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Intestinal microbiota control acute kidney injury

severity by immune modulation
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Intestinal microbiota impacts the host immune system and
influences the outcomes of chronic diseases. However, it
remains uncertain whether acute kidney injury (AKI)
impacts intestinal microbiota or vice versa. To determine
this, we investigated the mechanistic link between AKI,
microbiota, and immune response in ischemia/reperfusion
injury. Microbiota alteration and its biological
consequences after ischemia/reperfusion injury were
examined and the effect of dysbiotic microbiota on the
outcome of AKI was also assessed by colonizing germ-free
mice with post-AKI microbiota. The role of Th17, Th1, Tregs
cells and macrophage polarization in mediating the
renoprotective effect of antibiotic induced microbiota
depletion in ischemia/reperfusion injury was also
determined. Increase of Enterobacteriacea, decrease of
Lactobacilli, and Ruminococacceae were found to be the
hallmarks of ischemia/reperfusion injury induced dysbiosis
and were associated with a decreased levels of short-chain
fatty acids, intestinal inflammation and leaky gut.
Colonizing germ-free mice with post-AKI microbiota
worsened ischemia/reperfusion injury severity with
exaggerated inflammation in recipient mice compared to
colonizing with microbiota from sham operated mice.
Microbiota depletion by oral antibiotics protected against
ischemia/reperfusion injury. This renoprotective effect was
associated with reduced Th 17, Th 1 response along with
expansion of regulatory T cells, and M2 macrophages. Our
study demonstrated a unique bidirectional relationship
between the kidney and the intestine during AKI. Intestinal
dysbiosis, inflammation and leaky gut are consequences of
AKI but they also represent an important modifier
determining post-AKIl severity. Thus, targeting the
intestinal microbiota might provide a novel therapeutic
strategy in AKI.
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Translational Statement

This study demonstrates a unique bidirectional rela-
tionship between the kidney and intestine during acute
kidney injury. Acute kidney injury provokes intestinal
dysbiosis, T helper cell 17, neutrophil, and M1 macro-
phage mediated intestinal inflammation as well as leaky
gut with bacterial translocation. Dysbiotic microbiota
transferred to germ-free mice aggravated kidney injury.
Depletion of microbiota before injury partially mitigated
kidney injury, and the renoprotective effect is associated
with significantly reduced T helper cell 1, T helper cell 17
response and expansion of regulatory T cells, and M2
macrophages. Targeting the intestine might provide
novel strategies for the prevention and treatment of
acute kidney injury.

acute kidney injury (AKI), the mortality of dialysis

requiring AKI still remains high.'” Uremic compli-
cations and AKl-induced distant organ dysfunction might
contribute to this worse outcome,”” However, compared
with lung and heart, little is known about the interaction be-
tween the kidney and intestine.

The intestine harbors over 100 trillion commensal bac-
teria.”” Emerging evidence indicates that intestinal dys-
biosis is associated with many inflammatory, metabolic
diseases.”'* Studies shed light on kidney—intestine crosstalk
in AKI. Park et al.'’ demonstrated that ischemia/reperfu-
sion injury (IRI) induced the release of interleukin (IL)-17A
from the small intestine, mediating intestinal and hepatic
injury. Another study by Andrade-Oliveira et al.'* also
suggested kidney—intestine crosstalk by showing that short-
chain fatty acids (SCFAs) prevented IRI. However, none of
these studies demonstrated a direct link between microbiota
and AKIL.

D espite progress in understanding the pathogenesis of
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The intestine is the single largest organ of the immune
system, and contribution of microbiota and mucosal immune
cells to local inflammatory conditions such as inflammatory
bowel disease is well known.'> However, recent studies show
that these are potent regulators of systemic immunity as well,
and they could also control extraintestinal biologic func-
tions.'®'” Given that overwhelmed activation of innate im-
mune response is important in the pathogenesis of AKI, there
is a possibility that microbiota alteration and intestinal
mucosal immunity might impact AKI outcome.

In this study we examined whether microbiota could affect
the post-AKI outcome by modulating immune response in
kidney IRI. We showed that IRI-induced dysbiosis led to
significantly altered metabolic, immunologic, and barrier
functions of the intestine. At the same time we also observed
AKI-induced dysbiosis negatively affected post-AKI outcome by
showing germ-free (GF) mice colonized with post-IRI micro-
biota developed more severe injury in recipient mice. Depletion
of microbiota before injury resulted in marked protection
against renal IRI, and this renoprotective effect was partially
mediated via reduction of T helper cell 17 (Th17), T helper cell
1 (Thl) response and also expansion of regulatory T cells
(Tregs), and M2 macrophages. Collectively, these data suggest
that intestinal microbiota and mucosal immunity might control
kidney inflammation and injury and can be important modi-
fiers of AKI outcome. Targeting intestinal microbiota could
provide a novel strategy in the treatment of AKI.

