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ABSTRACT

Genetic defects in SLC26A3 (DRA), an intestinal CI"/HCO3™ exchanger, result in congenital chloride
diarrhea (CLD), marked by lifelong acidic diarrhea and a high risk of inflammatory bowel disease.
Slc26a3™~ mice serve as a model to understand the pathophysiology of CLD and search for
treatment options. This study investigates the microbiota changes in slc26a3™~ colon, the geno-
type-related causes for the observed microbiota alterations, its inflammatory potential, as well as
the corresponding host responses. The luminal and the mucosa-adherent cecal and colonic micro-
biota of cohoused s/c26a3™~ and wt littermates were analyzed by 16S rRNA gene sequencing. Fecal
microbiota transfer from cohoused slc26a3~~ and wt littermates to germ-free wt mice was per-
formed to analyze the stability and the inflammatory potential of the communities.

The cecal and colonic luminal and mucosa-adherent microbiota of slc26a3™~ mice was abnormal
from an early age, with a loss of diversity, of short-chain fatty acid producers, and an increase of
pathobionts. The transfer of sic26a3~~ microbiota did not result in intestinal inflammation and the
microbial diversity in the recipient mice normalized over time. A strong increase in the expression of
1122, Reg3B/y, RelmB, and other proteins with antimicrobial functions was observed in slc26a3~~
colon from juvenile age, while the mucosal and systemic inflammatory signature was surprisingly
mild. The dysbiotic microbiota, low mucosal pH, and mucus barrier defect in slc26a3™~ colon are
accompanied by a stark upregulation of the expression of a panel of antimicrobial proteins. This
may explain the low inflammatory burden in the gut of these mice.

ARTICLE HISTORY
Received 19 October 2021
Revised 20 January 2022
Accepted 9 February 2022

KEYWORDS

Anion exchange; intestinal
electrolyte transport;
inflammatory bowel disease;
gut dysbiosis; antimicrobial
peptides

Introduction i o o
above for CLD patients. During investigations

into the molecular nature of the electrolyte
transport abnormalities in the colon of the
slc26a3™'~ mice, we observed a virtual absence

Mutations in the SLC26A3 (DRA) ClI'/HCO;~
exchanger is the underlying mechanism for conge-
nital CI~ diarrhea.! The disease is characterized by

lifelong watery, acidic, and Cl-rich diarrhea, systemic
alkalosis, male subfertility, a high propensity for
development of inflammatory bowel disease (IBD),
and a variable rate of kidney disease, which is likely
secondary to fluid loss and electrolyte imbalance.?
SLC26A3 is also strongly downregulated in the ileo-
colon of patients with inflammatory bowel disease,™*
and in mice with ileocolonic inflammation,™® sug-
gesting that defective SLC26A3 function may play
a role in the pathophysiology of IBD.

Slc26a3™'~ mice are a suitable animal model to
study many aspects of the human disease,
because they develop all pathologies described

of colonic bicarbonate secretion, a lack of the
adherent mucus layer, and a high susceptibility
for intestinal damage by DSS.” A further
exploration of the sequelae of an absence of
Slc26a3-mediated luminal alkalinization revealed
that Slc26a3 is responsible for the strong seg-
mental differences of the juxtamucosal pH-
microclimate in the murine colon.® In addition,
slc26a3™~ mice developed spontaneous, but mild
colonic inflammation, a reduced microbial diver-
sity, and a disturbed mucin biosynthesis.®
Recently, tight junctional defects have also been
described in the colon of slc26a3™~ mice.’
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The present study was undertaken to study the
slc26a3”~ microbiota composition in more detail, its
stability over time and its causal relationship to the
pathological features observed in the slc26a3™~ colon.
In addition, we searched for reasons for the slc26a3™~
microbial colonic phenotype, such as colonic surface
pH-microclimate, gastrointestinal transit time, or
mucosal anti-microbial peptide expression. Taken
together, the findings may explain the observed
microbiota shift in the colon of slc26a3~'~ mice com-
pared to the colon of their cohoused wt littermates and
offer potential treatment strategies for improvement
of diarrhea and dysbiosis in CLD patients.

Results

Loss of SIc26a3 shapes fecal microbiota composition
already early in life

In animal studies, maternal transmission strongly
influence intestinal microbiota composition requiring
careful design of studies to address the crosstalk of
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host genetics and the microbiota.'® Accordingly, feces
pellets were collected monthly from cohoused
slc26a3”~ and wt littermates, starting post-weaning
(approx. 5 weeks of age) to the end of the experimental
observation period of 20 weeks. This time point was
chosen because slc26a3”~ mice develop diarrhea-
related complications during adulthood, mostly anal
prolapse, or ulcerations at the tail root near the anus,
and have to be sacrificed. Microbiota analysis was
performed using 16S rRNA amplicon sequencing of
the V4 region. The evaluation of the relative abun-
dance of bacteria on family level in slc26a3™" mice in
comparison to wt littermates exhibited significant
increases in Bacteroidaceae, Erysipelotrichaceae and
Bifidobacteriaceae, and decreases in Prevotellaceae,
Lachnospiraceae, Muribaculaceae ,Helicobacteraceae
and Ruminococcaceae (Figure la,b). This difference
in the composition of the microbiota was present
already at weaning and stable over the observation
period (Figure 1a). The observed a-diversity metric
showed consistent reduction of microbial diversity,
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Figure 1. Altered fecal (colonic) and cecal luminal microbiota in the absence of slc26a3 - Relative abundance of the different phyla and
bacterial families at different time points of the slc26a3™* (wt) and slc26a3™~ mice in the (a) colon and (c) cecum. Overall shifts
(combination of all the time points) in the relative abundance of the taxonomic families in the (b) colon (n = 25/group) and in the (d)
Cecum (n = 12 for slc26a3™*and 15 for slc26a3~"). Colon—n =5 pairs for all timepoints; Cecum - Early: n = 2-3, Mid: n = 7-8 and Late:

n = 3-4. **p < 005, **p = 0001, ***p < 0001.



