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Abstract Idiopathic nephrotic syndrome (INS) is a
multifactorial disease, characterized by proteinuria, hypo-
albuminemia, edema and hyperlipidemia. Studies in humans
and animal models have associated INS with changes in the
immune response. The purpose of this article is to review
clinical and experimental findings showing the involvement
of the immune response in the pathogenesis of INS. The role
of the immune system in INS has been shown by clinical and
experimental studies. However, the pattern of immune
response in patients with INS is still not clearly defined.
Many studies show changes in the dynamics of T lympho-
cytes, especially the regulatory T cells. Alternatively, there
are other reports regarding the involvement of the comple-
ment system and B lymphocytes in the pathophysiology of
INS. Indeed, none of the immunological biomarkers evalu-
ated were undeniably linked to changes in glomerular
permeability and proteinuria. On the other hand, some
studies suggest a link between urinary chemokines, such as
IL-8/CXCL8 and MCP-1/CCL2, and changes in glomerular
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permeability and/or the deterioration of glomerulopathies.
To understand the pathophysiology of INS, longitudinal
studies are clearly needed. The characterization of the profile
of the immune response might help the development of
specific and individualized therapies, leading to clinical
improvement and better prognosis.

Keywords Idiopathic nephrotic syndrome -
Immunology - Inflammation - Lymphocytes - Cytokines -
Chemokines

Introduction

Nephrotic syndrome (NS) is a fairly common glomeru-
lopathy in children and adults [1, 2], characterized by
massive proteinuria, hypoalbuminemia, generalized edema
and hyperlipidemia. NS can be caused by a primary renal
lesion or can be associated with systemic diseases [1]. The
term idiopathic nephrotic syndrome (INS) refers to the
condition caused by a primary renal lesion, in which kid-
ney histology can reveal minimal podocyte changes
(MCNS) or focal and segmental glomerulosclerosis
(FSGS) [1, 3]. Due to the clinical relevance of the response
to corticosteroid treatment, INS can also be classified as
steroid-sensitive nephrotic syndrome (SSNS), steroid-
dependent nephrotic syndrome and steroid-resistant
nephrotic syndrome [1].

Some studies suggest an important role of the immune
system in triggering or maintaining INS, such as the
abnormal response of T lymphocytes [4, 5] and increased
local cytokine release [6]. In addition, the existence of a
circulating factor that increases glomerular permeability
factor was postulated many years ago [7]. This hypothetical
factor might be related to recurrent disease after renal

@ Springer



W. de Fatima Pereira et al.

transplantation [8] and the clinical improvement observed
after treatment with steroids and immunosuppressant drugs
[1, 2].

Despite advances in INS studies in recent decades,
especially in the field of immunology, the pathophysiology
of this disease remains unknown [3]. The aim of this paper
is to review clinical and experimental studies showing
the participation of the immune system in INS
pathophysiology.

Immune system and nephrotic syndrome
Historical aspects

The first report of immune dysfunction in patients with NS
was probably in 1956 by Gitlin et al. [9], who showed an
increased synthesis of gamma-globulins in children with
INS. Some years later, in the 70s and 80s, several
researchers focused studies of NS on the role of the
immune system, especially searching for changes in T
lymphocytes and immunoglobulins (Ig) [4, 9-13]. Some
studies reported increases in serum IgM [12] and reduction
of IgG in patients with NS [11, 12, 14]. These findings
were subsequently confirmed in an animal model of NS
induced by puromycin aminonucleoside [15].

In 1974, Shalboub et al. [7] hypothesized that a change
in T cells would result in the production of toxic circulating
lymphokines, being responsible for the disorder known as
lipoid nephrosis. In 1976, Moorthy et al. [16] demonstrated
that plasma from patients with lipoid nephrosis inhibited
lymphocyte blastogenic response to the phytohemaggluti-
nin mitogen. Lipoid nephrosis was later named MCNS and
the toxic lymphokine as a vascular permeability factor [17,
18]. In initial studies, the culture supernatant of leukocytes
from patients with INS induced proteinuria in rats [10, 13]
and the substance present in this supernatant, described as a
lymphokine and called skin reactive factor [19], caused a
reduction in anionic sites of the glomerular basal mem-
brane leading to proteinuria [13, 20].

Renal inflammatory infiltrate in the pathogenesis of INS

In NS, an early tubulointerstitial inflammatory infiltrate of
mononuclear cells, predominantly monocytes/macrophages
and T lymphocytes, was observed [21-23]. The intensity of
the inflammatory infiltrate is associated with a reduction in
glomerular filtration, protein deposition in the extracellular
matrix, scar tissue formation and subsequent interstitial
sclerosis [21, 24]. Children with FSGS had more lympho-
cytes and macrophages in renal tissue than those with
MCNS [25]. Tubular epithelial cells can act as antigen-
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presenting cells and stimulate T lymphocytes, thereby
perpetuating the inflammatory process [21].

