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ABSTRACT

CKD associates with systemic inflammation, but the underlying cause is unknown.

Here, we investigated the involvement of intestinal microbiota. We report that

collagen type 4 a3–deficient mice with Alport syndrome–related progressive CKD

displayed systemic inflammation, including increased plasma levels of pentraxin-2

and activated antigen–presenting cells, CD4 and CD8 T cells, and Th17– or IFNg–

producing T cells in the spleen as well as regulatory T cell suppression. CKD–related

systemic inflammation in these mice associated with intestinal dysbiosis of proteobac-

terial blooms, translocation of living bacteria across the intestinal barrier into the liver,

and increased serum levels of bacterial endotoxin. Uremia did not affect secretory IgA

release into the ileum lumen or mucosal leukocyte subsets. To test for causation be-

tween dysbiosis and systemic inflammation in CKD, we eradicated facultative anaero-

bic microbiota with antibiotics. This eradication prevented bacterial translocation,

significantly reduced serumendotoxin levels, and fully reversed all markers of systemic

inflammation to the level of nonuremic controls. Therefore, we conclude that uremia

associates with intestinal dysbiosis, intestinal barrier dysfunction, and bacterial trans-

location, which trigger the state of persistent systemic inflammation in CKD. Uremic

dysbiosis and intestinal barrier dysfunction may be novel therapeutic targets for in-

tervention to suppress CKD–related systemic inflammation and its consequences.
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CKD is associatedwith persistent systemic

inflammation driving endothelial dys-

function, atherogenesis, and cardiovascu-

lar disease,1 but the underlying cause for

CKD–related systemic inflammation is

still unclear. It was thought that dialysis–

related catheter infections, contaminated

water, or nonbiocompatible tubes and di-

alysis filters account for this phenomenon.

However, serum levels of circulating bacte-

rial endotoxin increase from CKD stage 2

to stage 5,2 which implies an endogenous

source of bacterial endotoxin. Here, we fo-

cus on the body’s microbiota as a potential

causative trigger for CKD–related systemic

inflammation.

The microbiota represents 10 times

more bacterial cells than human cells

residing on the outer and inner surfaces

of the body.3 Symbionts limit the growth

of pathobionts and dysbiosis.4 Intestinal

symbionts produce essential nutrients,

such as vitamin K and components that

regulate numerous metabolic processes

inside the body.5 Studies with germfree

mice revealed that the microbiota builds

and educates the immune system early in

life.6 However, epithelial barriers must

keep the microbiota outside the body

to avoid bacterial translocation, systemic

inflammation, and fatal infections.7,8

Dysbiosis, intestinal barrier dysfunction,

and bacterial translocation are well de-

scribed to cause and perpetuate inflam-

mation in inflammatory bowel disease,9
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portal hypertension,7 or heart failure.10

Hence, we hypothesized that the meta-

bolic changes during uremia foster intes-

tinal dysbiosis and bacterial translocation

as a trigger for the persistent state of

CKD–related systemic inflammation

in a similar manner.

We selected collagen type 4 a3

(Col4a3) –deficient mice to address our

hypothesis, because these mice sponta-

neously develop progressive glomerulo-

sclerosis and CKD (Alport nephropathy)

without requiring any surgical, toxic, or

dietary interventions that could affect

the microbiota beyond the metabolic

changes of uremia (Figure 1, A and B).11

Uremia in 9-week-old Col4a3-deficient

mice was associated with serum levels

of pentraxin-2/serum amyloid P com-

ponent, which is the functional murine

homolog of human C–reactive protein

that serves as a marker of systemic in-

flammation in mice (Figure 1C). In

addition, we analyzed splenocyte pheno-

typing at week 9, because the spleen re-

moves blood-borne antigens and initiates

innate and adaptive immune responses

against pathogens. Flow cytometry re-

vealed that uremia in Col4a3-deficient

mice was associated with increased num-

bers of activatedCD4 andCD8T lympho-

cytes (activation marker CD69) and

IL-17– or IFNg–producing CD4 T cells

(Figure 1D). In contrast, the numbers of

Foxp3+ regulatory T cells were reduced

compared with in nonuremic control

mice (Figure 1D). Also, the population

of activated (CD86+) CD11c+ antigen–

presenting cells was enlarged (Figure

1D), implying a general state of systemic

immune activation in uremic Col4a3–

deficient mice.

