OPEN 8 ACCESS Freely available online

‘.@'-PLOS | one

PhoB Regulates the Survival of Bacteroides fragilis in

Peritoneal Abscesses

Shin Wakimoto', Haruyuki Nakayama-Imaohji?, Minoru Ichimura®?, Hidetoshi Morita®,
Hideki Hirakawa®, Tetsuya Hayashi®, Koji Yasutomo', Tomomi Kuwahara®*

1 Department of Immunology and Parasitology, institute of Health Biosciences, The University of Tokushima Graduate School, Tokushima, Japan, 2 Department of
Microbiology, Faculty of Medicine, Kagawa University, Kagawa, Japan, 3 School of Veterinary Medicine, Azabu University, Kanagawa, Japan, 4 Kazusa DNA Research
Institute, Chiba, Japan, 5 Frontier Science Research Center, University of Miyazaki, Miyazaki, Japan

* E-mail: tomomi@med.kagawa-u.acjp

Citation: Wakimoto S, Nakayama-imaohji H, Ichimura M, Morita H, Hirakawa H, et al. (2013) PhoB Regulates the Survival of Bacteroides fragilis in Peritoneal
Abscesses. PLoS ONE 8(1): e53829. doi:10.1371/journal.pone.0053829

Editor: Willem van Schaik, University Medical Center Utrecht, The Netherlands
Received October 9, 2012; Accepted December 3, 2012; Published January 15, 2013

Copyright: © 2013 Wakimoto et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported partly by a Grant-in-Aid for Scientific Research for Young Scientists B (no. 22790409) from the Ministry of Education, Science
and Culture of Japan and a Grant for Scientific Research C (no. 20510187) from the Japan Society for the Promotion of Science, The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Environmental sensing and adaptive response are essential
activities for all organisms. Two-component signal transduction
systems, composed of sensor protein and cognate response
regulator, are commonly used for environmental sensing in
bacteria [1]. Environmental stimuli trigger the histidine-aspartate
phosphorelay of a phosphate group from an autophosphorylated
sensor to a response regulator, resulting in the expression of the
particular set of genes necessary for adaptive responses. The
PhoRB system of Escherichia coli is a well characterized two-
component system that senses inorganic phosphate (Pi) concen-
tration in the external milieu [2]. PhoR is a sensor histidine kinase
that phosphorylates PhoB, the response regulator, in conditions of
low environmental Pi (less than 4 pM in the case of E. coh).
Phospho-PhoB in turn regulates transcription of the Pho regulon,
a large set of genes that are generally involved in phosphate
homeostasis. PhoB has been associated with bacterial survival,
stress response and virulence [3]. Induction of the Pho regulon has
been reported during infections of Yersinia pestis, Erwinia chry-
santhemi, Listeria monocytogenes and Mpycobacterium tuberculosis in diverse
models [4-8].

The mammalian gut harbors a wide variety of microbes that
must sense and respond to changes in nutritional availability, host
immunity and microbial composition [9,10]. Post-operative injury
leads to the release of host physiological stress products into the
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intestinal tract, where they directly activate the molecular circuitry
of colonizing nosocomial pathogens, shifting their phenotypes to
those of proinflammatory and lethal strains [11,12]. It has also
been shown that intestinal Pi levels decrease after surgical
operations such as 30% hepatectomy [13]. Operative injury-
induced intestinal Pi depletion shifted the phenotype of Pseudomonas
aeruginosa to express enhanced virulence in mice, resulting in
exotoxin A permeability and death [11]. Pi repletion protected
mice from gut-derived sepsis by P. aeruginosa. Bacteroides, a gram-
negative obligate anaerobe, is one of the most predominant genera
of gut microbiota. B. fragilis is among the more virulent species in
the genus Bacteroides, and is frequently isolated from intra-
abdominal infections such as peritonitis and peritoneal abscess
[14-16). Bacteroides infections often occur after intra-abdominal
surgery. It is possible that alterations of intestinal parameters like
Pi concentration and other environmental cues at extra-intestinal
sites induce a shift from gut symbiosis to pathogenicity.

In this study, we identified the two-component signal transduc-
tion system corresponding to PhoRB in the sequenced B. fragilis
strain YCH46 and evaluated the role of the B. fiagilis PhoB on
virulence in the intra-abdominal cavity and survival in peritoneal
abscesses. The data indicated that PhoB shapes part of the
molecular circuitry used by B. fragilis for survival in stressful
environments.
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Materials and Methods

Bacterial Strains and Growth Conditions
The bacterial strains and plasmids used in this study are listed in
Table 1. B. fragilis strains were grown anaerobically at 37°C in
Gifu Anaerobic Medium (GAM; Nissui Pharmaceutical Co.,
Tokyo, Japan) or on GAM agar plates using the AnaeroPack
System (Mitsubishi Gas Chemical Co., Inc., Tokyo, Japan) or an
anaerobic chamber conditioned with mixed gases (Ny, 80%; CO,,
10%; and H,, 10%). To simulate the Pi-limiting conditions,
defined minimal media (DMM) [17] was supplemented with
varying concentrations of KHyPO, (final concentration: 6.6,
0.066, and 0.0066 mM). E. coki strains were grown aerobically at
© 37°C in Luria-Bertani (LB) broth or on LB agar plates. If
necessary, antibiotics were added to the media at the following
concentrations: ampicillin, 50 pg/ml; cefoxitin, 50 pg/ml; eryth-
romycin (Em), 10 pg/ml; and tetracycline, 10 pg/ml

B. fragilis Gene Deletion

Deletion mutants for the phoR homolog (BF1575), phoB homolog
(BF1576), or BF2185 were constructed in the B. fragilis strain
YCH46 by removing the internal segment of each target gene.
Briefly, DNA fragments upstream and downstream of the region
being deleted were separately PCR-amplified and fused by a
second PCR amplification via an overlapping regions incorporated
into the primer sequences. The resultant PCR products were
ligated into pKKI00 [18,19]. The targeting plasmids were
electroporated into B. fragilis strain YCHA46 as described previously
[18,19]. The diploids, in which targeting plasmid integrated into
the chromosome via a single genetic crossover, were selected on
GAM agar plates containing Em. The diploids were grown in
GAM broth, spread on nonselective GAM agar plates, and replica
plated to GAM agar plates containing Em to screen for mutants
that resolved the diploid through the second homologous

Table 1. Bacterial strains and plasmids.

PhoB in Bacteroides fragilis

recombination. Em-sensitive colonies were selected, and the
presence of the appropriate deletion was checked by PCR with
primer pairs that flanked the deletion site (Table S1). The phoB
gene was amplified using the B. fragilis YCH46 genome as the
template and cloned into the modified E. coli-Bacteroides shuttle
plasmid pLYLO05-Exp (Table 1), generating pLYL1576. pLYL05-
Exp or pLYL1576 were introduced into the phoB deletion mutant
for complementation analyses. Synthetic oligonucleotide primers
were purchased from Sigma-Aldrich Japan Co., Ltd. (Tokyo,
Japan). The nucleotide sequences of all of the oligonucleotide
primers used in this study are listed in Table S1. DNA sequencing
was performed on an ABI Prism 3100 Genetic Analyzer (Applied
Biosystems) using the ABI Prism BigDye Terminator Cycle
Sequencing Ready Reaction Kit (version 1.1; Applied Biosystems).

Growth Monitoring in Pi-limiting Conditions

B. fragilis strains were grown anaerobically in 10 mi of GAM
broth at 37°C overnight (stationary phase). The cells were
collected by centrifugation at 4°C, washed three times with
10 mi of DMM supplemented with 0.0066 mM KH,PO, and
resuspended in 10 ml of the same medium. The cell suspension
(100 pl) was then inoculated into 10 ml of pre-warmed DMM
(37°C) supplemented with varying concentrations of KH,PO,
(6.6, 0.066, or 0.0066 mM) and incubated anaerobically at 37°C.
Growth was monitored over time by measuring the optical density
at 600 nm. All manipulations were carried out in an anaerobic
chamber. The doubling time of each strain was calculated from
the optical densities at the two points of exponentially growing
phase.