RESULTS

Kidney IRI induces intestinal dysbiosis

To assess the impact of IRI on intestinal microbiome, we
performed 16S rRNA gene sequencing analysis of mice feces
from sham, IRI day 1, and bilateral nephrectomy. The
number of operational taxonomic units (OTUs), species
richness estimates (Chaol and abundance-based coverage
estimator (ACE), and species diversity index (Shannon)
showed no difference between the 3 groups (Figure la).
However, the microbial community of IRI or nephrectomized
mice was clearly distinguished from the sham group in
principal coordinate analysis (Figure 1b). Hallmarks of kidney
IRI-induced dysbiosis included relative increases of Escher-
ichia and Enterobacter and relative decreases of Lactobacillus,
Ruminococcaceae, Faecalibacterium, and Lachnospiraceae
(Figure 1c).

Biologic consequences of kidney IRI-associated intestinal
dysbiosis

After kidney IRI, the numbers of neutrophils and macro-
phages increased significantly in the colon, suggesting the
development of intestinal inflammation (Figure 2a). Among
the colon macrophage subset, expansion of CX;CR;™ Ly6c™
proinflammatory macrophage was prominent with increased
expression of inducible nitric oxide synthase (iNOS) and
decreased expression of arginase, suggesting that macrophage
polarization shifted to proinflammatory M1 phenotype in the
colon after kidney IRI (Figure 2b and c). Intracellular
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cytokine staining of lymphocytes showed that dysbiosis is also
associated with expansion of IL-17A™" CD4 cells in both small
and large intestine, suggesting the important role of Th17
pathways in kidney IRI-induced intestinal inflammation
(Figure 2d).

We also observed that intestinal permeability significantly
increased along with increased endotoxin level (Figure 3a and
b). The actual number of amplicon reads of bacterial 16S
rRNA of liver in day 1 IRI also showed a significant increase
compared with sham-operated mice (Figure 3c). Despite the
inadequate number of the amplicon reads for assigning
subsequent OTU analysis, these data could suggest the
development of bacterial translocation after kidney IRL
Significantly decreased claudin-1 increased claudin-2
(Figure 3d), and increased numbers of apoptotic colono-
cytes (Figure 3e) are likely to contribute to barrier disruption
and subsequent bacterial translocation after AKI. IRI-induced
dysbiosis was also associated with significantly decreased
levels of SCFAs in feces (Figure 3f).

Dynamic changes of intestinal microenvironment after
kidney IRI

The microbial structure during the recovery phase of IRI on
days 3 and 7 was clearly distinguished from that of day 1 IRI
and characterized by partial restoration of the relative abun-
dance of genus Lactobacilli (Figure 4a—c). In line with this
change of microbiome, the level of stool butyrate was also
partially restored on IRI day 7 (Figure 4d). Significantly
increased neutrophils in the colon of day 1 IRI also returned
to baseline, whereas colon macrophage or apoptotic colono-
cytes remained elevated (Figure 4e).

Intestinal dysbiosis is causally linked to severity of IRI
Although intestinal dysbiosis is known to be involved in
many pathologic processes, it remains unclear whether
AKl-associated intestinal dysbiosis directly contributes to
the pathogenesis of kidney IRI. To determine whether
post-IRI dysbiosis has an impact on AKI severity, we used
a microbiota transfer model in GF mice. We reconstituted
GF mice with fecal microbiota from sham-operated or IRI
mice and then underwent kidney IRI on the recipient
mice. Mice who received microbiota from IRI mice
developed more severe injury compared with those that
received microbiota from sham-operated mice. Blood urea
nitrogen, serum creatinine, and tubular injury scores were
significantly higher in GF mice with microbiota reconsti-
tution from IRI mice (Figure 5a and b). Next, we analyzed
inflammatory cytokine concentrations in the post-ischemic
kidneys and observed that recipients of post-IRI micro-
biota exhibited significantly higher levels of kidney tumor
necrosis factor (TNF)-o and interferon (IFN)-y mRNA
compared with sham recipients (Figure 5c). These data
suggest that dysbiotic microbiota after kidney IRI aggra-
vated inflammation and directly contribute to the severity
of kidney injury.
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Figure 1| Acute kidney injury-induced dysbiosis. Fecal samples obtained in sham-operated, day 1 ischemia/reperfusion injury (IRl), and
bilateral nephrectomized mice were analyzed. (@) Quantitative analysis of microbiome showing the species richness (number of operational
taxonomic units [OTUs], abundance-based coverage estimator [ACE], Chao 1) and species diversity (Shannon) in sham, IRl day 1, and bilateral
nephrectomized mice. (b) Principal coordinate analysis of intestinal microbiome by taxonomic abundance pattern in sham, IRl day 1, and
bilateral nephrectomized mice. (c) Only genera with a frequency >1% and with statistically significant differences between the groups were

included. Four to 5 per group.

Depletion of intestinal microbiota is protective in kidney IRI
Based on our data, we hypothesized that intestinal microbiota
might be a novel therapeutic target in kidney IRI, so we tested
the effect of microbiota depletion. Oral administration of an
antibiotic combination for 2 weeks before IRI resulted in
marked decrease of OTUs (data not shown), and antibiotic-
induced microbiota depletion (AIMD) conferred a signifi-
cant renoprotective effect against IRI. Serum creatinine,
tubular injury, and the number of kidney infiltrating neu-
trophils or macrophages decreased significantly (Figure 6a
and b). Levels of monocyte chemoattractant peptide-1 and
IL-6 also decreased, indicating decreased inflammation
(Figure 6¢). AIMD also resulted in decreased colonocyte
apoptosis, colon inflammation, restoration of claudin-1 and
-2 expression, and permeability (Supplementary Figure S1).

