Int J Clin Exp Pathol 2015;8(5):4600-4613
www.ijcep.com /ISSN:1936-2625/1JCEPO007198

Original Article
Podocyte-associated mRNA profiles in kidney tissue and
in urine of patients with active lupus nephritis
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Abstract: Aim: Glomerular deposition of immune complexes and inflammation induce podocyte injury in lupus ne-
phritis (LN). This study hypothesized that the severity of the histological lesions of LN affects podocyte-associated
mRNAs profiles in kidney tissue and in urine. Methods: Thirty-three patients with LN were grouped according to
the presence of mild mesangial (classes | and Il) or moderate-to-severe immune complex deposition, proliferation
and/or inflammation (classes Ill, IV and V) in kidney biopsy. Tissue and urine mRNA of nephrin, podocin, podoca-
lyxin, a-actinin-4, transient receptor potential cation channel 6, and of growth factors VEGF-A and TGF-B, and the
transcription factor FOXP3 were measured using real time polymerase chain reaction. These mRNAs were corre-
lated with histological severity of LN, extent of glomerular immune deposits, and tissue infiltrating cells. Results:
Podocyte-associated mRNAs were inhibited in renal tissue of patients with LN irrespective of histological class
when compared to controls. However, significantly higher expression of podocyte mRNAs in urine, including those
of growth factors and FOXP3, were found in patients with moderate-to-severe nephritis, mostly in class Ill and IV
proliferative forms. The number of invading CD8* T cells, B cells and macrophages correlated positively with urine
podocyte-associated mRNAs. Urine podocyte mRNAs also correlated with proteinuria. Conclusions: Inhibition of
podocyte-associated MRNAs in kidney tissue suggests that podocyte injury occurs regardless of class severity of LN.
Increased urinary excretion of podocyte mRNAs, mostly in patients with moderate-to-severe lesions, may reflect a
greater burden of glomerular damage with detachment of podocytes into the urine.
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urine. Damage to the glomerular filtration barri-
er leads to proteinuria and progressive loss of
kidney function [3, 5].

Introduction

Lupus nephritis (LN) is present in 40 to 60% of
systemic lupus erythematosus (SLE) patients.
Histological alterations in optical microscopy
varies from no visible lesions or mild mesangial

In SLE, self-reactive T- and B-cells produce pro-
inflammatory cytokines and antibodies to spe-

proliferation to severe endocapillary prolifera-
tion and subendothelial deposits with intense
glomerular and tubulointerstitial inflammation
(1].

Podocyte injuries of several glomerular diseas-
es [2-4] and of LN [5, 6] result in reduced tissue
expression of podocyte-associated molecules,
which are excreted as podocyte byproducts in

cific nuclear antigens, which have cross-reactiv-
ity to podocyte antigens, such as alpha-actinin
[7, 8]. Anti-double stranded DNA (dsDNA) and
anti-nucleosome antibodies and complement
deposit in the glomerular mesangium and capil-
lary loops, with a “full house” pattern on immu-
nofluorescence [7, 9]. Regulatory T cells (Tregs)
expressing the transcription factor Forkhead
box P3 (FOXP3), which control immunity by sup-
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pressing proinflammatory mechanisms, are
impaired in SLE likely contributing to the
immune dysregulation [10]. Clinical studies
showed that FOXP3 mRNA in urine correlates
with disease activity and treatment response in
LN patients [11].

Glomerular injury in LN may also be associated
with the expression of vascular endothelial
growth factor (VEGF), which regulates vascular
homeostasis. VEGF is induced by transforming
growth factor-B (TGF-B,), and it is produced by
activated T cells and macrophages during an
inflammatory response. Serum VEGF-A levels
are high in patients with active LN [12].
Additionally, urinary VEGF and TGF-B, mRNA are
higher in patients with proliferative LN com-
pared to the less severe histological classes
[13].

However, the connection of these mechanisms
with the intensity of podocyte injury in active LN
is not entirely clear. The present study hypoth-
esized that the severity of the histological
lesions in different classes of LN has an effect
on podocyte-associated mMRNAs profiles
expressed in patient kidney tissue and urine.