RNA lIsolation and Quantitative PCR (gqPCR)

B. fragilis cells grown to stationary phase in GAM were washed
three times with DMM containing 0.0066 mM of KH,PO, and
diluted 100-fold with DMM plus 6.6 mM or 0.0066 mM of
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KH,PO,. These dilutions were grown at 37°C under anaerobic
conditions. Total RNA was extracted from mid-logarithmic phase
cultures (ODggg; 0.4-0.6) using the hot-phenol method [20]. The
RNA was further purified using an RNeasy CleanUp Kit (Qjagen)
and treated with TURBO DNA-free (Ambion) to remove
contaminating DNA. Total RNA (500 ng) was reverse transcribed
using 2 SYBR ExScript RT-PCR Kit (Takara Shuzo Co., Ltd,,
Otsu, Japan) with random hexamers at 42°C for 15 min. Reverse
transcription was terminated by heating the mixtures at 95°C for
2 min. The cDNA products were subsequently amplified using
SYBR Premix Ex Taq (Takara) under the following conditions:
preheating at 95°C for 10 s and 40 cycles of 95°C for 5 s and 60°C
for 34 s in an ABI PRISM 7500 (Applied Biosystems). All samples
were run in triplicate. Threshold cycle values were normalized
with the levels of 7poD transcripts, and the changes were calculated
by the 27447 method [21].

Microarray Analysis

We employed a B. fragilis YCH46 DNA microarray from
NimbleGen Systems, which includes 4,527 target genes with at
least 8 unique probes consisting of 60-mer synthetic oligonucle-
otides for each gene. The cDNA synthesis, hybridization, and
scanning were performed by NimbleGen. Microarray data were
analyzed by quantile normalization and robust multiarray
averaging [22]. The normalized data were processed with
ArrayStar software (DNASTAR). Samples were filtered to
identify differential expression (over 4-fold change during Pi
starvation compared to Pi excess). The Student’s ¢ test for the
analysis of the mean log ratios of two samples and the subsequent
Bonferroni adjustment for multiple testing were applied as
rigorous criteria for significant changes in signal intensity.
Changes with a p-value less than 0.05 ($<<0.05) were considered
statistically significant.

Expression and Purification of Recombinant PhoB

BF1576 was amplified by PCR and cloned into the pGEX-6P-
1 expression vector (GE Healthcare) via fusion to glutathione-S-
transferase (GST) gene, generating the plasmid pGEX-phoB
(Table 1). E. coli strain BL21 harboring pGEX-phoB was grown
in 100 ml of LB broth containing sorbitol (0.5 M) and ampicillin
(50 pg/ml) at 37°C. IPTG was added to the culture at a final
concentration of 0.1 mM when ODggy reached 0.3. The cells
were further incubated at 25°C overnight. The cells were
collected by centrifugation and resuspended with Cell Lytic B
(Sigma) containing a protein inhibitor cocktail, lysozyme
(200 pg/ml) and DTT (1 mM). Following a 15-min incubation
at room temperature, the lysate was sonicated on ice and
centrifuged at 13,000xg for 10 min at 4°C. The supernatant was
incubated with glutathione sepharose 4B slurry (GE Healthcare)
overnight at 4°C. The resin was washed five times with PBS-T
wash buffer (1x phosphate-buffered saline, 0.5% Triton X-100).
Proteins bound to the resin were eluted with 200 ul of glutathione
elution buffer (50 mM Tris-HCI [pH8.0], 10 mM glutathione).
Glutathione elution buffer was replaced by EMSA buffer (50 mM
Tris-HCI [pH7.5], 50 mM KCl, 10 mM MgCl,, 0.5 mM EDTA,
10% glycerol) using Zeba Desalt Spin Columns (Thermo
Scientific). The purity of recombinant PhoB was checked by
SDS-PAGE.

Electrophoretic Mobility Shift Assay

Recombinant PhoB and 10 ng of bait DNA were mixed in
binding buffer (50 mM Tris-HCI [pH7.5], 50 mM KCl, 10 mM
MgCl,, 0.5 mM EDTA) and incubated for 30 min at 25°C. The
predicted promoter regions of pstC (BF2756) and capsular
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Figure 1. Response of B. fragilis to Pi limitation. (A) Growth curve
in DMM supplemented with varying concentrations of KH,PO,. B.
fragilis strain YCH46 was grown anaerobically in DMM supplemented
with 6.6 mM, 0.066 mM, or 0.0066 mM of KH,PO, at 37°C for 20 h.
Optical densities of the cultures at 600 nm were measured over time.
Data presented are the mean * standard deviations of three
independent cultures. (B) gPCR analysis of BF1575, BF1576, and
BF2756. Total RNA was collected at mid-logarithmic phase (indicated
by t in panel A). Expression levels of BF1575 (phoR homolog), BF1576
(phoB homolog), and BF2756 (pstC homolog) in wild type B. fragilis
strain YCH46 were measured and normalized with transcriptional levels
of rpoD. The transcriptional level of each gene under Pi limitation
(0.066 mM or 0.0066 mM) is shown relative to that in DMM
supplemented with 6.6 mM KH,PO, (Pi-fich media).
doi:10.1371/journal.pone.0053829.g001
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Figure 2. Effect of BF1576 deletion on the growth in Pi-limiting media. (A) Construction of ABF1576 and ABF2185 strains. Internal deletion

of each gene was confirmed by PCR using a primer pair encompassing each deletion site. W, wild type B. fragilis; M, mutant form of indicated gene; S, >
100-bp ladder size markers. (B) Growth of wild type (WT), ABF1576 and ABF2185 strains under Pi-rich and Pi-limiting conditions. WT (diamonds), -
ABF1576 (squares), and ABF2185 (triangles) strains of B. fragilis were grown anaerobically in DMM supplemented with 6.6 mM (closed symbols) or

0.0066 mM {open symbols) of KH,PO,. Growth was measured at ODgqo. Data presented are the means * standard deviations of triplicate cultures.

**Significantly different from wild type (p<<0.01), *Significantly different from wild type (p<0.05).

doi:10.1371/journal.pone.0053829.9g002

polysaccharide biosynthesis loci B (PS B, BF1828-BF1848) and E as bait DNA. After incubation, the samples were subjected to
(PS E, BF2566-BF2586), or internal fragment of BF3397 were electrophoresis on a 5% polyacrylamide gel and visualized using
amplified by PCR. The amplicons were purified using a QIAquick the SYBR Green I Nucleic Acid Gel Stain Kit (Invitrogen). ‘
Gel Extraction Kit (Qjagen) after agarose gel separation and used o
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Figure 3. Repletion of BF1576 by plasmid complementation, 8.
fragilis wild type strains harboring pLYLO5-Exp and the ABF1576 strain
harboring pLYLO5-Exp or pLYL1576 were grown anaerobically in a
limiting amount of Pi (0.0066 mM of KH,PO,) in DMM supplemented
with 50 pg/mi of cefoxitin. Growth was measured at ODggo. Data were
calculated from triplicate cultures and expressed as means * standard
deviations. **Significantly different from the ABF1576 strain harboring
pLYLO5-Exp (p<<0.01), *Significantly different from the ABF1576 strain
harboring pLYLO5-Exp (p<<0.05).

doi:10.1371/journal pone.0053829.g003

Peritoneal Abscess Model

Five male G57BL/6] Jcl mice (7 weeks old) were injected intra-
peritoneally with 0.2 ml of an inoculum (2.0x 108 colony-forming
unit each) that was prepared by mixing B. fragilis cell suspensions
(wild type, ABF1576, ABF1576 complemented with pLYL1576, or
a combination of wild type and ABF1576) with the supernatant of
an autoclaved rat fecal suspension at a 1:1 (vol/vol) ratio. The
autoclaved rat fecal suspension did not induce abscesses when
injected alone into the mouse peritoneal cavity, and was used as an
adjuvant for abscess formation. Mice were sacrificed at 3, 7, or 14
days after challenge, and abscess formation was evaluated. The
incidence of peritoneal abscess, the number of abscesses and
surviving B. fragilis were compared. Prior to dissection of the
peritoneum, 10 ml of PBS (pH7.4) was injected into the peritoneal
cavity and then recovered. The number of infiltrated inflamma-
tory cells in the recovered fluid was counted using a hemocytom-
eter. The surviving cell number inside the peritoneal abscesse was
determined as follows. The collected abscesses were weighed and
homogenized in 10 volumes of autoclaved PBS (pH7.4) using
Teflon glinder. Serial dilutions were made with PBS (pH7.4) and
the appropriate dilutions were spread onto GAM agar plate. The
plates were incubated anaerobically at 37°C for 48 h and the
numbers of colony grown on the plates were counted. Wild type B.
Jragilis and the ABF1576 mutant were discriminated using colony
PCR with a primer pair encompassing the deletion site in
ABF1576 (Table S1), when necessary. At least, 96 colonies per
abscess were screened.
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Figure 4, Induction of pstC expression in response to Pi
limitation, Wild type, ABF1576, and ABF2185 strains of B, fragilis were
cultured in DMM supplemented with varying concentrations of Pi as
indicated. Total RNA was extracted from mid-logarithmic phase
cultures, and pstC expression levels were compared by gPCR. The
transcriptional level of pstC was normalized with that of rpoD and
shown relative to that of a wild type strain in DMM supplemented with
6.6 mM KH,PO, (Pi-rich media). Black column: wild type; gray column:
ABF1576; white column: ABF2185. **Significantly different from the
wild type strain (p<<0.01).

