculated between fungi and bacteria at the genus
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level using the Pearson correlation with a cut-off mean
>0.5% relative abundance. The correlation differences in
genotype over time then were compared for each combi-
nation from fungi and bacteria (P < .05, t test), of which 46
were found to be significant. A heatmap visualizing the
correlations was generated by R (package pheatmap).

Detection of Antibiotic Resistance Genes Using
Real-Time qgPCR

Antibiotic resistance genes present in the bacterial
community of SPF mice were assessed by microfluidic real-
time PCR. Eleven antibiotic resistance predesigned TagMan
real-time PCR gene expression assays (Thermo Fisher Sci-
entific Waltham, MA) were selected to target genes confer-
ring vancomycin resistance in Enterococcus, and Type C
B-lactamase, extended-spectrum g-lactamases, and carba-
penem resistance in Enterobacteriaceae (Table 5). A total of
84 fecal DNA samples from WT and Nod2-KO mice from
days 0, 14, 21, and 71 were assayed (10 KO and 11 WT per
time point). PCRs were performed in a 10-uL volume with
4.5 uL of TagMan Fast Universal PCR Master Mix (Applied
Biosystems), 0.5 uL. TagMan assay, 1 uL fecal DNA template,
and 4 uL PCR water. Assays were run on a ViiA 7 real-time
PCR system (Applied Biosystems, Waltham, MA) using the
following cycling conditions: 95°C for 20 seconds, followed
by 45 cycles of 95°C for 1 second, and 60°C for 20 seconds.
All assays were performed in duplicate with a positive
control of bacterial DNA and a negative control of water.
Real-time PCR data were analyzed with ViiA 7 RUO soft-
ware, using the AACT-method as previously published.”” A
Fisher exact test was performed to determine nonrandom
significant associations between the genotypes, days, and
antibiotics.

Histopathology

After cervical dislocation, the entire small intestine
and colon were excised, flushed with ice-cold PBS, cut
longitudinally into 2 equal parts, and rolled up from the
distal to the proximal end. The liver also was excised.
Tissues were fixed in 10% formalin (Th Geyer, Ren-
ningen, Germany) overnight at 4°C. Paraffin sections were
cut and stained with H&E stain. The small intestine and
colon were scored as a combined score of inflammatory
cell infiltration and tissue damage, as described previ-
ously by 2 independent blinded observers.”® Slides were
visualized by an Axiolmager Z1 microscope (Zeiss), and
pictures were captured by a digital camera system
(Axiocam HrC/HrM; Zeiss, Jena, Germany) using the semi-
automated image analysis software (Axio Visision version
08/2013).

Enzyme-Linked Immunosorbent Assay

A segment of the colon and liver was weighed and
diluted in a ratio of 20 uL RIPA buffer (including proteases)
per milligram of tissue weight. The tissue then was lysed in
a tissue lyser (Qiagen, Hilden, Germany) for 1 minute at 25
Hz, followed by centrifugation at 16,000 x g for 15 minutes
at 4°C. The amount of protein was measured by bicinchonic
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acid. Serum, colon, and liver lysates were assayed for cy-
tokines using commercially available kits for chemokine (C-
X-C motif) ligand 1 and tumor necrosis factor-a (RnD,
Minneapolis, MN) according to the manufacturer’s pro-
tocols. Cytokine levels of colon and liver were normalized to
protein content.

Real-Time PCR Quantification of the Microbiota

DNA from feces, liver, and spleen was extracted as
described. Real-time PCRs were performed on a 7900HT
Fast Real-Time PCR system (Applied Biosystems) in dupli-
cates using 16S rRNA gene-specific primers targeting all
Eubacteria or Prevotella and fungal-specific primers for
relative quantification (Table 7). Reactions consisted of 0.5
uL TagMan gene expression assay, 4.5 uL. TagMan master
mix (Thermo Fisher Scientific), 2.5 uL. RNase free water, and
2.5 uL of the DNA sample (1 ng/ulL), for a total of 10 uL in
each well. The amplification program consisted of the
following: (1) pre-incubation at 50°C for 2 minutes, and
95°C for 10 minutes; (2) 45 cycles of denaturation at 95°C
for 15 seconds and annealing at the appropriate tempera-
ture for 1 minute; and (3) 1 cycle at 95°C for 15 seconds,
53°C for 15 seconds, and 95°C for 15 seconds. For spleen
and liver, bacterial load was normalized to expression levels
of B-actin (assay ID: Hs99999903_m1) using the standard-
curve method. Statistical analysis was performed using
GraphPad Prism (version 7; GraphPad Software, San Diego,
CA), and statistical significance was evaluated by the
Mann-Whitney U test. P values less than .05 were consid-
ered statistically significant. Measurements were performed
using at least 5 biological replicates.

Availability of Data and Materials

All relevant data are included within the manuscript
files. Raw sequencing data included in this study were
uploaded to European Bioinformatics Institute (EBI)’s Eu-
ropean Nucleotide Archive (ENA) under accession number

PRJEB21817 (http://www.ebi.ac.uk/ena/data/view/
PRJEB21817).
Statistical Analysis

Biostatistical analyses were performed using GraphPad
Prism (version 7) software (GraphPad, Inc, La Jolla, CA),
Mothur, MacQIIME v1.9.1, or R (v 3.2.5). Specific compari-
sons and analyses are described in the individual Materials
and Method sections. Differences between the groups were
considered significant at P < .05 and the data are presented
as means + SEM. All authors had access to the study data
and reviewed and approved the final manuscript.
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