Speculating that systemic inflamma-

tion inuremia is related to changes in the

intestinal microbiota, we first charac-

terized the intestinal microbiota in

Col4a3-deficient and wild-type mice

in a quantitative and qualitative man-

ner. Although we found average facul-

tative anaerobic bacterial count of 105–

106 CFU/g feces in wild-type mice

from 3–9 weeks of age, the progressive

CKD of Col4a3-deficient mice was

associated with an increase in faculta-

tive anaerobic bacterial numbers by

five- to 10-fold compared with age–

matched wild–type mice (Figure 2A).

Amplicon sequencing of the bacterial

16S rRNA genes was performed to char-

acterize the fecal microbiota composi-

tion in 3- and 9-week-old uremic and

nonuremic mice. a-Diversity, a mea-

sure for microbiota complexity, was

slightly but not significantly increased in

9-week-old mice, which is in line with

an increase in species richness with age.

Likewise, no significant difference was

found between wild-type and Col4a3-

deficient mice (Supplemental Figures 1

and 2). b-Diversity, a similarity score

between different microbial popula-

tions, was determined by analysis of un-

weighted and weightedUniFrac distance

matrices. Unweighted UniFrac dis-

tances compare microbial communities

Figure 1. Systemic inflammation in uremic Col4a3–deficient mice. (A) Glomerular and
tubulointerstitial pathology in 9-week-old Col4a3-deficient mice is illustrated by periodic
acid–Schiff staining. Representative images are shown at an original magnification of
3400. (B) CKD is illustrated by progressive decline in GFR measured by transcutaneous
FITC Sinistrin clearance in conscious mice. (C) Serum levels of pentraxin-2 (PTX2)/serum
amyloid P (SAP) are the murine equivalent to human PTX1/C-reactive protein and indicate
systemic inflammation at 9 weeks of age. (D) Flow cytometric analysis of lymphocytes and
myeloid cells in spleens of 9-week-old nonuremic wild–type and uremic Col4a3–deficient
mice shows significant increased numbers of activated T cells and CD11c+ myeloid
mononuclear phagocytes. Data representmeans6SEMsof at least fivemice in each group.
*P,0.05 versus wild type; **P,0.01 versus wild type; ***P,0.001 versus wild type.
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within a phylogenetic context on the ba-

sis of the presence or absence of taxa

(community membership), whereas

weighted UniFrac also incorporates rel-

ative abundance information (commu-

nity structure). Significant differences

were determined only by unweighted

UniFrac between wild-type and Col4a3-

deficient mice at 9 weeks of age and be-

tween wild-type mice at 9 weeks of age

and Col4a3-deficient mice at 3 weeks of

age (Supplemental Figure 3). Specifically,

at 9 weeks of age, the relative abundance

of Alcaligenaceae b-Proteobacteria

(mean6SEM) was 0.09%60.03% to

0.94%60.42% (P.0.50), the relative

abundance of Verrucomicrobiaceae

(mean6SEM) was 0.04%60.01% to

7.90%66.95% (P.0.50), the relative abun-

dance of Bacteroidetes-Bacteroidaceae

(mean6SEM) was 1.45%60.72%

to 10.65%63.72% (P,0.50), and the

relative abundance of Bacteroidetes-

Porphyromonadaceae (mean6SEM)

was 0.92%60.25% to 3.05%61.05%

(P.0.50) in Col4a3–deficient uremic

mice, whereas Bacteroidetes-Bacteroirales

were reduced in uremic mice (48.05%6

7.97% to 24.57%610.46%; P,0.001)

(Figure 2B). Uremia-related dysbiosis

was not associated with any changes in

small intestinal wall immune cell subtypes

or the release of secretory (s)IgA (Table 1).