doi:10.1371/journal.pone.0053829.g004

Competitive Intestinal Colonization Model

Three male germ-free BALB/c mice (8 weeks old) were orally
inoculated by gavage with the mixture of wild type and ABF1576
B. fragilis strain (2.0x108 colony-forming unit each). Feces were
collected periodically (7 and 14 days after challenge), and .
appropriate dilutions of the fecal suspensions were spread on
GAM agar plates. Colony PCR was performed with the primer
pair encompassing the deletion site in ABF1576 to compare their
population levels of wild and the mutant B. fragilis strains in the
mouse intestines. In this experiment, mice were kept in a vinyl
isolator to maintain the gnotobiotic status.

Statistical Analysis

The growth rates, gPCR data and the number of abscess were
statistically analyzed with Student’s ¢ test. The incidence of
peritoneal abscess and wild-type/phoB mutant ratios in the
intestines and abscesses were analyzed with Fisher’s exact test
and Chi-square test, respectively. Changes were considered to be
significantly different when the p-values were less than 0.05.

Microarray Accession Numbers

Microarray data have been deposited in the Gene Expression
Omnibus database (www.ncbihlm.nih.gov/projects/geo) under
the following accession numbers: normalized data, GSE27439;
platform, GPL13213; and raw data files, GSM678272 to
GSM678275.
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Figure 5. PhoB binds to pstC promoter. (A) Expression and purification of recombinant B, fragilis PhoB in E. coli. M, molecular size markers. (B)
Binding of PhoB to pstC promoter. Recombinant PhoB (1.5 or 15 uM of final concentration) was mixed with the amplified promoter region of pstC or
internal region of BF3397, and their interaction was evaluated by electrophoretic motility shift assay. Zero denotes that no protein was added to the

reaction mixture. B: PhoB-bound probes; F: free probes.
doi:10.1371/journal.pone.0053829.g005

Ethics

All animal experiments were performed according to the
guidelines for animal experiments at the University of Tokushima.
The experimental design was approved by the Animal Experiment
Committee of the University of Tokushima.

Results

Identification of a PhoRB System in B. fragilis

The genome of sequenced B. fragilis strain YCH46 contains 70
two-component signal transduction systems (T'CS), which include
orphan kinases and response regulators (Table S$2). A BLAST
search was performed to identify a TGS of B. fraglis that
corresponds to PhoRB in other bacteria. Amino acid sequences of
E. coli PhoR or PhoB were used as querles against the B. fragilis
genome. The proteins encoded by BF1575 and BF1576 showed
the best similarities to E. coli PhoR and PhoB, respectively (39%
and 29% identity over 50% alignment length, respectively). TGS
proteins encoded by BF2185 and BF2186 showed the second
highest homologies to PhoRB of E. cofi. PhoB regulates the
expression of a phosphate-specific transport (Pst) system to acquire
Pi [3]. The Pst system is composed of five components encoded
within the pstSCAB-phoU operon. According to the gene annota-
tion, in the B. fragilis pst operon, pstS is located just upstream of the
pstCAB-pholU operon (BF2756-BF2753) in a head-to-head manner.

B. fragilis strain YCH46 was grown in DMM supplemented with
varying concentrations of KH;POy (final concentration of 6.6,
0.066, or 0.0066 mM). As shown in Figure 1A, a decrease in Pi
from 6.6 mM to 0.066 mM did not result in the growth
retardation (the doubling times; 2.14£0.08 h vs 1.93%+0.03 h).
Clear growth retardation was observed when the Pi concentration
was limited to 0.0066 mM (the doubling time; 3.85:%0.50 h).
Based on this result, growth media supplemented with 0.0066 mM
KH,PO, was used as the Pi-limiting condition in subsequent
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experiments. RNA was extracted from mid-logarithmic phase
cultures and gPCR was performed for BF1575, BF1576, and pstC
(BF2756). As shown in Figure 1B, the expression levels of these
genes were negatively correlated with Pi level and were elevated
over 10 fold compared with those assayed in Pi-rich media
(6.6 mM of KH,PO,).

BF1576 was disrupted (ABF1576) to determine the role of the
phoB homolog in adaptation to Pi limitation (Figure 2A). BF2185
encodes a protein with the second highest homology to E. colt
PhoB. A BF2185 deletion mutant (ABF2185) was constructed for
comparison to ABF1576. Growth of the ABF1576 strain was
similar. in Pi-rich media (the doubling time; 2.31%0.02 h) but
slower than that of the wild type and ABF2185 strains when they
were cultured in Pi-limited media (0.0066 mM of KH,PO.,)
(Figure 2B); the doubling times of ABF1576, wild type and
ABF2185 were 5.88+1.21 h, 3.85£0.50 h and 4.12+0.46 h,
respectively. Complementation of the ABF1576 strain with a
plasmid harboring BF1576 restored the growth of this mutant (the
doubling time; 4.26+0.40 h) to wild type level in DMM
supplemented with 0.0066 mM of KHoPO, (Figure 3). Under Pi
limitation, PhoB binds the “Pho box” regulatory element in the
promoter of the pst operon and activates expression of the pst
genes. A comparison of the expression of pstC in the wild type and
mutant strains in low Pi revealed that the ABF1576 strain showed
a trace amount of pstC expression while the expression level in the
ABF2185 strain was equivalent to that of the wild type strain
(Figure 4). These results indicated that BF1576 encodes PhoB in B.
Sragilis.

To confirm the direct association of PhoB with pstC expression,
the protein was overexpressed in E. coli and purified (Figure 5A).
The binding of the recombinant PhoB to the pstC promoter was
assessed by electrophoretic motility shift assay (EMSA). EMSA
demonstrated the direct binding of PhoB to the promoter of pst

January 2013 | Volume 8 | Issue 1 | 53829
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Figure 6. PhoB-dependent genes in 8. fragifis. (A) Classification of genes whose expression levels were altered more than 4-fold under Pi
limitation (0.0066 mM of KH,PO,) in wild type and AphoB mutant strains, compared to levels in wild type in the presence of sufficient Pi (6.6 mM of
KH,PO,). Left and right circles indicate the differentially expressed genes of wild type and AphoB mutant strains with expressions that were altered
over 4-fold under Pi limitation. Group 1: includes 245 PhoB-dependent Pi-response genes. Group 3:217 PhoB-dependent genes unrelated to Pi
response, Group 2 contains two subgroups. Group 2a: 276 PhoB-independent Pi-response genes (fold change in expression in response to Pi-
limitation was similar between wild type and AphoB8 mutant strains); Group 2b: 123 PhoB-dependent Pi response genes (the extent of change in
expression in response to Pi-limitation was different >2-fold between wild type and AphoB mutant strains). (B) COG classification of PhoB-dependent
(black bar) and PhoB-independent (white bar) genes that are differentially expressed during Pi starvation. The percentage of genes classified into
each COG category is relative to the total number of genes in each group. Fifty-five percent of the PhoB-dependent (585 genes) and 60% of the
PhoB-independent (276 genes) groups could not be assigned to a COG category (that data are not included in this figure).
doi:10.1371/journal.pone.0053829.g006

operon (512-bp fragment) but not to another DNA fragment used
as a control (290-bp internal fragment of BF3397) (Figure 5B).

