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TLR-mediated albuminuria needs TNFa-mediated cooperativity
between TLRs presentin hematopoietic tissues and CD80 present
on non-hematopoietic tissues in mice
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ABSTRACT

Transient albuminuria induced by pathogen-associated molecular
patterns (PAMPs) in mice through engagement of Toll-like receptors
(TLRs) is widely studied as a partial model for some forms of human
nephrotic syndrome (NS). In addition to TLRs, CD80 has been shown
to be essential for PAMP-mediated albuminuria. However, the
mechanistic relationships between TLRs, CD80 and albuminuria
remain unclear. Here, we show that albuminuria and CD80-uria
induced in mice by many TLR ligands are dependent on the
expression of TLRs and their downstream signalling intermediate
MyD88 exclusively in hematopoietic cells and, conversely, on CD80
expression exclusively in non-hematopoietic cells. TNFo. is crucial for
TLR-mediated albuminuria and CD80-uria, and induces CD80
expression in cultured renal podocytes. IL-10 from hematopoietic
cells ameliorates TNFo production, albuminuria and CD80-uria but
does not prevent TNFo-mediated induction of podocyte CD80
expression. Chitohexaose, a small molecule originally of parasite
origin, mediates TLR4-dependent anti-inflammatory responses, and
blocks TLR-mediated albuminuria and CD80-uria through IL-10.
Thus, TNFa is a prominent mediator of renal CD80 induction and
resultant albuminuria in this model, and small molecules modulating
TLR-mediated inflammatory activation might have contributory or
adjunct therapeutic potential in some contexts of NS development.
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INTRODUCTION

Minimal change disease nephrotic syndrome (NS) is the commonest
form of NS in the paediatric age group (Bagga and Mantan, 2005,
Eddy and Symons, 2003). It is largely sensitive to corticosteroids
(Indian Society of Pediatric Nephrology et al., 2009), suggesting an
inflammatory aetiopathogenetic component. The molecular origins
and effector pathways mediating such an inflammatory mechanism
for minimal change NS remain unclear despite a number of reports
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identifying potential candidates (Sahali et al., 2014; Shimada et al.,
2011), especially cytokines such as interleukin 1 (IL-1) (Bricio etal.,
1992), IL-8 (Cho et al., 2003), IL-13 (Abdel-Hafez et al., 2009;
Laietal., 2007) and TNFo (Raveh et al., 2004; Suranyi et al., 1993).
Many forms of systemic inflammation, including sepsis, are
associated with proteinuria (Drumbheller et al., 2012; Emara et al.,
2013; Schreiber et al., 2012) with high levels of pro-inflammatory
cytokines such as IL-1, IL-6 and TNFa (Hotoura et al., 2011;
Makhija et al., 2005; Martin et al., 1994), and some cases of NS have
been shown to be responsive to TNFa blockade (Raveh et al., 2004).
Activation of macrophages through classic pathways provides a
major source of pro-inflammatory cytokines, and regulation of
classic activation, such as through alternative activation, can lead to
amelioration of inflammation and sepsis (Feng et al., 2014; Martinez
and Gordon, 2014; Panda et al., 2012; Zhou et al., 2014).

Animal models of NS have been useful in identifying various
possible components of the immune-based pathology. Genetic
approaches have been used in mouse models to determine the roles
of angiopoetin-like-4 (Clement et al., 2011), c-mip (Zhang et al.,
2010) and nephrin (Eremina et al., 2002), among others. Use of
plasma from affected individuals (McCarthy et al., 2010),
lipopolysaccharide (LPS), puromycin aminonucleoside (PAN)
(Muroya et al., 2012) and doxorubicin (Artunc et al., 2008) have
also been reported as inducing some NS-like disease components in
mice. LPS-mediated transient albuminuria is accompanied by some
renal alterations that are similar to those in human NS (Clement
etal., 2011; Wei et al., 2008) along with an inflammatory response,
and LPS-induced albuminuria is one of the more widely used NS
models. Other inflammatory agonists of members of the Toll-like
receptor (TLR) family have also been shown to induce similar
disease, and blockade of type I interferon signalling can prevent
LPS-mediated albuminuria (Gurkan et al., 2013). CD80, an immune
co-stimulatory molecule commonly expressed in bone marrow
(BM)-derived hematopoietic cell lineages, is found excreted in the
urine of NS individuals (Garin et al., 2009) and has been shown to
be essential for disease in mouse models of albuminuria (Ishimoto
etal., 2011; Reiser et al., 2004). Many TLRs are expressed by renal
tissue cells, such as glomerular podocytes (Clement et al., 2011;
Ishimoto et al., 2013a; Shimada et al., 2012), and TLR ligands as
well as sera from NS-affected individuals induce CD80 expression
on podocytes in vitro (Chang et al., 2013; Ishimoto et al., 2013b).
Thus, although MCD has been proposed to be an outcome of ‘two
hits’, with TLRs and CDS80 as the two major contributors to the
pathology (Shimada et al., 2011), and although many components
of signalling intermediates mediating podocyte changes have been
described (Greka and Mundel, 2012; Hattori et al., 2011; Reiser
et al., 2014), the precise relationships between TLR expression,
CDS80 expression and albuminuria are still unclear.
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Given these data, we show evidence that the most likely
mechanistic model for TLR-mediated mouse albuminuria
involves systemic activation of myeloid cells followed by TNFo-
mediated induction of CD80-dependent renal tissue dysfunction.
Our results also indicate that not only TNFo antagonism but also
small molecules inducing alternative activation of macrophages
block TLR-induced albuminuria, opening up possibilities for new
targets for adjunct therapeutic intervention in some contexts of
human NS.

RESULTS

CD80~'~ mice are resistant to TLR-mediated albuminuria
CD80~'~ mice have been shown to be resistant to LPS-induced
albuminuria (Reiser et al., 2004). We extended these findings to see
whether they are resistant to other TLR ligands as well. Wild-type
CS7BL/6 (B6) and CD80~'~ mice were given optimized (100 pg/
mouse, intraperitoneally) doses of the TLR4 ligand LPS or the
TLR3 ligand polyinosinic:polycytidylic acid [poly(I:C)], and urine
was collected 24 h later from individual mice to measure albumin,
creatinine and CD80 levels. Although B6 mice showed an elevated
albumin:creatinine ratio in urine in response to TLR4 or TLR3
ligation, CD80~'~ mice showed no significant change (Fig. 1A).
CD80 was detectable in the urine of B6 mice that had been given
LPS, but not in its absence (Fig. 1B). CD80-uria in B6 mice was
also detected in response to poly(I:C) (Fig. 1C). We also tested
Pam3CSK4, a synthetic TLR2 ligand, in B6 mice for its ability to
induce albuminuria because, in lupus-prone mice, it is reported to
induce albuminuria (Pawar et al., 2009). Similar to ligation of TLR3
and TLR4, TLR2 ligation also resulted in an enhanced albumin:
creatinine ratio (Fig. 1D).
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Fig. 1. CD80~~ mice are resistant to LPS- and poly(l:C)-mediated
albuminuria. (A) Comparison of urinary albumin:creatinine ratios between B6
and CD80™~ mice given PBS, LPS or poly(I:C) [number of mice per group as
follows: B6+PBS=6, B6+LPS=10, B6+p(l:C)=3; CD80"=5in all groups].
(B) Comparison of urinary CD80 levels between B6 and CD80~'~ mice given
PBS or p(I:C) (five mice per group). (D) Levels of albumin in urine of B6 mice
given PBS or Pam3CSK4 (six mice per group). The results represent meant
s.e.m. ND, not detectable.
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CD80 expression on BM-derived cells is dispensable for
induction of albuminuria

CDS80 is expressed normally by many BM-derived cell lineages.
Although renal cells are not known to express CD80 under
physiological conditions, they do express it under various stress
conditions, such as upon exposure to TLR3 and TLR4 ligands or
chronic hypoxia (Chang et al., 2013; Shimada et al., 2012). We also
observed expression of CD80 in the podocytes of B6 mice that had
been treated with LPS, but not in untreated mice (Fig. SI).
Podocytes from CD80~'~ mice, as expected, did not show presence
of CD80 whether treated with LPS or not (Fig. S1). Neither our data
above nor those published previously (Reiser et al., 2004) establish
whether the presence of CD80 on renal cells and/or on BM cells is
necessary for LPS-mediated albuminuria. To address this, we
generated homologous and heterologous BM chimeras, where
irradiated CD80~'~ and B6.SJL mice received BM cells from either
B6.SIL or CD80~'~ mice (i.e. B6.SJL to B6.SIL, CD80~'~ to
CD80™~, B6.SJL to CD80~~ and CDS80™~ to B6.SJL
combinations). At 4-6 weeks after transfer, we tested for
chimerism in these mice. Representative data from blood analyses
of B6.SJL-to-CD80~'~ and CD80~'~-to-B6.SJL mice show that
chimerism was established successfully (Fig. S2A). Further, we
stained splenic cells after red blood cell lysis in order to examine
whether myeloid cells in the spleen can express CD80 after LPS
injection. Myeloid cells, primarily comprising macrophages from
B6.SJL mice (CD45.1" CD11b") showed CDS0 staining (Fig.
S2B), whereas those from CD80~'~ mice (CD45.2" CD11b") did
not (Fig. S2C). Splenic macrophages from CD80~'~-to-B6.SJL
chimeric mice (CD11b") did not stain for CD80 (Fig. S2D). Sera
from CD80~'~-to-B6.SJL chimeric mice also did not show
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Fig. 2. CD80 expression on podocytes is essential for albuminuria.