with the B-diversity using PCoA revealing a clear
separation at each time-point in slc26a3~~ compared
to wt mice (Supplementary Figure 1a,b). In addition to
the fecal samples, cecal luminal samples were analyzed
revealing similar alterations compared to the fecal
samples in changes in the o and B diversity
(Supplementary Figure 1c,d) and the relative abun-
dance of the families were observed, i.e., significant
increases in Bacteroidaceae and Bifidobacteriaceae and
decreases in Prevotell-aceae, Lachnospiraceae and
Lactobacillaceae (Figure 1c,d). In summary, these
results demonstrate that slc26a3~'~ mice developed
an altered but stable luminal microbiota with
a dramatically reduced microbial diversity from
young age.

Large differences in the mucosa-associated
microbiota of wt and slc26a3™'~ mice

Due to the large differences in the surface pH-
microclimate and the physicochemical properties of
the mucus layer in the cecum and mid-distal colon in
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slc26a3™"~ compared to wt mice, we next focused on
the mucosa-associated microbiota. Mice deficient in
slc26a3 and wt littermates were sacrificed at different
ages and samples from cecum and colon were har-
vested. From the earliest time point of analysis
(4 weeks), significant alterations in the cecal and colo-
nic mucosa-associated microbiota were detected in
slc26a3™"~ mice compared to cohoused wt (Figure 2a,
d). The observed a-diversity and the P-diversity
showed a distinct separation between the slc26a3™~
and wt mice, both in the cecum and in the colon
(Supplementary Figure 2a-d). Taxonomic breakdown
at the family level indicated a decreased abundance in
certain populations of the Firmicutes such as the
Ruminococcaceae and Lachnospiraceae and an
increased abundance of the Muribaculaceae,
Bacteroidaceae and Bifidobacteriaceae (Figure 2b,e).
Several interesting observations were made that
may explain the pathophysiological aspects of the
colonic slc26a3™"~ phenotype: Firstly, the phylum
Deferribacteres containing mucolytic bacteria,'’ was
significantly increased in the absence of slc26a3
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Figure 2. Altered colonic mucosal adherent microbiota in the absence of s/c26a3 — Relative abundance of the different phyla and
bacterial families at different time points of the slc26a3™* (wi) and slc26a3™~ mice in the (a) colon and (d) cecum. Overall shifts
(combination of all the time points) in the relative abundance of the taxonomic families and genus in the (b, ¢) colon (n= 12 for
slc26a3**and 17 for slc26a3™") and in the (e,f) cecum (n = 11 for slc26a3™*and 14 for slc26a3™"). Colon Early: n = 5-7, Mid: n = 3-4
and Late: n = 4-6.; Cecum - Early: n = 4-5, Mid: n = 4-5 and Late: n = 3-4. *p < .05, **p < .005, ***p = .0001, ****p < .0001.
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(Figure 2b,e). This may in part explain the strong
reduction in mucosa-adherent mucus in slc26a3”~
colon.”® Secondly, there was a significant and strong
decrease in short-chain fatty acid (SCFA) producing
genera Roseburia'*(Figure 2¢1), and
Faecalibacterium'® (Figure 2f), as well as family
Lachnospiraceae** (Figure 2b,e). The potential conse-
quences are outlined in the discussion.

pH-dependency of invitro growth of individual
bacteria

One possible reason for the changes in the luminal
as well as the mucosa-associated microbiota of
slc26a3™'~ compared to cohoused wt littermates
may be the low pH in the lumen as well as directly
above the epithelial cells.® We therefore assessed
the growth rate of a panel of commensal bacteria
in a pH-dependent manner. One such panel of
growth curves is shown in Figure 3. Notably,
some bacterial families that are strongly overrepre-
sented in the fecal microbiota of the slc26a3™"~
colon, namely Bifidobacteriaceae (Figure 3a) were
particularly acid resistant. Other bacterial species
and families, such as Muribaculaceae (Figure 3b)

o

Bifidobacterium longum YL2

OD600
0OD600

T 1.2+

and Lachnospiraceae displayed a dramatic reduc-
tion of growth in acidic conditions, which is in line
with their decreased abundance in the lumen and
mucosa of slc26a3”'~ mice. However, Prevotellaceae
were similarly resistant to mildly acidic growth
conditions, yet were underrepresented in the
slc26a3™' microbiota (Table 1). Thus, additional
host or community-dependent factors are likely to
shape the microbiota in the slc26a3™~ intestine.

Gastrointestinal transit time in slc26a3~'~ and wt
littermates

Another possible reason for the different micro-
biota composition could be a different gastrointest-
inal transit time.'> We therefore assessed the total
gastrointestinal (GI) transit time in slc26a37"~ and
wt littermates aged 9-15 weeks. The mice were
subjected to the procedure on 3 d, with 3 d inter-
mission, so that the stool was definitively free of any
red dye, when the next GI transit time measure-
ment was performed. The results of the three mea-
surements were averaged and were 146 + 13 min
for the wt mice, and 168 + 17 min for the slc26a3 ™"~
mice (n = 5, ns) (Table 2a), with the overall stool

Muribaculum intestinale YL27
1.0 — o
0.8 5.0
5.5
0.6 ——6.0
——6.5
0.4 —=—7.0
——7.5
0.2
0.0
S A S T SN S N §
o)
Q.q, 6(1’ \Q’} (,5'1’ r&'} rﬁ;} %Q"l/ o;,;l« @-{]f Di,;l«
Time (h)

Figure 3. Growth curves of different bacterial strains at different pH. Growth curve of (a) Bifidobacterium longum YL2 and (b)

Muribaculum intestinale YL27. n = 3.