Protective effect of AIMD is partially mediated by decreased
Th1, Th17 response and expansion of Tregs, and M2
macrophages

Next, we sought to elucidate mechanisms of protection
exerted by AIMD. Because the intestine is the largest reservoir
of T cells in our body and microbiota is important in shaping
the immune response, we tested whether these cells
contribute to the beneficial effect of AIMD in kidney IRL
First, we examined mesenteric lymph node (MNL) T-cell
function. T cells from MNLs from AIMD mice showed a
significantly reduced proliferative response on anti-CD3 and
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anti-CD28 co-stimulation determined by bromodeoxyuridine
(BrdU) incorporation (Figure 7a). In addition, we observed
that the renoprotective effect of AIMD was associated with
significantly reduced Th17 and Thl response in the small
intestine and also with the expansion of CD4" CD25" Tregs,
and Foxp3 expression in MNL, spleen, and kidneys of IRI
mice (Figure 7b and c). Depletion of Tregs by administration
of anti-CD25 monoclonal antibodies and adoptive transfer of
Foxp3™ cells in Treg depleted AIMD mice resulted in partial
loss and restoration of the protective effect of AIMD in kidney
IRI (Figure 7d). Finally, to exclude the direct effect of anti-
biotics on Treg expansion, MNL cells were co-cultured with
antibiotic combinations. There was no difference in per-
centage of Tregs, suggesting that antibiotic-induced Treg
expansion might be mediated by their effect on microbiota
(Figure 7e).

In addition, we also tested whether the renoprotective ef-
fect of AIMD was partially mediated by macrophage polari-
zation. We measured the percentage of Ly6G°“CX;CR,""
resident macrophages in the colon; those were significantly
increased after IRI in AIMD mice (Figure 8a). Reverse
transcriptase-polymerase chain reaction (PCR) analysis of
iNOS and arginase also suggest that these cells represent M2-
like macrophages (Figure 8b). AIMD also led to increased
CD206" F4/80" M2 macrophages in post-ischemic kidneys
with decreased iNOS and increased arginase expression
(Figure 8c and d). Given that M2 macrophages exert an anti-
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Figure 2| Kidney ischemia/reperfusion injury (IRI)-induced dysbiosis is associated with intestinal inflammation. (a) Colon
inflammation. Representative images are Ly6G™ neutrophils and F4/80" macrophages in the colon of sham and day 1 of IRl. The number of
positive cells per high power fields (HPFs) was compared. Original magnification x200. (b) Flow cytometric analysis of colon Ly6c™CXsCR; "
macrophages in sham and day 1 of IRI. Percentage of Ly6c'®" CX5CR,™e™e4 2t proinflammatory macrophages was determined. (c) Reverse
transcriptase-polymerase chain reaction (RT-PCR) analysis of colon-inducible nitric oxide synthase and arginase. Relative fold difference
compared with sham-operated mice were compared. (d) Flow cytometric detection of interleukin (IL)-17A" or interferon (IFN)-y™" CD4 cells in
small and large intestines in sham and day 1 of IRI. Symbols represent individual animals, and horizontal lines show mean values. Data are
expressed as mean £ SEM. The 2-tailed unpaired t test was used in all graphs (5-8 per group). *P < 0.05 compared with the sham. To optimize
viewing of this image, please see the online version of this article at www.kidney-international.org.

inflammatory effect, these results suggest that AIMD-induced  DISCUSSION
M2 macrophage polarization in both colon and kidney might =~ Our study demonstrated a novel, bidirectional relationship
partially contribute to a renoprotective effect of AIMD. between the kidney and intestine during AKI. Kidney IRI
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Figure 3| Kidney ischemia/reperfusion injury (IRl)-induced dysbiosis is associated with increased permeability and bacterial
translocation. (a) Intestinal permeability was measured by detecting fluorescein activity of fluorescein isothiocyanate conjugated (FITC) 4
hours after oral administration of FITC-dextran in sham and day 1 of IRI. (b) Serum endoxin level in sham and day 1 of IRI. (c) Quantitative
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high-power field (HPF; original magnification x200) was compared. (f) Levels of acetic acid and butyric acid in feces in sham and day 1 after
IRI. Symbols represent individual animals, and horizontal lines show mean values. Data are expressed as mean + SEM. The 2-tailed unpaired t
test was used in all graphs (4-5 per group). *P < 0.05 compared with the sham group. To optimize viewing of this image, please see the
online version of this article at www.kidney-international.org.
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Figure 4| Dynamic changes of intestinal microbiome, inflammation, and metabolites after ischemia/reperfusion injury (IRI). (a) Fecal
samples obtained in sham, days 1, 3, and 7 after IRl were analyzed. Quantitative analysis of microbiome showing the species richess (number
of operational taxonomic units [OTUs], abundance-based coverage estimator [ACE], Chao 1) and species diversity (Shannon) in sham IRI days 1,
3, and 7. (b) Principal coordinate analysis of intestinal microbiome by taxonomic abundance pattern in sham, IRl days 1, 3, and 7. (c) Only
genera with a frequency >1% and with statistically significant differences between the groups were included. (d) Levels of acetic acid and
butyric acid in feces in sham, days 1, 3, and 7 of IRI. (e) Deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)" colonocyte
apoptosis, Ly6G™ neutrophils, F4/80" macrophages in the colon on days 1, 3, and 7 of IR|, original magnification x200. Symbols represent
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graphs (4-5 per group). *P < 0.05 compared with the sham. #P < 0.05 day 1 versus day 7. To optimize viewing of this image, please see the
online version of this article at www.kidney-international.org.