Materials and methods
Patients

Thirty-three adult patients with active SLE were
enrolled between March 2012 and September
2013 from the Nephrology and Rheumatology
Units. LN activity was defined by proteinuria
greater than 0.50, as measured by the protein-
uria/creatininuria ratio (Pr/Cr), active urinary
sediment (hematuria and/or cellular casts),
positive anti-dsDNA antibodies, and decreased
C3 and/or C4 levels, irrespective of the level of
kidney function. For control tissue samples,
microscopically normal renal tissue sections
free from neoplasia were taken from 10
patients undergoing nephrectomy for renal
tumor who did not have other evidence of renal
disease. We collected urine from another set of
10 healthy individuals for control urine sam-
ples. Volunteers were defined as healthy when
they reported no personal or familial history of
Kidney disease, blood pressure levels were
<140/90 mmHg, the estimated GFR was high-
er than 90 mL/min/1.73 m? and hematuria and
proteinuria were absent in urinalysis. All
patients agreed to participate and signed an
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informed consent form. This study was
approved by the Research Ethics Committee of
Hospital de Clinicas de Porto Alegre,
Institutional Review Board number 00000921.
The study is in adherence with the Declaration
of Helsinky.

Age, gender, ethnicity, duration of LN, systolic
(SBP) and diastolic blood pressure (DBP), and
current medications were recorded. Serum cre-
atinine was measured using the Jaffe reaction
(Modular P Roche Diagnostic, Mannheim,
Germany), and the glomerular filtration rate
(eGFR) was estimated using the CKD-EPI equa-
tion. Serum albumin and proteinuria were
assessed using the colorimetric Pyrogallol Red,
and C3 and C4 serum levels, anti-nuclear anti-
bodies, and anti-dsDNA were measured.

Histopathological diagnosis

The first biopsy from each patient was included
in the study. A renal pathologist (RNB) reviewed
the histopathology and classified LN according
to the International Society of Nephrology and
Renal Pathology Society [14]: minimal mesan-
gial (class I, N=1), mesangial proliferative (class
Il, N=7), focal proliferative (class lll N=10), dif-
fuse proliferative (class IV, N=11) and pure
membranous glomerulonephritis (class V, N=4).
Two cases of class Ill and one case of class IV
LN had membranous features (mixed forms),
but these cases were included in the former
groups because the proliferative lesions pre-
dominated. The activity index (Al) ranged from
0 to 24, and it was determined by the degree of
endocapillary proliferation, glomerular and
interstitial infiltration, and the presence of wire
loops, necrosis/karyorrhexis, and crescents.
The chronicity index (Cl), which ranged from O
to 12, was calculated considering the presence
of glomerular sclerosis, fibrous crescents, tubu-
lar atrophy and interstitial fibrosis. Al was grad-
ed as follows: O-7 (mild to moderate) and 8-24
(severe). Cl was divided into 0-6 (mild to moder-
ate) and 7-12 (severe) [15].

For comparisons, LN was grouped according to
the histopathological characteristics and the
distribution and extension of immune deposits
on immunofluorescence (IF). One group (N=8)
was composed of biopsies with minimal mesan-
gial lesions or mesangial proliferation, with only
mesangial immune deposits (LN classes | and
Il). The other group (N=25) had more severe
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lesions that included endocapillary prolifera-
tion (focal or diffuse, with or without necrosis
and/or crescents-LN classes Ill or IV) or mem-
branous nephritis (LN class V), with subendo-
thelial, mesangial and/or subepithelial immune
deposits.

The intensity of glomerular IgG and C3 deposits
in capillary loops and the mesangium were
assessed using immunofluorescence and
semi-quantitatively scored from O to 3+. The
intensity of glomerular immune deposits was
categorized as absent to mild (O to 1+) or mod-
erate to severe (2+ to 3+).

Twenty-eight (85%) of the LN patients received
immunosuppressive treatments. These pa-
tients were included as class I, IV or V subjects
in the sample, and three patients were class Il
LN. Patients with proliferative lesions were
treated with intravenous methylprednisolone,
followed by oral prednisone and six monthly
doses of intravenous cyclophosphamide.
Maintenance was performed using mycophe-
nolate mofetil or sodium (N=15) or azathioprine
(N=6). Class V patients were treated with oral
prednisone and mycophenolate mofetil (N=2)
or azathioprine (N=2), and class Il patients
received oral prednisone. Twenty-six (78%)
patients had chronic hydroxychloroquine use,
and 20 (61%) patients received angiotensin
inhibitors.