The glomeruli of rats with experimentally induced NS
showed higher expression of B7-1 (CD80), a co-stimula-
tory molecule generally present on the surface of B
lymphocytes and antigen-presenting cells [26]. The renal
tissue of animals with NS induced by doxorubicin revealed
initial interstitial accumulation of macrophages [27-29],
with subsequent reduction of them [28, 30] and an increase
in the number of TCD4" and TCDS8™ cells [30], with a
predominance of TCD4" [31]. The infiltration of mono-
cytes/macrophages in the renal tissue was related to the
increased expression of adhesion molecules like ICAM-1
[32]. CD25™" lymphocytes were also observed in the renal
interstitium of animals with NS induced by doxorubicin
[29]. Although there are reports of the presence of mac-
rophages also in the glomerulus of animals with NS [32],
most studies have not detected glomerular macrophage
infiltration [23, 28, 30, 33].

Tissue factors determine the phenotype of monocytes/
macrophages recruited into the renal tissue, whereas the
profile of locally released cytokines regulates the differ-
entiation of mononuclear cells. Thl-type cytokines induce
differentiation into classical macrophages, denominated
M-1, that produce cytotoxic and proinflammatory cyto-
kines. In contrast, Th2-type cytokines induce alternative
macrophages, denominated M-2, responsible for the syn-
thesis of anti-inflammatory cytokines [23, 34-36].
Macrophages from control mice cultured in the presence of
interleukin (IL)-4 and IL-13 induced the M-2 phenotype,
while the addition of lipopolysaccharides resulted in the
M-1 phenotype. When M-2 cells were injected into mice
with NS, the amount of native renal macrophages (M-1)
reduced, as well as the biochemical and histological
alterations of the disease. Alternatively, injection of M-1
cells worsened the experimental NS [36]. More recently, it
was shown that M-2 macrophages originating from the
action of IL-10 and TGF-p also inhibited M-1 macrophages
and TCD4" and TCD8™" lymphocytes. In addition, this cell
line also induced the differentiation of regulatory T cells at
the renal interstitium of rats with NS induced by doxoru-
bicin, with consequent improvement of the disease [23].

T lymphocytes in the pathogenesis of INS

Initial studies suggested the existence of a serum factor
responsible for the reduction in T lymphocyte function in
individuals with INS [4, 16, 37, 38], as well as changes in
the percentages of TCD4" and TCDS8" lymphocytes [38].
In 1985, Schnaper and Aune [37] postulated the existence
of a soluble factor in urine and serum of children with
MCNS, called soluble immune response suppressor. Other
studies showed changes in the relationship between
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Fig. 1 T regulatory cells’ suppressive function, modified from Wang
et al. [47]. Mechanisms and pathways elicited by T-regulatory cells;
Th1 and Th2 response related to renal inflammation, cell infiltration,

subpopulations of T lymphocytes TCD41/TCD8" in the
peripheral blood of patients with NS, with lower TCD4*
cell activity [12, 39, 40] and increased amounts of TCD8*
lymphocytes [39] and natural killer (NK) cells [40]. In an
animal model of NS, the depletion of TCD4™" cells induced
an increase in TCD8* lymphocytes and macrophages in
renal tissue and worsened the disease, thus suggesting a
protective function for TCD4" cells [41]. In a parallel
study, the depletion of TCD8" lymphocytes, also in an NS
animal model, significantly reduced renal injury and the
number of tissue macrophages, pointing to a deleterious
role for this cell line [42].

Tejani et al. [43] provided the initial evidence for the
participation of T lymphocytes in the pathogenesis of INS
[43]. These authors showed that the INS remission
obtained with cyclosporin-A treatment was associated with
a reduction in IL-2 levels, a cytokine mainly produced by T
lymphocytes [43]. Indeed, cyclosporin A is the first choice
for the treatment of SSNS [7].

More recent reports also showed changes in the response
of T lymphocytes in INS [44, 45]. For instance, Okuyama
et al. [44] evaluated peripheral blood mononuclear cells
(PBMC) from patients with INS and detected high mRNA
expression for the apoptotic protein TRAIL, also suggest-
ing an altered function of T lymphocytes. Musial et al. [45]
detected a reduction in zeta chain expression on NK cells in
the peripheral blood of children with INS and also in
TCDS8™" lymphocytes stimulated in culture with anti-CD3/
IL-2r. The zeta chain is a complex component, important
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for the activation and proliferation of NK cells by co-
stimulation. The decrease in zeta chain expression may be
due to increased degradation of this component in response
to hyperactivity of NK cells [45].

