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Abstract

Background and objectives The association between gut dysbiosis, high intestinal permeability, and endotox-
emia-mediated inflammation is well established in CKD. However, changes in the circulating microbiome in
patients with CKD have not been studied. In this pilot study, we compare the blood microbiome profile between
patients with CKD and healthy controls using 16S ribosomal DNA sequencing.

Design, setting, participants, & measurements Blood bacterial DNA was studied in buffy coat samples
quantitatively by 165 PCR and qualitatively by 16S targeted metagenomic sequencing using a molecular pipeline
specifically optimized for blood samples in a cross-sectional study comparing 20 nondiabetic patients with CKD

and 20 healthy controls.

Results There were 22 operational taxonomic units significantly different between the two groups. 16S metagenomic
sequencing revealed a significant reduction in « diversity (Chaol index) in the CKD group compared with healthy
controls (127+18 versus 145+31; P=0.04). Proteobacteria phylum, Gammaproteobacteria class, and Enterobacter-
iaceae and Pseudomonadaceae families were more abundant in the CKD group compared with healthy controls.
Median 16S ribosomal DNA levels did not significantly differ between CKD and healthy groups (117 versus 122
copies/ng DNA; P=0.38). GFR correlated inversely with the proportion of Proteobacteria (r=—0.54; P=<0.01).

Conclusions Our pilot study demonstrates qualitative differences in the circulating microbiome profile with lower
a diversity and significant taxonomic variations in the blood microbiome in patients with CKD compared with

healthy controls.

Clin | Am Soc Nephrol 14: 692-701, 2019. doi: https://doi.org/10.2215/CJN.12161018

Introduction

Complex assemblages of microorganisms unique to
different human body sites are emerging as important
modulators of human health and diseases (1). High-
throughput sequencing methods have demonstrated
that the human gut is symbiotically inhabited by
thousands of bacterial species in diverse communities
helping the host in digestion of complex carbohy-
drates, short-chain fatty acid generation, vitamin and
amino acid synthesis, and shaping of the immune
system (2,3). An imbalanced intestinal microbial
community has been associated with various diseased
states and is referred to as gut dysbiosis (4). Several
studies have demonstrated an association between
gut dysbiosis, inflammation, and CKD (5,6). Gut
dysbiosis leading to disruption in intestinal barrier
function in CKD permits translocation of gut-derived
toxins, bacterial products, and intact bacteria into the
circulation, resulting in inflammation (7,8). This cir-
culating microbiome in CKD is indirectly evidenced
by higher levels of endotoxins, LPS levels, and gut
uremic toxins measured in blood (9,10). Recently, the
existence of a highly diversified blood microbiome,
including metagenomic profiles even in healthy
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human donors, has been found using 16S ribosomal
DNA (rDNA) measurement (11). We hypothesized
that patients with CKD would have a different quan-
titative and qualitative microbial profile in blood com-
pared with controls. This deviation in the microbiome
has the potential to provide an insight into the etiology
and mechanisms of inflammation and associated out-
comes in the CKD population. The aim of our pilot study
was to measure the blood microbiome profile in
nondialysis patients with CKD and compare them
with healthy controls by comparing their quantitative
16S rDNA levels and qualitative metagenomic profiles.

Methods
Study Design

We conducted a cross-sectional pilot study includ-
ing 20 patients with CKD and 20 healthy controls who
had blood buffy coat samples in our hospital biobank.

Study Participants

Buffy coat samples of eligible patients were obtained
from Partners Healthcare biobank. The Partners
biobank comprises samples voluntarily obtained
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from individuals at any Partners-affiliated hospitals to foster
research. Patients and healthy volunteers affiliated with the
Partners Healthcare system can contribute their blood sam-
ples to the biobank after consenting and electronically filling
out a health information survey. Their blood samples are
drawn during a scheduled visit with a biobank staff or at the
time of their clinic visit. These samples are made available to
Partners Healthcare investigators with appropriate approval
from the Partners Institutional Review Board (IRB protocol
No. 2009P002312). They are linked to clinical data from the
electronic medical record and categorized into healthy and
various disease states as well as by other clinical character-
istics enabling researchers to identify patients relevant to
their study. The Partners ethics committee approved this
study. The study adhered to the Declaration of Helsinki.
Patients with CKD of various nondiabetic etiologies,
who were aged 30-65 years, with GFR 10-59 ml/min, and
never on dialysis were eligible for inclusion. Patients with
diabetes were excluded because of its ability to influence
165 rDNA levels, demonstrated by prior studies (12).
Patients with clearly documented etiology were preferred.
Healthy controls matched by age group 30-65 years and
available buffy coat samples were randomly chosen using
estimated 10-year survival >95%, determined by Charlson
comorbidity index. Any patient with a white blood cell
(WBC) count >10%/L, evidence of active infection or on
antibiotics during sample collection, or history of inflam-
matory bowel disease or prior intestinal surgery was
excluded. Charts of eligible patients were reviewed pre-
ferring the latest available blood samples until 20 patients
in each group were included (Figure 1). Demographics and
covariates were obtained from electronic medical records.