Table 1. Panel of growth curves of different bacterial strains at different pH.

Peak growth PH
Bacteria Family (h:min) 7.5 7.0 6.5 6.0 5.5 5.0
Prevotella rodentium Prevotellaceae 10:25 100 100 80.83 71.87 60.53 37.03
Muribaculum intestinale YL27 Muribaculaceae 12:55 100 89.09 60.27 10.35 1.09 0.49
Bifidobacterium longum Y12 Bifidobacteriaceae 9:35 100 93.47 79.06 64.08 57.99 34.87
Bacteroides cecimuris 148 Bacteroidaceae 17:55 100 97.53 62.72 1.51 0.56 1.18
Blautia coccoides YL58 Lachnospiraceae 12:05 100 86.17 66.47 48.74 29.40 1.61

Growth is depicted as percentage with the peak growth at 7.5 set at 100%.



Table 2. Total Gastrointestinal (Gl) transit time and stool water
content.

a.

Gl transit time measurements (min)

Genotype | Il 1] \% \Y Average SEM
Sl26a37* 12233 153 168 165.66 12533 146.86 13.38
Sl26a3™~ 16633 185 11633 136 241 168.93 17.59
b.
Stool water content (%)

Genotype Oh 1h 2h 3h 4h
Slc26a3*"* 61.38 63.13 63.32 53.60 56.86
Sl26a37~ 88.86 85.68 85.52 85.79 83.34
P value 0.0016 0.0211 0.0053 0.0024 0.0002

(a.) The transit time for each mice (n = 5/genotype) is depicted as an average
of three measurements. The overall average and SEM indicate that there is
no significant difference between slc26a3™~ and the wt littermates. p =
0.3786. (b.) The stool water content, however, remained significantly
higher in the slc26a3™~ throughout the measurement. Zero hour indicates
the timepoint right at the end of the fasting period; 1, 2, 3, 4 h indicate the
timepoint since the mice began eating. Each value is an average of a total
of three measurements in five mice.

water content during the entire measurement per-
iod remaining consistently and significantly higher
in the slc26a3™~ mice (Table 2b).

Transfer of slc26a3-deficient microbiota into
germ-free mice

In order to investigate the inflammatory potential
of the slc26a3™"~ colonic microbiota, a fecal micro-
biota transfer (FMT) experiment was performed.
Four-week-old germ-free mice received either
stool samples from SPF slc26a3*" mice (Donor
wt) or from the slc26a3”~ mice (Donor ko).
Analysis was then performed 8 weeks post-
transplant (Details of the experimental setup and
subsequent weight/growth parameters are shown in
Supplementary Figure 3). No histological or mole-
cular signs of inflammation were found in the reci-
pient mice receiving either an FMT from wt or
slc26a3™'~ mice. The small but significant increases
of the inflammatory markers Ly6g, Cd3 and Tnfa
that was observed in the slc26a3~~ colon was not
transferred to the Recipient ko group, both at the
mRNA level (Figure 4a) and at the protein level for
CD3 (Figure 4b). The spleens of the donors and
recipients were analyzed in search for a potential
systemic inflammatory reaction. All mice that were
raised in a germ-free environment had significantly
lower mRNA levels of the neutrophil marker Ly6g

GUT MICROBES (&) €2041943-5

than the slc26a3™~ and the donor wt mice, whereas
the mRNA expression of the Cd3 T-cell receptor,
and of Tnfa, was not different in any of the mice
(Figure 4c).

Improved species richness post FMT

Microbiota analysis demonstrated that wt donor and
recipients had a similar microbiota, while in contrast,
slc26a3™"~ donor and germ-free wt mice receiving the
stool from slc26a3™~ mice exhibited strong deviation
(Figure 5a). Specifically, the microbiota in recipient
mice was characterized by higher and distinct diver-
sity compared to the Donor ko microbiota, whereas
the wt donor and recipient microbiota was very simi-
lar (Figure 5b,c). These shifts were also seen in the
cecal recipient microbiota (Supplementary Figure 4a-
¢). In addition to its improved species richness, the
colonic and cecal luminal microbiota of the recipient
ko mice also showed decreases in the relative abun-
dance of the families Bacteroidaceae and
Erysipelotrichaceae, and an expansion in protective
Muribaculaceae .">'® An increase in Prevotellaceae
was also observed in the recipient mice. Only
Lachnospiraceae had comparable trends between the
donor and recipient mice (Figure 5d-h and
Supplementary Figure 4d-h), possibly because some
species were reduced to undetectable levels in the
slc26a3”~ microbiota and could not be recovered
despite the “normal” gut milieu of the recipients.