Immunohistochemistry of T cells, B lympho-
cytes, and macrophages

Inflammatory cells in kidney biopsies were phe-
notyped using a peroxidase immunohistochem-
istry technique. The infiltrate was stained for
CD8* T-cytotoxic lymphocytes, CD20* B lym-
phocytes and CD68* macrophages.

Endogenous peroxidase was blocked with
hydrogen peroxide in methanol (4.5%), and anti-
gen retrieval was performed in a digital pres-
sure cooker (Biocare Medical, Concord, CA,
USA). B lymphocyte and macrophage antigens
were retrieved using a 10 mM citrate buffer (pH
6.0), and T lymphocyte antigens were retrieved
using a Tris buffer (pH 8.0). The following anti-
bodies were used: monoclonal mouse anti-
CD20 (Dako, Carpinteria, CA, USA) at a 1:200
dilution in Da Vinci Green solution; monoclonal
rabbit anti-CD8 at a 1:25 dilution in Van Gogh
Yellow; and monoclonal mouse anti-CD68 at a
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1:500 dilution in Da Vinci Green (all from
Biocare Medical, Concord, CA, USA). CD20
staining was developed using Romulin AEC
Chromogen, and CD8* T lymphocytes and
CD68* macrophages were developed using
Betazoid DAB Chromogen (both from Biocare
Medical, Concord, CA, USA).

Quantification of cells in kidney biopsy sam-
ples

The cellular infiltrate was quantified using
Image J software (Research Services Branch,
National Institute of Health, Bethesda, MA,
USA) and analyzed individually in the tubuloint-
erstitial and glomerular segments. The total
number of CD8* T cells, CD20* lymphocytes,
and CD68" macrophages in the slides was
counted using the Cell Counter tool in Image J
software. The cortical area in each slide was
measured in square millimeters (mm?). The
number of cells was divided by the cortical
area, and the results were expressed as cells
per mm?2. Finally, the number of cells inside the
glomerulus was divided by the total number of
glomeruli in the biopsy fragment to obtain the
number of each cell population per
glomerulus.

Quantification of podocyte-associated mRNAs
in kidney tissue and urine

Podocyte-associated mRNAs were measured
using real-time polymerase chain reaction
(RT-PCR) in kidney tissue and in urinary sedi-
ment cells, obtained from early-morning urine
specimens (whole stream), as described else-
where [16]. Specific primers (Applied Bio-
systems, Foster City, CA, USA) to the following
genes were used in accordance with manu-
facturer’s instructions: NPHS1, nephrin (ID:
HS00190446_m1); NPHS2, podocin (ID: Hs-
00387817_m1);podocalyxin(ID:Hs01574644 _
m21); transient receptor potential cation chan-
nel, member 6, TRPC6 (ID: Hs00989190_
ml); alpha actinin-4 (ID: Hs00245168_m1);
FOXP3 (ID: HS00203958_m1); VEGF-A (ID:HS-
00173626_m1) and TGF-B, (ID: HS00998133_
m1). 18s rRNA (TagMan® PDAR) was used as
an endogenous control for sample normaliza-
tion. Messenger RNA of VEGF-A and TGF-B,
were used as markers of endothelial cell prolif-
eration and intra-renal fibrosis, respectively.
The expression of FOXP3, the transcription fac-
tor of regulatory T cells, was also measured.
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Table 1. Clinical and demographic characteristics of patients with
lupus nephritis and control subjects

Controls
Cases - - P
Urine Tissue
N 33 10 10
Age (years) 31+142 32492 59+9° <0.001
Sex (female) 29 (80) 8 (80) 6 (60) 0.147
Ethnicity (Caucasian) 23 (69.7) 10 (100) 9 (90) 0.780

Duration of SLE (months) 21+36

SBP (mm/Hg) 1334232 117+5° 111+9° 0.003
DBP (mm/Hg) 78+18 7745 717 0.415
Serum creatinine (mg/dl) 1.78+1.58° 0.77+0.13° 0.96+0.11° 0.048
eGFR (mL/min/1.73 m?)  73+39°  106+13°  95+14°  0.027
Pr/Cr 3.3£2.9° 0.06+0.02° 0.06+0.05° <0.001