profoundly altered the intestinal microbiota with barrier —kidney injury by augmenting inflammation. We also
disruption, bacterial translocation, and metabolic, im- demonstrated that depletion of microbiota protected
mune dysfunction. This dysbiosis subsequently worsened against IRI, and this renoprotective effect was partially
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Figure 5 | Ischemia/reperfusion injury (IRl)-induced dysbiosis affect after acute kidney injury inflammatory response and exacerbate outcome.
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renal pedicles. Mice were sacrificed on day 1. (@) Serum creatinine and blood urea nitrogen (BUN) level on day 1 after IRI. (b) Representative images of
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sham or kidney IR, day 1, original magnification x 100, PAS. Tubular injury score. (c) Reverse transcriptase-polymerase chain reaction analysis of
tumor necrosis factor o (TNF-a) and interferon y (IFN-y) expression in kidney tissues and relative fold difference compared with sham-operated
GF mice were compared. Symbols represent individual animals, and horizontal lines show mean values. Data are expressed as mean &+ SEM. The
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mediated via reduction of Thl7, Thl response and
expansion of Tregs, and M2-polarized macrophages.

The intestinal microbiota has been increasingly recognized
as an important player in normal physiology and in many
pathologic processes. Although both quantitative and quali-
tative changes in microbiota are frequently observed in
chronic inflammatory or metabolic diseases, its impact on
acute illnesses such as AKI is relatively unknown.”'*'®"”

In this study we observed that the microbial community 1
day after IRI was already clearly distinguished from that of

Kidney International (2020) H, H-H

sham-operated mice. The hallmarks of dysbiosis included an
increase in relative abundance of Escherichia and Enterobacter
and decreased abundance of Lactobacillus, Ruminococcus, and
Lachnospiraceae. Both Enterobacter and Escherichia belong to
the Enterobacteriaceae family and are known as entero-
pathogenic bacteria producing lipopolysaccharide. A study
showed the critical role of Enterobacter cloacae B29 as a
pathogenic microbe in the development of obesity.”’ In
contrast, families of Lachnospiraceae, Ruminococcaceae, and
Lacobacilli that are well-known butyrate formers in the
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healthy intestine were decreased.”"”* As expected, we found
that levels of SCFAs were significantly reduced in feces of day
1 IRI mice. Butyrate has pleiotropic functions such as an
energy source of colonocytes, promoting cell proliferation,
immune tolerance, and barrier strengthening.”””* We then
observed that dysbiosis induced by kidney IRI was associated
with increased colonocyte apoptosis, inflammation, and
altered tight junction proteins. The percentage of IL-17A* T
cells, neutrophils, and CX;CR,™™# macrophages
increased, and all these changes in the intestine after kidney
IRI led to increased permeability and also significantly
elevated levels of endotoxin. In addition to endotoxin, we also
observed the significantly increased number of bacterial 16S
rRNA amplicon reads in the liver of post-IRI mice, showing
the development of bacterial translocation after kidney IRI.
Given that endotoxin is a pathogen-associated molecular
pattern, recognized by toll-like receptors or other pattern
recognition receptors, these data suggest the possible role of
intestinal dysbiosis to potentiate systemic inflammation after
kidney IRI.

We also found that the intestinal microbiome, inflamma-
tion, and metabolite levels showed dynamic changes during the
recovery phase. Although microbiomes on days 3 and 7 after
IRI showed somewhat overlapping features, they were distinctly
separated from that of day 1 IRL. At the genus level, the most
prominent difference was re-expansion of Lactobacilli with
partial restoration of stool SCFAs, suggesting that microbiota
during the recovery phase might also participate in the kidney
recovery process. However, the significance of dynamic alter-
ation in the intestinal microbiome after IRI needs to be further
studied.

Although studies demonstrated that dysbiosis is associated
with many pathologic conditions, a direct causal link between
specific microbes and disease pathogenesis has not been
determined. However, Prevotella copri and E cloacae B28 have
been recently identified to play a causative role in the devel-
opment of rheumatoid arthritis and obesity, respectively.'*'*
In our study we determined the effect of dysbiosis on AKI
severity using stool transplantation in GF mice. GF mice
colonized with microbiota from IRI mice developed more
severe kidney injury in recipient mice compared with those
colonized with microbiota from sham-operated mice, indi-
cating that dysbiosis directly contributes to post-ischemic
kidney injury. More severe kidney injury was associated
with significantly higher levels of INF-y and TNF-a in the
kidneys. These results show a unique bidirectional relation-
ship between the kidney and intestine during AKI and suggest
that dysbiosis is not only the consequence of AKI but also
might be one of the primary modifiers of AKI outcome.

d

To determine whether manipulation of microbiota affect
kidney IRI, we tested the effect of AIMD in IRI. Depletion of
microbiota by antibiotics led to marked protection from IRL
The beneficial effect of gut microbiota depletion in kidney IRI
was previously shown by Emal et al.,”> who showed that the
renoprotective effect of microbiota depletion was mediated by
reducing the maturation status of F4/80" renal resident
macrophage and bone marrow—derived monocytes.