Hence, we conclude that progressive CKD

and its accompanying uremia in Col4a3-

deficient mice are associated with proteo-

bacterial blooms and dysbiosis.

Dysbiosis itself may affect metabolic

processes or bowel homeostasis, but some

barrier dysfunction and bacterial (prod-

uct) translocationwould seemmandatory

to explain the systemic immune activation

noted inuremicmice. In fact, liver cultures

revealed an infestation with culturable

live bacteria in 60% of all uremic

Col4a3–deficient mice (Figure 2C),

which was associated with a trend to-

ward more activated macrophages and

dendritic cells in livers (Table 2). Hence,

we orally challenged uremic mice with

commensal Escherichia coli constitu-

tively expressing green fluorescent pro-

tein (GFP) by oral gavage. We retrieved

GFP+ bacteria in 40% of livers of uremic

mice but none from the nonuremic mice

Figure 2. Uremia affects microbiota diversity and intestinal barrier function. (A) Quan-
titative dysbiosis, measured in number of CFUs per gram of feces, is seen in Col4a3-
deficient mice compared with wild-type animals. With increasing age, Col4a3-deficient
mice developed an even more significant quantitative dysbiosis. (B) Relative abundance
of different bacterial taxa detected in fecal samples. Alterations in the composition of the
gutmicrobiota, whichmay be accounted for by aging, are detectable in 3- versus 9-week-
old mice in both strains. Comparison of Col4a3-deficient and wild-type mice at an age of
9 weeks old depicts differences in the orders of Bacteroidales, Burholderiales (family of
Alcaligenaceae), Enterobacteriales, and Verrucomicrobiales. Detailed information, in-
cluding statistics, is listed in Supplemental Table 1. (C) Bacterial colonies grew from liver
tissue of uremic Col4a3–deficient mice but not from nonuremic wild–type mice. (D) Sera
of uremic and nonuremic mice were analyzed using limulus amebocyte lysate assay and
showed significantly elevated levels of bacterial endotoxin. (E) ECIS experiments display
a significant reduction for mean resistance across single-cell layers of Colon26 cells after
treatment with serum of uremic Col4a3–deficient mice (time point marked by arrows)
compared with cells treated with serum of wild-type mice. Data represent means6SEMs
of at least five mice in each group. *P,0.05 versus wild type; ***P,0.001 versus wild
type.
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(not shown), which documents transloca-

tion of even living bacteria from the in-

testinal tract. Consistent with these

findings, uremic Col4a3–deficient mice

displayed significantly increased serum

levels of bacterial endotoxin compared

with nonuremic wild–type mice (Figure

2D). A careful analysis of the intestinal

wall by periodic acid–Schiff staining,

ZO-1 immunostaining, and transmission

electron microscopy did not reveal struc-

tural alterations, such as ulcers or diffuse

tight junction abnormalities, in wild-type

and Col4a3-deficient mice (Supplemental

Figure 4). However, when cultured colon-

epithelial cells were exposed to serum

from either uremic Col4a3–deficient or

nonuremic wild–type mice, only uremic

serum reduced the transepithelial resis-

tance as a marker of transepithelial per-

meability (Figure 2E).

To test for a causal relationship be-

tween uremic dysbiosis–related intesti-

nal translocat ion of bacter ia and

systemic inflammation, we treated

Col4a3-deficient mice with a synergistic

oral combination of antibiotic drugs,

which eradicated the facultative anaero-

bic intestinal microbiota from gut and

liver (Figure 3A). Microbiota depletion

significantly reduced the serum levels of

bacterial endotoxin (Figure 3B) and the

intrahepatic mRNA expression levels of

pentraxin-2/serum amyloid P and IL-6

(Figure 3C). Consistently, flow cytome-

try of splenocytes displayed less activated

T cells and a recovery of regulatory T cells

(Figure 3D). No effect on renal function

or intrarenal leukocyte profiles was de-

tected (data not shown). Therefore, we

conclude that uremic dysbiosis and bac-

terial translocation cause CKD–related

systemic inflammation.