Serum albumin 3.2+0.9° 4.7+0.3° 4.4+0.4> 0.001
Serum C3 68+36

Serum C4 11+9

Serum Anti-dsDNA 320+147

Activity Index 615

Chronicity Index 2+3

SLE: Systemic lupus erythematosus; SBP: systemic blood pressure; DBP: diastolic
blood pressure; Pr/Cr: proteinuria/creatinuria ratio in urine sample; eGFR: esti-

mated glomerular filtration rate; 2°: letters denote significant between-group differ-
ences in mean + SD values (P<0.05). P-values were obtained through Chi-squared

Results

Clinical and immunopatho-
logical characteristics

The demographic and clinical
characteristics of subjects
with LN and controls are
shown in Table 1. No between-
group differences were ob-
served in demographics, ex-
cept higher age in tissue con-
trol patients due to the higher
incidence of renal tumor in
this age group. Patients had
active LN, which manifested
as nephrotic range protein-
uria, hypoalbuminemia, lower
eGFR, low serum C3 and C4
levels, and high anti-dsDNA
titers.

Proteinuria was significantly
greater in patients with class
IlI-IV-V than in patients with
class I-ll: 3.73 (2.82-6.78)
and 0.98 (0.19-2.04), P=

or Fisher’s Exact Test, or ANOVA followed by Tukey’s HSD post-hoc comparisons.

Increased expression of these mRNAs in tissue
and urine was defined in relation to the mRNA
levels detected in control groups specimens [3,
5, 11].

Statistical analysis

Data were presented as means + standard
deviation (SD) or medians and percentiles
(P25-P75). Associations between categorical
variables were investigated using Chi-squared
and Fisher’s exact tests. RNA values were log-
transformed to reduce asymmetry. Continuous
variables were compared using Mann-Whitney
test, and ANOVA or Kruskal Wallis tests when
appropriate. Spearman correlation coefficients
were used to assess the relationships between
podocyte-associated mRNA, proteinuria, kid-
ney function and the inflammatory infiltrate.
The predictive value of podocyte mRNA expres-
sion of reduced kidney function (eGFR<60 ml/
min/1.73 m?) or pathological proteinuria (Pr/
Cr>1) at a one-year was determined using logis-
tic regression analysis. All analyses were per-
formed using SPSS software for Windows (ver-
sion 18.0, SPSS Inc., Chicago, IL). Significance
was set at P<0.05.
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0.001. Activity index values

over seven were not found in
patients with class | or Il LN, but Al values over
seven were observed in 48% of class llI-IV-V
patients (P=0.015). Chronicity index scores
over six were not found in any class | or Il
patients, and in 12% of class llI-IV-V patients
(P=0.422), which suggests that most cases in
this patient population were of acute lupus
nephritis.

Correlations of podocyte-associated mRNA ex-
pression in kidney tissue and urine

The expression of podocyte-associated mRNAs
was significantly lower in the kidney tissue of
patients with LN than control individuals (Figure
1). However, no significant differences were
found in the tissue mRNAs of class I-Il com-
pared to class IlI-IV-V patients. Even patients
with class I-Il had lower levels of the following
podocyte tissue mRNAs compared to controls:
nephrin: 0.76 (0.32-1.58) and 2.84 (1.41-4.24),
respectively, P=0.021; podocin: 0.61 (0.43-
1.50) and 1.99 (0.90-3.99), P=0.032; podoca-
lyxin: 0.70 (-0.09-1.60) and 1.94 (0.64-4.00),
P=0.041; alpha-actinin-4: 0.10 (-0.47-0.96)
and 2.27 (0.45-3.70), P=0.026 and TGF-B,:
-0.95 (-0.21-0.36) and 1.00 (-0.83-2.86),
P=0.033.

Int J Clin Exp Pathol 2015;8(5):4600-4613
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Figure 1. Box plot representations showing medians and interquartile ranges of the expression of podocyte-asso-
ciated mRNAs in the kidney tissue of patients with lupus nephritis (N=33) compared to controls (N=10); Mann-

Whitney test for comparisons.

On the other hand, urine mRNA levels were sig-
nificantly higher in patients with LN than con-
trols (Figure 2), and this difference was most
significant for class lll-IV-V patients compared
to class I-ll (Figure 3).