Sample Collection
Microbiome in blood predominantly exists in the buffy
coat (11). For analysis, samples were first thawed under
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sterile precautions. DNA extraction, 16S rDNA quantitative
PCR, and qualitative 16S targeted metagenomic sequenc-
ing was performed by Vaiomer (Vaiomer, Toulouse,
France). The testing laboratory was blinded to the two
groups. The primary aim was to compare quantitative 165
rDNA levels and qualitative bacterial profiles between the
two groups. The secondary aim was to look for any
correlation between 16S rDNA levels and GFR.

16S DNA Extraction and Quantification

DNA was extracted from these samples using an optimized
tissue-specific technique. Total genomic DNA was collected
in a final 50 ul extraction volume. Total DNA concentrations
were determined by ultraviolet spectroscopy. Total 165 rDNA
present in the samples was measured by quantitative PCR in
triplicates using 16S universal primers targeting the V3-V4
region of the bacterial 16S ribosomal gene and normalized
using a plasmid-based standard scale, details of which have
been described previously (11,13). In these experiments, the
efficiency calculated from the standard curve was required to
be between 80% and 120%, and the R2 of the standard curve
was >0.980. After successful extraction and amplification, 16S
rDNA was measured as 165 copy number per nanogram of
DNA in triplicates and fell within the standard curve range.

16S Metagenomic Sequencing

Library preparation was performed by two-step PCR
amplification using 16S universal primers targeting the
V3-V4 region of the bacterial 16S ribosomal gene (Vaiomer
universal 16S primers) as described previously (14).
The resulting amplicon of approximately 467 base pairs
(as in Escherichia coli 16S) was sequenced using 2Xx300
paired-end MiSeq kit V3. For each sample, a sequencing
library was generated by addition of sequencing adapters.
The detection of the sequencing fragments was performed
using MiSeq Illumina technology.

237 non-diabetic CKD and 5163
healthy subjects aged 30-65yrs with
biobank samples* (2010-2017)

95 CKD and 1440 Healthy samples
with missing buffy coat samples

142 CKD samples

<

64 older samples
excluded

| 78 Charts reviewed |

58 excluded subjects

-GFR>59 (n=35)

-Unclear CKD cause (n=11)
-Elevated or missing WBC (n=9)
-On antibiotic (n=3)

20 CKD included

| 3723 Healthy samples |

3643 older samples

excluded

| 80 Charts reviewed |

60 excluded subjects

-Missing WBC or GFR (n=34)

-Genetic or autoimmune diseases (n=10)
-Gl pathology or taking antibiotic (n=10)
-H/o AKI or CKD (n=6)

20 Healthy included

*Healthy with estimated 10 year survival based on Charlson Comorbidity Index >95%

Figure 1. | Enrollment of study participants. Gl, gastrointestinal.
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The targeted metagenomic sequences from microbiota
were analyzed using the bioinformatics pipeline estab-
lished by Vaiomer from the Find, Rapidly, OTUs with
Galaxy Solution guidelines (15). Briefly, after demultiplexing
of the barcoded Illumina paired reads, single-read se-
quences are cleaned and paired for each sample indepen-
dently into longer fragments. Operational taxonomic units
(OTUs) are produced via single-linkage clustering using the
Swarm algorithm and its adaptive sequence agglomeration
(15). The taxonomic assignment is performed against the
Silva v132 database to determine community profiles. The
following specific filters were applied for this analysis to
obtain the best results: (1) the last ten bases of reads R1 were
removed; (2) the last 50 bases of reads R2 were removed; (3)
amplicons with a length of <350 or >500 nucleotides were
removed; (4) OTUs with abundance <0.1% of the whole
dataset abundance and undetectable in half of the samples in
both groups were removed.

a and B diversities were compared between the two
groups (1). a diversity measures the richness of taxa within
each sample. We used the Chaol index which determines the
diversity from the abundance data (observed taxa) and an
estimation of the unobserved taxa (unobserved rare taxa) (16).
B diversity allows for comparison of the taxonomic profiles
between pairs of individual samples. We measured the 8
diversity looking at the OTU distribution of each sample using
the weighted UniFrac technique, which calculates the distance
between pairs of samples on the basis of the abundance and
phylogenetic relatedness of observed taxa (17).