Strong upregulation of antimicrobial proteins in
slc26a3™"~ colonic mucosa

The microbiota dysbiosis, in combination with
a reduced Muc2 synthesis,” an absent firm
mucus layer,” and tight junctional defects’ poses
a strong threat to the colonic mucosal integrity.
Nevertheless, the observed spontaneous inflam-
mation in the slc26a3™’~ mice was very mild and
occurred only late in their lifespan,® and this
study. We therefore studied the expression of
a panel of antimicrobial peptides and other pro-
tective proteins that have shown to be essential
for the maintenance of microbial homeostasis
and mucosal integrity. No significant difference
was observed in the expression of the cathelicidin
Cramp,"” in the barrier-protective trefoil factor
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Figure 4. Non transfer of mucosal inflammation into the germ-free mice (a) Lack of development of mucosal inflammation as seen
by the gene expression analysis of Ly6g, Cd3e and Tnfa in the mid distal colon. (b) Immunohistochemistry of CD3 T cells in the mid
distal colon. (n = 5). (c) No systemic inflammation observed in all groups as seen by gene expression analysis of Ly6g, Cd3e and Tnfa in
the spleen. *p < .05, **p < .008, ***p < .0007, ****p < .0001. slc26a3*’* (wi) and slc26a3™~ (ko). Each dot represents one mouse.

Tff3'® in the murine beta-defensin 4 (Defb4)"’
and murine beta-defensin 14 (DefbI4), the mur-
ine orthologue for HBD4 (Figure 6a-d) between
wt and slc26a3™~ groups. Surprisingly, however,
a very strong mRNA upregulation of the colon-
expressed antimicrobial Reg3 lectins,”® possibly
mediated by the strong increase in I[22 mRNA,
was observed in the colonic mucosa (Figure 6e-
g). This was accompanied by concomitant
increases in the transcript levels for antibacterial-
secreted phospholipase A2 (Pla2g2a), goblet cell-

derived resistin like molecule beta (Relm[)’)21 and
Angiogenin 4 (Ang4).>* Intestinal alkaline phos-
phatase (iAlp) expression was also found upregu-
lated in slc26a3™’~ colonic mucosa (Figure 6h-k).

Discussion

The human autosomal recessive disease congenital
chloride diarrhea (CLD) was originally thought to
be excessively rare and restricted to a few geo-
graphic locations with high levels of
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Figure 5. Improved and altered abundance of colonic taxonomic families post FMT (a) Relative abundance of the different phyla
and families in the Donor wt, Recipient wt, Donor ko and Recipient ko. (b) Increase in the species richness post gavage transfer in the
Recipient ko group. (c) Principal coordinate analysis depicting distinct microbial signatures between Donor ko and Recipient ko groups.
(d,e.) Decrease in pro-inflammatory families Bacteroidaceae and Erysipelotrichaceae. (f) Increase in the relative abundance of
Prevotellaceae and (g) protective Muribaculaceae . (h) Continued lowered abundance of Lachnospiraceae. n = 4 pairs for Donor wt,

and Donor ko, n = 8 for Recipient wt and n = 7 for Recipient ko. *p < .05, **p < .005, ***p = .0001, ****p < .0001.

consanguinity.”> Recently, cases are being
described more frequently from all continents.
This is likely due to prenatal tentative diagnosis
by abdominal ultrasound, and confirmation by
sequencing techniques after birth that have become
widely available in many areas of the world. While
the disease need not be lethal any more, the sub-
stitution of electrolytes and fluid, which is the cur-
rent mainstay of therapy, permits survival but does
not attenuate the diarrhea. Moreover, many centers
report a high percentage of grave complications,
such as inflammatory bowel disease®** or chronic
renal failure,”” both likely direct sequelae of the
intestinal manifestations of CLD. It is therefore
important to find causes that may aggravate the
diarrheal, and/or the inflammatory intestinal phe-
notype in CLD patients, and to design treatment
and preventive strategies.

The genetic deletion of Slc26a3 created a mouse
model that recapitulates many aspects of the
human CLD disease.”® In addition to the virtual
absence of colonic bicarbonate secretion and
a lack of firm mucus layer, we noticed in a past
study an extraordinarily high susceptibility of the
slc26a3™'~ mice to DSS.” Even a 2% DSS concentra-
tion in the drinking fluid resulted in rapid death,

with an enormous increase in the number of large
lymphoid aggregates in the intestine, whereas wt
littermate mice showed only very mild inflamma-
tion under the same conditions.” Because
a dysbiotic microbiome has been linked to the
severity of DSS colitis,””*® we had also analyzed
the fecal microbiota of slc26a3™~ and wt littermates
at the phylum level and found a strongly reduced
diversity and an altered ratio of Firmicutes/
Bacteroidetes in the slc26a3”~ colon.® These find-
ings prompted us to explore the slc26a3™~ micro-
biota in more detail.

Since the strong segmental differences in the
surface pH-microclimate in the murine colon are
caused by the differences in expression and func-
tion of Slc26a3, with alkaline surface pH in the
cecum and mid-distal colon and a fairly low surface
pH in the proximal colon, where Slc26a3 expres-
sion is low,® we focused on the mucosa-associated
microbiota in this study. Specifically, we speculated
the microbiota to be particularly influenced by the
acidic surface pH in the cecum and mid-distal
colon of the slc26a3™~~ mice. For each of these
locations, the slc26a3”~ microbiota showed
a dramatic reduction in diversity. In addition, dra-
matic shifts were observed in the microbiota
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Figure 6. Shifts in the gene expression of antimicrobial peptides in the absence of sic26a3~~. Unaltered (a-d) Cramp, Tff3, Defb4
and Defb14. Upregulated. (e-k) Reg3b, Reg3g, II-22, Pla2g2a, RelmpB, Ang4, and iAlp. *p < .05, ****p < ,0001. Each dot represents one

mouse.

composition by the individual families, along with
clear differences in the relative OTU abundances.
Families with a known inflammatory potential,
such as Bacteroidaceae and Erysipelotrichaceae, or
with a mucolytic potential, such as the
Deferribacteraceae (Mucispirillum), were strongly
overrepresented, while the butyrate producers

Lachnospiraceae (Roseburia) and Ruminococcaceae
(Faecalibacterium) were strongly underrepresented
in the mucosa-attached microbiota.