A strong positive correlation was observed
between the expression of VEGF-A and TGF-B,
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mRNA in kidney biopsies (r=0.743, P<0.001)
and urine (r=0.812, P<0.001) of patients with
LN. No correlations were found between the tis-
sue expression of podocyte-associated mRNAs
and proteinuria, eGFR or anti-dsDNA levels.
However, correlations were found between pro-
teinuria and nephrin (r=0.531, P<0.001), podo-
cin (r=0.473, P=0.002), podocalyxin (r=0.398,

Int J Clin Exp Pathol 2015;8(5):4600-4613
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Figure 2. Box plot representations showing medians and interquartile ranges of the expression of podocyte-associ-
ated mRNAs in the urine of patients with lupus nephritis (N=33) compared to controls (N=10); Mann-Whitney test

for comparisons.

P=0.005), TGF-B, (r=0.310, P=0.041) and
FOXP3 (r=0.296, P=0.039) in urine samples.
The duration of LN did not correlate with podo-
cyte-associated mRNA expression.

Kidney immune deposits and podocyte mRNAs
expression

Most class I-Il patients (75% of cases) obtained
scores of O to 1+ for IgG and C3 deposits in
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kidney biopsy as quantified using immunofluo-
rescence, but 14 (56%) and 16 (64%) of class
IlI-IV-V patients received scores of 2+ and 3+,
respectively (P<0.05 for all comparisons).
Patients presenting scores of 2+ to 3+ had
higher urinary mRNA levels of nephrin: 3.54
(2.68-4.10) vs. 2.45 (1.98-3.51), P=0.047;
TRPC6: 2.83 (2.01-4.02) vs. 1.6 (0.81-2.51),
P=0.012; TGF-B,: 3.12 (2.46-3.89) vs. 2.15

Int J Clin Exp Pathol 2015;8(5):4600-4613



Podocyte mRNAs in lupus nephritis

4 p=0032 L p=0.008
° <
c
£ & S
§ 3
E a
: 1 2 - T
£ _I_ £
o o
e 2 T
fe) S
. 1
T 1
o
1 I T I
LNclasslell LNclasslll, IVeV LNclasslell LNclass lll, IVe V
6 p<0.001 57 o p=0.048
=T
£ | £
3 B
g 4. T N il
& S
< 3 <
4 <
& == &
3 | I
S 2
T o
o o
I I I I
LNclasslell LN classlll, IVe V LNclasslell LNclass lll, IVeV
5= p=0.009 5 p=0.008
: T T
(o] “
£
< <]
= S 7
® L E, — L
| i
-1 o 2
I I I I
LNclass lell LNclass lll, Ve V LNclass lell LNclass lll, VeV
67 _‘, p=0.003
—p Figure 3. Box plot representations showing
& medians and interquartile ranges of the
Q expression of podocyte-associated mRNAs
‘z( in the urine of patients with lupus nephri-
nE: 7 J_ tis classes | and Il (N=8) compared with
o patients with classes Ill, IV and V (N=25);
‘§> Mann-Whitney test for comparisons.
= 0
o
-2
I T
LNclass lell LNclasslll, IVe V
4606 Int J Clin Exp Pathol 2015;8(5):4600-4613



Podocyte mRNAs in lupus nephritis

B CD8+ T cells (IG)

C CD20° B cells (TI) _ D CD20" B cells (IG)

Figure 4. Immunostaining of the inflammatory cell infiltrates in tubulointerstitial (TI) and intraglomerular (I1G) sec-
tions of kidney biopsies. A and B: CD8* T cells; C and D: CD20* B cells; and E and F: CD68* Macrophages (A-F are
at 400x magpnification).

(1.60-2.88), P=0.021, and FOXP3: 3.40 (2.61- had lower tissue VEGF-A expression than
4.25) vs. 2.05 (1.42-3.16), P=0.041. Patients patients with fewer deposits: -0.61 (-1.13-0.04)
with greater amounts of immune deposits also vs. 0.10 (-0.51-1.43), P=0.016.
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Figure 5. Median number of CD8* T lymphocytes, CD20* B cells and CD68* macrophages in the tubulointerstitium
and glomeruli of kidney biopsy samples of patients with classes | and Il lupus nephritis (N=8) compared with pa-
tients with classes lll, IV and V (N=25); Mann-Whitney test for comparisons.