Statistical Analyses

SAS version 9.4 was used for statistical analysis to compare
demographics and microbiome differences between groups.
Demographic characteristics between CKD and healthy
groups were compared by t test, Mann-Whitney U test,
chi-squared test, and Fisher exact test, as appropriate.
Variances in 16S rDNA levels were compared between
groups using the F test. Total 165 rDNA levels and
differences in « diversity were compared between groups
using Mann-Whitney U test. Proportion differences be-
tween groups for the four major phyla (Proteobacteria,
Bacteroidetes, Firmicutes, and Actinobacteria) were com-
pared using Mann-Whitney U test, and P values were
adjusted for multiple comparisons using the Benjamini-
Hochberg method to control the false discovery rate (FDR)
(18). Given the proportions of phyla varying between
0 and 1, multivariable 8 regression models were used to
adjust for potential confounders, which included age,
body mass index (BMI), WBC, hypertension, hyperlipid-
emia, and history of immunosuppressant intake. Lin-
ear discriminant analysis effect size (LEfSe) algorithm
(R version 3.4.4) was used to measure OTU differences
between groups (19). Because Proteobacteria was the only
phylum significantly different between the two groups on
the LEfSe, further testing for differences in OTU was only
performed within this phylum by Mann—Whitney U test.
For each group, correlations between GFR and 165 rDNA
quantitative levels, proportion of Proteobacteria, age, and
BMI were calculated using Spearman rank order correla-
tion or Pearson correlation coefficients, as appropriate.
Two-tailed P values (including FDR-adjusted P values) of
<0.05 were deemed statistically significant.

Results
Baseline Characteristics

Baseline characteristics of the 40 patients are shown in
Table 1. Although all patients were aged 30-65 years, the
CKD cohort had a higher mean age. BMI and prevalence of
hypertension and hyperlipidemia was higher in the CKD
group, as expected. There was no significant difference in
serum albumin levels, WBC count, or prior antibiotic use
between groups. There was a higher prevalence of prior
steroid or immunosuppressant use in the CKD group, as
expected for treatment of underlying etiology, and three
patients were on active treatment at the time of sample
collection. This group included patients with glomerular
etiologies such as lupus plus ANCA nephritis, collapsing
FSGS, and rheumatoid arthritis-induced kidney amyloid-
osis. Prior antibiotic and immunosuppressant use was
defined as more than 1 month prior but within 2 years of
sample collection. Steroid and immunosuppression treat-
ment in patients with CKD given primarily for kidney
disease included patients with lupus nephritis, immune
complex—mediated GN, IgG4-related kidney disease, anti-
phospholipid antibody, and two patients with interstitial
cystitis with reflux nephropathy, about 6 months before
sample collection. Two patients with CKD received
immunosuppression unrelated to their kidney disease.
This included use of Bacillus Calmette-Guerin for blad-
der cancer (last dose more than 1 month before sample
collection) and chemotherapy for non-Hodgkin lym-
phoma (more than 1 year before sample collection).
Among healthy controls, two patients had a history of
receiving immunosuppression. This included oral pred-
nisone for optic neuritis a year before sample collection
and natalizumab for multiple sclerosis more than 2
months before sample collection.

Blood Bacterial 16S rDNA Concentration

Comparison of bacterial 165 rDNA quantity between the
two groups of patients (Supplemental Figure 1) showed
more variability within the CKD group (F statistic =4.30;
degrees of freedom=[19, 19]; P=0.002). 16S levels signifi-
cantly correlated with WBC (r=0.55; P=0.01). Median blood
16S rDNA concentration was similar between CKD and
healthy groups (117 versus 122 copies/ng DNA; P=0.38).
After adjusting for covariates (BMI, WBC, age, albumin,
hypertension, hyperlipidemia, and immunosuppression),
we found no significant difference in 16S levels between the
two groups (P=0.16). We then performed a sensitivity
analysis after excluding three participants who were on
immunosuppressants. The overall adjusted model was still
nonsignificant (P=0.16).