(A) Comparison of urinary albumin:creatinine ratios in BM chimeric mice given
LPS or PBS. The key identifies BM donors and recipients (five mice per group).
(B) CD80 levels in BM chimeric mice given LPS or PBS (five mice per group).
‘B6’ in panels A and B indicates B6.SJL. (C) Relative CD80 mRNA expression
in E11 podocytes exposed to serum from B6 mice that had been treated as
indicated (n=6, data from three independent experiments). (D) Relative CD80
mRNA expression in E11 podocytes exposed to serum from B6 and CD80 ™'~
mice given LPS or PBS (n=6, data from three independent experiments). The
results represent meanzs.e.m. ND, not detectable; ns, not significant.
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elevation of serum CD80 levels in response to LPS (Fig. S2E),
further confirming appropriate reconstitution following lethal
radiation. For albuminuria experiments, LPS was given 10-
12 weeks post chimerization. Recipient B6.SJL mice, which
received BM from CD&0-null mice showed a higher albumin:
creatinine ratio in response to LPS (Fig. 2A). In contrast, CD80™'~
recipient mice, which received BM from B6.SJL mice, did not show
any significant enhancement in the albumin:creatinine ratio in
response to LPS over and above the background (Fig. 2A).
Homologous CD80~'~-to-CD80~'~ chimeric mice showed no
albuminuria, whereas B6.SJL-to-B6.SJL mice showed high levels
of albuminuria, as expected (Fig. S3A). When urinary CD80
excretion was evaluated in these mice, CD80~'~ recipients did not
excrete CD80 in urine whether they were reconstituted with B6.SJL
or CDSO~'~ BM (Fig. 2B). These data suggest that CD80 expression
on radiation-resistant cells such as podocytes is necessary for the
induction of albuminuria, whereas CD80 expression on BM-derived
cells is not required, and that the radiation-resistant renal cells
expressing CD80 excrete it in urine following treatment with LPS.

We examined the induction of CD80 expression in renal cells
using the E11 mouse podocyte cell line. Sera were collected from
B6 mice that had been treated two hours earlier with LPS or poly
(I:C). When these ligands were added to cultured E11 cells, CD80
mRNA levels were upregulated compared to those in control serum
from PBS-treated mice (Fig. 2C). Serum from LPS-treated CD80~'~
mice also exhibited upregulated CD80 mRNA levels in E11 cells
(Fig. 2D). Thus, B6 and CD80~'~ mice have similar capabilities to
trigger induction of CD80 expression in renal cells, and the absence
of albuminuria in CD80~'~ mice can be attributed to the absence of
renal CD80 expression.

TLR signalling in non-hematopoietic cells is dispensable
The data above still do not clarify the mechanism by which CD80 is
upregulated on podocytes in pathophysiological conditions. The
ability of serum from LPS-treated CD80~'~ mice to induce CD80
expression in the podocyte cell line indicates two possibilities.
Firstly, the continued presence of LPS in serum might be directly
responsible for TLR4 ligation on renal cells, leading in turn to
upregulation of CD80. Alternatively, a soluble factor in serum might
be responsible for CD80 upregulation on renal cells. To test these
possibilities, we critically analysed the role of TLR4 in albuminuria.
C3H/OuJ mice have wild-type TLR4, whereas C3H/HelJ mice
have a mutation in TLR4, rendering it non-functional (Poltorak et al.,
1998). When these mice were given LPS, only C3H/OuJ mice with
functional TLR4 showed an increase in the albumin:creatinine ratio
and CD80-uria, not C3H/HeJ mice (Fig. 3A,B). The specificity of
this difference was further confirmed by the observation that the
TLR3 ligand poly(I:C) induced comparable albumin:creatinine ratios
in both strains (Fig. 3A). To examine whether TLR4 expression on
hematopoietic or non-hematopoietic cells is required for expression
of CD80, we made homologous and heterologous BM chimeras
between C3H/OuJ and C3H/HeJ mice using the strategy described
above. Injection of LPS 8-10 weeks after irradiation led to a higher
albumin:creatinine ratio in C3H/OuJ-to-C3H/HeJ chimeric mice but
not in C3H/HeJ-to-C3H/OuJ chimeric mice (Fig. 3C). Homologous
chimeric mice showed albuminuria similar to that seen in
unmanipulated mice (Fig. S3B). CD80-uria was not observed in
homologous C3H/HeJ-to-C3H/HeJ chimeras or in C3H/HelJ-to-
C3H/OuJ chimeras (Fig. 3D); however, when BM from C3H/OuJ
mice was used for reconstitution regardless of the recipient strain,
mice developed CD80-uria (Fig. 3D). These data indicate that LPS-
mediated TLR4 activation of BM-derived cells is an essential event.
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Fig. 3. TLR expression and signalling in non-hematopoietic cells is
dispensable for induction of albuminuria. (A) Comparison of urinary
albumin:creatinine ratios in C3H/OuJ and C3H/HeJ mice that had been treated
with PBS, LPS or p(I:C) (five mice per group). (B) Comparison of urinary CD80
levels in C3H/Oud and C3H/HeJ mice given LPS or PBS (eight mice per
group). (C) Comparison of urinary albumin:creatinine ratios in BM chimeric
mice in response to LPS (five mice per group). (D) CD80 levels in BM chimeric
mice given LPS or PBS (five mice per group). (E) Comparison of urinary
albumin:creatinine ratios in B6 and MyD88~'~ mice given LPS, p(I:C) or PBS
(five mice per group). (F) Comparison of urinary CD80 levels in B6 and
MyD88"‘ mice given LPS or PBS (eight mice per group). Keys identify BM
donors and recipients. Data represents meants.e.m. ND, not detectable; ns,
not significant.

TLR4 expression on renal cells, such as podocytes, is not sufficient
for direct LPS-mediated induction of CD80 expression and
enhancement of the albumin:creatinine ratio.

We next examined the role for the major signalling intermediate
in the TLR pathway, MyD88, in TLR-mediated albuminuria. LPS
injection did not lead to an enhanced albumin:creatinine ratio in
MyD88~'~ mice, whereas treatment with poly(I:C) did (Fig. 3E).
Furthermore, LPS did not cause CD80-uria in MyDS88™~ mice
(Fig. 3F). Because LPS-mediated TLR4 signalling can use both
MyD88-dependent and MyD88-independent pathways, but poly
(I:C) signalling via TLR3 is MyD88-independent (Lu et al., 2008;
Takeda and Akira, 2004; Yamamoto et al., 2003), these data suggest
that the MyD88-independent signalling pathway is sufficient to
induce albuminuria upon TLR3, but not TLR4, ligation.
Homologous and heterologous BM chimeras generated between
B6 and MyDS88~'~ mice confirmed that MyD88 expression is
required in BM-derived cells and is dispensable in non-
hematopoietic renal cells for LPS-mediated albuminuria and
CD80-uria (Fig. S3C,D).
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Role of systemic cytokines in albuminuria and CD80
upregulation

Because TLR expression in non-BM-origin cells was redundant for
CD80-uria and alterations in the albumin:creatinine ratio, we tested
the possibility that serum components derived from LPS-activated
cells of BM origin are responsible for renal dysfunction leading
to CD80-uria and albuminuria. TLR4-mediated macrophage
activation leads to pro-inflammatory cytokine production as well
as to [L-10-mediated feedback control (Inoue et al., 2014; Martinez
and Gordon, 2014; Zhou et al., 2014); therefore, we measured
serum levels of the pro-inflammatory cytokines TNFa and IL-6 as
well as of the anti-inflammatory cytokine IL-10. Although serum
levels for TNFo, IL-6 and IL-10 all peaked at 2 h after LPS
injection, TNFa levels fell rapidly by 6h, IL-6 levels more
slowly by 12 h, and IL-10 levels remained detectable even at 24 h
(Fig. 4A-C). Injection of LPS also led to upregulation of serum
CD80 levels in B6 mice, whereas serum CD80 remained
undetectable in CD80~'~ mice irrespective of LPS treatment
(Fig. 4D). LPS-treated CDS80~~ mice showed an increase in
TNFo levels, whereas IL-10 levels were similar to those in B6 mice
(Fig. S3E,F). This is also seen in BM chimeric mice, regardless of

presence or absence of CD80 expression (Fig. S3G,H). As expected,
neither TLR4-mutant C3H/HeJ nor MyD88~'~ mice showed any
detectable levels of TNFo in response to LPS (Fig. 4E,F),
confirming previous data (Cunningham et al., 2004). Furthermore,
serum from LPS-treated C3H/HeJ mice did not induce CDS80
mRNA in El1 cells, whereas serum from LPS-treated wild-type
C3H/Oul mice did (Fig. 4G), even though LPS would be expected
to be present in both to the same extent.

IL-10 is an anti-inflammatory cytokine with a dominant role in
alternate activation of macrophages (Martinez and Gordon, 2014;
Zhou et al., 2014). IL-10~'~ mice show a hyperinflammatory
phenotype. We therefore estimated serum TNFo. levels in /L-710~"~
mice that had been given a lower dose (3 pg/mouse) of LPS. Sera
from B6 mice exhibited relatively low levels of TNFo at this dose,
whereas sera from IL-10~'~ mice showed very high levels (Fig. 4H)
and these sera also induced CD80 mRNA expression in E11 cells
(Fig. 41).