For some families, there were also significant
differences in either the direction of change or the
magnitude of change between wt and slc26a3™/~

mice. One prominent example is the



Muribaculaceae family , i.e., compare Figure 1b
with Figure 2b,e. While changes in the magnitude
can be more easily result simply as consequence of
the different communities present in the lumen and
the mucosal layer, changes in direction are likely
the result of combinations of physiological and
ecological factors. Previous studies in mice already
suggested that the abundance of Muribaculaceae
family members varies in association with different
environmental conditions, including diet and tran-
sit time.”” Moreover, metagenomic analysis of var-
ious representatives from this diverse family
revealed the presence of enzymatic clusters, for
example the presence of trophic guilds for carbo-
hydrate metabolism from various sources (i.e. plant
glycans, host glycans), for breakdown of antimicro-
bial peptides, for evading immune detection, for
fimbria development, dealing with oxidative stress,
etc.”® This suggests that the members of the family
can adjust to environmental changes, and partition
into environmental niches. Hence, we assume that
specific members of the Muribaculaceae family find
suboptimal growth conditions in the lumen of
slc26a3”'~ colon, but that adaptive strategies
increasing their fitness may result in relatively bet-
ter conditions when they attach to the slc26a3~'~
mucosa, than for other species. Importantly, these
are likely not the same strains or species yet, the
resolution of the 16S rRNA amplicon sequencing
does not permit a reliable species identification.
Further supporting the particular observations
around this family is the significantly larger relative
abundance in the microbiota in the GF mice when
gavaged with microbiota from slc26a3™~ colon
than from wt colon (Figure 5g). Of note, a similar
situation after transfer into GF mice (without
a relative enrichment at the slc26a3~~ mucosa) is
seen for the genus Prevotella (Figure 5f).
Together, these findings were interesting,
because they may help explain the slc26a3™~ colo-
nic phenotype (and guide the investigations neces-
sary to improve the clinical outcome in CLD
patients). First, the increased abundance of muco-
lytic Deferribacteres, i.e., Mucispirillum schaedleri,
may be related to the mucus layer defect in the
slc26a37'"~ colon. In addition, this species has been
found increased in inflammation and expresses
genes related to host chemokine and cytokine
release.’’ Several other families underrepresented
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in slc26a3™"~ colon are also known to stimulate
mucin biosynthesis, secretion and/or mucus layer
quality.’>** Second, the strongly decreased abun-
dance of SCFA producers may explain why the
slc26a3™'~ mice cannot compensate their colonic
fluid and base loss. Both in wt and slc26a3™'~ iso-
lated colonic mucosa, a luminal addition of the
SCFA anion propionate was able to increase the
luminal alkalinization rate.’* This suggests that
the exchange of luminal SCFA against HCO;,
previously described in the rodent and human
colon,” albeit by an as yet molecularly undefined
pathway, is intact in slc26a3™~ mucosa. A low
abundance of SCFA producers may add to the
diarrheal severity, and improving SCFA availability
in the CLD colon a way to improve the diarrheal
state. The reduction in SCFA producers in the
microbiota of slc26a3™'~ feces was also seen in
a microbiota analysis by Kumar et al,” and may
explain the slc26a3™'~ increased DSS susceptibility,
because a loss of SCFA producers is associated with
an increased DSS susceptibility in mice.”® Although
their methodological approach differed from ours,
the group also found an increased abundance of
families with a known inflammatory potential, such
as Bacteroidaceae and Erysipelotrichaceae.’

To examine whether the strikingly different sur-
face pH in the cecum and mid-distal colon of
s1c263™'~ and wt mice may be the major determi-
nant for the enormous differences in both the rela-
tive composition and the absolute abundance of
members of the different families, we assessed the
growth curves of a number of gut bacteria at differ-
ent pH values in vitro. All studied bacteria repli-
cated more slowly at acidic pH, although the
relative acid resistance differed greatly between
families. = The high abundance of the
Bifidobacteriaceae in the feces may be related to
their acid-resistance and the low abundance of
Helicobacter to their acid sensitivity,*® as well as to
a  described  antagonistic  function  of
Bifidobacteriaceae on Helicobacter growth.”
However, Prevotella rodentium was also fairly acid-
resistent, yet the Prevotellacae family was under-
represented in the slc26a3™'~ microbiota. Evidently,
other factors are also important in facilitating
growth and persistence of bacteria in relatively
acidic pH surroundings in vivo. The method,
which studies the growth of a single species
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in vitro, does not allow to pick up on the important
interactions of the different microbiota with each
other nor the important host-microbiota interac-
tions that shape the microbiota.