Pho Regulon in B. fragilis

Transcriptome analysis was performed to identify the regulatory
circuit of PhoB in B. fragilis. Gompared to the wild type expression
profile in Pi-rich media (6.6 mM of KHyPOy,), the expression of
644 (wild type) and 616 (AphoB mutant) genes changed more than

PLOS ONE | www.plosone.org

4-fold under Pi-limiting conditions (Figure 6A). Of these, the
expression levels of 399 genes were altered in both wild-type and
the AphoB mutant (group 2 in Figure 6A), although some of the
genes underwent different degree of transcriptional changes
depending on the strain (e.g., BF2091 and BF2391 in Table 2).
Group | in Figure 6A included 245 genes with expression levels
that changed more than 4-fold under Pi-limitation (6.6 mM to
0.0066 mM of KH,oPO,) in wild type, but did not change in the
AphoB mutant, which corresponded to PhoB-dependent Pi
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Table 2. Representative list of differentially expressed genes in wild type and AphoB B. fragilis strains in Pi-limiting conditions.

Fold change ¥ Group ¥

Gene Function

Inorganic ion metabolism and transporter

BF0579 K+-transporting ATPase B chain +151 +238 2a

BF0582 osmosensmve K+ channel hlsndme kmase +885 +128 2a

BF1756 alkaline phosphatase +12.2 - 1

BF3145 multidrug resistance ABC transponer +4.32 - 1

BF3350 putative glucose/galactose transponer +13.3 +5.43 2b

BF3715 putanve phosphate/su!phate permeases - —522 3

£ ,

BF1743 GrpE protem +8.08 +4.23 2a

BF2409 heat shock protein 90 +16.5 +8.23 2b
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Table 2. Cont.
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Gene Function

small heat shock protein

BF2625 ~

BF3395

B

Cell envelope biogenesis and outer membrane

B S

chaperonin GroEL

&
BF1428 (upaY)
locus (PSA)

- _

YThe definition of each group is described in legend to Figure 6.
doi:10.137 1/journal.pone.0053829.t002

response genes. In contrast, Group 3 included 217 genes whose
expression levels in the AphoB mutant were affected more than 4-
fold under Pi limitation but were unchanged in the wild type
strain, indicating that they were PhoB-dependent genes that were
unrelated to the Pi response. The genes classified as Group 2 were
divided into two subgroups. Group 22 contained 276 PhoB-
independent Pi-response genes (the magnitude of changed
expression levels in response to Pi-limitation was similar between
the wild type.and AphoB mutant strains) and Group 2b had 123
PhoB-dependent Pi response genes (the extent of change in
expression in response to Pi-limitation was different >2-fold
between wild itype and AphoB mutant strains). The 585 genes
classified into Groups 1, 2b, and 3 were defined as Pho-regulon
genes. Representative genes with significantly altered expression
patterns under Pi limitation are listed in Table 2. Of these, PhoB-
dependent genes included those associated with Pi metabolism
such as PstSCAB, alkaline phosphatase (BF0480 and BF1756),
polyphosphate kinase (BF2645), exopolyphosphatase (BF2646), a
putative phosphate/sulphate permease (BF3715) and acid phos-
phatase (BF4541). In addition to Pi metabolism, genes involved in
capsular polysaccharide biosynthesis (PS A, B and E), ferrous iron
transport (BF1417), protein repair and chaperon activity, and
DNA repair and recombination were also regulated in a PhoB-
dependent manner. These data suggest that PhoB may be involved
in B. fragilis virulence, the stress response and iron homeostasis, as
well as in Pi metabolism. To assess the effect of KHyPOy limitation
on pH of the culture media, we checked the pH of 12-h and 24-h
culture of wild or phoB mutant strain. The pH of these cultures
were kept around 7.6, indicating the effect of acid stress could be
ruled out (data not shown). The differentially expressed genes
during Pi starvation were assigned to the Cluster of orthologous
gene (COG) classification (Figure 6B). The PhoB-regulated
function preferentially distributed into Transcription; DNA
replication, recombination and repair; Cell envelope biogenesis,
outer membrane; Amino acid transport and metabolism; and
Secondary metabolites biogenesis, transport and catabolism.

To verify the microarray analysis data, gPCR was performed on
the representative PhoB regulon genes listed in Table 2, which
include stress-response, phosphate metabolism and polysaccharide

PLOS ONE | www.plosone.org

transcriptional regulatory protein UpxY homolog in capsular polysaccharide synthesis—6.50

outer membrane efflux protein oprM precursor +106

Fold change ¥

~16.4 2b

+28.4 2b

Fold change (relative to wild-type 6.6 mM Pi) was determined from the microarray expression data as described in the Materials and Methods.

biosynthesis (PS B and PS E). As shown in Figure 7, the expression
profiles correlated well the results from microarray analysis
(Table 2).

Role of PhoB in Peritoneal Abscess Formation

Wild type and AphoB mutant B. fragilis strains were inoculated
into the peritoneal cavities of G57BL/6] mice to compare their
ability to induce abscess formation. Mice were sacrificed at 3, 7, or
14 days after challenge, and the number of abscesses was counted.
One week after challenge, the wild type B. fragilis strain formed
peritoneal abscesses in 80% of the mice (Table 3). Abscesses were
observed in only 40% of the mice tested with the AphoB mutant. In
addition, a total of 13 abscesses were produced by wild type B.
fragilis, while only 2 abscesses were observed with the AphoB
mutant. Complementation of the AphoB mutant with a plasmid
harboring phoB restored the number of abscesses. However, during
the early stage of peritoneal infection (3 days after challenge), no
difference was found in incidence and abscess number between
wild type and AphoB mutants. The viable cell numbers inside the
abscesses were also not significantly different among the strans
(Table 4). In addition, inflammatory cell infiltration into peritoneal
cavity was similar between the wild type strain (6.20%2.96 x105/
ml of the recovered fluid) and phoB mutant (5.73%2.83 x10%/ml) at
an early stage (3 days) of infection (2.92+1.10x10%/ml in
autoclaved rat feces alone). These findings indicate that in B.
Jfragilis, PhoB plays a role in abscess persistence rather than
formation.

To compare the growth and survival of wild type and AphoB B.
Jragilis strains under various conditions, these strains were equally
mixed and inoculated into GAM broth, mice intestines or the
peritoneal cavity. After periodical sampling from liquid culture,
feces and abscesses, samples were spread on GAM agar plates, and
the population levels of wild type and AphoB B. fragilis strains were
evaluated by discriminating colony PCR. Deletion of phoB did not
affect growth in rich media (GAM broth), and the ratios of wild
type to phoB mutant strains were 0.67 to 1.07 until 72-h cultivation
(Figure 8A). The phoB deletion also had no effect on intestinal
colonization, and equivalent populations of each cell type were
maintained until two weeks after inoculation into the gut of eight-
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Figure 7. gPCR verification of differentially expressed PhoB-dependent genes identified by microarray analysis. The transcriptional
levels of representative genes in wild type (closed column) and phoB deletion mutant (open column) under Pi limitation (0.0066 mM of KH,PO,) is
shown in relation to those in wild type under Pi rich condition (6.6 mM of KH,PO,). Annotation of each gene is as listed in Table 2: BF1576 (PhoB),
BF1575 (PhoR), BF2185 (PstC), BF1828 (UpbY, product of the first gene product in PS B), BF2585 (UpbY, product of the first gene product in PS E),
BF3377 (Dnal), BF1205 (endopeptidase Clp), BF3395 (GroEL), BF3396 (GroES), BF2645 (polyphoaphate kinase), BF1576 (alkaline phosphatase), and
BF2091 (cation efflux system protein). **Significantly different from the wild type strain, *Significantly different from the wild type strain (p<<0.05).

doi:10.1371/journal.pone.0053829.g007

week-old male BALB/c germ-free mice (Figure 8B). In contrast,
the number of AphoB mutant cells decreased more rapidly than the
number of wild type cells when survival within the peritoneal
abscess was compared. The ratio of AphoB mutant to wild type
cells inside the abscess was reduced to one-third at two weeks after
intra-peritoneal inoculation (Figure 8B). The ratios of wild type to
phoB mutant after one and two week inoculation were significantly
different (Chi-squre p values are 0.0173 and less than 0.0001,
respectively). These results indicate that PhoB is involved in the
survival of B. fragilis in stressful extraintestinal environments.

Table 3. Peritoneal abscess formation by B. fragilis strains.

B. fragilis

st Abscess formation *

ABF1576
(AphoB)

JFive C57BL/6J mice were intraperitoneally challenged with B. fragilis strains.
Mice were sacrificed and abscess formation was evaluated on the indicated
days after challenge.