Signalling pathway downstream of TNFa in podocytes
It has been suggested that TNFa has a role in the development of NS
and that treatment with a TNFa-blocking agent could be helpful in
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Fig. 4. Systemic TNFa is responsible for albuminuria and CD80 upregulation. (A-C) TNFo. (A), IL-6 (B) and IL-10 (C) levels in sera from B6 mice given

PBS (CTRL) or LPS. Sera were collected at the times after treatment as indicated (four mice per group). (D) serum CD80 levels in B6 and CD80~'~ mice treated
with LPS or PBS (five mice per group). (E) Serum TNFa levels 2 h after injection of LPS or PBS from C3H/HeJ and C3H/OuJ mice (five mice per group). (F) Serum
TNFa levels 2 h after injection of LPS or PBS from MyD88~'~ and B6 mice (five mice per group). (G) Relative CD80 mRNA expression levels in E11 podocytes
that had been exposed to serum from C3H/HeJ and C3H/OuJ mice given PBS or LPS (n=8, four independent experiments). (H) Serum TNFa levels 2 h after
injection of 3 ug LPS or PBS from B6 and /L-10~'~ mice (five mice per group). (I) Relative CD80 mRNA expression levels in E11 podocytes that had been exposed

to serum from B6 and IL-107"~
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the treatment of resistant forms of NS (Bakr et al., 2003; Lama et al.,
2002; Raveh et al., 2004). Therefore, we first tested the direct effect
of TNFo. on CD80 mRNA levels in the podocyte cell line E11.
Although levels of CD80 mRNA started going up from 2h, a
reliable increase could be detected at 6 h (Fig. S4A) and, hence,
further experiments were performed using this time point. We found
that TNFo. induced CD80 mRNA expression in E11 cells in a dose-
dependent fashion (Fig. 5A). We next tested whether serum TNFa.
was essential for induction of LPS-mediated CDS80-uria and
albuminuria in vivo. Mice were given LPS with and without
Etanercept (ETA), a TNFo antagonist (Ryu et al., 2012). Etanercept
treatment substantially reduced the albumin:creatinine ratio and
CD80-uria in LPS-treated mice (Fig. 5B,C). Direct intraperitoneal
injection of TNFo into mice also led to albuminuria and CD80-uria
in B6 mice but not in CD80™'~ mice (Fig. S4B,C), further

[

confirming TNFa as the crucial component acting on the kidney to
cause dysfunction. We next examined potential signalling
intermediates by which TNFo might lead to upregulation of renal
CDS8O0. E11 cells were treated with TNFa. for 6 h in the presence or
absence of various well-characterized chemical inhibitors of MAPK
and NFkB pathways, and subsequently CD80 mRNA levels were
examined. Although inhibition of p38 MAP kinase, MEK-Erk as
well as NFxB signalling severely attenuated TNFa-induced CD80
upregulation, JNK inhibitor had only a marginal effect (Fig. 5D).
Furthermore, an EMSA analysis using a DNA probe harbouring the
consensus kB site revealed dose-dependent NFxB activation by
TNFa in the podocyte cell line E11 (top panel, Fig. 5E and
Fig. S4D), and the dynamics of NF«xB activation matched TNFo-
induced CD80 mRNA expression in these cells. Supershift analyses
further confirmed the participation of canonical NFkB signalling,

Fig. 5. Characterization of the role of TNFa-mediated

E signalling in vivo and in vitro. (A) Relative CD80 mRNA
T ’é‘ p<0.05 TNF E1 1 C4 expression in E11 podocytes in response to increasing
E 3, D<0.05 r a o 5 1 2 4 0 5 1 2 4 hl" concentrations of recombinant TNFa. (rTNFo) (n=8, all groups,
< g 1 ng]m] - = four independent experiments). (B) Comparison of urinary
Qo albumin:creatinine ratios in B6 mice given PBS, Etanercept
b= E 8 (ETA) alone, LPS alone or in combination as shown (five mice
8 5 14 é E per group). (C) Comparison of urinary CD80 levels in mice given
o g %—’ PBS, ETA alone, LPS alone or in combination (number of mice
o= in each group, PBS=5, ETA=5, LPS=7, ETA+LPS=7).
0 : & : NFKB -SI (D) Relative CD80 mRNA expression levels in E11 podocytes
0 01 1 S M oo MM (S5 it or without treatment with recombinant TNFa, in the
TNFa (ng/ml) mg presence or absence of inhibitors as shown (n=6, three
25 ¥ independent experiments). Data represents meants.e.m. in,
g B “ inhibitor; ND, not detectable; ns, not significant; UnT, untreated.
'€ 2.0 'D"g (E) TNFa-mediated NF«B activation in nuclear extracts of
'ﬁ pﬂj 2 = cultured podocytes over time, determined with EMSA analysis
@ 1.51 'S 2 using a DNA probe derived from the HIV LTR harbouring
g 'Dg consensus kB sites (top panel), or from the CD80 promoter
£ 1.0 2%  encompassing the —2969 to —2945 region (bottom panel).
5 > S e 98 (F) The specificity of NFxB binding to the CD80 promoter
% 0.5 UC]L sequence was examined in an oligonucleotide competition
R I—"'—‘ - r-r_l v g assay using 50-fold molar excess of unlabelled kB
" s E7h LPs (P1ema et o e s
1000 C F c05111t?§:ls’ TNF 30min ssAb, antibodies used for supershift assay.
—~ 800 p<0.001 olige ssAb
£ 2
2 6004 ] < m =
=4 —~0 2 sy =
2 400+ T ETrorsoens
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2004 ¥
ND o [

PBS ETA LPS LPS + ETA

o
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b
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which led to nuclear activation of NFxB dimers containing RelA-
p50, with a minor contribution from RelA-p52-containing NFxB
dimers (Fig. S4E). Interestingly, the CD80 promoter possesses a
binding site for NFkB in the —2969 to —2945 region upstream of the
transcription start site (Zhao et al., 1996). Using a DNA probe
derived from the CD80 promoter in our EMSA, we could confirm
that TNFo-induced NFkB dimers are capable of directly binding to
the CD&0 promoter in podocytes (bottom panel, Fig. SE). Supershift
analyses established the participation of canonical RelA-p50 NFxB
dimers in podocytes because these dimers specifically bound to the
CD&80 promoter sequence (Fig. 5F). Curiously, TNFa treatment led
to further augmented NFxB activation in the C4 cell line (see
Materials and Methods), a derivative of an E11 cell line that stably
overexpresses CD80 from an ectopic gene copy (top and bottom
panels, Fig. SE). Taken together, these data suggest that it is
plausible that engagement of a positive-feedback loop under the
inflammatory settings culminates in perpetuating renal CD80
expression during NS.

Chitohexaose blocks inhibition of CD80-uria and albuminuria

We have reported that chitohexaose, a TLR4 ligand, can inhibit LPS-
mediated production of pro-inflammatory cytokines in vitro and
in vivo, while inducing IL-10 production from mouse and human
monocyte and/or macrophages (Panda et al., 2012). We examined
the effect of chitohexaose on LPS-mediated albuminuria. Mice that
had been treated with chitohexaose alone showed a marginal
increase in the albumin:creatinine ratio (Fig. 6A). Injection of
chitohexaose just prior to LPS partially inhibited the enhancement in
the albumin:creatinine ratio that was observed with injection of LPS
alone (Fig. 6A). In B6 mice receiving chitohexaose and LPS, there
was no detectable CD80-uria (Fig. 6B). Serum TNFa levels at 2 h
post LPS treatment were significantly lower in the LPS+
chitohexaose-treated group but serum IL-10 levels were higher
(Fig. 6C,D). CD80 induction in E11 cells by serum from LPS
+chitohexaose-treated B6 mice was also lower (Fig. 6E). Treatment
of B6 mice with chitohexaose prior to poly(I:C) injection also

o

resulted in a lower albumin:creatinine ratio as compared with
poly(I:C) alone (Fig. 6F), suggesting that despite chitohexaose
and poly(I:C) using different TLRs, there might be a common
pathway to inhibit albuminuria. Next, we specifically examined
whether chitohexaose functioned through anti-inflammatory
signalling by acting on TLR4. TLR4-responsive C3H/OulJ mice
that had been given chitohexaose with poly(I:C) showed reduction in
albuminuria, whereas C3H/Hel mice were resistant to the effect of
chitohexaose (Fig. S4F), confirming the requirement of functional
TLR4 for chitohexaose action. We next examined whether this
chitohexaose-mediated signalling required MyD88. Both B6 and
MyD88~'~ mice showed similar chitohexaose-mediated inhibition
of albuminuria (Fig. S4G), indicating that chitohexaose-mediated
anti-inflammatory signalling through TLR is MyD88-independent.

Because chitohexaose enhanced IL-10 levels in LPS-treated
mice, we examined whether chitohexaose-mediated inhibition of
albuminuria was TL-10 dependent. /L-/0~'~ mice were hyper-
responsive to induction of TLR-mediated CDS80-uria and
albuminuria, and lower doses of LPS and poly(I:C) were used for
the experiments. At these doses, /L-/0~'~ mice showed a higher
albumin:creatinine ratio as compared to that upon PBS injection
(Fig. 7A). Ratios in B6 mice were not significantly different from
those in controls (Fig. 7A). At this lower dose, IL-10~"~ mice also
showed CD80-uria (Fig. 7B) that was significantly more severe than
that seen in B6 mice at this dose. Notably, chitohexaose could
not block the enhancement in the albumin:creatinine ratio (Fig. 7C)
or CD80-uria (Fig. 7D) in IL-10~'~ mice unlike in B6 mice
(Fig. 6A,B), indicating that the effects of chitohexaose are mediated
through IL-10 rather than being independent of IL-10. IL-10 could
not block TNFo-mediated CD80 mRNA induction in E11 podocyte
cells (Fig. 7E), suggesting that IL-10 might be acting by decreasing
TNFa production in vivo.

DISCUSSION

Although TLR ligand-mediated induction of proteinuria is a
well-known model for some components of NS, our data

Fig. 6. Chitohexaose blocks TLR-mediated
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Fig. 7. Chitohexaose blocks TLR-mediated TNFa induction through IL-10.
(A) Comparison of urinary albumin:creatinine ratios in B6 and /L-10~"~ mice
given 1 ug of LPS, 10 ug of p(I:C) or PBS (five mice per group). (B) Comparison
of urinary CD80 levels in B6 and /L-710~"~ mice receiving 1 ug of LPS or

PBS (six mice per group). (C) Comparison of urinary albumin:creatinine ratios
in IL-107"~ mice given PBS, 1 ug of LPS without or with 250 ug chitohexaose
(five mice per group). (D) Comparison of urinary CD80 levels in IL-10~"~ mice
given PBS, 1 ug of LPS without or with 250 ug of chitohexaose (five mice
per group). (E) Relative CD80 mRNA expression levels in E11 podocytes
that had been exposed to PBS (CTRL), TNFa alone (1 ng/ml), IL-10 alone
(50 ng/ml) or in combination (n=6, three independent experiments). Data
represent meant s.e.m. ND, not detectable; ns, not significant.

provide evidence that this experimental disease process requires
expression of TLRs and their signalling intermediates, such as
MyD88, only on BM-originating cells, and expression of CD80
only on non-BM-originating cells. These data also provide a role
for TNFa and IL-10 as systemic pro- and anti-inflammatory
mediators contributing to the induction of albuminuria, and
suggest potential adjunct possibilities for small-molecule-based
therapeutic interventions.