16S Metagenomic Sequencing

«a and B Diversity. There was a significant decrease in «
diversity (richness of bacterial taxa) using Chaol index
(12718 versus 145+31; P=0.04) in the CKD group com-
pared with healthy controls (Figure 2A). We did not
observe major separation in 8 diversity (bacterial commu-
nity) between groups using the weighted UniFrac tech-
nique (Figure 2B).

Taxonomic Signature Analysis. We performed a taxo-
nomic assignment of the 16S rDNA bacterial sequences
and analyzed for each patient’s taxonomic profile, using
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CKD Group, n=20 Healthy Controls, n=20

Table 1. Baseline characteristics of the microbiome study sample
Variable

Age, yr

Men, n (%)

White, 1 (%)

Body mass index, kg/ m??

White blood cell, per ul

Hypertension, 1 (%)

Hyperlipidemia, n (%)?

Serum albumin g/d1*

Prior antibiotic use, 1 (%)°

Prior or current steroid or immunosuppression use, 1 (%)°
eGFR, ml/min

165 DNA, copies/ng DNA

56 (49, 61) 44 (39, 53)

11 (55) 7 (35)

17 (85) 20 (100)
31.2 (27.1, 32.9) 24.7 (221, 27.1)
6.5 (5.9, 8.6) 6.3 (4.4, 8.1)

17 (85) 3 (15)

14 (18) 7 (42)
43(0.3) 4.5 (0.4)

10 (50) 11 (55)

11 (55) 2 (10)

42 (35, 49) 86 (80, 91)
117 (84, 162) 122 (114, 148)

Significant differences between groups detected in age, body mass index, hypertension, hyperlipidemia, eGFR, and prior use of
immunosuppression. Data are expressed as median (25th, 75th quartile), mean (SD), or n (%) as appropriate.

*Missing values; eGFR determined using the CKD Epidemiology Collaboration equation.

PUse within past 2 years but more than 1 month before sample collection.

the LEfSe algorithm representing significant differences
between groups at all taxonomic levels (Figure 3A). Clad-
ogram represents these differences at various phylogenic
levels starting from phylum level at the center to subphy-
lum levels toward the periphery (Figure 3B). For clarity, taxa
assigned to unknown and multiaffiliations are not shown in
this figure. There were total 22 significant OTU differences
between groups (Table 2). At the phylum level, microbiome in

blood was composed primarily of Proteobacteria followed by
Bacteroidetes, Actinobacteria, and Firmicutes, comprising
approximately 98% of all phyla (Figure 4). We compared
the differences in these four phyla between the CKD and
healthy groups. The proportion of Proteobacteria was
significantly higher in the CKD group compared with
healthy controls (61% versus 54%; P values were 0.004 and
0.03 before and after multiple testing adjustment by FDR,

Beta Diversity Measure
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Figure 2. | CKD group had a lower a diversity and similar B8 diversity compared to the healthy group. (A) « diversity (Chao1 index) measuring
bacterial richness. (B) B diversity (Weighted UniFrac technique) showing distance between samples summarized in two dimensions, with
individual points representing OTU distribution of each sample. Larger overlap indicating similar 8 diversity between groups.
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Figure 3. | Linear discriminant analysis Effect Size (LEfSe) showing microbiome differences between groups at various taxonomic levels. (A)
LEfSe analysis with linear discriminant analysis (LDA) score representing statistical and biological differences in phyla between groups. (B) LEfSe
cladogram demonstrating microbiome differences at various phylogenic levels.

respectively). No significant difference was observed in
the Bacteroidetes (19% versus 21%; P=0.76), Actinobac-
teria (15% versus 18%; P=0.36), or Firmicutes (3% versus
4%; P=0.76) phyla between groups. On looking deeper
within the Proteobacteria phylum, class Gammaproteo-
bacteria was significantly higher in the CKD group (45%
versus 38%; P=0.01). Within Gammaproteobacteria, fam-
ilies Enterobacteriaceae and Pseudomonadaceae were
significantly higher in the CKD group compared with
healthy controls (10% versus 7%; P=0.03 and 23% versus
18%; P=0.03, respectively). After adjusting for covariates
(age, BMI, WBC, hypertension, hyperlipidemia and im-
munosuppression use), we found statistically significant
differences in Proteobacteria phylum and Gammaproteo-
bacteria class between groups, but not in families Enter-
obacteriaceae and Pseudomonadaceae (Table 3).