EINumber of abscess in each mouse {mean % SD) is shown,

*Significant difference from YCH46 (wild type), p<0.05.
doi:10.1371/journal.pone.0053829.t003
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Discussion

Microbes inhabit all of the environmentally exposed anatomical
sites of the human body. Individual microbial species have
adapted uniquely to their preferential niches. Signals present in
these microenvironments play key roles in shaping host-microbe
interactions. Through these signals, commensal bacteria provide
beneficial actions such as digestion of otherwise undigestible
nutrients, synthesis of essential vitamins and competitive coloni-
zation resistance to foreign pathogenic bacteria (symbiosis).
Disruption of these homeostatic signals leads to pathogenic
conditions such as overgrowth or submucosal invasion of
commensal bacteria, which elicit the host inflammatory response
(dysbiosis). The persistence of dysbiosis results in diseases such as
inflammatory bowel syndrome [23,24], cancer [25] and obesity
[26-29].

Table 4. Viable B. fragilis cell numbers in the peritoneal
abscesses ).

Strains Viable cell counts (log,, cfu/abscess)

T T e

6.58x1,12 621+1.08

Each of the strains (ca. 2.0x10° cells) was individually inoculated into the
mouse peritoneal cavity to form abscesses. Each of the corrected abscesses was
homogenized in PBS, and the serial dilutions were plated on GAM agar plates.
YData were mean = SD. No significant differences were observed.
doi:10.1371/journal.pone.0053829.t004
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Figure 8. Competitive growth assay of wild type and AphoB B,
fragilis strains in vitro (A) and in vivo (B). These strains were equally
mixed and inoculated into GAM broth, mice intestines or the peritoneal
cavity. After periodical sampling from liquid culture, feces and
abscesses, samples were spread on GAM agar plates, and the
population levels of wild type and AphoB B. fragilis strains were
evaluated by discriminating colony PCR, The data were expressed as
wild type/AphoB mutant ratios. The ratios of wild type and phoB mutant
strains in the intestine and abscess were compared by Chi-square test.
doi:10.1371/journal.pone.0053829.g008

The intestinal tract harbors the most densely populated
microbiota in the human body. Bacteroides is one of the
predominant groups of gut commensals [10]. Although B. fagilis
is one of the most pathogenic species of the genus Bacteroides and
often causes peritonitis, intra-abdominal abscesses and septicemia
[14-16], the bacterium is considered to be a keystone microbe that
controls the microbial ecosystem in the gut [30]. The two-
component signal transduction system (TCS) is 2 major bacterial
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environmental sensing system. The whole genome sequence of B.
Jragilis revealed that this anaerobe possesses 70 TCS [31]. They
undoubtedly play essential roles in the processing of environmental
signals within the gut. However, the environmental signals that
induce the TCS are largely unknown. Pi limitation is a well
characterized environmental signal sensed by PhoRB, a TCS
widely distributed among prokaryotes. Pi depletion after abdom-
inal surgical operations is a risk factor for sepsis caused by gut-
derived opportunistic pathogens [11,12]. In this study, we focused
on this stimulus (Pi concentration) to assess the importance of
environmental sensing systems on shaping the symbiosis and
dysbiosis within the gut.

We identified the PhoRB system in the sequenced B. fragilis
strain YCH46 and demonstrated that PhoB, as in other bacteria,
plays a role in adaptation to Pi-limiting conditions. However, it is
unlikely that PhoRB is the sole Pi acquisition system in B. fragilis
because phoB deletion did not result in a complete growth defect
(Figure 1A). No difference was observed in the maximum optical
density of the culture in Pi-limiting media. In addition to the pst
operon, PhoB regulates the expression of 585 genes in B. fragilis. Of
these, 217 are regulated in a Pi-dependent manner (Group 1 in
Figure 6A). The remaining 368 genes are regulated independent of
Pi concentration (Group 2b and Group 3 in Figure 6A). This
group includes several stress response genes and capsular
polysaccharide biosynthetic genes (PS A, B and PS E).

Capsular polysaccharides are a major virulence factor of B.
Jragilis and play an essential role in abscess formation. B. fragilis
produces as many as nine capsular polysaccharides [31], and the
seven of them phase vary via the inversion of promoters locate
upstream the PS loci [32]. Of these, abscess forming capsular
polysaccharides are only two types of capsular polysaccharides, PS
A and PS B, in strain NCTC9343 [14,15]. The remaining seven
capsule types are not essentially involved in abscess formation.
Interestingly, the expression of these PS loci in strain YCH46 is
regulated by PhoB: PhoB is positively associated with PS E
expression but negatively with PS B expression. These regulatory
activities might be indirect since PhoB did not bind these PS
promoters in the EMSA assay (data not shown). However, as
reported by Chatzidaki-Livanis ef al., the transcription of each of
the phase variable PS loci is not simply dependent on the promoter
orientations but regulated in a complex marnner, in which the
UpxZ proteins that encoded by the second gene of each of the
phase variable PS loci inhibit the synthesis of heterologous
capsular polysaccharides [33]. It still remains the possibility that
the B. fragilis PhoB bind to the PS promoters other than those of
PS B and PS E, affecting the expression levels of these PS loci.
Although phoB deletion reduced the transcriptional level of the PS
A locus, the role of PhoB on abscessogenic PS A production is
likely to be weak since the difference in the transcriptional levels of
many genes in the PS A locus was small between wild type and
AphoB mutant strains (Tables 83 to S6). Due to the heterogeneity
of PS loci among B. fragilis as strains NCT(C9343 and YCH46
share only the PS B locus [34], it is difficult to predict the
physiological significance of PhoB regulation on polysaccharide
biosynthesis in strain YCH46. Although the dose-dependency
should be observed to compare the abscessogenic potential
between the strains, our results in the mouse peritoneal abscess
model indicate that these PhoB-regulated polysaccharides in strain
YCH46 are not essential for abscess formation. Rather, these
polysaccharides (PS B and PS E) and other Pho regulon genes are
probably involved in survival of B. fragilis at extraintestinal sites
such as the peritoneal cavity and the interior of abscesses.

PhoB has been associated with virulence in several pathogenic
bacteria [3]. In many cases, the role of PhoB on virulence has been
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evaluated by the use of a constitutively active model obtained from
mutation of the Pst system, which negatively regulates the Pho
regulon, regardless of Pi concentration. In this model, PhoB
activation reduced toxin production and pillus formation in Vibrie
cholerae [35], and suppressed the growth of avian pathogenic E. colt
in the intestinal tract [36]. However, Pho regulon genes have also
been induced during infection of models with Yersinia pestis, Erwinia
chrysanthemt, Listeria monocytogenes and Mpycobacterium tuberculosis [4-8].
These findings indicate that the Pho regulon may work at
particular stages of the infection process and that timely activation
of this regulon is essential for adaptation. Therefore, constitutively
active PhoB might interfere with the infection process.

In this study, it was concluded that PhoB does not directly affect
the abscess formation of B. fragilis when virulence was assessed
using a mouse model. The results also showed that the
inflammatory cell infiltrations into peritoneal cavity by wild and
AphoB B. fragilis strains were similar at an early stage (3 days) of
infection. In addition, the viable cell number/abscess of both
strains was similar when each strain was individually inoculated
into peritoneal cavity (Table 4). On the other hand, the phoB
deletion resulted in the faster clearance of the cells from abscess
than wild strain in the mixed inoculation experiments, while the
number of phoB mutant was similar to that of wild type strain in
the GAM broth or mouse intestinal tract. However, it is possible
that the mutant could not compete with the wild type for intestinal
colonization under special conditions such as nutrient restriction
and mucosal inflammation. These results indicate that PhoB
regulates the stress adaptation of B. jfragifis and contributes to
survival of this anaerobe inside peritoneal abscesses. It is also
possible that the increase of wild type to phoB mutant ratios in the
abscess might only represent the difference in their growth rates.
The monitoring of growth status of both strains and Pi-levels in the
peritoneal abscess is necessary in the future study to determine the
role of the PhoB in B. fragilis.

Bacteroides species are the causative agents of post-operative
abdominal infections. Oral Pi administration prevents transloca-
tion of P. aeruginosa after surgical operations [11]. Signal
transduction via the PhoRB system is a potential target for control
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Abstract

Background Rituximab (RTX) is a promising option for
treating childhood-onset steroid-dependent (SDNS), fre-
quently relapsing (FRNS), and stero1d resistant (SRNS) ne-
phrotic syndrome.