The mechanisms involved in the pathology of minimal change
NS are still unclear. A variety of components have been shown to be
altered in the disease (Berg et al.,, 1995; Borza et al., 2013;
McCarthy et al., 2010; Nakayama et al., 2010; Reiser, 2011; Ryu
etal., 2012; Shimada et al., 2011). However, although many of these

studies show strong associations, they do not provide mechanistic
insights. An essential role for CD80 has been shown in LPS-
induced proteinuria using CD80~'~ mice (Reiser et al., 2004). CD80
is normally expressed on BM-derived cells, and further upregulation
is seen in cases of infection and inflammation (Barrios et al., 2005,
Leifeld et al., 1999). In contrast, renal tissue cells such as podocytes
do not constitutively express CDS80, but it can be induced by a
variety of pro-inflammatory stimuli and contributes to altered cell
biology (Eyre et al., 2011; Ishimoto et al., 2013a; Reiser et al., 2004;
Yuetal., 2013). However, it is essential to address the possibility of
redundant pathogenetic pathways involving CD80 expression in
BM-derived and non-BM-derived cell lineages. Our data formally
demonstrate that the presence of CD80 on BM-derived cells is not
essential, but its absence from non-hematopoietic tissue results in an
absence of albuminuria, even in the presence of TLR-mediated
inflammatory signals.

Similarly, the LPS receptor TLR4 is obviously required for LPS-
mediated induction of proteinuria (Cunningham et al., 2004; Reiser
et al., 2004). However, TLR expression, constitutive or induced, is
widespread in cellular lineages (Lu et al., 2008; Takeda and Akira,
2004). TLR4 expression on podocytes has been shown and argued
to be relevant in mediating the effects of LPS on induction of
proteinuria (Srivastava et al., 2013). Again, it is essential to address
the possibility of redundant pathogenetic pathways involving TLR4
expression in various cell lineages. In contrast to those for CD80,
our TLR4-related data formally demonstrate that although the
presence of TLR4 on non-BM-derived cells, such as podocytes and
other renal tissue cells, is not essential, absence of TLR4 from BM-
derived cells results in an absence of proteinuria.

These findings identify TLR expression on BM-derived cells and
CDS80 expression in non-BM-derived cells as two crucial
components that are responsible for proteinuria in this model,
plausibly implicating a soluble factor that links the two. Our data
identify TNFo, a pro-inflammatory cytokine, as providing the link.
Although TNFa is consistently linked with septic shock and its
consequences, including those on the kidney, its role in NS has not
been strongly implicated. However, our findings correlate with
some of the clinical observations regarding the role of TNFa
(Nakayama et al., 2010; Raveh et al., 2004; Suranyi et al., 1993).
Relapse in minimal change NS is associated with infections (Yap
et al., 2001), and serum IL-1p, IL-6 and TNFa levels are higher
during the relapse phase (Rizk et al., 2005). In some NS cases,
during the relapse phase, proteinuria correlates with higher TNFo.
levels in the serum (Koriakova et al., 2006). Monocytes from
individuals during relapse produce TNFo, which is in contrast to
those during remission (Bakr et al., 2003). Thus, TNFo could be a
contributor to the pathology, especially during the relapse phase of
NS. Although our data provide a necessary link, there are some
limitations. LPS-mediated albuminuria is one of the commonly
used models for NS; however, it wusually comprises
microalbuminuria and is an essentially transient phenomenon.
Extrapolations from such mouse models to human disease therefore
require caution.

Classic or M1 activation of macrophages leads to pro-
inflammatory cytokine production (Martinez and Gordon, 2014;
Zhou et al., 2014) and is also observed commonly during sepsis
(Clement et al., 2011; Feng et al., 2014). It has been reported that
M1 activation of macrophages can lead to TNFo-mediated
podocyte apoptosis, which can be blocked by using Etanercept, a
TNFa antagonist (Ryu et al., 2012). Our data showing upregulation
of CD80 in the podocyte cell line by recombinant TNFa,, inhibition
of LPS-mediated proteinuria with Etanercept and direct injection of
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recombinant TNFa leading to albuminuria in mice confirm that
TNFo is indeed a crucial molecule that contributes to the
development of albuminuria.

We have also identified some of the downstream events that occur
on exposure of podocytes to TNFa. It has been previously
demonstrated that RelA-p50 dimers bind to CD80 promoter DNA
in cancerous cells (Donepudi et al., 2001). Here, we show that
TNFa-induced podocyte-derived RelA-pSO  NFkB activity
specifically recognizes the kB element that is present in the CD80
promoter. The CD80 promoter also harbours binding sites for AP1,
which is regulated by JNK and MAPK (Donepudi et al., 2001). The
ability of NFkB inhibitors, but not of INK inhibitors, in attenuating
CDS80 expression suggests that AP1 is unlikely to mediate TNFo-
induced CD80 expression in podocytes and that this function is
dependent on NFxB activity. Our data further indicate that p38-
MAPK as well as MEK-Erk signalling cooperate with the NFxB
pathway in TNFoa-induced CDS80 gene expression. Moreover,
hyperactivation of NFxB upon TNFo treatment in cells that
overexpress CD80 suggest that it is plausible that engagement of
a positive-feedback loop under the inflammatory settings
culminates in perpetual CD80 expression during NS. We also
observed that chitohexaose on its own does not modify CD80
induction on podocytes and that its action is thus likely to be through
other intermediates in vivo.

TLR4-mediated and CD40-mediated signals received by
macrophages during early endotoxemia are known to promote
IL-10 transcription, which can in turn signal to degrade mRNA
encoding TNFo (Inoue et al., 2014), thus identifying IL-10 as a
crucial feedback control molecule that mediates cessation of
inflammation. Our data show that, in the model system used here,
IL-10 does play a similar limiting role in TLR-mediated
albuminuria because [L-/0~'~ mice are hypersensitive to
induction of albuminuria and CD80-uria. In contrast to Ml
activation, alternative or M2 activation of macrophages is seen as
anti-inflammatory and is associated with IL-10 production
(Martinez and Gordon, 2014; Zhou et al., 2014). We have shown
previously that chitohexaose, a small molecule of nematode origin,
mediates TLR4-dependent M2 activation of macrophages with
prominent IL-10 production and blocks LPS-mediated endotoxemia
(Panda et al., 2012). Our present data now show that chitohexaose
blocks albuminuria that is induced not only by LPS but also by
other TLR ligands and that chitohexaose acts at the stage of
induction of pro-inflammatory cytokines from leucocytes, rather
than downstream of CD80. The data also provide evidence that
chitohexaose can be used as an anti-inflammatory intervention
in vivo, regardless of the origin of the inflammatory state. Although
functional TLR4 is needed for these effects of chitohexaose, the
downstream signal transduction pathways do not require MyD8S.
Chitohexaose mediates many components of M2 activation (Panda
etal., 2012), but it is the IL-10 production that is crucial for blocking
TLR-mediated albuminuria, which is probably achieved by
lowering TNFo concentrations in vivo. For the first time, our data
provide evidence that chitohexaose, a small molecule, uses a global
reprogramming of leucocyte activation to achieve a potential
therapeutic goal.

Despite incomplete understanding of the pathophysiological
mechanisms involved in minimal change NS, many therapeutic
approaches have been explored, such as blocking of TNFa action
with an antagonist (Raveh et al., 2004) and inhibition of the pro-
inflammatory response by using an antibody to block type I
interferon (Gurkan et al., 2013). Although our data suggest that
chitohexaose could be another possible therapeutic option, it
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remains to be seen whether individuals with minimal change NS
would actually benefit from its use.

Taken together, our data point to a pathway where TLR-mediated
inflammation-induced TNFa. secretion by BM-derived cells leads to
p38 MAP kinase, MEK-Erk and NF«B signalling that are
dependent CDS80 induction on non-hematopoictic renal cells,
resulting in proteinuria. Etanercept blocks this pathogenetic
process by inhibiting TNFo-mediated CD80 induction in renal
cells, and chitohexaose blocks it through TLR4-mediated M2
macrophage activation, leading to IL-10 production that negatively
regulates TNFo production, thus identifying potential adjunct
therapies for use in some situations of minimal change NS that have
resulted from data using LPS-induced mouse albuminuria as a
model system.

MATERIALS AND METHODS

Mice

All mice were obtained from Jackson laboratories and bred at the Small
Animal Facility of National Institute of Immunology, New Delhi, India. At
the initiation of experiments, all mice were 8-10 weeks old. Male mice from
C57BL/6, B6.SIL, MyD88™'~, CD80~~, IL-10~'~ mice (all H-2b
background) and C3H/HeJ and C3H/Oul (H-2k background) were used.
Animals were alternately assigned to the different groups. All mouse
handling was done at the National Institute of Inmunology. Mice were used
with the approval of the Institutional Animal Ethics Committee.

Reagents

Mice received 100 ug LPS (Sigma, India), poly(I:C) (InvivoGen) or
Pam3CSK4 (InvivoGen) with or without chitohexaose (chitohexaose,
Dextra labs, UK) [250-350 pg/mouse injected 30 min prior to LPS or p
(I:C)] or TNFa (3 pg/mouse) intraperitoneally. For experiments with
IL-107"~ mice, 1 or 3 ug of LPS (as specified) or 10 pg of p(I:C) was used.
Etanercept (Cipla, India) (10-20 pg/mouse) was injected intraperitoneally
with or without LPS. Recombinant TNFa and IL-10 (Biolegend) at the
indicated concentrations were used in podocyte-cell-line-based assays.