INS severity is associated with decreased activity of
regulatory T cells [6, 18, 23, 46—48]. The primary cell with
immunosuppressive capacity is the natural regulator T
lymphocyte, a TCD4" lymphocyte differentiated in the
thymus and with a constitutive expression of CD25 at high
concentrations (CD47CD25") [49]. The induction of reg-
ulatory T cells occurs in the peripheral circulation from
TCD4™ naives under the action of antigenic stimuli [49] or
immunosuppressive cytokines, such as TGF-f [50]
(Fig. 1). Regulatory cells are subdivided into Th3 (TGF-j-
producing cells) and Trl (IL-10- and IFN-o-producing
cells) [51]. The transcription factor FOXP3 acts in the
conversion of naive TCD4 cells into regulatory TCD4 [50,
51]. Other cell lines such as regulatory TCD8" lymphocytes
and regulatory NK may also exert immunosuppressive
effects (for details, see review of Le and Chao [51]). Fig-
ure 1 shows the immunosuppression exerted by regulatory T
cells.

Wang et al. [41] first described the role of TCD4™ cells
in the pathophysiology of experimental NS. These authors
observed that the depletion of TCD4" cells worsened the
disease, thus suggesting a protective function for these
lymphocytes. However, this study did not define which
subclass of TCD4" lymphocytes exerts protective actions
[41]. Subsequently, the same research group reported that
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viral transfection of FOXP3 in TCD4TCD25™" cells gen-
erated regulatory T cells with high levels of FOXP3, TGF-
B and CTLA-4 (TCD47CD25" cells), which inhibited
in vitro proliferation. The injection of these regulatory cells
in mice with NS induced by doxorubicin improved bio-
chemical alterations and kidney histological injury [52].
Furthermore, TCD4"CD25" lymphocytes inhibited the
production of TNF-a, IL-12, MIP-1a/CCL3 and iNOS in
culture of macrophages culture [53]. This action was
dependent on TGF-B release, but not on IL-10 [53].
TCD4"CD25" lymphocytes reduced the amount of mac-
rophages in the kidney interstitium of animals with NS
induced by doxorubicin and increased local expression of
FOXP3 [53]. The improvement of renal tissue injury was
positively correlated with the levels of FOXP3 and
dependent on the presence of TGF-B [53]. Pediatric
patients with INS also showed a reduction in the amount of
FOXP3 in renal tissue [25].

In doxorubicin-induced NS, the animals presented an
increase in renal expression of TGF-f by T cells v9, a
T-cell subset whose receptor is formed by y and & subunits.
The depletion of these cells worsened the disease, thus
suggesting that production of TGF-f by T cells yd would
be related to the activation of regulatory T cells [46].
Regulatory T cells (CD4TCD25"FOXP3™") of patients with
MCNS had a poorer suppressive capacity on the prolifer-
ation of effector T cells (CD4TFOXP3"CD257), when
cultured together. Although there was no reduction in the
number of regulatory T cells, or IL-2 or TGF-J levels, IL-
10 was reduced in these patients [5]. In the study by Shao
et al. [54], mononuclear cells in peripheral blood of chil-
dren with INS exhibited a reduction in regulatory T cells
parallel to an increase in Th17. The elevated Thl7/regu-
latory-T ratio might induce local tissue inflammation and
contribute to renal injury, proteinuria and progression of
INS [54]. Recently, the increased Th17 response was also
demonstrated in experimental NS induced by doxorubicin
[55].

Some parallel observations have supported the hypoth-
esis that changes in the balance and/or the functional
profile of regulatory T cells may contribute to INS. As an
example, NS is very frequent in patients with X-linked
syndrome (IPEX syndrome), a genetic disorder caused by
FOXP3 gene mutation, which in turn impairs the produc-
tion of regulatory T lymphocytes (CD4TCD25%) [18, 48].

According to Sellier-Leclerc et al. [56], the pathogenesis
of INS is linked more closely with the performance of
immature cells than with the peripheral differentiation of T
cells. These authors reported that the injection of immature
stem cells (CD34%) and peripheral blood mononuclear
cells (CD347), collected from patients with INS, in
immunodeficient mice induced the appearance of CD45"
cells (human leukocytes) in peripheral blood of these
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animals. However, only those animals that received stem
cells (CD34™) developed proteinuria.