Methods We retrospectively surveyed RTX treatment for these
conditions to evaluate its indications, efficacy and adverse
events. Questionnaires were sent to 141 hospitals in Japan.
Results Seventy-four patients (52 SDNS; 3 FRNS; 19
SRNS) were treated with RTX because of resistance to
various immunosuppressive agents. Most patients received
. a single administration of RTX (85%). Forty-one of 53
SDNS/FRNS (77%) and 5 of 17 SRNS (29%) patients
successfully discontinued prednisolone (16 SDNS/FRNS

and 6 SRNS achieved their first discontinuation since:
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onset), and 17 out of 53 SDNS/FRNS patients (31%) dis-
continued cyclosporine. However, 28 of the 53 patients
(51%) relapsed. Although immunosuppressive agents did
not extend B cell depletion, relapses were significantly less
if immunosuppressive agents were continued after RTX (P=
0.006; hazard ratio=0.2). Among the SRNS patients, com-
plete (n=6) and partial remission (n=6) were achieved. No
life-threatening adverse events were experienced.
Conclusions Although this was a multi-center survey where
treatment of nephrotic syndrome varied between centers, the
steroid-sparing effect of RTX in SDNS/FRNS was excel-
lent. If single administration of RTX is chosen, continuation
of immunosuppressive agents is recommended for preven-
tion of relapse.

" Keywords R1tux1mab - Nephrotic syndrome - Children -

Steroid - Ster01d~dependent nephrotic syndrome - Steroid-
resistant nephrotic syndrome - Immunosuppressive agents

Introduction

Treatment of reﬁabtory childhood nephrotic syndrome, such
as frequently relapsing nephrotic syndrome (FRNS), steroid-

* dependent nephrotic syndrome (SDNS), and steroid-resistant

nephrotic syndrome (SRNS), is still challenging. Although
various immunosuppressive agents are effective for these
conditions, in substantial numbers of children it remains
intractable. )

Most such patients suffer serious adverse effects of ste-
roid and immunosuppressive agents. Recently, rituximab
(RTX), a monoclonal antibody targeting the B cell-specific
antigen CD20, has been proven to be effective for FRNS/
SDNS and SRNS in children [1-8].

The incidental discovery of the effects of this drug has
improved the prognosis of childhood SDNS and SRNS [9,
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10]. Although RTX is still off-label and its safety for use in
nephrotic syndrome has not yet been proven, pediatric
nephrologists have started to use RTX in many countries.
We previously reported a prospective study of single-dose
therapy with RTX for 12 children with intractable SDNS
[3]. All patients were able to discontinue steroids after RTX
administration. We also found a significant decrease in the
frequency of relapses, period of steroid use and mean steroid
dosages after RTX treatment. However, the efficacy of the
single-dose treatment was not always long-lasting, and the
subsequent recovery of B cells in the peripheral blood
- sometimes resulted in disease recurrence. Therefore, main-
tenance therapy with some immunosuppressive agents after
a single dose of RTX may be a good option to lengthen
remission [11, 12]. Although RTX is relatively well tolerat-
ed, some severe or life-threatening adverse events, including
progressive multifocal leukoencephalopathy [13], interstitial
pneumonia [14], and ulcerative colitis [15], have been an-
ecdotally reported. Such severe life-threatening adverse
events are rarely experienced with existing immunosuppres-
sive agents, including cyclbsporine (CsA), cyclophospha-
mide, mycophenolate mofetil, tacrolimus, and mizoribine.
We conducted a national survey of RTX use for refractory
nephrotic syndrome to investigate its indications, efficacy,
and adverse events.

Patients and m'eth,ods
Patients

Questionnaires regarding the use of RTX against childhood-
~onset SDNS, FRNS, and SRNS were sent to 141 university,
children’s, and main regional hospitals in Japan in March 2010.
- Sixty-eight hospitals returned answers. Among them, 14 hospi-

tals reported the actual use of RTX in 74 children by June 2010.
' We analyzed the results of the questionnaires. Approval
for this study protocol was obtained from the institutional
review boards of the National Center for Child Health and
Development. No patients who had been enrolled in a
placebo-controlled double-blind clinical trial of RTX for

SDNS and FRNS to gain Japanese government approval .

were included in this survey. Patients with two consecutive
relapses of NS while receiving prednisolone on alternate
days or within 15 days of its discontinuation were defined
as having SDNS. Patients with two or more relapses within
6 months after initial therapy or four relapses in any 12-
month period were defined as having FRNS. Patients with
the inability to induce remission with 4 weeks of daily
steroid therapy (60 mg/m* or 2 mg/kg, maximum 80 mg/

day) were defined as having SRNS [16]. Relapse was de- -

fined as proteinuria 3+ by dipstick for more than 3 consec-
utive days. Complete remission (CR) was defined as the

i @ Springer

disappearance of proteinuria. Partial remission (PR) of
SRNS was defined as more than a 50% reduction in pro-
teinuria and recovery from hypoalbuminemia of less than
2.5 g/dl.

Statistical analysis
The Kaplan-Meier method and log-rank test were used for

analyses of relapse-free survival. Statistical significance was
established at P<0.05.

Results

Characteristics of the patients

The characteristics of the pétients are summarized in Table 1.
Seventy-four patients (44 male and 30 female) were adminis-

tered RTX for FRNS (n=3), SDNS (n=>52), and SRNS (n=
19). All of the patients with SDNS/FRNS were treated with

RTX under remission. The follow-up duration after the first:

RTX administration was 24.2+19.8 (standard deviation, SD)
months (range: 851 months; median: 24 months). All of the

patients had already been treated with various types of immu-
nosuppressive agents. However, levamisole has not been ap-

proved in Japan and was not administered to any patients.
Overall, 59.5% of patients (n=44) had a previous (n=25) or
present (n=19) history of SRNS. Of these 44 patients, 20
developed SRNS at onset (primary SRNS) and 24 had changed
from steroid-sensitive nephrotic-syndrome to SRNS (late
SRNS). Twenty-five patients among those 44 patients changed
their clinical course from SRNS to steroid-sensitive nephrotic
syndrome mainly by immunosuppressive agents and/or methyl
prednisolone pulse therapy. However, 19 patients had been
continyously resistant to not only steroids, but also to various
Immunosuppressive agents, aﬁd therefore, were treated with
RTX. These findings suggest that many patients with SRNS
overcome steroid resistance, but still suffer from SDNS/FRNS.
The mean number of RTX administrations was 1.9+1.4
(SD) (SDNS/FRNS: 1.8+1.4; SRNS: 2.3+1.4; range: 1-7).
A total of 106 courses of RTX were administered to the 74
patients, comprising 90 courses of single administration, 4
courses of 2-weekly administration, 1 course of 3-weekly
administration, and 11 courses of 4-weekly administration.

' Of the 74 patients, 2, 3, 4, and 5 courses of RTX were given

to 18,2, 2, and 1 patient respectively. Therefore, 51 patients
were treated by a single injection of RTX.

There was no standardized indication for RTX for SDNS/
FRNS between the centers, but most of the patients had
suffered many adverse effects of steroids and CsA, and
had failed to control disease activity in spite of trials of
various types of immunosuppressive agents. RTX was given
during remission in all patients with SDNS and FRNS.
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Table 1 Characteristics of the patients

Characteristic Measurement
Sex (male/female) (n) 44/30
Age at onset, months 71+48.9
(10~195; median: 54)
Time from onset to first RTX, months 65143

(2-176; median: 58)
First renal biopsy findings

MCNS 59
FSGS 10
DMP 3
MPGN

Unknown 2

Relapses before RTX, number of relapses

0-5° i 17
6-10 . 26
11-20 17
>20 times 14

Previous treatment, number of patients; total number and (for SRNS)

Cyclosporine 73 (18)
Mizoribine 47 (11)
Cyclophosphamide 32 (8)
Mycophenolate mofetil 26 (9)
Tacrolimus g (1)

" Azathioprine 3
Methylprednisolone pulse therapy 47 (17)
Plasma exchange 12 (10)
Low-density lipoprotein apheresis 8 (3)

-History of SRNS, n
Previous history of SRNS 25
Present SRNS (primary/late SRNS) 19 (8/11)
Conditions at first RTX, n '
SDNS ' 52