In our study we observed that the renoprotective effect of
AIMD was associated with significant reduction of Th17 and
Thl response and also with expansion of local and systemic
Tregs. IL-17 is a well-known proinflammatory cytokine, and
Park et al."” showed that kidney IRI provoked small intestinal
Paneth cell release of IL-17A, and genetic or pharmacologic
depletion of Paneth cells decreased small intestinal IL-17A
secretion, subsequently mitigating intestinal, hepatic, and
kidney injury after AKI. In addition to a reduced Thl7
response, AIMD was also associated with expansion of Tregs.
The percentage of CD4" CD25" Tregs and Foxp3 expression
in MNL, spleen, and kidney significantly increased in AIMD
mice. These results are comparable with a study by Ochoa-
Reparaz et al,”® who showed the expansion of Tregs in
MNL and spleen after oral administration of antibiotics and
suggested that this cell-mediated peripheral immune toler-
ance is a mechanism of protection of microbiota depletion
against autoimmune encephalitis in mice.

Tregs are a subpopulation of T cells with immune
modulatory function. They have been shown to counterbal-
ance an early, overwhelmed innate immune response and also
to promote repair after IRI. The critical role of Tregs has also
been demonstrated in other studies showing that depletion of
Tregs abolishes the renoprotective effect of immune modu-
latory strategies such as delayed ischemic preconditioning and
heat preconditioning.””*® As expected, the expansion of these
cells in microbiota depleted mice led to significant reductions
of the proinflammatory cytokine IL-6 and chemokine
monocyte chemoattractant peptide-1 levels. These data sug-
gest that expansion of Tregs in AIMD mice partially offset an
early inflammatory response in IRI. Partial mitigation or
restoration of a renoprotective effect of AIMD by depletion or
adoptive transfer of Tregs suggests that the AIMD-induced
renoprotective effect is directly mediated by the local and
systemic expansion of Tregs.

Macrophages are heterogeneous cells of substantial plas-
ticity, and studies have demonstrated that macrophage po-
larization is an important regulator in both the injury and
repair phases of IRI. M1 macrophages participate in initial
injury by producing proinflammatory cytokines, whereas M2
macrophages dampen injury and facilitate tissue repair by

.

Figure 6 | (continued) Ly6G™" cells (middle right), representative images of F4/80 immunohistochemistry (original magnification x 100, lower left),
and the number of F4/80™" cells (lower right) on day 1 of IRI. (¢) Multiple cytokine and chemokine protein levels in kidney tissues measured
by cytometric bead array (mouse inflammation kit; BD Bioscience, San Jose, CA). Symbols represent individual animals, and horizontal lines
show mean values. Data are expressed as mean + SEM. The 2-tailed unpaired t test was used in all graphs (4-5 per group). *P < 0.05 compared
with the sham, #P < 0.05 compared with IRI. HPF, high-power field; IL, interleukin; MCP-1, monocyte chemoattractant peptide-1; TNF, tumor
necrosis factor. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 7| Renoprotective effect of antibiotic-induced microbiota depletion (AIMD) is partially mediated by reducing T helper cell 1
(Th1), T helper cell 17 (Th17) response, and expanding regulatory T cells (Tregs). (a) Phenotype of mesenteric lymph node (MLN) T cells were
compared. One x 10° cells from MLNs were cultured with or without anti-mouse CD3 Ab/anti-mouse CD28 Ab for 72 hours, and the proliferation was
measured by bromodeoxyuridine (BrdU) incorporation. Fold difference compared with cells from CD3 negative plates were compared. (b) Flow
cytometric detection of interleukin (IL)-17A" and interferon (IFN)-y™ CD4 cells in small and large intestines were compared (c) Flow-cytometric
detection of CD4" CD25" Tregs; the percentage of Tregs of the total number of CD4 " cells, Foxp3 mRNA expression in mesenteric (continued)
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producing anti-inflammatory cytokines.”” In our study we
first observed that AIMD resulted in expansion of Ly6"
CX5CR, 8" M2-like resident macrophages in the colon after
IRI. Previous studies showed that CX;CR,"®" cells represent
resident M2-like macrophages, whereas CX;CR,™ermediate
cells represent proinflammatory macrophages.'” Decreased
iNOS and increased arginase in the colon also suggest that
AIMD induced M2 macrophage polarization in the intestinal
microenvironment. However, a lack of clear distinction be-
tween macrophage and dendritic cells due to overlapping

dl

surface markers is a limitation of this study and warrants
further studies. In addition to intestinal M2 polarization, we
also observed the relative expansion of M2 macrophages
(F4/80", CD206™) in the kidneys of AIMD mice after IRI.
Given that these M2 macrophages produce IL-10, which can
dampen early innate immune responses, AIMD-induced M2
macrophage polarization in the colon and kidney is likely to
contribute to its renoprotective effect.