B lymphocytes and the complement system
in the pathogenesis of INS

Few studies have investigated the role of B lymphocytes in
INS. Pioneering studies showed an increase in the number
of these cells in the active phase of the disease [14, 38, 67].
Recent studies have shown the participation of B lym-
phocytes in the INS, either directly by histological [25] and
hematological analysis [40], or indirectly by the thera-
peutic effect of the inhibition of B lymphocytes by the
administration of rituximab in patients with INS [25, 68—
70]. In patients with FSGS, treatment with rituximab
reduced proteinuria and the number of B lymphocytes in
peripheral blood [68]. Elevated serum levels of soluble IgE
receptor (sCD23) and high serum and urinary levels of the
soluble receptor of IL-2 (sCD25) during relapse in SSNS
suggest simultaneous abnormalities in T and B lympho-
cytes [60]. On the other hand, in experimental NS induced
by doxorubicin, B lymphocytes were not detected in renal
tissue [30].

The complement system consists of a group of over 30
plasma proteins, which are soluble or attached to surface
proteins. The activation of each complement component
promotes a cascade of sequential reactions with anaphy-
toxin production (C3a and C5a), potent chemotaxis for
neutrophils and monocytes. The final result of complement
activation is the formation of the membrane attack complex
(MAC; C5b-9), also called terminal complement complex,
responsible for pore formation in the membrane, resulting
in cell lysis [71].

The complement system is related to inflammatory
changes in renal tissue. Activation of this system in vitro
induced MAC formation in human proximal-tubule epi-
thelial cell surface in addition to the production of IL-6 and
TNF-a cytokines, an effect dependent on C6 component
[72]. Glomerular ultrafiltration of complement system
components and intratubular MAC formation are related to
peritubular myofibroblast accumulation in rats with NS
induced by doxorubicin [74]. These events depended on the
action of C6 component of the complement system. In this
experimental model, the blockade of MAC formation
improved the animals [74].

The proximal tubule cell surface exhibits C3 convertase
activity [72]. Therefore, alterations in the glomerular fil-
tration barrier and the presence of complement system
proteins in the tubular filtrate induce activation of these
proteins and subsequent MAC formation [72]. In an animal
model of non-proteinuric chronic renal disease, MAC did
not influence the development of tubulointerstitial injury,
thus confirming that the presence of proteins in the tubular
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lumen is critical for renal injury [75]. In general, the reports
concerning the activation of the complement system in NS
refer to components located at tubular and peritubular sites
[73, 76].

Different animal models of NS or glomerulonephritis
have clearly shown the pathophysiological role of the
complement system [73, 76-78]. In the NS model induced
by protein overload, C3 component deposits and MAC
formation were detected on the proximal-tubule cell
luminal surface [76]. The absence of the C6 component
protected the animal against peritubular myofibroblast
accumulation, but did not alter the renal function decline.
This finding suggests the participation of other factors in
tubule-interstitial injury [73]. In animal models of glo-
merulonephritis, the blockade of CD59, a regulatory
protein that inhibits the ultimate MAC formation, caused
glomerular macrophage accumulation, increased MAC
formation, increased adhesion molecule expression
(ICAM-1) and increased fibrin deposition in glomeruli
[79]. Similar effects have been obtained by the induction of
glomerulonephritis in mice with genetic deletion of the
CD59a gene [78, 80]. The induction of immune-mediated
glomerulonephritis in knockout mice for another regulatory
factor of the complement system, CDS55, increased renal
sclerosis and produced biochemical changes typical of NS
[77]. In doxorubicin-induced nephropathy, the alternative
pathway of the complement system is activated [78].

Cytokines, chemokines and circulating factors
in the pathogenesis of INS

Cytokines are soluble proteins, with low molecular weight,
secreted by leukocytes and other cells of the organism,
which act as messengers of the immune system. Chemo-
kines, or chemoattractant cytokines, are a class of
cytokines responsible for leukocyte basal and inflammatory
traffic control by chemotaxis [81]. To date, approximately
50 chemokines and 20 receptors have been described in
humans [81]. Chemokines are divided into four families
based on differences in structure and function. The largest
family comprises CC chemokines, so named because the
first two cysteine residues are adjacent to each other, which
are primarily involved in the attraction of mononuclear
cells to sites of chronic inflammation. The CXC family, in
which the first two cysteine residues are separated by a
single amino acid, consists of two subfamilies based on the
presence of a characteristic glutamic acid—leucine—arginine
(ELR) motif near the N terminal of the molecule. ELR(+)
CXC chemokines, of which CXCLS/IL-8 (IUPHAR
nomenclature/original name) is the prototype molecule,
attract polymorphonuclear leukocytes to sites of acute
inflammation [81]. Conversely ELR(—) CXC chemokines,

Table 1 Immunological findings in patients with idiopathic nephro-
tic syndrome (INS)

References Year Relevant results

[11] 1975 Increased serum IgM and reduced IgG and IgA

[12] 1983 Reduced IgM and IgG synthesis and the
relationship LTCD4"/LTCD8" with lower
LTCD4" activity.

[14] 1985 Increased serum IgM, IgE and LB and reduced
serum IgG and reduced relationship LTCD4 "/
LTCDS™.