Bacterial endotoxin is an important

stimulus for immune activation via Toll–

like receptor 4 and caspase 11 in Gram-

negative sepsis with or without kidney

failure.12,13 The different stages of CKD

and CKD–related systemic inflamma-

tion are associated with a progressive in-

crease in circulating bacterial endotoxin,

CD14, and other biomarkers of systemic

inflammation.2,14,15 Also, urea secreted

by the uremic organism into the gut lu-

men promotes urease-forming bacteria

that was seen already in humans and sim-

ilar to our findings.16,17 Some phyla of

the urase-forming bacteria are also in-

volved in the production of so–called

uremic toxins, like indole or p-cresole,

both known to promote systemic inflam-

mation. In principle, causality of this as-

sociation could be both ways (e.g., CKD-

related inflammation may promote en-

dotoxin entry or CKD–related uremic

toxin/endotoxin entry may promote in-

flammation). Our study now documents

that the CKD–related systemic immune

activation is reversible on eradicating

the microbiota. This implies that it is

the microbiota that accounts for

CKD–related systemic inflammation.

Systemic administration of antibiotics

affects microbiota from all over the body,

and therefore, it remains uncertain which

microbiota from which areas contribute

most toCKD-related inflammation.How-

ever, the gut contains, by far, the largest

numberofbacterial cells, andwealso show

by using GFP–labeled E. coli that translo-

cation of bacteria across the intestinal bar-

rier occurs in CKD. In uremic mice, even

living bacteria reached the liver, probably

by crossing the intestinal epithelial barrier

into the portal vein. How this transloca-

tion canoccur is not entirely clear.Adenine–

rich diet–induced CKD in rats was re-

ported to be associated with diffuse tight

junction disintegration in intestinal

epithelial cells.18–20 Because Col4a3-

deficient mice with spontaneous CKD

lacked this phenomenon, it may be possi-

ble that such changes relate to adenine

crystal–induced epithelial cytotoxicity

rather than to uremia per se. In fact, crys-

tals can have direct cytotoxic effects on

epithelial cells.21 Nevertheless, we and

others found uremic (but not nonuremic)

plasma to increase the permeability of in-

testinal epithelial cell monolayers in

vitro.18 Hence, as a working hypothesis,

at least focal intestinal barrier dysfunction

should promote bacterial translocation,

and potentially, the intestinal dysbiosis

comes as a cofactor.

The CKD-related increase in intesti-

nal proteobacteria represents a shift to

Table 1. Gut leukocyte flow cytometry in 8.5-week-old Col4a3-deficient mice

Cell Type
Wild Type

(Small Intestine)

Col4a3 Deficient

(Small Intestine)

CD11c+/CD86+ 0.360.1 0.260.0

F4/80+/CD86+ 0.460.1 0.360.0

CD3+/CD69+ 3.160.9 3.861.3

CD3+/CD4+/CD69+ 1.260.4 0.960.3

CD3+/CD8+/CD69+ 0.560.1 0.560.1

CD3+/CD42/CD82/CD69+ 1.160.4 2.160.9

CD3+/CD4+/IFNg2/IL-17+ 0.460.1 0.160.0

CD3+/CD4+/CD25+/FoxP3+ 0.360.1 0.360.1

Means are given in percentage terms 6SEM (n=5).