FRNS : 3

SRNS 19

Data are shown as the mean + SD (range) or number of patients (n)
%0 relapses includes 8 patients with SRNS

RIX rituximab, SRNS steroid-resistant nephrotic syndrome, SDNS
steroid-dependent nephrotic syndrome, FRNS frequently relapsing ne-
phrotic syndrome, MCNS minimal change nephrotic syndrome, FSGS
focal segmental glomerular sclerosis, DMP diffuse mesangial prolifer-
ative glomerulonephritis, MN membranous nephropathy, MPGN mem-
branoproliferative glomerulonephritis

Steroid and CsA-sparing effect of RTX

Steroid and CsA discontinuation after RTX administration
in patients with SDNS/FRNS is shown in Fig. 1. In the
SDNS/FRNS patients, 41 of the 53 patients under steroid
treatment (77%) successfully discontinued steroids, after
suffering various long-term adverse effects of steroid

259
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£
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Fig. 1 Use of steroids and cyclosporine (CsA) in patients with steroid-
dependent nephrotic syndrome/frequently relapsing nephrotic syn-
drome (SDNS/FRNS) after rituximab (RTX) administration. PSL
prednisolone

administration. In addition, 18 of the 30 patients with
SDNS/FRNS under CsA treatment (60%) discontinued
CsA after RTX (Fig. 1), because they suffered from various
adverse effects of CsA.

In patients with SRNS, 7 of the 17 patients under steroid
treatment (41%) discontinued steroids after RTX because of
CR (n=3), PR (n=2), or no efficacy (n=2). However, al-
most all of the patients with SRNS could not discontinue
CsA even after RTX (Fig. 2). For 2 patients with SDNS and
2 patients with SRNS, we could not obtain information on
the discontinuation of steroids because they changed hospi-
tal and were lost to follow-up.

In addition, among 37 patients (25 SDNS/FRNS and 12
SRNS) who had never discontinued steroids before RTX, 22
(16 SDNS/FRNS and 6 SRNS) had their first experience of
discontinuation of steroids since onset (Fig. 3). The mean
duration of steroid use was 49i36 (SD) months in these 37
patlents before RTX.

Amelioration of the adverse effects of steroids and CsA

Short stature and obesity were the two main adverse effects
of steroids, followed by hypertension, cataracts, and glau-
coma. Hyperirichosis and CsA nephropathy were the two
main adverse effects of CsA. RTX improved the various
adverse effects of steroids and CsA (Fig. 4).

20 o Before RTX
n=17 After RTX

Number of patients
[y o
S o

v

PSL CsA

Fig. 2 Use of steroids and CsA in patients with SRNS after RTX
administration. SRNS steroid-resistant nephrotic syndrome, CS4 cyclo-
sporin; RTX rituximab; PSL prednisolone
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] Before RTX
[] After RTX

n=12

Number of patients

SDNS/FRNS SRNS

Fig. 3 Number of patients who had never discontinued steroids since

disease onset. SDNS/FRNS steroid-dependent nephrotic syndrome/fre- -

quently relapsing nephrotic syndrome; SRNS steroid-resistant nephrot-
ic syndrome

Relapse after RTX in SDNS/FRNS

Relapse after RTX occurred in 28 of the 55 patients with
SDNS/FRNS. The time to relapse after RTX was 6.6+5.57
(SD) months (range: 1-24 months; median: 5 months). The
remaining 27 patients were free from relapse for 17.3+7.8
(SD) months (range: 7-31 months; median .16 months). The
mean -duration of CD20 cell depletion was 5.2+1.4 (SD)
months (n=48; range: 2-8 months; median: 5 months). The
timing of CD20 cell recovery did not significantly differ
between the relapsed (n=24) and remitted (n=16) patients
(4.9£1.0 vs 5.4+1.4 months). We also examined the use of
maintenance immunosuppressive agents after RTX. The
patients who continued immunosuppressive agents after
RTX showed a significantly lower risk of relapse (relapse
occurred in 15 of the 40 patients) than the patients who

Hypertension (multiple answers)
Glaucoma » (n=74)
Spinal fracture
Adverse effects
Osteonecrosis of steroids

Glucose intolerance

Psychological symptoms [2

Hypertrichosis

CsA nephropathy
- . Adbverse effects
Acquired resistance to CsA of CsA
Gingival hypertrophy
0 10 2 30 40
Number of patients

Fig. 4 Adverse effects of steroids and CsA before and after RTX admin-
istration. The diagnosis of cyclosporine nephropathy was made by biopsy.
CsA cyclosporin; RTX rituximab
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 Fig. 5 Immunosuppressive agent continuation after RTX adininistra-

tion is beneficial for preventing relapse in SDNS/FRNS patients. RTX
rituximab; SDNS/FRNS: steroid-dependent nephrotic syndrome/fre-
quently relapsing nephrotic syndrome

discontinued immunosuppressive agents (relapse occurred in
13 of the 15 patients; Fig. 5; log-rank test, P=0.006; hazard
ratio=0.201; 95% confidence interval=0.079-0.514). The
mean duration of CD20 cell depletion was 5.0+1.4 (SD)
months in patients who continued immunosuppressive agents
(n=33) after RTX, and 4.9+1.0 (SD) months in patients
without immunosuppressive agents after RTX (n=15; not
significant). Immunosuppressive agents after RTX did not
extend the duration of CD20-positive cell depletion. As main-
tenance therapy after RTX, mycophenolate mofetil, CsA,

tacrolimus and mizoﬁbine were used. However, there were

no specific immunosuppressive agents that were preferable
for prevention of relapse after RTX.

Effect of RTX against SRNS

All 19 patients with SRNS were resistant to various immuno-
suppressive agents (Table 1). None of the patients had a family
history of SRNS, but 3 underwent genetic analysis, including
WTI and NPHS2. After RTX therapy, CR was achieved in 6
patients (3 primary SRNS; 3 late SRNS) and PR was achieved

in 6 patients (2 primary SRNS; 4 late SRNS). Conversely, 7

patients showed no response (NR) to RTX (3 primary SRNS; 4
late SRNS). One non-responder was subsequently found to
have a WT1 mutation.

Complete or partial remission were achleved 5.1+3.1 (SD)
months (mean 6 months; range 1-12 months) after RTX. Seven

~out of 12 patients achieved CR or PR under continued CsA
(additional mycophenolate mofetil in 2 and additional mizor-

ibine in 1). The urinary protein to creatinine ratio before vs after
RTX was 52113 (SD) vs 1.0121.3 in the CR group, 24.6%
36.6 vs 7.4£9.8 in the PR group, and 73.6+160.4 vs 30.8+41.6
in the NR group. k

The latest renal biopsy findings of these 19 patients were as
follows: FSGS (n=11; 4 CR; 2 PR; 5 NR), minimal change
nephrotic syndrome (n=8; 2 CR; 4 PR; 2 NR). Two FSGS
patients had post-transplant relapse (1 CR; 1 NR). Therefore,
the type of histology did not influence the response to RTX.

P
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Table 2 Adverse events of RTX (multiple answers)

Infusion reactions Late adverse events -

Sore throat . 15 Sepsis 1*

‘Wheezing, cough Granulocytopenia 2°
Mild liver failure 1

Fever 1

7
Dyspnea 7
Fever 4
Skin rash 3
Nausea, vomiting 2
Bradycardia 2
Hypertension 2
1
1
1
1

“Hypotension

Tachycardia
Nasal stiffness
Leg pain

2 Severe adverse effects: severe infection in 1 patient and granulocyto-
penia in 2 patients were observed, but all patients were treated ade-
quately and recovered without sequelae i

Adverse events of RTX

The adverse events of RTX are summarized in Table 2. Infu-
sion reactions were frequently experienced, but were general-
ly mild. Two patients developed granulocytopenia as a late
severe adverse event. One of these patients had the complica-
tion of sepsis. However, both patients recovered well after
treatment with granulocyte-stimulating factor and antibiotics.

Satisfaction with RTX

We also asked the parents and/or patients about their satis-
faction with RTX (n=69). Overall, 29 of them (42%) felt
very satisfied and 27 (39.1%) felt relatively satisfied. “Nei-
ther” and “unsatisfactory” were the responses in 15.9% and
2.9%, respectively. Overall, 81.2% had a good impression
‘of RTX treatment.