[37] 1985 Presence of a soluble factor in urine and serum.

[39] 1991 Reduced LTCD4™" and increased HLA-DR
expression on the surface of LTCD8™.

[20] 1992 Culture supernatant of PBMC of children with

SNI-induced electrical changes and proteinuria
in glomerular basement membrane of rats.

[57] 1994 Elevation of serum IL-8/CXCL-8 and IL-8/
CXCL-8 mRNA in PBMC.

[58] 1995 Elevation of serum IL-4; IL-8/CXCL-8, IFN-y and
the production of IL-2 and IL-4 in PBMC
culture.

[59] 1999 Elevation of IL-13 in TCD4" and TCD8™*
peripheral blood.

[40] 2002 Elevation of NK, LB, soluble receptor for IL-2

and TNF-o and reduction of the LTCD4%/
LTCDS8™ ratio.

[60] 2003 High levels of soluble receptors for IgE (sCD23)
and IL-2 (sCD25).

[61] 2004 Increased transcription factor for IL-4 (c-maf), and
the transcription factor NF-xB in CD4* cells.

[3] 2008 High serum TGF- levels and positive correlation
between urinary levels of IL-8/CXCL-8 and
proteinuria

[5] 2009 Reduced levels of IL-10 in T-regulatory

lymphocytes and decrease in the suppressive
capacity of T-effector lymphocytes; high levels
of IL-2 and TNF-IL-8/CXCL-8 in PBMC

culture.

[62] 2009 Elevation of serum IL-8/CXCL-8 and MIP-1f/
CCLA4.

[54] 2009 High frequency of Th17 and low frequency of

regulatory T-lymphocytes in PBMC. Increased
levels of IL-1 and IL-6 in serum and high
concentrations of IL-17 and TGF-f in renal
tissue.

[25] 2010 High percentage of renal LTCD3", macrophages
and regulatory T-lymphocytes (FOXP3™)

[45] 2010 Low zeta chain expression on NK cells from
peripheral blood and LTCD8" in stimulated
culture.

Ig immunoglobulins, LTCD4", LTCD8" and LTCD3" lymphocytes
TCD4", TCD8* and TCD3*; LB lymphocyte B; PBMC peripheral
blood mononuclear cells; NK natural killer cells; MIP-1/CCL4 and
MIP-10/CCL3 macrophage inflammatory protein-1 beta and alfa;
TGF-p transforming growth factor-beta; iNOS inducible nitric oxide
synthase; /L interleukin; 7NF-o tumor necrosis factor-alfa; HLA-DR
human leukocyte antigen-DR; PDGF-BB growth factor, platelet-
derived; B7-1 co-stimulatory molecule
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Table 2 Immunological findings in animal models of idiopathic
nephrotic syndrome (INS)

References Year Duration Relevant results
(days)

[63] 1992 28 Association between high production
of IL-1 by renal macrophages and

proteinuria.
[64] 1997

Increased synthesis and secretion of
MCP-1/CCL2 by proximal tubular
cells in the presence of albumin.

[65] 1999 28 Association between high activation of
NF-xB and proteinuria, macrophage

infiltration and tissue injury.

[30] 2000 42 High concentration of macrophages in
the interstitium and glomerulus and
of LTCD4" and LTCD8™ only in

the interstitium.

[30] 2000 42 Low expression of LTCD4™" induced
the elevation of LTCD8" and

macrophages leading to renal injury.

[41] 2001 42 Low expression of LTCD8™" and less
renal injury.

Inhibition of the CCR1 receptor in
renal tissue improved experimental

nephrotic syndrome.

Immunization with MCP-1/CCL2 and
RANTES/CCLS DNA improved
biochemical parameters and renal
histology in experimental nephrotic
syndrome.

[28] 2004 42

[29] 2005 28

[52] 2006 28 Stimulation of regulatory T
lymphocytes reduced the
proliferation of T-effector
lymphocytes and improved

experimental nephrotic syndrome.

Release of TGF-f by regulatory T
lymphocytes reduced the amount
and the activation of macrophages
and increased the renal expression
of FOXP3.

High levels of IL-13 induced
proteinuria, hypercholesterolemia
and high glomerular expression of
B7-1 (CD80).

Depletion of T-lymphocytes that
increase the expression of TGF-3
worsened experimental nephrotic
syndrome.

[53] 2006 28

[26] 2007 70

[46] 2007 42

[66] 2010 42 Positive correlation between high
urinary and renal tissue levels of IL-

6 and proteinuria.

[23] 2010 28 Transfusion of M2 cells reduced
inflammatory cell infiltration and
improved biochemical parameters

and renal histology.