Preparation of BM chimeric mice

Mice were irradiated with a 9 Gy dose, and cells harvested from the BM of
donor mice were given intravenously within 24 h. To create homologous and
heterologous chimeric mice, BM cells from appropriate wild-type (WT) and
mutant mice were transferred to both WT and mutant mice. After a minimum
period of 4 weeks, recipient mice were bled to confirm reconstitution by
donor marrow and for near absence of reconstitution of the endogenous
population. Only those mice showing <7% of endogenous cell population
were used (Fig. S1A) for assays at 8-12 weeks post radiation. Some of the
mice were euthanized for further characterization of the reconstituted
population, and the ability to upregulate CD80 on BM-derived cells, such as
on macrophages in response to LPS. For this, splenic cells were harvested
after red cell lysis, and cells were stained with anti-CD45.1 antibody
conjugated to phycoerythrin (PE) (clone A20, 1:1600), anti-CD45.2
antibody conjugated to APCcy7 (clone 104, 1:800), anti-CD11b antibody
conjugated to PEcy7 (clone M1/70, 1:400) and anti-CD80 antibody
conjugated to FITC (clone 16-10A1, 1:200) (all from eBiosciences). Cells
were analysed on a BD FACS Verse instrument (Becton and Dickinson), and
data were analysed using FlowJo software (Treestar). Complete recovery
from kidney injury post irradiation was ensured by checking for absence of
albuminuria and CD80-uria in random urine samples at 10-12 weeks post
radiation before using mice for further experiments.

Urine collection for albumin, CD80 and creatinine detection

Spot urine was collected 24 h post treatment (unless otherwise stated) to
analyse albumin, CD80 and creatinine levels. Albumin (Bethyl labs), CD80
(R&D systems) and creatinine (R&D systems) levels were detected by
ELISA using commercial kits following recommended protocols. Actual
values were extrapolated based on known standards run in parallel. Samples
with absorbance values below detection limit in each assay were labelled as
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‘not detectable’ (ND). Albumin and creatinine values calculated as pg/ml of
urine were used to derive albumin:creatinine ratios.

Collection of serum and cytokine assays

Blood was collected for separation of serum at various time points after
various treatments as specified for experiments. Serum IL-6, TNFo and IL-
10 levels were estimated using a protocol recommended by the manufacturer
of Ready-Set-Go kits (eBioscience). Actual values for cytokines were
extrapolated based on known standards. Samples with absorbance values
below detection limit in each assay were labelled as ND.

Maintenance and various assays on the E11 cell line

Murine podocyte cell line E11 was obtained from Cell Lines Service
(Eppelheim, Germany). Cells were cultured on collagen (Rat tail collagen,
Invitrogen)-coated culture ware and passaged in RPMI 1640 containing
foetal bovine serum, antibiotics and 10 U/ml recombinant IFN-y
(Invitrogen) at 33°C. For differentiation, cells were cultured at 37°C for
10-12 days in complete medium without IFN-y. Mouse sera collected 2 h
after various treatments as indicated in each set of results were filter
sterilized and added at the final concentration of 15% into differentiated E11
cultures. Recombinant cytokines, at specified concentrations, were also
added into differentiated E11 cultures. After optimization of the time
kinetics of TNFa effects in E11 cells, inhibitor experiments were done. For
this, differentiated E11 cells were preincubated with 20 pM SB203580,
50 uM PD98059, 10 uM INK inhibitor IT or 10 uM NF«xB activation
inhibitor (all from Calbiochem) for 1 h prior to addition of 1 ng/ml TNFo
for 6 h. Cells were harvested and lysed in Trizol (Invitrogen), and RNA was
prepared as per the manufacturer’s instructions.

Detection of CD80 mRNA in E11 cells

Total RNA (1 pg) was reverse transcribed using the Verso cDNA
synthesis kit (Thermo Fisher) according to the manufacturer’s
instructions. Quantitative real-time PCR analysis for mouse CDS80 and
GAPDH was performed. The primers used for the PCR were as follows:
CD80f, 5'-AAGTTGTCCATCAAAGCTGACT-3'; CD80r, 5'-GAGAAG-
CGAGGCTTTGGGAA-3’; GAPDHf, 5'-GGGCTCATGACCACAGT-
CC-3’; GAPDHTr, 5'-GGGATGATGTTCTGGGCAGC-3'. The results were
normalized using GAPDH expression, and the ratio of treated to untreated
serum control was calculated.

CD80 constructs for stable cell line C4

Mouse CD80 was PCR amplified from a pcDNA3.1hygro+ mouse CD80
construct (a kind gift from A. Chaudhry, National Institute of Immunology)
and cloned using the EcoRI and Not sites of the pEF1 Myc His C vector in
frame with the C-terminal Myc and His tags using gene-specific primers
with restriction enzyme sites. The following primers were used for
amplification: mCD80:249f, 5'-TACTGAATTCATGGCTTGCAATTGT-
CAG-3’; mCD80NotR, 5-ATCGATTAGCGGCCGCAAGGAAGACGG-
TCTG-3'.

After sequence confirmation, El1 cells were transfected using
Lipofectamine 2000 (Invitrogen). Stable cell lines were generated by
positive selection using G418, followed by identifying single clones by
using limited dilution and expanding them. One such clone, C4, consistently
showed CD80 expression as confirmed by flow cytometry and western
blotting, and was subsequently used for the study.

EMSA and supershift analyses
For EMSA analyses, nuclear lysate was prepared and examined for the
presence of NFkB DNA-binding activity using a radiolabelled kB site
containing a DNA probe derived from the HIV LTR, as described
previously (Basak et al., 2007), and from the CDS&0 promoter. The
sequence of DNA probe derived from the CDS80 promoter and used in
EMSA was as follows (kB sites have been underlined): CD80
oligonucleotide sense strand, 5'-CTGTGGGAAAGGGGTTTTCCCAGC-
AGTCAGG-3"; CD80 oligonucleotide anti-sense strand, 5'-CCTGACTG-
CTGGGAAAACCCCTTTCCCACAG-3'.

The sequences of the kB oligonucleotide and mutant oligonucleotide
used in oligonucleotide competition assay were as follows: «B

oligonucleotide, 5'-CTGGGGACTTTCCAGG-3'; mutant oligonucleotide,
5’-CTGTCTACTTTCCAGG-3'. For supershift analyses, antibodies against
RelA (catalogue no. sc-372, Santa Cruz), p5S0 and p52 (catalogue nos.
BB-AB0080 and BB-ABO008S5, respectively, from BioBharati Ltd, India)
were incubated with the nuclear extracts prior to the addition of DNA probe.

Confocal microscopy on kidney sections

B6 and CD80™'~ mice were treated with LPS or left untreated. Twenty-four
hours later, kidneys were snap frozen in liquid nitrogen with optimum cutting
temperature (OCT) embedding medium (Cryomatrix, Thermo Scientific).
Cryosections 3-um thick were fixed in ice-cold methanol. After blocking
with 1% BSA in PBS, primary antibodies against CD80 (R&D systems,
catalogue no. AF740, 1:40) and synaptopodin (Progen, Germany, catalogue
no. 61094, 1:40) were added. Sections were washed with PBS-Tween-20,
followed by staining with appropriate secondary antibodies (anti-goat-Ig
coupled to AlexaFluor488 for CD80 detection and anti-mouse-Ig
AlexaFluor568 for synaptopodin detection, Life Technologies; catalogue
nos. A11078 and A11004, respectively, at 1:500 dilution). Sections were
stained with DAPI (Sigma) and mounted with 65% glycerol (Sigma). Images
were taken using an Olympus FV1000 confocal laser scanning microscope.
Images were acquired using a 60x objective (NA 1.42) with 2x optical zoom.
AlexaFluor488 and AlexaFluor568 were excited using green and red LED
lasers, respectively. Serial z-stack images of 0.4-um sections were acquired.
The images were processed using Olympus fluoview analysis software.

Data analyses and statistics
Because there was no basis for expecting a pre-specified effect size, n was
maintained as >3 on the basis of convenience and convention. No data
points collected were excluded from the analyses. The data have not used
any formal blinding procedures.

For statistical analysis, either Student’s unpaired #-test (if #<5) or the
Mann—Whitney U-test (for n>5) were used. Values of P<0.05 were
considered statistically significant.

Acknowledgements
We thank Drs Ramesh Juyal and P. Nagarajan for providing mice, and Ms. Sarojini
Minj and Mr. Inderjeet Singh for screening and maintenance of mouse strains.

Competing interests
The authors declare no competing or financial interests.

Author contributions

N.J., B.K,, B.B.,N.O., P.J. and S.S. performed experiments; S.P. provided expertise
in immunohistology. All authors helped in data analysis; N.J. plotted data and helped
in writing the manuscript; B.R., S.B., A.G., S.R., S.S. and V.B. conceived
hypotheses. A.G., S.R., S.S. and V.B. interpreted data and wrote the manuscript.

Funding

This work was supported in part by grants from the Department of Biotechnology,
Ministry Of Science And Technology (DBT) India (grant numbers BT/PR12849/
MED/15/35/2009 and BT/PR5138/BRB/10/1064/2012 to A.G., grant numbers
BT/PR-14592/BRB/10/858/2010 and BT/PR/14651/MED/30/566/2010 to S.R.,
grant number BT/PR14420/Med/29/213/2010 to V.B., and grant number BT/Bio-
CARe/08/48/2010-2011 to S.S.); Department of Science and Technology, Ministry
Of Science And Technology, India (grant number SR/SO/BB-0035/2013 to A.G.,
grant number SR/SO/HS-0005/2011 to V.B.); Wellcome Trust DBT India Alliance to
S.B. (grant number 500094/2/09/Z); and fellowships from the Council of Scientific
and Industrial Research to N.J., B.K., N.O. and B.B. The National Institute of
Immunology, Translational Health Sciences and Technology Institute and Institute of
Life Sciences are supported by DBT India.