Although we demonstrated the possibility that AIMD-
induced changes in gut mucosal immunity toward anti-

-

Figure 7 | (continued) lymph nodes (upper), spleen (middle), and kidney (lower) were compared. (d) To examine the role of Tregs in
renoprotective effect of AIMD, Tregs were depleted by using anti-mouse CD25 monoclonal antibodies (PC61; BioLegend, San Diego, CA)
administered 10 and 5 days before ischemia/reperfusion injury (IRI). For adoptive transfer, 2 x 10° Foxp3™ cells were i.v. injected 3 days before
IRI, and serum creatinine was measured on day 1 of IRI. (e) One x 10° cells from MLNs were cultured with combination of neomycin,
metronidazole, ampicillin, and vancomycin for 72 hours, and the percentage of CD4" CD25" cells was compared. Symbols represent individual
animals, and horizontal lines show mean values. Data are expressed as mean + SEM. The 2-tailed unpaired t test was used in all graphs
(3-5 per group). *P < 0.05 sham versus IR, #P < 0.05 IRI versus AIMD-+IRI, **P < 0.05 AIMD-+IRI versus AIMD+PC61+IRI, ***P < 0.05

AIMD+-PC61+IRIversu AIMD+-PC61+Treg (adoptive transfer)+IRI.
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Figure 8| Antibiotic-induced microbiota depletion (AIMD)-induced renoprotective effect is partially mediated by expansion of M2
macrophages. (a) Flow cytometric detection of Ly6ctCX3CR;* colon macrophages on day 1 of ischemia/reperfusion injury (IRI). Percentage of
Ly6c'®"CX5CR, M9 resident macrophages were compared. (b) Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis of colon-
inducible nitric oxide synthase (iNOS) and arginase. (c) Flow cytometric detection of F4/80" CD206™ M2 macrophages in the kidney.
Percentage of F4/80" CD206" macrophages was compared. (d) RT-PCR analysis of kidney iNOS and arginase. Symbols represent individual
animals, and horizontal lines show mean values. Data are expressed as mean + SEM. The 2-tailed unpaired t test was used in all graphs (3-8

per group) *P < 0.05 sham versus IRI, #P < 0.05 IRI versus AIMD+IRI.

inflammation and tolerance lead to renoprotective effects
against kidney IRI, it is not clear whether these M2 macro-
phages or Tregs from the intestine actually egress and directly
migrate to injured kidneys. However, recent studies using
Kaede transgenic mice that universally express a photo-
convertible fluorescent reporter showed that gut-derived T
cells could easily traffic to the spleen.”’ Another study by
Singh et al.’' also demonstrated that T cells and monocytes
that were fluorescently labeled by microinjection to Peyer’s
patch were found in the ischemic hemisphere in a mouse
model of stroke. These results suggest that AIMD-
induced expansion of Tregs and M2 macrophages in the
intestine can egress from the intestines and subsequently
traffic into injured kidneys to exert their beneficial effect
after IRI.

Although our study demonstrated the possible important
contribution of intestinal dysbiosis, T cells, and macrophages
in kidney IR, the intestine also harbors large numbers of B
cells or dendritic cells that also participate in balancing the

12

immune response. The number of IgA producing plasma
cells in the intestine exceeds that in the rest of body, and
secretory IgA is important in maintaining barrier integrity.
Lamina propria dendritic cells extends their dendrites into the
lumen and patrolling luminal environment and play an
important role in shaping the adaptive immune response.
Regarding the differential role of various types of
immune cells in the intestine after kidney IRI, more studies
are needed.

In conclusion, our study demonstrated a novel concept
that intestinal dysbiosis is a consequence of kidney IRI and is
also an important modifier of post-ischemic kidney outcome
by immune modulatory effects. Microbiota depletion before
injury provided short-term renoprotective effects against IRI,
and this effect was mediated by reduction of Th17 and Thl
response and by expansion of Tregs and M2 macrophages.
The restoration of healthy microbiota in the intestine might
therefore provide a novel preventive or therapeutic strategy
for AKIL.
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METHODS