Correlation Analysis

GFR did not significantly correlate with 16S rDNA
quantitative levels (r=—0.002; P=0.98) or « diversity on
the basis of Chao index (r=0.25; P=0.11). However, GFR
had a strong inverse correlation with the Proteobacteria
phylum, with a higher proportion of Proteobacteria de-
tected in patients with lower GFR (r=—0.54; P =0.01).
When correlated separately between groups, it re-
mained significant in the healthy group (r=—10.56;
P=0.009) but not in the CKD group (r=—0.15; P=0.52).
There was no significant correlation of age or BMI with
GFR or Proteobacteria in either groups (Supplemental
Figure 2).

Discussion

Previous studies have reported significant alterations in
gut microbiome profiles in patients with CKD (20). Al-
though previous studies have used circulating levels of
bacterial LPS and serum endotoxin levels as a surrogate for
blood microbiome, our study successfully compares the
blood microbiome between patients with CKD and healthy
controls for the first time by quantitative 165 PCR and
qualitative 16S targeted metagenomic sequencing (21). We
observed that patients with CKD had a significantly lower
a diversity and 22 major taxonomic differences compared
with healthy controls. Although B diversity and median
16S rDNA levels remained similar between the two groups,
Proteobacteria phylum, Gammaproteobacteria class, and
Enterobacteriaceae and Pseudomonadaceae families were
more abundant in the CKD group.

The gut microbiome is involved in numerous physiologic
processes, including nutrient extraction, metabolism, and
immune regulation (22,23). Gut dysbiosis is frequently
characterized by decreased a diversity and relative abun-
dance of selected microbial taxa (24). Pathologic features of
gut dysbiosis include generation of adverse metabolites,
higher endotoxin release, augmentation of proinflamma-
tory signals, and higher permeability to gut-derived mol-
ecules, permitting them to enter the systemic circulation
(25,26). Higher intestinal permeability has been associated
with CKD, metabolic syndrome, and cardiovascular dis-
eases (8,27). High urea levels in CKD is converted to
ammonia, resulting in the disruption of intestinal tight
junctions and translocation of gut toxins into blood (28,29).
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a diversity is a measure of richness in bacterial taxa
within a sample. « diversity has been observed to be
decreased in a dysbiotic gut and is associated with various
chronic disease states such as autoimmune diseases, dia-
betes, metabolic syndrome, autism, and colorectal cancer
(30). Low «a diversity has also been associated with higher
arterial stiffness (31). Analogous to this, our study also
shows a lower a diversity in the blood of patients with
CKD, suggesting a possible association of diseased state
with lower bacterial richness.

Although the presence of bacterial DNA in blood is well
recognized, its source remains a topic of considerable
deliberation. Contrary to Louis Pasteur’s monomorphic
germ theory, bacteria in blood was described by Antoine
Béchamp and Gtinther Enderlein as pleomorphic organ-
isms developing into pathogenic or apathogenic forms,
depending on the environmental conditions (32,33). Sev-
eral other studies have also proposed the hypothesis of
pleomorphism of bacteria in healthy blood (34). With the
discovery of L-forms (cell wall-deficient nonculturable
bacterial forms that reproduce asexually) (35) and ad-
vanced DNA sequencing techniques to detect bacterial
DNA from blood (11), it has been proven that the micro-
biome can exist in dormant, viable, or nonviable forms and
undergo pleomorphism in response to the environmental
conditions (36). Molecular studies have shown that bacterial
cytosine-guanosine dinucleotides exist in nonstimulatory
methylated forms in vertebrate DNA, and their epigenetic
unmethylation under inflamed conditions can stimulate
the immune system in an analogous manner to bacterial
LPS (37). We hypothesize that analogous to stem cells,
primitive bacterial L-forms may be undergoing pleomor-
phic changes and developing into different bacterial
forms depending on the ecosystem of the body site,
which explains why specific microbial communities tend
to adapt to specific body sites. A shift in the microbiome
can occur if there is a change in the ecosystem. In our case,
the microbiome in blood may be undergoing pleomorphic
changes in response to the ecosystem in blood formed
from translocation of gut toxins, retention of uremic
toxins, and decreased GFR, as well as other lifestyle-
related factors, medications, and comorbid conditions.
This change in ecosystem causes a shift in the microbiome
resulting in qualitative differences between groups as well
as individual variations within groups.