Discussion

Rituximab treatment for nephrotic syndrome is still off-label

in Japan. The results of this survey revealed that RTX has been
broadly used for patients with childhood-onset refractory ne-
phrotic syndrome. In our study, dramatic steroid- and calci-
neurin inhibitor-sparing effects of RTX against SDNS and
FRNS are consistent with previous reports in France, India,
Italy, Germany, and the United States [1-8]. Compared with
these previous reports, the unique finding in our study was that
immunosuppressive agents followed by a single dose of RTX
could extend the relapse-free period after RTX administration.

Almost all the patients in our survey had been treated
with steroid and calcineurin inhibitors for long periods, and

they suffered critical adverse effects from steroid and calci-
neurin inhibitor administration (Fig. 4). The frequency of
present or previous use of calcineurin inhibitors reached
98.6%. In addition, various types of immunosuppressive
agents, methylprednisolone pulse therapy, and plasma ex-
change also failed to control their disease activity and allow
tapering of steroid and calcineurin inhibitors. Therefore, the .
use of RTX was anticipated for these patients. In our survey,
41 of the 53 SDNS/FRNS patients (77%) and 5 of the 17
SRNS patients (29%) successfully discontinued steroids,
which is similar to previous reports [2, 3, 6, 11]. In addition,
we focused on how many patients who had never discon-
tinued steroids since disease onset could become free from
steroids after RTX administration. Remarkably, 16 the of 25
SDNS/FRNS patients and 6 of the 12 SRNS patients dis-
continued steroids for the first time after disease onset. This
was a great benefit to the patients. Concurrently, RTX 4

‘showed a considerable calcineurin inhibitor-sparing effect,

because 18 of the 30 SDNS/FRNS patients were able to
discontinue CsA. A reduction in the dosage of steroids and
calcineurin inhibitors allowed amelioration of the serious
adverse effects of both drugs (Fig. 4). Hypertension, glau-
coma, and spinal fracture are urgent complications of steroid
administration. Half of the patients suffering from these
severe adverse events successfully recovered after RTX
administration. RTX also resolved the severe adverse events
of CsA, such as CsA nephropathy and hypertension, in
many patients (Fig. 4). Interestingly, RTX overcame the
acquired resistance to CsA. During long-term use of CsA,
some patients show acquired resistance to CsA [17, 18]
Since frequent relapse under CsA increases the risk of
CsA nephropathy and the dosage of steroids [19, 20], acquired
resistance to CsA is problematic. In this survey, 4 of the
8 patients overcame acquired resistance after RTX administra-
tion- (Fig. 4). Fujinaga et al. [12] reported the value and
efficacy of maintenance therapy with CsA after a single dose
of RTX, even for patients with previously CsA-refractory

- SDNS [10]. They also emphasized that RTX improved the

drug sensitivity to CsA. CsA is one of the essential drugs used
to treat SDNS/FRNS and SRNS [21, 22]. Therefore, it is a

* beneficial finding that RTX may recover the efficacy of CsA

and allow longer use of CsA in patients with long-term intrac-
table nephrotic syndrome. Conversely, Sinha et al. reported
that two or three doses of 375 mg/m? of RTX is as effective as
tacrolimus against intractable SDNS. Therefore, RTX could be
an alternative option to calcineurin inhibitors for SDNS [23].

Although previous reports have suggested that a single
dose of RTX is generally insufficient to achieve long-term
remission [3, 11, 12], most of the courses in our survey
involved a single administration of RTX (85%). The reason
for a single dose being given may be because of the expen-
sive price of RTX. Therefore, half of the patients with
SDNS/FRNS had relapses, which occurred at 6.6+
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5.5 months after RTX administration following recovery of
CD20-positive cells in the peripheral blood (4.9+
1.0 months). The other half of the patients remained free
from relapse for 17.347.8 months, even after the recovery
of CD20-positive cells (5.2+1.4 months). We concluded
that this difference originated from the use of immunosup-
pressive agents after RTX as maintenance therapy, which
allowed a significant reduction in relapses after RTX
(Fig. 5). However, no specific agents following RTX thera-
py have been proven to be beneficial for the prevention of
relapses. Although use of immunosuppressive agents after
RTX did not extend the duration of ‘CD20-positive cell
depletion in our study, RTX may improve drug susceptibil-
ity and recover the efficacy of immunosuppressive agents in
addition to decreasing disease activity. In contrast, Kemper
et al. reported that RTX allowed both steroid and mainte-

nance immunosuppressive agents to be stopped in many -

patients, but in our study, RTX followed by maintenance
immunosuppressive agents was significantly better for pre-
vention of relapse [6]. This difference may be due to the
ethnic background, heterogeneity of nephrotic syndrome,
and the higher number of single doses of RTX in our study.

The efficacy against SRNS observed in our study is
similar to the results of previous studies [1, 4, 24, 25]. In
contrast, a recent randomized control trial showed that RTX
did not reduce proteinuria at 3 months compared with stan-
dard therapy composed of steroids and calcineurin inhibitors
[26]. The difference in the results between this randomized
control trial and our study may partly be due to a longer
treatment period and ethnicity. CR took 5.7+3.7 months (1—
12 months, n=6) in our study.

All of the patients showed resistance to various existing
therapies, except for RTX. However, CR was achieved in 6
and PR in 6 of the 19 patients. The type of histology and
mode of onset (primary or late) did not influence the re-
sponse to RTX. Notably, 4 patients with CR and 3 patients
with PR had continued CsA after RTX administration.
These findings further suggest that RTX may improve the
susceptibility to CsA and decrease disease activity, which
synergistically induces remission. However, RTX, especial-
* ly a single injection of RTX monotherapy without immuno-
suppressive agents, may be insufficient to induce remission
in multidrug-resistant SRNS.

Although RTX has already been used in clinical settings for
over 10 years, for hematological malignancies, it can lead to
rare but lethal adverse events, such as progressive multiple
leukoencephalopathy, interstitial pneumonia, ulcerative coli-

tis, and Pneumocystis jirovecii pneumonia [27-29]. For child-

hood nephrotic syndrome, there have been no reports of
progressive multiple leukoencephalopathy caused by RTX,
although 1 patient with SRNS died from interstitial pneumo-
nia after RTX therapy {14]. In our survey, mild respiratory
infusion reactions were the most common adverse events, as

. @ Springer

we reported previously [30]. Two patients developed granu-
locytopenia. In general, however, the results of this survey
indicate that RTX is relatively well-tolerated.

Although RTX has considerable efficacy against child-
hood SDNS/FRNS and SRNS, many patients are likely to
relapse, consistent with the recovery of B cells [3, 12].

Feasible solutions to solve these issues are:

1. Administration of a single dose at regular intervals
Consecutive multiple administrations within a short
period

3. Maintenance therapy with some immunosuppressive

agents after RTX

Efficacy of additional RTX administration just after the re-
emergence of B cells has been reported in children with
SDNS [6], but the effects of persistent B cell depletion on
the developing immune system in children are unknown.
Recently, Sellier-Leclerc et al. [8] reported that a 15-month
CD19 depletion period induced long-term remission, even
after definitive CD19 recovery in many SDNS patients,
which showed a new potential for RTX. However, during
the B cell deleted period, even inactivated vaccines, such as
influenza virus vaccines, are impossible to use because of
the lack of ability to produce antibodies [31].

Consecutive multiple administrations of RTX within a °

short period, such as 2 or 4 consecutive injections every
week, have also been reported [3, 6, 12]. Some patients are

“likely to relapse after the recovery of B cells in the same

manner as patients receiving a single dose of RTX [3, 6, 12].
Maintenance therapy with some immunosuppressive agents
after RTX is one solution to preventing relapse after the re-

‘emergence of B cells in-the peripheral blood, consistent with

previous reports [9, 10, 32]. In addition, this strategy may
help to avoid repeated .use of RTX and contribute to safer
use and less serious adverse events of RTX.

There are some limitations to this study. It was a retro-
spective multi-center survey where treatment of nephrotic
syndrome was heterogeneous and varied between the cen-
ters. In addition, there was no standardized indication for
RTX in the treatment of SDNS/FRNS. However, most of the
patients showed resistance to multiple immunosuppressive
agents prior to RTX, which suggests that they suffered from
intractable nephrotic syndrome.

In our study, RTX was well tolerated ‘and reduced the
burden of the severe adverse effects of steroids and CsA. In
the future, more effective and harmless modes of RTX
treatment are required.
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