Several groups have studied the inflammatory
response and/or the microbiota in mice, which are
defective for an intestinal acid/base transporter.
The nhe3™ mouse strongly upregulates INFy in
the small intestine,’® and Kiela et al. showed that
this was part of a response against bacteria, which
renders the mice extremely sensitive to small intest-
inal damage by DSS.”” The pH mileau was alkaline
in the small and large intestine of nhe3™'~ mice,***!
but interestingly, while the small intestinal mucosa
is hypoabsorptive,* the large intestinal mucosa is
hyperabsorptive, due to a very strong upregulation
of ENaC and associated transporters (Junhua Li,
unpublished). Thus, the nhe3™~ mice form fecal
pellets in the colon, whereas the slc26a3~'~ mice
do not. Interestingly, the hyperabsorptive nhe3™'~
distal colon displays a firmly adherent mucus layer,
but an increased bacterial content in the mucosa.**
The nhe3™'~ mouse displays a reduced colonic
microbial diversity and a microbiota-dependent
distal colitis in some animal houses.*>**
Interestingly, Engevik et al., did not find inflamma-
tion but showed a correlation between an increased
sodium content in the nhe3™” ileum and in the
proliferation of B. thetaiotaomicron, which in turn
increases fucosylation and thus shapes its own
niche for optimal growth,*' and may enhance host-
commensal symbiosis.”’ An increased fucosylation,
as well as dysbiosis, was also observed in the small
intestine of CFTR-deficient mice,*>*” but in these
mice, the small intestine has an acidic luminal
mileau and is hyperabsorptive.*® A recent review
summarizes the data about microbiota alterations
in different mouse models that are deficient in
intestinal ion transport protein, and it becomes
clear that there is yet a lot to be learned about the
causal relationships.*’

We also measured the GI transit time, which
affects the microbiota composition and diversity,
because species with longer replication times are
underrepresented if transit is very rapid.”’
Surprisingly, both wt and slc26a3™'~ mice displayed
similar transit times, despite the difference in stool
water. Current dogma states that a higher gut fluidity
stimulates intestinal motility,” but this appears not

to be the case if the underlying cause for the
increased fluid content is solely due to a decrease in
absorption. The difference in stool water, observed
in wt and slc26a3™'~ mice,'" also does not explain the
observed microbiota changes, because an increase in
stool water was associated with increased abundance
of Roseburia, Faecalibacterium and Lachnospira in
another study, while these species were strongly
decreased in slc26a3”~ microbiota.”* Therefore, we
assume that the enormous upregulation of antimi-
crobial peptides, discussed further below, with their
recognized potential to modulate microbiota com-
position, may also play a dominant role.

In order to study the inflammatory potential of
the slc26a3”'~ microbiota in an immunologically
intact host, the luminal colonic content of slc26a3™
~ mice and cohoused littermates was transferred to
germ-free mice. The germ-free mice gavaged with
either slc26a3™'~ or wt microbiota did not develop
intestinal inflammation 8 weeks later and the micro-
bial diversity had markedly increased in the germ-
free mice that had been gavaged with the slc26a3™'~
microbiota, compared to that of its donor. No differ-
ences in a-diversity was seen between the donor and
recipient wt microbiota. In addition, the absolute
abundance of several families were in the range of
the donor wt microbiota, with the exception of
Lachnospiraceae, which remained at a lower level,
possibly because selected members of that family
were not present in the slc26a3™'~ microbiota already
before the gavage. Our findings demonstrate that the
slc26a37'~ microbiota, while being highly abnormal
and clearly harvesting high numbers of facultative
pathobionts, is not capable to induce inflammation
in a genetically healthy, intestinal electrolyte trans-
port-competent, germ-free mouse.

Of course, we could have now proceeded to
gavage the slc26a3~'~ microbiota into germ-free
mice that are immunologically incompetent, such
as IL-10-deficient mice.”>”* However, we were
more intrigued by the fact that the slc26a3™'~
mice, even at the end of their expected lifetime,
had only developed mild distal colonic and no
systemic inflammation with the exception of an
increased serum IL-6 level, a known disease activity
marker for Crohn’s disease® (Figure 4c and
Supplementary Figure 6). Immunohistochemi-
cally, a mild increase in CD3e-positive cells in the
slc26a3”'~  colonic  mucosa/submucosa  was



revealed. We had reported similar findings before
and had provided evidence that the mice do not die
of the intestinal inflammation.® This lack of more
prominent inflammation in slc26a3™'" mice is
highly surprising, given the severe disturbances in
three important protective entities in the colon: the
microbiota (this study), the firm mucus layer’ and
mucus production,® and the tight junctional
structures.” In addition, the mild spontaneous
inflammation in these mice was in stark contrast
with the severe disease even after mild DSS chal-
lenge. Since it is now known that DSS causes direct
toxicity to enterocytes even in the complete absence
of other cell types,” inactivating their defensive
strategies, we speculated that the slc26a3™"~ colono-
cytes may have activated defense strategies to coun-
teract the negative effects of the dysbiotic
microbiota on mucosal homeostasis.

Colonic epithelial cells express a number of anti-
microbial peptides (AMP)."”*” The endogenous
upregulation or the exogenous delivery of antimi-
crobial peptides protects the host against invasion
of pathogens or damage by pathogen-associated
molecular patterns.”®”” We measured the mRNA
expression levels for a large panel of antimicrobial
peptides and other substances with a known pro-
tective function (Figure 6). The results were strik-
ing: while no changes in expression levels was
observed in the defensins, in the cathelicidin
Cramp and in the trefoil factor Tff3, there was
a very strong increase in the expression of the
Reg3 lectins, Reg3f and Reg3y (Figure 6e,f). These
intestinal Reg3 proteins have recently been shown
to be upregulated in mice that lack a firm mucus
layer*® and to be protective against both colitis>**
and diet- or alcohol-induced liver disease®’ by
reducing bacterial translocation in the gut in the
presence of a dysfunctional epithelial barrier.*
Because the Reg3 proteins are discussed as IL-22
target genes,”*® we also investigated the mucosal
expression of 1122, and it was upregulated already at
juvenile age, long before signs of inflammation are
observed (Figure 6g and Supplementary Figure 5d).
IL-22 is produced by several populations of
immune cells including mucosa-resident dendritic
and innate lymphoid cells (ILC) type 3 in response
to bacterial stimuli,*® or other cytokines such as
11.23,°” and mediates mucosal protective and regen-
erative functions.
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The strong upregulation of Reg3p as well as
Reg3y and Relmp in the slc26a3™"~ colon suggests
a protection against both gram-negative and gram-
positive bacteria. REG3p binds to carbohydrate
moieties on lipopolysaccharides (LPS) and thus
kills Gram-negative bacteria.®>*® RELMp also
directly kills gram-negative bacteria.”® Initial inter-
actions between Reg3y, the murine orthologue of
human REG3a, and its bacterial targets are
mediated by binding to peptidoglycan, which is
freely accessible only in gram-positive bacteria.”’
The bactericidal mechanism of the Reg3 lectins
and RELM involves permeabilization of the bacter-
ial membrane by pore formation.””’> The Reg3
proteins, as well as RELM, have been shown to
be particularly important for enforcing the physical
separation of microbiota and host and for limiting
microbiota activation of adaptive immunity.**’*”>
As shown previously, the protective effect by the
Reg3 lectins is functional also in the absence of
a firm mucus layer.