The intestinal membrane, liver, and the immune system
also act as filters responsible for differences in the micro-
biome (38). In our study, the quantity of 165 rDNA
significantly correlated with the WBC count but was
similar between the two groups, suggesting that it possibly
depends on the immune system function. Significantly
higher 16S levels in blood have been observed in patients
with liver disease, possibly due to decreased clearance and
diminished compensation of the immune system (13).
Large individual variations in quantitative 16S levels
within the CKD group may be due to varying levels of
WBC, differing levels of immune system compensation, or
other potential confounders.

Although microbiome profiles vary between individuals,
the human microbiome project has shown more varia-
tions between different body sites within an individual
compared with similar body sites between individuals,
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No. of Species®

Genus
Sediminibacterium

Pseudarcicella
Stenotrophomonas

Paracoccus
Corynebacterium

Hyphomicrobium
Candidatus

Legionella
Serratia
Yersinia
Acinetobacter
Pseudomonas
Lysobacter
Bacillus
Sphingomonas
Tyzzerella

Family
Hyphomicrobiaceae
Chitinophagaceae
Spirosomaceae
Xanthomonadaceae
Rhodobacteraceae
Sphingomonadaceae
Lachnospiraceae
Corynebacteriaceae
Microbacteriaceae

Pseudomonadaceae
Bacillaceae

Legionellaceae
Enterobacteriaceae
Enterobacteriaceae
Moraxellaceae
Xanthomonadaceae

Order
Xanthomonadales
Rhizobiales
Xanthomonadales
Rhodobacterales
Sphingomonadales
Clostridiales
Corynebacteriales
Micrococcales

Pseudomonadales
Bacillales

Legionellales
Enterobacteriales
Enterobacteriales
Pseudomonadales
Chitinophagales
Cytophagales

Class
Gammaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Alphaproteobacteria

Bacilli
Actinobacteria

Bacteroidia
Bacteroidia
Clostridia
Actinobacteria

Phylum
Proteobacteria
Bacteroidetes
Proteobacteria
Actinobacteria

Firmicutes

Firmicutes
“Exact species difficult to identify because of clustering and multiple affiliations of species.

Table 2. Major taxonomic differences between CKD and healthy groups

Higher in Group
CKD
Healthy
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Figure 4. | Relative proportion of taxa at phylum levels demonstrating a higher proportion of Proteobacteria phylum in the CKD group.

suggesting that it tends to specifically adapt to the host body
site (1,39). Similarly, our results show a significant difference
in the blood microbiome compared with the gut microbiome,
demonstrating higher Proteobacteria and Actinobacteria
predominance in the blood in contrast to Bacteroidetes and
Firmicutes, which normally dominate the gut (13,40). Al-
though one of the possible reasons is a leak in the intestinal
membrane barrier, we hypothesize that this is from bacterial
pleomorphic adaptation to the ecosystem of gut and blood as
explained above. Because B8 diversity measures the interin-
dividual differences in taxa distribution within a specific
body site, it tends to be relatively similar within that specific
body site, blood in this case. Therefore, despite high in-
terindividual variations in blood bacterial profiles observed
at the OTU level, overall proportions of different bacteria in
the blood at the phylum level are relatively constant, making
them genetically closely related and less 8 diverse.

Proteobacteria is a major phylum of Gram-negative
bacteria, which includes a wide variety of pathogens,
such as Escherichia, Salmonella, Vibrio, Yersinia, Pseudomonas,
and many other genera (41). Proteobacteria has been found
to be higher both in the gut and blood in many chronic
inflammatory diseases, including inflammatory bowel
disease, metabolic syndrome, cardiovascular diseases,
and chronic lung diseases, and has also been detected in
atherosclerotic plaques (42—44). We noticed a similar rise
in Proteobacteria in CKD in our study, likely an effect of
increasing severity of CKD. The correlation of all these
diseases with gut dysbiosis, intestinal bacterial transloca-
tion, and endotoxemia-related inflammation, as well as
their clinical association with each other, suggests a com-
mon mechanism underlying these diseases associated with
inflammation, arising from the gut. Interestingly, evolution
of mitochondria has been linked to Proteobacteria on the