Table 2. Gut leukocyte flow cytometry in 8.5-week-old Col4a3-deficient mice with
and without antibiotic treatment

Cell Type

Col4a3 Deficient without

Antibiotic Treatment

(Small Intestine)

Col4a3 Deficient with

Antibiotic Treatment

(Small Intestine)

CD11c+/CD86+ 0.260.0 0.560.2

F4/80+/CD86+ 0.360.0 0.660.3

CD3+/CD69+ 3.861.3 6.163.6

CD3+/CD4+/CD69+ 0.960.3 1.160.4

CD3+/CD8+/CD69+ 0.560.1 0.660.2

CD3+/CD42/CD82/CD69+ 2.160.9 4.163.0

CD3+/CD4+/IFNg2/IL-17+ 0.160.0 0.360.1

CD3+/CD4+/CD25+/FoxP3+ 0.360.1 0.460.1

Means are given in percentage terms 6SEM (n=5).
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potentially pathogenic bacteria (patho-

bionts) that is frequently associated

with a broad spectrum of diseases.22

Our findings are in line with several pre-

vious studies in humans with uremia,16

uremic rats,16 and uremic mice.23 Intes-

tinal dysbiosis is associatedwith a shift in

the microbiota’s secretory profile, includ-

ing factors like the phosphatidylcholine

metabolite trimethylamine N–oxide

that may directly drive CKD progression

and cardiovascular disease.24,25 The

microbiota is known to be sensitive to

diet– or metabolism–related ecosystem

changes.26,27 The metabolic alterations of

uremia, including metabolic acidosis

and azotemia, generate numerous expla-

nations for microbiota shifts.26,27 At-

tempts to correct uremic dysbiosis with

probiotic formulations are on the basis

of the idea to modulate uremic dysbiosis

with targeted interventions.28 Together,

we conclude that intestinal dysbiosis,

barrier dysfunction, and bacterial trans-

location account for systemic inflam-

mation in CKD and are potentially fully

reversible.

CONCISE METHODS

Animal Studies
Col4a3–deficient and wild–type littermate

mice in identical Sv129 genetic backgrounds

were bred under specific pathogen–free hous-

ing conditions, cohoused in same cages, and

genotyped as described earlier.29 At the age of

6 weeks old, groups of Col4a3-deficient and

wild-typemicewere randomized to oral gavage

of 25mg/kg neomycin, 60mg/kg ampicillin, or

25 mg/kg metronidazole once per day over a

period of 12 days. In some mice, E. coli strain

MG1655 harboring plasmid pM979 for consti-

tutiveGFPexpressionwas administered by oral

gavage on day 13.30 Organs (kidney, liver, and

spleen)were harvested under sterile conditions

before preparing ileum and colon. All animal

studies were approved by the local governmen-

tal ethics committee.

GFR and Bioassays
GFR was measured in conscious mice using a

transcutaneous detector system for FITC

Sinistrin clearance kinetics (Mannheim

Pharma & Diagnostics GmbH) as de-

scribed.31 Cardiac puncture was performed

under sterile conditions, and limulus amebo-

cyte lysate assay was used to quantify plasma

LPS levels (HIT302; Hycult Biotech, PB

Uden, The Netherlands). Serum amyloid P

levels were detected by the commercial

Mouse Pentraxin 2/SAP Quantikine ELISA

Kit (R&D Systems, Minneapolis, MN).

Bacterial Quantification and

Qualification

CFU Counts
Fresh feces were dissolved in 500 ml PBS, di-

luted, and plated at a volume of 50 ml on

Figure3. Uremicsystemicinflammationiscorrectedbyeradicationofthemicrobiota.Alldashed
lines inB andC represent values of controlwild–type animals. (A) Representativepictures showa
complete eradication ofGram–negative fecal flora after antibiotic treatment. The dot blot graph
illustrates CFUs of feces cultures at an age of 7 weeks old. The graph depicts results of non-
selective media, because a detection limit (dashed line) of 10 CFU/g feces was taken. (B) Serum
endotoxin levelswithandwithoutantibiotic treatment inCol4a3-deficientmice. (C)Acute–phase
protein serum amyloid P and IL-6mRNA expression levels with andwithout antibiotic treatment
in Col4a3-deficient mice. (D) Flow cytometry of spleen cell suspensions from uremic Col4a3–
deficientmicewithandwithoutantibiotic treatment.Data representmeans6SEMsofat leastfive
mice in each group. *P,0.05 versus wild type; **P,0.01 versus wild type.
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MacConkey agar plates as a selective medium