Other proteins with important antibacterial
properties that were upregulated are the enzymes
such as the secreted phospholipase A2 type II
(PlpA2IIA),”* and the intestinal alkaline phospha-
tase (IALP), which is also involved in preventing
bacterial translocation in the gut.”>’® The findings
may explain why both the slc26a3™~ mice, and the
Muc2-deficient mice display spontaneous inflam-
mation only in the distal parts of the colon, where
the expression of Reg3f and Reg3y, as well as iALP
activity, are much lower than in the proximal
colon.”” They also help to understand why we did
not see bacteria in the colonic cryptal lumen in an
earlier study, despite the complete lack of an adher-
ent mucus layer.” Finally, the high Relmf expres-
sion, which is produced in goblet cells and
promotes mucus secretion,””””® may help explain
why the size of many of the goblet thecae appeared
less rounded, as if emptied, in the slc26a3™'~ colonic
mucosa.”

In summary, this study demonstrates that
cohoused slc26a3”'~ and wt littermates on the
same diet until analysis, develop a very different
colonic microbiota, with a dramatic loss of diver-
sity, of short-chain fatty acid producers, and
a strong increase of several facultative pathobionts.
Most likely because of the dramatic upregulation of
a panel of antimicrobial proteins in the slc26a3™~~
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colon of these immunocompetent mice, colonic
inflammation was found only distally, and was
mild, even in the presence of a very marked barrier
defect as well as a pro-inflammatory microbiota.
CLD patients have a dramatically increased risk of
developing IBD,” and it will be a task for the future
to study whether the risk of CLD patients to
develop IBD may be related to their genetically or
environmentally determined ability to mount an
antimicrobial defense.

Materials and methods
Animals

slc26a3™~ mice®® were bred and maintained at
Hannover Medical School under standard tempera-
ture and light conditions, as previously described®
and were allowed free access to food and a half
maximal Pedialyte drinking solution to prevent
dehydration and enable increased survival post
weaning. All mice in the experiments were age
matched and used between 4 and 20 weeks of age.
The wild-type and knockout littermates were co-
housed from birth and monitored daily. Four-week
-old male and female germ-free C57BL/6 ] mice
were housed in static micro-isolators (gnotocages)
with autoclaved food, water and bedding at the
Hannover Medical School. All experiments invol-
ving animals were approved by the Hannover
Medical School committee on investigations invol-
ving animals and an independent committee
assembled by the local authorities (Authorization
number: 33.14-42502-04-14/1549 and 33.19-
42502-04-20/3561).

Microbiota transfer

Cecal and colonic luminal content from the co-
housed slc26a3 ™" (wt) and slc26a3 ™~ (ko) mice
were collected and immediately suspended in ster-
ile phosphate buffered saline (PBS)/glycerol (30%),
snap-frozen and stored at —80°C until further use.
Aliquots were then thawed and homogenized to get
an even suspension. Each germ-free mouse was
intragastrically gavaged with 50 pl cecal-colonic
fecal suspensions from either the wt or ko donor,
for over a period of 5 days, with a gap between D 2
and D 4. Germ-free mice gavaged with neither of

the suspensions served as internal controls. Mice
were then housed in microbiota — specific micro-
isolators and sacrificed 8 weeks post colonization.
Weight of the mice was recorded weekly once.

Histology and immunohistochemistry

Colonic tissues from each group, were harvested
and fixed in 4% paraformaldehyde (PFA). 3 um
paraffin-embedded sections were stained with
hematoxylin and eosin. To identify CD3e-positive
cells, immunohistochemistry was performed on
frozen sections of the colon. Mid- distal colonic
tissues from the slc26a3 *'*, slc26a3 ™~ and gavaged
mice was frozen in Tissue Tek OCT and 10 pm
cryosections were made. The sections were then
fixed for 10 min in ice-cold acetone. Prior to stain-
ing, the sections were rehydrated with TBS-T for
10 min and then blocked with 10% rat serum in
TBS-T for 30 min at room temperature. The slides
were then stained with the diluted primary anti-
body, AntiCD3- Cy3 clone 17A2. After staining the
nuclei with DAPI, the slides were mounted and
examined under the Olympus FluoView™ FV1000
confocal microscope.