Supplementary information
Supplementary information available online at
http:/dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.023440/-/DC1

References

Abdel-Hafez, M., Shimada, M., Lee, P. Y., Johnson, R. J. and Garin, E. H. (2009).
Idiopathic nephrotic syndrome and atopy: is there a common link? Am. J. Kidney
Dis. 54, 945-953.

Artunc, F., Nasir, O., Amann, K., Boini, K. M., Haring, H.-U., Risler, T. and Lang,
F. (2008). Serum- and glucocorticoid-inducible kinase 1 in doxorubicin-induced
nephrotic syndrome. Am. J. Physiol. Renal Physiol. 295, F1624-F1634.

715

(%]
S
oA
c
©
<
O
o}
=
3
A
0}
e,
o
=
o)
(%)
©
Q
oA
(@]



http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.023440/-/DC1
http://dmm.biologists.org/lookup/suppl/doi:10.1242/dmm.023440/-/DC1
http://dx.doi.org/10.1053/j.ajkd.2009.03.019
http://dx.doi.org/10.1053/j.ajkd.2009.03.019
http://dx.doi.org/10.1053/j.ajkd.2009.03.019
http://dx.doi.org/10.1152/ajprenal.00032.2008
http://dx.doi.org/10.1152/ajprenal.00032.2008
http://dx.doi.org/10.1152/ajprenal.00032.2008

RESEARCH ARTICLE

Disease Models & Mechanisms (2016) 9, 707-717 doi:10.1242/dmm.023440

Bagga, A. and Mantan, M. (2005). Nephrotic syndrome in children. Indian J. Med.
Res. 122, 13-28.

Bakr, A., Shokeir, M., EI-Chenawi, F., ElI-Husseni, F., Abdel-Rahman, A. and EI-
Ashry, R. (2003). Tumor necrosis factor-alpha production from mononuclear cells
in nephrotic syndrome. Pediatr. Nephrol. Berl. Ger. 18, 516-520.

Barrios, C. S., Johnson, B. D., D Henderson, J., Jr., Fink, J. N., Kelly, K. J. and
Kurup, V. P. (2005). The costimulatory molecules CD80, CD86 and OX40L are
up-regulated in Aspergillus fumigatus sensitized mice. Clin. Exp. Immunol. 142,
242-250.

Basak, S., Kim, H., Kearns, J. D., Tergaonkar, V., O’'Dea, E., Werner, S. L.,
Benedict, C. A., Ware, C. F., Ghosh, G., Verma, I. M. et al. (2007). A fourth
IkappaB protein within the NF-kappaB signaling module. Cell 128, 369-381.

Berg, D. J., Kiihn, R., Rajewsky, K., Miiller, W., Menon, S., Davidson, N., Griinig,
G. and Rennick, D. (1995). Interleukin-10 is a central regulator of the response to
LPS in murine models of endotoxic shock and the Shwartzman reaction but not
endotoxin tolerance. J. Clin. Invest. 96, 2339-2347.

Borza, D.-B., Zhang, J.-J., Beck, L. H., Jr., Meyer-Schwesinger, C. and Luo, W.
(2013). Mouse models of membranous nephropathy: the road less travelled by.
Am. J. Clin. Exp. Immunol. 2, 135-145.

Bricio, T., Molina, A., Egido, J., Gonzalez, E. and Mampaso, F. (1992). IL-1-like
production in adriamycin-induced nephrotic syndrome in the rat. Clin. Exp.
Immunol. 87, 117-121.

Chang, J.-M., Hwang, D.-Y., Chen, S.-C., Kuo, M.-C., Hung, C.-C., Hwang, S.-J.,
Tsai, J.-C. and Chen, H.-C. (2013). B7—1 expression regulates the hypoxia-
driven cytoskeleton rearrangement in glomerular podocytes. Am. J. Physiol.
Renal Physiol. 304, F127-F136.

Cho, M. H,, Lee, H. S., Choe, B. H., Kwon, S. H., Chung, K. Y., Koo, J. H. and Ko,
C. W. (2003). Interleukin-8 and tumor necrosis factor-alpha are increased in
minimal change disease but do not alter albumin permeability. Am. J. Nephrol. 23,
260-266.

Clement, L. C., Avila-Casado, C., Macé, C., Soria, E., Bakker, W. W., Kersten, S.
and Chugh, S. S. (2011). Podocyte-secreted angiopoietin-like-4 mediates
proteinuria in glucocorticoid-sensitive nephrotic syndrome. Nat. Med. 17,
117-122.

Cunningham, P. N., Wang, Y., Guo, R., He, G. and Quigg, R. J. (2004). Role of
Toll-like receptor 4 in endotoxin-induced acute renal failure. J. Immunol. 172,
2629-2635.

Donepudi, M., Raychaudhuri, P., Bluestone, J. A. and Mokyr, M. B. (2001).
Mechanism of melphalan-induced B7—1 gene expression in P815 tumor cells.
J. Immunol. 166, 6491-6499.

Drumheller, B. C., McGrath, M., Matsuura, A. C. and Gaieski, D. F. (2012). Point-
of-care urine albumin:creatinine ratio is associated with outcome in emergency
department patients with sepsis: a pilot study. Acad. Emerg. Med. 19, 259-264.

Eddy, A. A. and Symons, J. M. (2003). Nephrotic syndrome in childhood. Lancet
362, 629-639.

Emara, S. S., Aboulwafa, A. M., Alzaylai, A. A. and Farag, M. M. (2013). Detection
of microalbuminuria: a simple test for prognosis in severe burns. Burns 39,
723-728.

Eremina, V., Wong, M. A., Cui, S., Schwartz, L. and Quaggin, S. E. (2002).
Glomerular-specific gene excision in vivo. J. Am. Soc. Nephrol. 13, 788-793.

Eyre, J., Burton, J. O., Saleem, M. A., Mathieson, P. W., Topham, P. S. and
Brunskill, N. J. (2011). Monocyte- and endothelial-derived microparticles induce
an inflammatory phenotype in human podocytes. Nephron Exp. Nephrol. 119,
e58-e66.

Feng, L., Song, P., Zhou, H., Li, A., Ma, Y., Zhang, X., Liu, H., Xu, G., Zhou, Y.,
Wu, X. et al. (2014). Pentamethoxyflavanone regulates macrophage polarization
and ameliorates sepsis in mice. Biochem. Pharmacol. 89, 109-118.

Garin, E. H., Diaz, L. N., Mu, W., Wasserfall, C., Araya, C., Segal, M. and
Johnson, R. J. (2009). Urinary CD80 excretion increases in idiopathic minimal-
change disease. J. Am. Soc. Nephrol. 20, 260-266.

Greka, A. and Mundel, P. (2012). Cell biology and pathology of podocytes. Annu.
Rev. Physiol. 74, 299-323.

Gurkan, S., Cabinian, A., Lopez, V., Bhaumik, M., Chang, J.-M., Rabson, A. B.
and Mundel, P. (2013). Inhibition of type | interferon signalling prevents TLR
ligand-mediated proteinuria. J. Pathol. 231, 248-256.

Hattori, S., Kanda, S. and Harita, Y. (2011). Tyrosine kinase signaling in kidney
glomerular podocytes. J. Signal Transduct. 2011, 317852.

Hotoura, E., Giapros, V., Kostoula, A., Spirou, P. and Andronikou, S. (2011).
Tracking changes of lymphocyte subsets and pre-inflammatory mediators in full-
term neonates with suspected or documented infection. Scand. J. Immunol. 73,
250-255.

Indian Society of Pediatric Nephrology, Gulati, A., Bagga, A., Gulati, S., Mehta,
K. P. and Vijayakumar, M. (2009). Management of steroid resistant nephrotic
syndrome. Indian Pediatr. 46, 35-47.

Inoue, M., Arikawa, T., Chen, Y.-H., Moriwaki, Y., Price, M., Brown, M., Perfect,
J. R. and Shinohara, M. L. (2014). T cells down-regulate macrophage TNF
production by IRAK1-mediated IL-10 expression and control innate
hyperinflammation. Proc. Natl. Acad. Sci. USA 111, 5295-5300.

716

Ishimoto, T., Shimada, M., Araya, C. E., Huskey, J., Garin, E. H. and Johnson,
R. J. (2011). Minimal change disease: a CD80 podocytopathy? Semin. Nephrol.
31, 320-325.

Ishimoto, T., Shimada, M., Gabriela, G., Kosugi, T., Sato, W., Lee, P. Y.,
Lanaspa, M. A, Rivard, C., Maruyama, S., Garin, E. H. et al. (2013a). Toll-like
receptor 3 ligand, polylC, induces proteinuria and glomerular CD80, and
increases urinary CD80 in mice. Nephrol. Dial. Transplant. 28, 1439-1446.

Ishimoto, T., Cara-Fuentes, G., Wang, H., Shimada, M., Wasserfall, C. H.,
Winter, W. E., Rivard, C. J., Araya, C. E., Saleem, M. A., Mathieson, P. W. et al.
(2013b). Serum from minimal change patients in relapse increases CD80
expression in cultured podocytes. Pediatr. Nephrol. 28, 1803-1812.

Koriakova, N. N., Rozhdestvenskaia, E. D., Kazantseva, S. V., Bushueva, T. V.
and Valamina, I. E. (2006). [Features of a cytokine profile in patients with chronic
glomerulonephritis with progressive chronic renal failure]. Ter. Arkhiv 78, 14-17.

Lai, K.-W., Wei, C.-L., Tan, L.-K., Tan, P.-H., Chiang, G. S. C., Lee, C. G. L.,
Jordan, S. C. and Yap, H.-K. (2007). Overexpression of interleukin-13 induces
minimal-change-like nephropathy in rats. J. Am. Soc. Nephrol. 18, 1476-1485.