Experimental animals and renal IRI

Six- to 8-week-old male C57BL/6 mice (Orient Bio Inc, Seoul, Ko-
rea) were housed in a specific pathogen-free (SPF) facility under a
12-hour light—dark cycle with free sterile feed and distilled water. GF
C57BL/6 mice were housed in a positive pressured isocage system at
Pohang University of Science and Technology (POSTECH) animal
care facility. All experimental protocols were approved by the animal
care committee of Korea University and POSTECH (IRB No.
KOREA-2018-0094 and POSTECH-2019-0017), complied with the
National Institutes of Health guide for the care and use of laboratory
animals, and followed the National Research Council publication,
Guide for the Care and Use of Laboratory Animals, 8th Edition.”* To
induce IRI, mice were subjected to bilateral renal pedicle clamping
for 25.5 minutes (SPF mice) and for 28.5 minutes (GF mice) by flank
incision. After the clamps were removed, reperfusion of the kidneys
was observed. A sham operation was performed in a similar manner,
except the renal pedicles were clamped. For depletion of Tregs, rat
anti-mouse CD25 monoclonal antibodies (PC61; BioLegend, San
Diego, CA) were administered intraperitoneally to C57BL/6 mice at a
dose of 0.25 mg per mice 10 and 5 days before IRI. For adoptive
transfer of Tregs, cells from spleen and MNL of Foxp3-GFP mice
were isolated and stimulated with IL-2 for 48 hours. GFP" cells
(purity > 98%) were sorted by using BD FACSAria III (BD Bio-
sciences, San Jose, CA), and then 5 x 10° cells were adoptively
transferred via tail vein injection into Treg-depleted AIMD mice 3
days before IRI.

Fecal microbiota reconstitution and AIMD

Fresh feces obtained on day 1 of sham and IRI mice were resus-
pended in 0.9% normal saline (0.2 g/ml). Two hundred microliter of
this soup was administrated via oral gavage on days 0 and 10 to GF
B6 mice. Microbiota-reconstituted mice were housed under an iso-
cage system, and IRI was induced on day 21. For depletion of in-
testinal microbiota, a group of SPF mice was treated with a mixture
of 4 broad-spectrum antibiotics (neomycin 25 mg/kg [Sigma Aldrich
Korea, Seoul, Korea], metronidazole 25 mg/kg [JW Pharmaceutical,
Seoul, Korea], ampicillin 60 mg/kg [Youngjin Pharmaceutical, Seoul,
Korea], and vancomycin 400 mg/kg [CJ Healthcare, Seoul, Korea])
via oral gavage for 2 weeks before IRI.

Microbiome analysis

For intestinal microbiome analysis, feces of mice were collected in a
sterile microtube and stored in a =70 °C freezer until analysis. To
assess the bacterial translocation, MNL or liver tissue was also
collected with using aseptic technique. DNA was isolated from the
feces, MNL, and liver using the FastDNA SPIN Kit for soil (MP
Biomedicals, Irvine, CA). Thermal cycling was performed with the
CFX 96 Real-Time system (Bio-Rad, Hercules, CA) by using Dr. Max
DNA polymerase (MGmed, Seoul, Korea) with the following cycling
conditions: initial denaturation at 95 °C for 3 minutes; 8 cycles of
denaturation at 95 °C for 30 seconds, annealing at 55 °C for 30
seconds, and extension at 72 °C for 30 seconds; final extension at 72
°C for 5 minutes. The amplified PCR products were purified with
CleanPCR (CleanNA, Waddinxveen, Netherlands). The quality
assessment was done on a Bioanalyzer 2100 (Agilent, Palo Alto, CA)
using a DNA 7500 chip. The amplicons were pooled for sequencing
with Illumina MiSeq Sequencing system (Illumina, San Diego, CA)
according to the manufacturer’s instructions. The EzBioCloud sys-
tem provided quantitative analysis that clustered into OTUs and
searches against the ExTaxon database at ChUNLAB (Seoul, Korea).
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Microbial richness was assessed by the number of OTUs, ACE, and
Chao-1 indices. Diversity was assessed by the Shannon diversity
index. To examine the difference between the whole microbial
communities, sequence data were normalized at 20,000 read number
per samples, and then the principal coordinates analysis was per-
formed on the Jensen-Shannon distance.

Measurement of SCFAs

Mouse fecal samples were homogenized, and the clear supernatant
was used for measurement of SCFAs by liquid chromatography
tandem mass spectrometry in multiple reaction monitoring mode
(Seoul National University National Instrumentation Center for
Environmental Management, Seoul, Korea).

Intestinal permeability

Intestinal permeability was measured by using fluorescein isothio-
cyanate conjugated dextran (FITC-dextran, catalog number FD4;
Sigma-Aldrich, St. Louis, MO). Briefly, FITC-dextran dissolved in
phosphate-buffered saline (PBS; 100 mg/ml) was given by oral
gavage (44 mg/100 g) after overnight water starvation, and FITC
fluorescein activity in the blood was measured at 4 hours. This
protocol is based on Bio-protocol (http://www.bio-protocol.org/
¢1289).

Flow cytometry

Flow cytometric analyses of leukocytes in the MNL, spleen, kidney,
and intestine were performed. Cells were stained with fluorochrome-
labeled monoclonal antibodies (CD45, F4/80, CD206, CX;CR,,
Ly6C, CD4, CD25, 7-aminoactinomycin D; eBioscience, BioLegend,
and BD Biosciences), and only 7- aminoactinomycin D-negative
viable cells were read by a 4-color flow cytometry (FACSCali-
burTM; BD Bioscience) device and analyzed by FlowJo (Tree Star
Inc., Ashland, CA).