Quantitative PCR protocol

Gene expressions of a variety of pro-
inflammatory cytokines and antimicrobial pep-
tides were analyzed in the mid-distal colon by
qPCR using ribosomal protein S9 (RPS9) as
reference gene. Additionally, the spleen was ana-
lyzed for pro-inflammatory cytokines. RNA
extraction, cDNA transcription and qPCR ana-
lysis were performed as per manufacturer’s
instructions. Briefly, the total RNA was extracted
using RNeasy®” Mini Kit (Qiagen GmbH) and the
quality was assessed using QIAxcel RNA QC Kit
v2.0 (Qiagen GmbH). 1 pg RNA was then
reverse transcribed with the QuantiTect®
Reverse Transcription Kit (Qiagen GmbH).
cDNA was diluted 1:40 with DNase free water,
and 4 pL of the dilution was used as a template
for PCR. Each reaction additionally contained
5 pL 2X qPCRBIO SyGreen Mix Lo-ROX (PCR
Biosystems) and an appropriate amount of pri-
mers. The panel of primers are given in supple-
mentary Table 1.



Microbiota analysis

Sample preparation — luminal microbiota

Stool/fecal pellets were collected from gavaged mice
and donor mice post sacrifice and immediately stored
at —80°C. Stool pellets were similarly collected from
the slc26a3 wt and ko mice at multiple time points
(Weeks 5, 8, 12, 16 and 20 for colon and Early: 4-
9 weeks, Mid: 10-15 weeks and Late: 16-20 weeks for
cecum) and stored at —80°C. DNA was extracted using
a method as described previously.” Briefly, samples
were first suspended in a solution containing 200 uL
0.1 mm zirconia/silica beads, 500 uL extraction buffer
(200 mM NaCl, 200 mM Tris [pH 8.0] and 20 mM
Sodium EDTA), 200 uL 20% SDS and 500 uL phenol:
chloroform:isoamyl alcohol mixture (pH 7.9, 25:24:1).
The samples were subsequently lysed twice by
mechanical disruption using bead beater for 2 min.
It was then followed by extraction with phenol:chloro-
form:isoamyl alcohol (pH 7.9, 25:24:1), and precipita-
tion with ice-cold isopropanol. The DNA extracts
were resuspended in Tris-EDTA (TE) buffer.

Sample preparation — mucosa adherent microbiota
Mucosal scrapings from slc26a3 wt and ko were
collected at different time points and stored in
TriZol at —80°C. For the analysis, samples were
once again clustered into three groups, namely
“Early” (4-9 weeks), “Mid” (10-15 weeks) and
“Late” (16-20 weeks). The scrapings were first
homogenized thoroughly in 1 ml TriZol and
200 pL 1 mm beads using a bead beater. To ensure
complete dissociation of nucleoprotein complexes,
the homogenized samples were incubated at room
temperature for 5 min followed by spinning it
down at 300 g for 5 min at 4°C. Phase separation
was performed by adding 200 uL chloroform per
1 ml TriZol to the supernatant. It was vortexed
vigorously and then spun down at <12,000 g for
15 min at 2-8°C. The upper aqueous phase was
then transferred into a tube and RNA was precipi-
tated with ice-cold isopropanol. After washing the
RNA extract, it was resuspended in fresh pure water
and stored immediately at —80°C. The RNA was
then converted to bacterial ¢cDNA using the
RevertAid First Strand cDNA Synthesis Kit accord-
ing to manufacturer’s instructions. The presence of
bacterial cDNA was confirmed by performing
a PCR.
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Microbial 16S rRNA gene analysis

Prior to sequencing, the crude DNA extracts were
resuspended in TRIS-EDTA (TE) buffer containing
100 mg/ml RNase and column purified.
Amplification of the V4 region (F515/R806) of the
16S rRNA gene was performed as described
previously.*® Using the Illumina MiSeq platform
(PE250), the samples were sequenced. Sequences
were then filtered for low quality reads (q > 30)
and bar code binning was performed using the
QIIME v1.8.0.8! The obtained reads were then clus-
tered into operational taxonomical units (OTUs)
based in the 97% nucleotide identity of the ampli-
con sequences using UCLUST reference OTU pick-
ing. This was followed by further taxonomic
classification using the Ribosomal Database
Project (RDP) classifier executed at 80% bootstrap
confidence cutoff.*>*> The sequences without
a matching reference dataset were then grouped as
de novo using UCLUST. The OTU absolute abun-
dance table and mapping file were used for statis-
tical analyses and data visualization in the
R statistical programming environment package
phyloseq.®*

pH-dependency of in vitro growth of various
microbiota components

In brief, all bacteria were grown in BHI medium.
For each media, pH was decreased with hydrochlo-
ric acid. All cultures were grown in 200 pul in 96-well
plates on 37°C in anaerobic conditions, using
a biotek absorbance reader.

Total gastrointestinal transit time

The total Gastrointestinal transit time was measured
as previously described with a few modifications.®
Briefly, a solution of carmine red (6% in 0.5%
methycellulose solution) was mixed with the pow-
dered normal chow/food, reshaped into pellets,
dried and sterilized prior to feeding. Both the
slc26a3™'~ and wt were fasted for approximately 5 h
and then placed in clean transparent empty cages for
observation. Post fasting, the mice were fed the red
pellets and the interval between the first food intake
to the appearance of the first red stool pellet was
considered as the total GI transit time.
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Statistics

Statistical analysis was performed using GraphPad
Prism Version 8.00. Unless otherwise indicated,
comparisons of two groups that passed the
Shapiro-Wilk normality test were compared with
the two-tailed Student t-test. In case one or both
groups did not pass the normality test, analysis was
performed using the nonparametric Mann-Whitney
U-test. All results were expressed as the mean + SEM.
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