Table 2. Comparison of clinical and histological parameters and podocyte-associated mRNA levels

between patients with proliferative lupus nephritis and non-proliferative forms of the disease

Class IV (N=11) Class Il (N=10) Classes |, lland V (N=12) p

eGFR 28 (19-98) 74 (24-98) 88 (61-116) 0.304
PCR 4.99 (2.53-6.8) 4.62 (2.5-6.1) 2.41(0.4-3.9) 0.063
Al 12.6 (12-14)? 5.3 (2-7.25)° 1.3 (1-2)° <0.001
Serum C3 40 (33-61)° 83 (57-107)° 86 (69-114)° 0.001
Serum C4 7 (6-10)2 14 (8-26)° 18 (12-21)° 0.008
Serum anti-dsDNA (dilution) 320 (100-320) 320 (160-320) 120 (27-280) 0.228
Urinary podocin 3.80 (2.90-4.80)2 3.60 (2.90-4.50)2 2.50 (2.0-3.10)° 0.024
Urinary podocalyxin 3.60 (2.75-4.20)2 3.20(2.50-4.30)2 2.0 (1.20-2.40)° 0.008
Urinary TGB, 3.21 (2.52-3.85)? 2.90 (2.21-3.63)? 1.80 (1.61-2.63)° 0.015
Tissue TGB, -0.7 (-1.4 --0.16)? -0.4 (-0.22-1.22) 0.6 (-0.5-1.7)° 0.028
Tissue TRPC6 -1.23 (-1.61--0.34) -0.25 (-1.57 - -0.66)° 0.45 (-0.80-1.88)° 0.010
CD8* T cells

Tl 147.6 (71-255)? 106.9 (35.5-172)2 36.6 (18.3-51.6)° 0.060

IG 0.8 (0.5-1.5)° 0.2 (0.09-1.2)° 0.06 (0.008-0.2)° 0.002
Macrophages

Tl 136.6(47.6-238.6)° 47.7 (9.6-98.4)° 22.6 (6.8-90.4)° 0.048

IG 7.0 (4.7-16)° 3.5 (0.9-5.3)? 0.6 (0.2-2.7)° <0.001

Al: Activity Index; eGFR: estimated glomerular filtration rate; PCR: proteinuria/creatinuria ratio; TI: tubulointerstitial; 1G: intraglo-
merular; 2, ° or % letters denote significant between-group differences in mean + SD values (P<0.05).

Correlations of the inflammatory infiltrate with
LN classes

Figure 4 illustrates the immunohistochemical
findings of kidney biopsies, showing a higher
density of cytotoxic CD8* T cells, B CD20* lym-
phocytes and CD68* macrophages in the tubu-
lointerstitial compartment compared to glom-
eruli. The median level of each inflammatory
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cell marker in both compartments was com-
pared between class I-ll and class llI-IV-V LN
(Figure 5). The number of CD8* T cells was sig-
nificantly higher in class IllI-IV-V patients.
Although the number of CD68" cells was great-
er in class lll-IV-V patients, this result did not
reach statistical significance compared with
class I-Il, most likely due to the large variability
of macrophage counts. The number of CD20* B

Int J Clin Exp Pathol 2015;8(5):4600-4613
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lymphocytes in both compartments did not dif-
fer between LN class groups.

Positive correlations were observed between
the number of CD8* T cells and urine mRNA of
nephrin (r=0.591, P=0.003), podocin (r=0.363,
P=0.041), and podocalyxin (r=0.429, P=0.014).
Urine mRNA of podocin (r=0.471, P=0.009)
and podocalyxin (r=0.557, P=0.001) signifi-
cantly correlated with B lymphocytes, and uri-
nary nephrin (r=0.511, P=0.006), podocalyxin
(r=0.552, P=0.001), and alpha-actinin-4
(r=0.385, P=0.032) correlated with macro-
phages. Unlike B lymphocytes and macro-
phages, CD8" T cell numbers also correlated
with TGF-B, (r=0.354, P=0.047) and FOXP3
(r=0.410, P=0.021) mRNAs in kidney biopsies.
No correlations were found between the inflam-
matory infiltrate and renal function or anti-dsD-
NA serum levels.