Lama, G., Luongo, I., Tirino, G., Borriello, A., Carangio, C. and Salsano, M. E.
(2002). T-lymphocyte populations and cytokines in childhood nephrotic
syndrome. Am. J. Kidney Dis. 39, 958-965.

Leifeld, L., Trautwein, C., Dumoulin, F. L., Manns, M. P., Sauerbruch, T. and
Spengler, U. (1999). Enhanced expression of CD80 (B7-1), CD86 (B7-2), and
CD40 and their ligands CD28 and CD154 in fulminant hepatic failure.
Am. J. Pathol. 154, 1711-1720.

Lu, Y.-C., Yeh, W.-C. and Ohashi, P. S. (2008). LPS/TLR4 signal transduction
pathway. Cytokine 42, 145-151.

Makhija, P., Yadav, S. and Thakur, A. (2005). Tumor necrosis factor alpha and
interleukin 6 in infants with sepsis. Indian Pediatr. 42, 1024-1028.

Martin, C., Saux, P., Mege, J.-L., Perrin, G., Papazian, L. and Gouin, F. (1994).
Prognostic values of serum cytokines in septic shock. Intensive Care Med. 20,
272-277.

Martinez, F. O. and Gordon, S. (2014). The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000prime Rep. 6, 13.

McCarthy, E. T., Sharma, M. and Savin, V. J. (2010). Circulating permeability
factors in idiopathic nephrotic syndrome and focal segmental glomerulosclerosis.
Clin. J. Am. Soc. Nephrol. 5, 2115-2121.

Muroya, Y., Ito, O., Rong, R., Takashima, K., Ito, D., Cao, P., Nakamura, Y., Joh,
K. and Kohzuki, M. (2012). Disorder of fatty acid metabolism in the kidney of
PAN-induced nephrotic rats. Am. J. Physiol. Renal Physiol. 303, F1070-F1079.

Nakayama, S., Yokote, T., Kobayashi, K., Hirata, Y., Akioka, T., Hiraoka, N., Oka,
S., Miyoshi, T., Takubo, T., Tsuji, M. et al. (2010). Minimal-change nephrotic
syndrome preceding Hodgkin lymphoma by 5 years with expression of tumor
necrosis factor alpha in Hodgkin-Reed-Sternberg cells. Hum. Pathol. 41,
1196-1199.

Panda, S. K., Kumar, S., Tupperwar, N. C., Vaidya, T., George, A., Rath, S., Bal,
V. and Ravindran, B. (2012). Chitohexaose activates macrophages by alternate
pathway through TLR4 and blocks endotoxemia. PLoS Pathog. 8, e1002717.

Pawar, R. D., Castrezana-Lopez, L., Allam, R., Kulkarni, O. P., Segerer, S.,
Radomska, E., Meyer, T. N., Schwesinger, C.-M., Akis, N., Grone, H.-J. et al.
(2009). Bacterial lipopeptide triggers massive albuminuria in murine lupus
nephritis by activating Toll-like receptor 2 at the glomerular filtration barrier.
Immunology 128, e206-e221.

Poltorak, A., He, X., Smirnova, l., Liu, M.-Y., Van Huffel, C., Du, X., Birdwell, D.,
Alejos, E., Silva, M., Galanos, C. et al. (1998). Defective LPS signaling in C3H/
HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science 282, 2085-2088.

Raveh, D., Shemesh, 0., Ashkenazi, Y. J., Winkler, R. and Barak, V. (2004).
Tumor necrosis factor-alpha blocking agent as a treatment for nephrotic
syndrome. Pediatr. Nephrol. 19, 1281-1284.

Reiser, J. (2011). Filtering new facts about kidney disease. Nat. Med. 17, 44-45.

Reiser, J., von Gersdorff, G., Loos, M., Oh, J., Asanuma, K., Giardino, L.,
Rastaldi, M. P., Calvaresi, N., Watanabe, H., Schwarz, K. et al. (2004).
Induction of B7-1 in podocytes is associated with nephrotic syndrome. J. Clin.
Invest. 113, 1390-1397.

Reiser, J., Sever, S. and Faul, C. (2014). Signal transduction in podocytes—
spotlight on receptor tyrosine kinases. Nat. Rev. Nephrol. 10, 104-115.

Rizk, M. K., EI-Nawawy, A., Abdel-Kareem, E., Amer, E. S., EI-Gezairy, D. and El-
Shafei, A. Z. (2005). Serum interleukins and urinary microglobulin in children with
idiopathic nephrotic syndrome. East. Mediterr. Health J. 11, 993-1002.

Ryu, M., Mulay, S. R., Miosge, N., Gross, O. and Anders, H.-J. (2012). Tumour
necrosis factor-o. drives Alport glomerulosclerosis in mice by promoting podocyte
apoptosis. J. Pathol. 226, 120-131.

Sahali, D., Sendeyo, K., Mangier, M., Audard, V., Zhang, S. Y., Lang, P., Ollero,
M. and Pawlak, A. (2014). Immunopathogenesis of idiopathic nephrotic
syndrome with relapse. Semin. Immunopathol. 36, 421-429.

Schreiber, A., Theilig, F., Schweda, F. and Hocherl, K. (2012). Acute
endotoxemia in mice induces downregulation of megalin and cubilin in the
kidney. Kidney Int. 82, 53-59.

Shimada, M., Araya, C., Rivard, C., Ishimoto, T., Johnson, R. J. and Garin, E. H.
(2011). Minimal change disease: a “two-hit” podocyte immune disorder? Pediatr.
Nephrol. 26, 645-649.

(%]
S
oA
c
©
<
O
o}
=
3
A
0}
e,
o
=
o)
(%]
©
Q
oA
(@]