[32] 2011 28 Treatment with angiotensin II AT,
antagonist reduced the renal
expression of ICAM-1, macrophage
infiltration and the production of

reactive oxygen specimens.
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Table 2 continued

References Year Duration Relevant results

(days)

[55] 2012 28 Induction of Thl response by GSL-1
reduced Th2 response, proteinuria

and renal injury.

IL interleukin; LTCD4" and LTCDS* lymphocytes, TCD4" and
TCD8"; NK natural killer cells; MIP-15/CCL4 and MIP-10/CCL3
macrophage inflammatory protein-1 beta and alfa; TGF-f trans-
forming growth factor-beta; iNOS inducible nitric oxide synthase;
TNF-o tumor necrosis factor-alfa; PDGF-BB growth factor, platelet-
derived; B7-1 co-stimulatory molecule; L7(y/4) T lymphocytes
gamma/delta; Cells M2 macrophages that produced IL-10 and TGF-§;
AT, angiotensin II type 1 receptor; GSL-1 glycosphingolipid bacterial
agonist Thl response in T cells, natural killer

like CXCL9/MIG, CXCL10/1P-10 and CXCL11/I-TAC,
are IFN-y-inducible chemokines, being involved in the
recruitment of Thl lymphocytes, among other cell types.
The remaining chemokine families comprise CX5C (with
three amino acids separating the first two cysteine residues)
with a single member CX3CL1/fractalkine, and XC (with a
single cysteine residue) with XCL1/lymphotactin and
XCL2 [81].

Some studies have shown the involvement of cytokines/
chemokines in the inflammatory process responsible for the
progression of chronic renal disease and renal transplant
rejection (for review, see refs. [82] and [83]). It was also
suggested that the cytokines/chemokines might act as
biomarkers of renal disease progression [84] and as pre-
dictors of graft function in renal transplantation [85].

Different cytokines/chemokines were measured in
patients with INS or in animal models of the disease
(Tables 1, 2). Some of these cytokines/chemokines were
correlated with proteinuria and suggested as candidates for
glomerular permeability factors responsible for proteinuria
in patients with INS or in animal models of the disease,
such as IL-1 [63], IL-6 [66] and IL-8/CXCLS8 [86, 87].
Another candidate for glomerular permeability factor is
vascular endothelial growth factor (VEGF). Since VEGF
was able to induce fenestrations in capillaries not normally
fenestrated [88] and was constitutively present in peritu-
bular and glomerular capillaries [89], it was hypothesized
that this mediator could be the permeability factor related
to proteinuria in INS [90, 91]. However, in patients with
INS, VEGF levels did not differ between relapse and
remission of the disease. Furthermore, the injection of
VEGF obtained from the serum of patients with INS was
not able to induce proteinuria in mice [90, 91].

In an animal model of NS induced by doxorubicin, IL-1
secreted by glomerular macrophage residents was associated
with proteinuria [63]. Increased concentrations of IL-6 were
detected in the urine and renal tissue of rats with NS induced
by doxorubicin and showed positive correlation with
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Table 3 Cytokines and chemokines related to idiopathic nephrotic
syndrome (INS)

References Dates of study Types of cytokines
[63, 52, 55] 1992, 2009, 2012 IL-1

[92, 58, 5,40] 2002, 1995, 2009, 2010 IL-2

[58, 55] 1995, 2012 IL-4

[52, 66] 2009, 2010 IL-6

[3, 58, 62, 57, 5] 2008, 1995, 2009, 1994, 2009 IL-8/CXCL-8
[55] 2012 1L12-P40

[59, 26] 1999, 2007 IL-13

[52, 55] 2009, 2012 IL-17

[52] 2009 IL-23p19

[3, 92, 52] 2008, 2002, 2009 TGF-B

[5, 40, 55] 2009, 2010, 2012 TNF-a

[58, 40] 1995, 2010 IFN-y

[28] 2004 TCA-3 (CCL1)
[28] 2004 MIP-1a (CCL3)
[62] 2009 MIP-1B (CCL4)
[28, 55] 2004, 2012 RANTES (CCLS)
[28, 55] 2004, 2012 Eotaxin (CCL11)
[64] 1997 MCP-1/CCL2