Class IV lupus nephritis compared to other
classes

Patients with proliferative class IV LN were
compared to class Ill and the non-proliferative
forms, classes I-II-V, as a group. Class IV
patients had lower serum C3 and C4 levels and
a greater Al than the other two groups. Baseline
eGFR was lower in class IV, but this difference
was not statistically significant. We included in
Table 2 selected podocyte-associated tissue or
urine mMRNAs whose expression differed signifi-
cantly among the histological classes of LN.
Lower levels of TRPC6 and TGF-B, mRNAs in
Kidney tissue and higher podocin, podocalyxin
and TGF-B, mRNAs in urine were also found in
class IV. Tubulo-interstitial and intra-glomerular
density of CD8" T cells and macrophages in
class IV were higher than patients with the
other histological classes.

Relationship between podocyte-associated
mRNA and clinical outcomes

A logistic model adjusted for the presence of
class Il or IV LN showed that the expression of
podocyte-associated mRNAs in kidney or urine
samples did not predict eGFR below 60 ml/
min/1.73 m? after a median of 14 months of
follow up. By the end of the study period, 10 of
the 33 patients had Pr/Cr greater than 1. This
outcome was predicted by the expression of
podocin mRNA in tissue (Odds Ratio, OR=2.417,
[95% Cl 1.131-5.167], P=0.023) and urine
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(OR=3.309 [95% CI 1.246-8.792], P=0.016) at
the time of the biopsy. Therefore, the risk of
developing a Pr/Cr ratio >1 was 2.4 times great-
er in patients with reduced podocin mRNA lev-
els in a baseline biopsy specimen, and 3.3
times greater if urinary podocin mRNA was
elevated at biopsy. Although urinary podoca-
lyxin  (OR=1.845 [95% ClI 0.930-3.660],
P=0.080), alpha actinin-4 (OR=2.660, [95% Cl
0.927-7.628], P=0.069) and FOXP3 mRNA lev-
els (OR=1.768, [95% ClI 0.923-3.386],
P=0.086) were possibly associated with pro-
teinuria, these mRNAs did not predict a Pr/Cr>1
according to the regression model.

Discussion

Lupus nephritis is triggered when immune com-
plex deposits activate complement, pro-inflam-
matory pathways and resident renal cells.
Inflammatory cells are recruited via engage-
ment of Fc and Toll-like receptors in the back-
ground of cytokine, chemokine and growth fac-
tor overexpression [17]. Specific patterns of
glomerular injury, such as mesangial, subendo-
thelial and/or subepithelial, depend on the
accumulation site of immunoglobulins, their
antigenic specificity, their capacity to bind com-
plement, and their ability to induce an anti-
inflammatory response [14]. It has been dem-
onstrated that anti-dsDNA antibodies bind to
glomerular structures in vivo, including podo-
cytes [18]. The clinical presentation of LN is
likely to correlate with the severity of histopa-
thology, but at the molecular level our under-
standing about the extent of podocyte dam-
aged is less clear. It seems reasonable to asso-
ciate more intense immune complex deposi-
tion, endocapillary proliferation and inflamma-
tion to higher degree of podocyte injury. Thus,
this study was designed to investigate the
extent of podocyte injury in lupus patients with
more or less severe renal pathology. The tissue
expression of podocyte mRNAs in patients with
classes lll, IVand V did not differ from what was
found in classes | and Il. Patients with minimal
mesangial or mesangial proliferative LN, who
had less immune deposits on IF, also had lower
tissue mMRNA expression compared to individu-
als without glomerular disease. In contrast, a
different pattern was found in patients with
moderate-to-severe lesions, which had higher
excretion of podocyte mRNAs in urine. This find-
ing may reflect a more intense structural podo-
cyte damage induced by cell proliferation and
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inflammation, causing detachment of podo-
cytes from the glomerular basement mem-
brane and excretion of their byproducts in
urine.