for Gram bacteria and LB agar plates as a non-

selective medium. Plates were incubated for 1–

2 days at 37°C aerobically; 2–3 g organ tissue

was dissected under sterile conditions by

straining though a sterile sieve of 70-mm mesh

width and rinsed thoroughly with 500 ml PBS,

and 100 ml were plated on MacConkey agar

plates. To quantify ampicillin–resistant E. coli

MG1655 pM979, we used agar containing

ampicillin (100 mg/ml). All CFU counts

were calculated per weight of the inserted

stool or tissue specimen at a detection limit

of 10 CFU/g for feces and 60 CFU/g for liver.

Stool DNA Isolation and 16S rRNA Gene

Amplicon Sequencing
QIAamp DNA Stool Mini Kit (51504; Qiagen,

Germantown, MD) was used to extract gDNA

from freshly collected feces samples from both

mouse strains. The 16S rRNA gene vari-

able regions V3–V6 were amplified by PCR

using fecal gDNA. PCR comprised two consec-

utive steps. Primers targeting the 16S rRNA

gene (italic) and specific primers carrying

the 59M13/rM13 adapters (bold) 338F-

M13 (GTAAACGACGGCCAGTGCTCCTAC-

GGGWGGCAGCAGT ) and 1044R-rM13

(GGAAACAGCTATGACCATGACTACGCG-

CTGACGACARCCATG) were used to am-

plify the V3–V6 region of the bacterial 16S

rRNA gene. One PCR reaction contained

500 nM each primer (338F-M13 and

1044R-rM13), 23 DreamTaq PCR Master

Mix, and 50 ng template gDNA. PCR reac-

tion was performed in duplicates using a

peqSTAR 23 Gradient Thermocycler (Peqlab

Biotechnology). PCR conditions were 95°C for

10minutes followedby 20 cycles of 95°C for 30

seconds, 55°C for 30 seconds, and 72°C for 45

seconds and a final elongation step at 72°C for

10 minutes. Duplicate reactions were pooled

and loaded on a 1% agarose gel to confirm suc-

cessful PCR amplification. After purification of

PCR products using the NucleoSpin Gel and

PCR Clean-Up Kit per the manufacturer’s in-

structions, concentration and quality of the

purified PCR products were assessed using

Nanodrop (Peqlab Biotechnology). To barcode

eachPCRproductwith a specificMID sequence

and add the 454–specific Lib-L tag, a second

PCR was performed using M13/rM13-specific

primers containing the 454–specific Lib-L

primers (underlined) A-M13 (CCATCT-

CATCCCTGCGTGTCTCCGACTCAG/

MIDsequence/GTAAACGACGGCCAGG) and

B-rM13 (CCTATCCCCTGTGTGCCTTGGCA-

GTCTCAGGGAAACAGCTATGA CCATGA).

The 40 different MID 10-bp error–correcting

barcodes for multiplexing are listed in Table

3. PCR was performed using 400 nM each

primer (A-M13 and B-rM13). Amplicons of

the second PCR were pooled and purified by

ethanol precipitation. Purified PCR products

were run on a 0.8% agarose gel, bands cor-

responding to the barcoded 16S rRNA gene

sequences were excised, and DNA was

extracted using the NucleoSpin Gel and

PCR Clean-Up Kit. DNA was eluted in

ddH2O, further purified using AMPure Beads

(Beckman Coulter, Inc., Brea, CA), and fi-

nally, resuspended in ddH2O. Concentration

and quality of the purified barcoded se-

quences were assessed using a Nanodrop

(Peqlab Biotechnology). Samples were stored

at 220°C. Amplicon sequencing was per-

formed at Eurofins on a 454 GS FLX Tita-

nium Platform from one side (Lib-L-A)

according to the recommended procedures

for 454 Roche (Roche, Basel, Switzerland).