http://dx.doi.org/10.1111/j.1365-2249.2005.02905.x
http://dx.doi.org/10.1111/j.1365-2249.2005.02905.x
http://dx.doi.org/10.1111/j.1365-2249.2005.02905.x
http://dx.doi.org/10.1111/j.1365-2249.2005.02905.x
http://dx.doi.org/10.1016/j.cell.2006.12.033
http://dx.doi.org/10.1016/j.cell.2006.12.033
http://dx.doi.org/10.1016/j.cell.2006.12.033
http://dx.doi.org/10.1172/JCI118290
http://dx.doi.org/10.1172/JCI118290
http://dx.doi.org/10.1172/JCI118290
http://dx.doi.org/10.1172/JCI118290
http://dx.doi.org/10.1111/j.1365-2249.1992.tb06423.x
http://dx.doi.org/10.1111/j.1365-2249.1992.tb06423.x
http://dx.doi.org/10.1111/j.1365-2249.1992.tb06423.x
http://dx.doi.org/10.1152/ajprenal.00108.2012
http://dx.doi.org/10.1152/ajprenal.00108.2012
http://dx.doi.org/10.1152/ajprenal.00108.2012
http://dx.doi.org/10.1152/ajprenal.00108.2012
http://dx.doi.org/10.1159/000072065
http://dx.doi.org/10.1159/000072065
http://dx.doi.org/10.1159/000072065
http://dx.doi.org/10.1159/000072065
http://dx.doi.org/10.1038/nm.2261
http://dx.doi.org/10.1038/nm.2261
http://dx.doi.org/10.1038/nm.2261
http://dx.doi.org/10.1038/nm.2261
http://dx.doi.org/10.4049/jimmunol.172.4.2629
http://dx.doi.org/10.4049/jimmunol.172.4.2629
http://dx.doi.org/10.4049/jimmunol.172.4.2629
http://dx.doi.org/10.4049/jimmunol.166.11.6491
http://dx.doi.org/10.4049/jimmunol.166.11.6491
http://dx.doi.org/10.4049/jimmunol.166.11.6491
http://dx.doi.org/10.1111/j.1553-2712.2011.01266.x
http://dx.doi.org/10.1111/j.1553-2712.2011.01266.x
http://dx.doi.org/10.1111/j.1553-2712.2011.01266.x
http://dx.doi.org/10.1016/S0140-6736(03)14184-0
http://dx.doi.org/10.1016/S0140-6736(03)14184-0
http://dx.doi.org/10.1016/j.burns.2012.10.006
http://dx.doi.org/10.1016/j.burns.2012.10.006
http://dx.doi.org/10.1016/j.burns.2012.10.006
http://dx.doi.org/10.1159/000329575
http://dx.doi.org/10.1159/000329575
http://dx.doi.org/10.1159/000329575
http://dx.doi.org/10.1159/000329575
http://dx.doi.org/10.1016/j.bcp.2014.02.016
http://dx.doi.org/10.1016/j.bcp.2014.02.016
http://dx.doi.org/10.1016/j.bcp.2014.02.016
http://dx.doi.org/10.1681/ASN.2007080836
http://dx.doi.org/10.1681/ASN.2007080836
http://dx.doi.org/10.1681/ASN.2007080836
http://dx.doi.org/10.1146/annurev-physiol-020911-153238
http://dx.doi.org/10.1146/annurev-physiol-020911-153238
http://dx.doi.org/10.1002/path.4235
http://dx.doi.org/10.1002/path.4235
http://dx.doi.org/10.1002/path.4235
http://dx.doi.org/10.1155/2011/317852
http://dx.doi.org/10.1155/2011/317852
http://dx.doi.org/10.1111/j.1365-3083.2010.02499.x
http://dx.doi.org/10.1111/j.1365-3083.2010.02499.x
http://dx.doi.org/10.1111/j.1365-3083.2010.02499.x
http://dx.doi.org/10.1111/j.1365-3083.2010.02499.x
http://dx.doi.org/10.1073/pnas.1321427111
http://dx.doi.org/10.1073/pnas.1321427111
http://dx.doi.org/10.1073/pnas.1321427111
http://dx.doi.org/10.1073/pnas.1321427111
http://dx.doi.org/10.1016/j.semnephrol.2011.06.002
http://dx.doi.org/10.1016/j.semnephrol.2011.06.002
http://dx.doi.org/10.1016/j.semnephrol.2011.06.002
http://dx.doi.org/10.1093/ndt/gfs543
http://dx.doi.org/10.1093/ndt/gfs543
http://dx.doi.org/10.1093/ndt/gfs543
http://dx.doi.org/10.1093/ndt/gfs543
http://dx.doi.org/10.1007/s00467-013-2498-4
http://dx.doi.org/10.1007/s00467-013-2498-4
http://dx.doi.org/10.1007/s00467-013-2498-4
http://dx.doi.org/10.1007/s00467-013-2498-4
http://dx.doi.org/10.1681/ASN.2006070710
http://dx.doi.org/10.1681/ASN.2006070710
http://dx.doi.org/10.1681/ASN.2006070710
http://dx.doi.org/10.1053/ajkd.2002.32769
http://dx.doi.org/10.1053/ajkd.2002.32769
http://dx.doi.org/10.1053/ajkd.2002.32769
http://dx.doi.org/10.1016/S0002-9440(10)65427-2
http://dx.doi.org/10.1016/S0002-9440(10)65427-2
http://dx.doi.org/10.1016/S0002-9440(10)65427-2
http://dx.doi.org/10.1016/S0002-9440(10)65427-2
http://dx.doi.org/10.1016/j.cyto.2008.01.006
http://dx.doi.org/10.1016/j.cyto.2008.01.006
http://dx.doi.org/10.1007/BF01708964
http://dx.doi.org/10.1007/BF01708964
http://dx.doi.org/10.1007/BF01708964
http://dx.doi.org/10.12703/P6-13
http://dx.doi.org/10.12703/P6-13
http://dx.doi.org/10.2215/CJN.03800609
http://dx.doi.org/10.2215/CJN.03800609
http://dx.doi.org/10.2215/CJN.03800609
http://dx.doi.org/10.1152/ajprenal.00365.2011
http://dx.doi.org/10.1152/ajprenal.00365.2011
http://dx.doi.org/10.1152/ajprenal.00365.2011
http://dx.doi.org/10.1016/j.humpath.2010.01.021
http://dx.doi.org/10.1016/j.humpath.2010.01.021
http://dx.doi.org/10.1016/j.humpath.2010.01.021
http://dx.doi.org/10.1016/j.humpath.2010.01.021
http://dx.doi.org/10.1016/j.humpath.2010.01.021
http://dx.doi.org/10.1371/journal.ppat.1002717
http://dx.doi.org/10.1371/journal.ppat.1002717
http://dx.doi.org/10.1371/journal.ppat.1002717
http://dx.doi.org/10.1111/j.1365-2567.2008.02948.x
http://dx.doi.org/10.1111/j.1365-2567.2008.02948.x
http://dx.doi.org/10.1111/j.1365-2567.2008.02948.x
http://dx.doi.org/10.1111/j.1365-2567.2008.02948.x
http://dx.doi.org/10.1111/j.1365-2567.2008.02948.x
http://dx.doi.org/10.1126/science.282.5396.2085
http://dx.doi.org/10.1126/science.282.5396.2085
http://dx.doi.org/10.1126/science.282.5396.2085
http://dx.doi.org/10.1007/s00467-004-1573-2
http://dx.doi.org/10.1007/s00467-004-1573-2
http://dx.doi.org/10.1007/s00467-004-1573-2
http://dx.doi.org/10.1038/nm0111-44
http://dx.doi.org/10.1172/JCI20402
http://dx.doi.org/10.1172/JCI20402
http://dx.doi.org/10.1172/JCI20402
http://dx.doi.org/10.1172/JCI20402
http://dx.doi.org/10.1038/nrneph.2013.274
http://dx.doi.org/10.1038/nrneph.2013.274
http://dx.doi.org/10.1002/path.2979
http://dx.doi.org/10.1002/path.2979
http://dx.doi.org/10.1002/path.2979
http://dx.doi.org/10.1007/s00281-013-0415-3
http://dx.doi.org/10.1007/s00281-013-0415-3
http://dx.doi.org/10.1007/s00281-013-0415-3
http://dx.doi.org/10.1038/ki.2012.62
http://dx.doi.org/10.1038/ki.2012.62
http://dx.doi.org/10.1038/ki.2012.62
http://dx.doi.org/10.1007/s00467-010-1676-x
http://dx.doi.org/10.1007/s00467-010-1676-x
http://dx.doi.org/10.1007/s00467-010-1676-x

RESEARCH ARTICLE

Disease Models & Mechanisms (2016) 9, 707-717 doi:10.1242/dmm.023440

Shimada, M., Ishimoto, T., Lee, P. Y., Lanaspa, M. A,, Rivard, C. J., Roncal-
Jimenez, C. A., Wymer, D. T., Yamabe, H., Mathieson, P. W., Saleem, M. A.
et al. (2012). Toll-like receptor 3 ligands induce CD80 expression in human
podocytes via an NF-{kappa}B-dependent pathway. Nephrol. Dial. Transplant. 27,
81-89.

Srivastava, T., Sharma, M., Yew, K.-H., Sharma, R., Duncan, R. S., Saleem,
M. A., McCarthy, E. T., Kats, A., Cudmore, P. A, Alon, U. S. et al. (2013). LPS
and PAN-induced podocyte injury in an in vitro model of minimal change disease:
changes in TLR profile. J. Cell Commun. Signal. 7, 49-60.

Suranyi, M. G., Guasch, A., Hall, B. M. and Myers, B. D. (1993). Elevated levels of
tumor necrosis factor-alpha in the nephrotic syndrome in humans. Am. J. Kidney
Dis. 21, 251-259.

Takeda, K. and Akira, S. (2004). TLR signaling pathways. Semin. Immunol. 16, 3-9.

Wei, C., Mdller, C. C., Altintas, M. M., Li, J., Schwarz, K., Zacchigna, S., Xie, L.,
Henger, A., Schmid, H., Rastaldi, M. P. et al. (2008). Modification of kidney
barrier function by the urokinase receptor. Nat. Med. 14, 55-63.

Yamamoto, M., Sato, S., Hemmi, H., Hoshino, K., Kaisho, T., Sanjo, H.,
Takeuchi, O., Sugiyama, M., Okabe, M., Takeda, K. et al. (2003). Role of

adaptor TRIF in the MyD88-independent toll-like receptor signaling pathway.
Science 301, 640-643.

Yap, H.-K,, Han, E. J. S., Heng, C.-K. and Gong, W.-K. (2001). Risk factors for
steroid dependency in children with idiopathic nephrotic syndrome. Pediatr.
Nephrol. 16, 1049-1052.

Yu, C.-C., Fornoni, A., Weins, A., Hakroush, S., Maiguel, D., Sageshima, J.,
Chen, L., Ciancio, G., Faridi, M. H., Behr, D. et al. (2013). Abatacept in B7-1—
positive proteinuric kidney disease. N. Engl. J. Med. 369, 2416-2423.

Zhang, S.-Y., Kamal, M., Dahan, K., Pawlak, A., Ory, V., Desvaux, D., Audard, V.,
Candelier, M., BenMohamed, F., Matignon, M. et al. (2010). c-mip impairs
podocyte proximal signaling and induces heavy proteinuria. Sci. Signal. 3, ra39.

Zhao, J., Freeman, G. J., Gray, G. S., Nadler, L. M. and Glimcher, L. H. (1996). A
cell type-specific enhancer in the human B7.1 gene regulated by NF-kappaB.
J. Exp. Med. 183, 777-789.

Zhou, D., Huang, C., Lin, Z., Zhan, S., Kong, L., Fang, C. and Li, J. (2014).
Macrophage polarization and function with emphasis on the evolving roles of
coordinated regulation of cellular signaling pathways. Cell. Signal. 26, 192-197.

717

(%]
S
gD
c
©
<
|9
o}
=
o3
g
0}
)
o
=
o)
(%)
©
Q
4
(@]



http://dx.doi.org/10.1093/ndt/gfr271
http://dx.doi.org/10.1093/ndt/gfr271
http://dx.doi.org/10.1093/ndt/gfr271
http://dx.doi.org/10.1093/ndt/gfr271
http://dx.doi.org/10.1093/ndt/gfr271
http://dx.doi.org/10.1007/s12079-012-0184-0
http://dx.doi.org/10.1007/s12079-012-0184-0
http://dx.doi.org/10.1007/s12079-012-0184-0
http://dx.doi.org/10.1007/s12079-012-0184-0
http://dx.doi.org/10.1016/S0272-6386(12)80742-6
http://dx.doi.org/10.1016/S0272-6386(12)80742-6
http://dx.doi.org/10.1016/S0272-6386(12)80742-6
http://dx.doi.org/10.1016/j.smim.2003.10.003
http://dx.doi.org/10.1038/nm1696
http://dx.doi.org/10.1038/nm1696
http://dx.doi.org/10.1038/nm1696
http://dx.doi.org/10.1126/science.1087262
http://dx.doi.org/10.1126/science.1087262
http://dx.doi.org/10.1126/science.1087262
http://dx.doi.org/10.1126/science.1087262
http://dx.doi.org/10.1007/s004670100024
http://dx.doi.org/10.1007/s004670100024
http://dx.doi.org/10.1007/s004670100024
http://dx.doi.org/10.1056/nejmoa1304572
http://dx.doi.org/10.1056/nejmoa1304572
http://dx.doi.org/10.1056/nejmoa1304572
http://dx.doi.org/10.1126/scisignal.2000678
http://dx.doi.org/10.1126/scisignal.2000678
http://dx.doi.org/10.1126/scisignal.2000678
http://dx.doi.org/10.1084/jem.183.3.777
http://dx.doi.org/10.1084/jem.183.3.777
http://dx.doi.org/10.1084/jem.183.3.777
http://dx.doi.org/10.1016/j.cellsig.2013.11.004
http://dx.doi.org/10.1016/j.cellsig.2013.11.004
http://dx.doi.org/10.1016/j.cellsig.2013.11.004


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