IL interleukin; T7GF-f transforming growth factor beta; TNF-o tumor
necrosis factor alpha; IFN-y interferon gamma; PDGF-BB platelet
activating factor type BB; TCA-3/CCLI chemokine produced by
activated T cells (T-cell activation 3); MIP-10/CCL3 macrophage
inflammatory protein 1 alpha; MIP-1f/CCL4 macrophage inflamma-
tory protein 1 alpha; RANTES/CCLS5 chemokine to T lymphocytes,
eosinophils and basophils (regulated and normal T cell expressed and
secreted); eotaxin/CCLI1 chemokine to T lymphocytes, eosinophils
and basophils; MCP-1/CCL2 monocyte chemotactic protein type 1

proteinuria [66]. Several studies have also demonstrated
high concentrations of IL-8/CXCL-8 in serum [58, 62, 86]
and urine [87] of patients with INS, as well as increased
levels of mRNA for IL-8/CXCL-8 in peripheral blood
mononuclear cell (PBMC) culture of these patients [86]. The
IL-8/CXCL-8 present in the PBMC culture supernatant from
patients with INS alters the sulfated component metabolism
at the glomerular basement membrane in rats [57, 86]. Uri-
nary concentrations of IL-8/CXCL-8 showed positive
correlation with 24-h proteinuria in children with INS [87].
Increased concentrations of IL-2 and IL-4 in PBMC-stimu-
lated culture were detected in patients with INS [58]. High
levels of plasma TGF-f3 were also found in corticoid-resis-
tant patients [87], and increased expression of TGF-f3 genes
and cytotoxic T lymphocytes effectors in renal tissue [92]. In
animal models of NS, increased renal concentrations of
many cytokines such as IL-4, IL-1, TNF-o, IL-12p40 and IL-
17 [55] and of the chemokines RANTES/CCLS, eotaxin/
CCL11 [28,55], TCA-3/CCL1 (T cell activation-3), MCP-1/

CCL2, MIP-10/CCL3 (macrophage inflammatory protein-1
alpha) and MIP-1f (macrophage inflammatory protein-1
beta) have been reported [28]. Blockade of the CCR1 che-
mokine receptor reduced the infiltration of macrophages,
lymphocytes and fibroblasts in renal tissue [28]. Wang et al.
[64] showed that high concentrations of albumin stimulated
proximal tubular cells in culture to increase the production
and secretion of MCP-1/CCL2. Rats immunized by MCP-1/
CCL2 and RANTES/CCLS5 DNA before the induction of NS
by doxorubicin presented low chemotaxis of monocytes/
macrophages and improvement in the biochemical changes
and in renal histopathology [29]. Table 3 summarizes recent
studies related to cytokines and chemokines in INS.

On the other hand, some studies did not detect changes
in the expression or in the levels of cytokines in patients or
animal models of NS. For instance, Strehlau et al. [92]
found no significant changes in renal mRNA expression for
IL-2, IL-4, IL-7, IL-15, IL-8/CXCL-8, IL-17 or RANTES/
CCLS5 in children with INS. Neuhaus et al. [58] found no
correlation between serum levels of IL-4, IL-8/CXCL-8
and IFN-y and proteinuria in children with INS despite the
increased levels of these mediators.

Another important factor that probably has a role in the
pathogenesis of INS is the nuclear transcription factor
called NF-xB. According to Valanciuté et al. [61], there
was an increase in the activity of NF-kB in patients with
INS. Indeed, this factor controls the expression of several
cytokines and cellular adhesion molecules [31, 93]. In NS
induced by doxorubicin, the increased activity of NF-kB
was also positively correlated with renal damage [32, 65,
93].

More recently, Wei et al. [94] proposed soluble uro-
kinase-type plasminogen activator receptor (su-PAR) as a
circulating factor responsible for FSGS. These authors
reported that su-PAR is elevated in two-thirds of subjects
with primary FSGS, but not in people with other glo-
merular diseases, and that a higher concentration of su-
PAR before transplantation underlies an increased risk
for recurrence of FSGS after transplantation [94]. In
addition, the authors showed that circulating su-PAR
activates podocyte PB(3) integrin in both native and
grafted kidneys, causing foot process effacement, pro-
teinuria and FSGS-like glomerulopathy in three different
mouse models [94]. Although the results obtained with
animal models of FSGS-like glomerulopathies are very
suggestive, at present there is no proof that any known
human su-PAR fragment causes FSGS in humans [see
ref. 95 for review]. Therefore, at the present time the
measurement of su-PAR using currently available assays
has no value in decision-making in routine clinical
practice [95].
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Immune response pattern in nephrotic syndrome

T-helper lymphocyte classification and cytokine
response pattern

In 1986, Mosmann et al. [96] classified CD4" T lympho-
cytes of mice into Thl lymphocytes, which produce IL-2,
IL-3 and IFN-y, and Th2 lymphocytes, which synthesize
IL-3 as well as two other cytokines, initially described as
growth factors for T cells (TCGF-2) and for mast cells
(MCGF-2). Afterwards the same classification was pro-
posed for humans [97]. However, many T cells cannot be
classified into Th1l or Th2 based on these original criteria,
due to the complex mixture of cytokines released by them,
and are therefore classified as ThO [97, 98].