Percentage of IL-17A" or IEN-y" CD4 T cells were analyzed by
intracellular cytokine staining. Isolated cells were stimulated by
phorbol 12-myristate 13-acetate (1 mol/l) and ionomycin (1 mol/l)
in the presence of Golgi-Stop (554724; BD Biosciences) for 4 hours.
At the end of cell stimulation, cells were washed with PBS and
stained with Fixable Viability Dye (Invitrogen, Carlsbad, CA) to label
dead cells. Cells were washed with PBS, stained with anti-CD4
(RM4-5), and then fixed with Foxp3 Fix/Perm Buffer and washed
with Perm Buffer according to the manufacturer’s protocol (eBio-
science, San Diego, CA) . Cells were then stained with anti-IL-17A
(TC11-18H10.1, Biolegend) and anti-IFN-y (XMG1.2, Biolegend),
washed, and resuspended in PBS. Cell acquisition was performed on
LSR Fortessa (BD Biosciences), and data were analyzed using FlowJo
software suite.

Real-time reverse transcription-PCR

For detection of TNF-a, IFN-vy, iNOS, arginase, IL-6, IL-10, and
Foxp3 mRNA expression, total RNA was purified by TRIzol extrac-
tion (Thermo Fisher Scientific, Waltham, MA) according to the
manufacturer’s protocol, and cDNA was synthesized using standard
procedures. Real-time PCR was performed in iCycler IQ Real-Time
PCR Detection System (Bio-Rad Laboratories, Hercules, CA) with
using the iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) for
Foxp3 or TagMan PCR Master Mix (Applied Biosystems, Foster City,
CA) for the others. We used ribosomal 18S as the reference gene
(RT2 PCR Primer Set; Applied Biosystems) and fold difference
compared with sham was compared.
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Western blot analysis

Proteins were extracted from whole colon tissue using the bicin-
choninic acid method, and expression of tight junction proteins were
examined using anti-mouse antibodies of claudin-1 (1:200, ab15098;
Abcam, Cambridge, MA) and claudin-2 (1:400, ab125293; Abcam).
Band intensities were measured by Image Pro (Image Studio Lite LI-
COR Biosciences, Lincoln, NE) software and normalized by [-actin.

Quantification of cytokines, chemokine, and endotoxin
Cytokines and chemokines in the kidney and colon were quantified
by cytometric bead array using a mouse inflammation kit (BD
Biosciences) according to the manufacturer’s instructions. Mouse
gram-negative endotoxin ELISA kit (competitive EIA, LS-F28324,
LSBio, Seattle, WA) was used for the measurement of serum endo-
toxin level.

Histologic analysis

Tubular injury was semiquantitatively assessed in periodic acid—
Schiff stained kidney tissues. For detection of monocytes/macro-
phages or neutrophils, formalin-fixed and paraffin-embedded kidney
and colon were stained with monoclonal antibody against F4/80
(1:100, mch-497-GA; Bio-Rad) or Ly6G (1:200, 14-59-85; eBio-
science). The mean number of positive cells per 8 to 10 high-power
fields was compared. Colon epithelial cell apoptosis was quantified
by counting terminal deoxynucleotidyl transferase dUTP nick end
labeling—positive epithelial cells in 8 to 10 high-power fields (x200).

In vitro analysis

To assess T-cell function, 1 x 10° MNL cells per well were cultured
in the presence of mouse anti-CD3 and anti-CD28 Abs (BD Bio-
CoatTM Mouse T-cell Activation Plates; BD Biosciences) for
48 hours, labeled with BrdU for 18 hours, and the amount of BrdU
incorporated was determined. Fold difference compared with that of
CD3 negative plate was compared.

To examine the direct effect of antibiotics on Treg expansion, 1 x
10> MNL cells were incubated with the antibiotics mixture, and the
percentage of CD4" CD25" cells were measured at 72 hours. The
antibiotic mixture regimen was the same as that used in mice.

Statistical analysis

Data were analyzed using GraphPad Prism version 8.0 (GraphPad
Software, San Diego, CA). Data are presented as individual symbols,
and mean values are expressed as horizontal lines. An unpaired # test
and analysis of variance (with Bonferroni post-test) were used for
comparisons between 2 and 3 or more groups, respectively. A P <
0.05 was considered statistically significant.
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SUPPLEMENTARY MATERIAL

Supplementary File (PowerPoint)

Figure S1. Effect of antibiotic-induced microbiota depletion (AIMD)
on colon inflammation, apoptosis, and intestinal permeability. (A)
Representative images of colon apoptosis, deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL), x200. The number of TUNEL™
apoptotic colonocytes are shown (top). Representative images of
Ly6G immunohistochemistry, x200, the number of kidney Ly6G"
cells (middle), and the representative images of F4/80
immunohistochemistry, x200, the number of F4/80" cells (bottom).
(B) Western blot of claudin-1, claudin-2, B-actin, and band intensities
normalized to P -actin were compared. (C) Intestinal permeability was
measured by detecting fluorescein activity of fluorescein isothiocya-
nate conjugated (FITC) 4 hours after oral administration of FITC-
dextran on day 1 of IRIl. Symbols represent individual animals, and
horizontal lines show mean values. Data are expressed as mean +
SEM. The 2-tailed unpaired t test was used in all graphs (3-4 per
group). *P < 0.05 compared with sham, #P < 0.05 compared with IRI.
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