Bioinformatic Analysis
Data were analyzed as described recently.32

Briefly, raw sequences were preprocessed

using the FASTX-Toolkit and UCHIME. Se-

quences that passed quality filtering (mini-

mum quality of 20) were demultiplexed and

trimmed to delete short reads (minimum

length of 100). Sequences were checked for

chimeras (UCHIME; standard parameters)

using the microbiomeutils (r20110519) ref-

erence database. A self-written script

produced a mapping file and a fastA file

that were used as input for Quantitative

Insights into Microbial Ecology (QIIME).

Processing
Sequences were analyzed using the package

QIIME. Sequences were assigned to operational

taxonomic units with uclust at 97% pairwise

identity and then, classified taxonomically using

the RDP classifier. The charts show the relative

abundanceof taxa at phylum level in thedatasets

(mean6SEM; n=5). A representative set of se-

quences was aligned using PyNAST. The align-

ment was used to build a phylogenetic tree with

FastTree. The tree was used to calculate UniFrac

distances between samples.33 PERMANOVA34

was used to test for statistical significance of

sample groupings on the basis of different

UniFrac distance matrices. For a-diversity

measurements, rarefaction analysis was per-

formed for the estimated number of species

in each sample using the observed species

algorithm in QIIME.

Tissue Evaluation
Parts of kidney, ileum, and colon were fixed in

10% formalin in PBS and embedded in paraffin;

4-mm sections were stained with periodic acid–

Schiff reagent. For ultrastructural analysis,

colonic specimens of 8-week-old treated andun-

treated mice were dissected and fixed in 0.1 M

Table 3. MID barcodes for 454
multiplexing

Designation MID Sequence

MID1 ACGAGTGCGT

MID2 ACGCTCGACA

MID3 AGACGCACTC

MID4 AGCACTGTAG

MID5 ATCAGACACG

MID6 ATATCGCGAG

MID7 CGTGTCTCTA

MID8 CTCGCGTGTC

MID9 TAGTATCAGC

MID10 TCTCTATGCG

MID11 TGATACGTCT

MID12 TACTGAGCTA

MID13 CATAGTAGTG

MID14 CGAGAGATAC

MID15 ATACGACGTA

MID16 TCACGTACTA

MID17 TCGATCGAGT

MID18 CAGTCAGTAG

MID19 ACACTGACAC

MID20 GTACGATCGT

MID21 TGCGTGAGCA

MID22 ACAGCTCGCA

MID23 CTCACGCAGA

MID24 GATGTCACGA

MID25 GCACAGACTA

MID26 GAGCGCTATA

MID27 ATCTCTGTGC

MID28 CTGTGCGCTC

MID29 CGACTATGAT

MID30 GCGTATCTCT

MID31 TCTGCATAGT

MID32 ATCGAGTCAT

MID33 GTGATGATAC

MID34 CATAGAGAGC

MID35 ATGCAGCATA

MID36 ATCATGCACT

MID37 TGAGCTAGCT

MID38 GATGACTGAC

MID39 CACAGTCACA

MID40 TGCTAGCATG

MID, manufacturer identification code.
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PBS buffer (pH 7.4) supplemented with 0.4%

paraformaldehyde and 2% glutaraldehyde. Poly-

merization (using fresh Epon resin) was carried

out at 60°C for 24 hours as described.35 The

following antibodies were used as primary

antibodies for immunostaining: goat anti–

ZO-1 and rabbit antioccludin (ab190085 and

ab64482, respectively; Abcam, Inc., Cambridge,

MA).