ThO cells are possibly intermediate in the differentiation
of naive T cells (naives) into Thl or Th2 cells [95]. A
mixed pattern of cytokines (ThQ) occurs early after lym-
phocyte activation and differentiation into Thl or Th2
usually occurs at the chronic phase of the disease [96]. In
general, Thl cells produce IL-2, IFN-y and TNF-§,
whereas Th2 cells produce IL-4, IL-5, IL-6, IL-9, IL-10
and IL-13. However, the main markers for these patterns of
immune system response are, respectively, IFN-y (Thl)
and IL-4 (Th2) (Fig. 2) [6, 98]. Naive CD4™" T cells under
IL-12 or IFN-y stimuli differentiate into Thl, whereas
under IL-4 influence the cells differentiate into Th2. IL-4,
the main inducer of Th2 response, results from the
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activation of lymphocytes. Since lymphocyte activation is
considered a later event in the immune response, this fact
might explain the difficulties in defining a specific immune
response pattern in INS [98].

Th1 versus Th2 response pattern in INS

Some types of human glomerulonephritis, including
crescentic and membranoproliferative glomerulonephritis,
have a predominantly Th1 immune response pattern, while
others, such as membranous nephropathy, IgA nephropathy
and MCNS, show a predominantly Th2 response [97].
Some studies have considered that INS presents an
imbalance between Th1/Th2 responses [6, 22], with a trend
toward greater Th2 response [22, 26, 55, 59, 99].

The Buffalo/Mna rat, an animal strain with spontaneous
NS, exhibited early changes in the balance between Thl
and Th2 with predominance of Th2 (IL-10 and IL-13) and
inhibition of Thl (IL-2 and IFN-y) before the onset of
proteinuria [22]. In addition, TCD4" and TCDS" lym-
phocytes of children with INS presented high expression of
mRNA for IL-13 [26]. Mice transfected with IL-13
developed NS with overexpression of receptors for IL-4
and IL-13 in glomeruli [26]. Serum levels of IL-13 were
correlated with the glomerular expression of B7-1 (CD80)
in these animals [26]. CD8O0 is a co-stimulatory molecule
generally present on the surface of B lymphocytes and of
antigen-presenting cells that is associated with decreased
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apoptosis and induction of proliferation of TCD4" cells
[100].

The susceptibility to renal injury by doxorubicin may be
related to T-helper response, since C57BL/6 mice, which
present a predominance of Thl response, are resistant to
nephropathy induced by doxorubicin, while BALB/c mice,
in which Th2 response predominates, are susceptible to the
disease [101]. Recently, high concentrations of IL-4 and of
eoxtaxin/CCL11, both mediators related to Th2 response,
were detected in renal tissue of animals with NS induced
by doxorubicin [55].

In sharp contrast, several studies showed the predomi-
nance of Th2 response in INS. As an example, Lama et al.
detected high levels of IL-2 and of IFN-vy in children with
steroid-sensitive INS. According to Araya et al. [6] there is
no compelling evidence to define a predominance of Th2
response in INS. The absence of standardization in the
selection of patients with INS and the various techniques
used to measure the levels of cytokines may explain the
different results [6, 62].

Some limitations should be taken into account when
analyzing data on cytokines in INS. First, the measurement
of cytokines in plasma might not always reflect the local
production of these mediators in renal tissue. Moreover,
plasma cytokines can bind to soluble receptors or antag-
onistic molecules and their production may vary
depending on the stage of the disease [58]. External factors
can also affect the cytokine pattern. For example, changes
in the type or amount of protein in the diet were associated
with modifications in the expression of cytokines in renal
tissue and in lymphoid organs in animal models of NS
[102, 103].

Final considerations and perspectives

In recent decades, much has been discovered about the role
of the immune system in INS; however, there remain many
questions about the immunological mechanisms associated
with this disease. Because of the diversity of methods used,
the results of clinical and experimental studies are quite
variable, preventing the definition of a pattern of immune
response.

Many findings point to an altered response of regulatory
T lymphocytes, while other studies suggest an increase in
cytotoxicity, dependent on CD8™ lymphocytes, NK cells
and complement molecules. Furthermore, the participation
of macrophages should be considered, especially at early
stages of renal injury. Surveys have failed to identify the
permeability factor related to proteinuria in INS, although
there is some evidence for the participation of cytokines/
chemokines, such as IL-1, II-6 and IL-8/CXCLS, in
increasing glomerular permeability.

Due to the intricate relationship between different
cytokines and cell components of the immune system, we
believe that INS does not have a single causal factor, but
results from simultaneous or successive changes in differ-
ent cell subtypes and many cytokines, depending on
individual immune response, stage of the disease, and
response to therapy. Thus, we consider that longitudinal
studies with patients and animal models may help in
understanding the immune response in INS and in the
detection of biomarkers for the evolution and prognosis of
the disease.
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