Table 3. Distribution of Proteobacteria phylum and its major subphyla between CKD and healthy groups

Taxonomic Taxon CKD, n=20; Healthy, n=20; P Value P Value
Level Median, % (IQR) Median, % (IQR) Raw Adjusted®
Phylum Proteobacteria 61 (57, 65) 54 (49, 57) 0.004 0.002
Class Gammaproteobacteria 45 (43, 47) 38 (32, 44) 0.01 0.03
Family Enterobacteriaceae 10 (8,12) 7 (3,11) 0.03 0.09
Pseudomonadaceae 23 (17, 25) 18 (15, 21) 0.03 0.17

IQR, interquartile range.

?Adjusted for age, body mass index, white blood cell count, hypertension, hyperlipidemia, and immunosuppressant intake history.
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basis of their striking similarities and widely accepted endo-
symbiotic theory of evolution, which hypothesizes that
mitochondria evolved from endosymbiosis of Proteobac-
teria inside host cells, forming mitochondria (45,46). It is
possible that the Proteobacteria increase in chronic in-
flammatory diseases could be an effect of being released
into blood after cell death in the above organs. Further
studies are needed to explore this.

Our pilot study has successfully showed variations in the
blood microbiome profile between nondiabetic patients with
CKD and healthy controls. With the increasing importance of
epigenetic influences on human health and diseased states,
the blood microbiome may serve as a personalized biomarker
for CKD etiology and prognosis as well as provide poten-
tial therapeutic interventional targets aimed at restoring
a healthier microbiome state. So far, various therapeutic
strategies with prebiotics, probiotics, and synbiotics have
been attempted to restore gut dysbiosis in CKD, with
encouraging results, but longitudinal studies measuring
kidney outcomes are lacking (47,48). Feeding high amylose-
resistant, fiber-rich starch diet in CKD mouse models has
ameliorated inflammation by mitigating gut dysbiosis, and
correlated with improved kidney function (49,50). Under-
standing the microbiome in blood and correlating with gut
may help in developing targeted probiotic drugs and
interventions aimed at restoring the intestinal membrane
barrier.

Our study has several limitations. Our study sample is
small and not powered to detect a clear association be-
tween CKD etiology and blood microbiome profiles. The
patients with CKD heterogenous with various etiologies
are not a clear representative of CKD overall. Confounding
cannot be excluded because of the cross-sectional obser-
vational design of the study. Our study lacked associated
measurement of stool microbiome, inflammatory markers,
rate of CKD progression, and environmental epigenetic
factors such as food habits and stress, which are all known
to influence the microbiome. Concurrent stool microbiome
measurement would have helped compare the diversity
and dysbiosis of gut microbes with blood microbes and
understand the crosstalk between them. Prior use of antibi-
otics and immunosuppression more than a month before
sample collection date was determined on the basis of chart
review, assuming patients did not get any prescriptions from
out of network providers. The effect of immunosuppressant
drugs on the microbiome is unclear. However, the primary
goal of our pilot study was to demonstrate that a varied
blood microbiome exists in patients with CKD. In this
context, our study is a first, promising proof of concept
and opens a novel pathway for using the blood microbiome
as a potential diagnostic and therapeutic tool in CKD. The
above limitations should be addressed in future studies.

In summary, our study successfully demonstrates var-
iations in blood microbiome profiles between patients
with CKD and healthy controls. We show a reduction in
a diversity and distinct variations in taxonomic profiles
between the two groups, with a significant rise in the
Proteobacteria phylum in patients with CKD. Such a rise in
Proteobacteria has been observed in other chronic diseases
such as metabolic syndrome and cardiovascular diseases,
indicating that inflammation originating from gut bacte-
rial translocation into blood is the common underlying
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mechanism in these diseases, resulting in pleomorphic
shifts in microbial profile in blood. Although therapeutic
interventions aimed at restoring intestinal membrane and
bacterial flora may be future targets, current blood micro-
biome studies are limited, necessitating further research.
Our findings are based on a small study of 20 patients with
CKD. Further large-scale studies correlating blood micro-
biome with gut microbiome, intestinal permeability mark-
ers, inflammatory markers, epigenetic factors, and various
etiologies of CKD are needed to better interpret the blood
microbiome as a potential diagnostic biomarker, and to
identify therapeutic targets in these patients.
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