Real–Time Quantitative RT-PCR
Total RNA was isolated using an RNA Ex-

tractionKit (Life Technologies, Carlsbad,CA)

according to the manufacturer’s instructions,

and RNA quality was assessed using agarose

gels. After isolation of RNA, cDNAwas gen-

erated using reverse transcription (Super-

script II; Invitrogen, Carlsbad, CA). An

SYBR Green Dye Detection System was

used for quantitative real–time PCR on Light

Cycler 480 (Roche) using 18s rRNA as a

housekeeping gene. Gene-specific primers

blasted with ensemble-BLAST and NCBI

primer-BLAST (Metabion, Martinsried, Ger-

many) were used as listed in Table 4. Nontem-

plate controls consisting of all used reagents

were negative for target and housekeeping

genes. To reduce the riskof false–positive cross-

ing points, the high confidence algorithm was

used. The melting curves profiles were ana-

lyzed for every sample to detect eventual

unspecific products or primer dimers. As a

housekeeping gene, 18s RNAwas used.

Isolation and Flow Cytometry of

Organ Leukocytes and Stimulated T

Cells
Spleen, liver, and small intestine single–cell

suspensions were prepared and stained for

flow cytometry using the following

antibodies: anti-CD3« (clone 145–2C11;

Becton Dickinson, San Diego, CA), anti-

CD4 (clone RM4–5; Becton Dickinson),

anti-CD8 (clone 53–6.7; Becton Dickinson),

anti-CD69 (clone H1.2F3; Becton Dickin-

son), anti-FOXP3 (421403; BioLegend, San

Diego, CA), anti-CD11c (clone HL3; Becton

Dickinson), anti-F4/80 (clone MCA; AbD Se-

rotec), anti-CD86 (clone GL1; Becton Dick-

inson), and anti–IL-17 (ebio17B7; Becton

Dickinson). Intracellular staining for FoxP3

and IL-17 was performed using the Cytofix/

Cytoperm Kit (Becton Dickinson). T cell

stimulation assay was done on spleen cells

(app. 106) in 200 ml PBS buffer; 50 ng/ml

phorbol myristate acetate and 1 mg/ml

inomycin were added and incubated at 37°C

for 4.5 hours before staining occurred.

In Vitro Studies
Uremic serum–induced changes in resistance

and capacitance of immortal murine colon-

26 cells (Lot 400156–812; CLS, Eppelheim,

Germany) were analyzed using an Electric

Cell Substrate Impedance Sensing (ECIS)

Device (Applied Biophysics Inc., New York,

NY). Cells were cultured in RPMI Glutamax

(Life Sciences, Heidelberg, Germany) plus

10% dialyzed FCS (Life Sciences Heidelberg,

Germany) before seeding. Therefore, 1.03

106 frozen cells (in 1.0 ml cryomedia and

10% DMSO in dialyzed FCS) were thawed

and recultured in the mentioned media until

confluency. First, for ECIS measurement, the

wells off the experimental chamber were pre-

coated for 10 minutes with cysteine. Second,

another coating with 0.01% collagen (type 1

calf skin) was done overnight at 4°C. Cells

from the same passage were seeded with a

density of 600,000 cells per well in a volume

of 400 ml media and incubated overnight

(37°C and 5% CO2). Medium was removed

the next day, and 360 ml fresh medium was

added carefully. The prepared chamber was

plugged to the ECIS device (multichannel

mode) for 1 hour without any manipula-

tion. Subsequently, a frequency check was

done followed by another 1 hour in multi-

channel mode. Wells without changes con-

cerning resistance were taken for stimulation.

The confluent monolayers were stimulated

with 40 ml serum of either wild–type Sv129

mice (BUN=24 mg/dl) or Col4a3-deficient

mice (BUN=240 mg/dl). After stimulation,

resistance was recorded for approximately

18 hours. The starting point of the timeline

(Figure 2E) was set to a time point where an

almost constant slope of the resistance

curves was achieved.

Statistical Analyses
Data are presented as means6SEMs. Com-

parison of single groups was performed us-

ing t or Mann–Whitney U tests. Normal

distribution was tested using the Shapiro–

Wilk test. Multiple groups were analyzed by

ANOVA followed by Bonferroni post-tests.

A P value of ,0.05 was considered to

indicate statistical significance. PERMANOVA

on unweighted and weighted UniFrac dis-

tance matrices was performed in QIIME.
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