Recently, another type of lupus podocytopathy
has been reported by some authors [19-21],
manifested by nephrotic proteinuria and exten-
sive podocyte foot process effacement. An
abnormal release of cytokines from aberrant T
cells with a cytokine-related injury intrinsic to
SLE was postulated as the pathogenic mecha-
nism. Rezende et al. [22] also suggested the
existence of different patterns of podocyte inju-
ry: injuries involving immune complex deposi-
tion with structural podocyte damage, such as
in classes Il and IV where endocapillary prolif-
eration, necrosis and inflammation predomi-
nate, and injuries presenting with diffuse podo-
cyte foot process effacement and dysfunction
without inflammation, as in non-proliferative
forms of LN.

The diagnostic and prognostic potential of
podocyte biomarkers for the activity and pro-
gression of glomerular disease may be greater
than traditional parameters, such as protein-
uria and glomerular filtration rate, as suggest-
ed by previous experimental [23] and clinical
studies [3]. The range of proteinuria is poorly
correlated with immune deposits and disease
activity in LN, but it correlates with the severity
of histological nephritis [24], diffuse podocyte
foot process effacement [19, 25] and the grow-
ing expression of urine podocyte-associated
mRNAs [5]. We confirmed the association
between proteinuria and higher urinary podo-
cyte-associated mRNAs, but not found a corre-
lation with mRNA tissue expression. Recently, it
has been suggested that podocyturia may be a
more accurate marker of disease activity and
progression than proteinuria [3, 26]. Clinical
studies that quantified tissue and urine podo-
cyte markers and growth factors have been
showing a correlation between the expression
of podocyte-associated mRNAs and the activi-
ty, severity, and prognosis of LN [5, 6, 11, 13,
27, 28], including of our own group [16]. Despite
the small sample size, we found that reduced
expression of podocin mRNA in kidney biopsy
and higher podocin mRNA amounts in urine
were both predictive of a higher proteinuria
after one year of follow up.
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Pro-inflammatory cytokines and chemokines
promote the infiltration of different cell lineag-
es, such as CD4* T helper and CD8* T cytotoxic
lymphocytes, and B cells, into the kidney. CD8*
T lymphocytes, stimulated by type-I interferon,
may be involved in the breakdown of tolerance
by unknown mechanisms [29]. CD20 cells, neu-
trophils and macrophages, together with CD8 T
lymphocytes, are recruited to sites of inflamma-
tion to react with specific nuclear antigens and
act as effector cells via the secretion of reac-
tive oxygen species and proteolytic enzymes.
Therefore, the influx of inflammatory cells into
the glomeruli may lead to cytotoxic activity,
which results in tissue damage and podocyte
injury [30]. We demonstrated a high density of
those cell phenotypes in biopsies with high
activity indexes, mostly in proliferative forms of
LN, which localized in the tubulointerstitial
compartment, and less in glomeruli. In-
terestingly, CD8* T cells positively correlated
with FOXP3 and TGF-B, mRNAs in kidney tissue,
and in urine both lymphocytes and macro-
phages correlated with mRNAs coming from
various podocyte microdomains. Couzi et al.
[31] reported a predominance of CD8* T lym-
phocytes in the periglomerular area in patients
with proliferative lupus nephritis, linking this
infiltrates with disease activity, cellular cres-
cents and a poor outcome after therapy. These
authors described similar findings to our study
regarding the composition and location of
inflammatory cell subsets, specifically the high-
er number of interstitial CD8* T cells and intra-
glomerular macrophages. However, Couzi did
not correlate infiltrating cell phenotypes with
podocyte mRNAs as we did. This finding adds
useful information, as cytotoxic mechanisms
disrupt the slit diaphragm complex and induce
reorganization of the cytoskeleton and podo-
cyte processes. As a result, detachment of
damaged podocytes from the GBM is followed
by their excretion and concentration in urine [5,
6, 271].

Growth factors, such as TGF-B, and VEGF, play
important roles in inflammation, tissue repair
and the progression to renal fibrosis in several
glomerular diseases. TGF-B, is a potent media-
tor of VEGF secretion, which supports the
strong correlation we found between these two
factors in tissue and urine samples. Recent
data have shown that urinary TGF-B, and VEGF
MRNAs expression was significantly greater in
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patients with class IV LN than in other histologi-
cal classes. Interestingly, VEGF expression is
reduced in kidney biopsies of patients with pro-
liferative LN and correlates positively with
podocyturia but negatively with endocapillary
proliferation, histological activity and crescent
formation [13, 28]. We confirmed these previ-
ous reports, showing increased expression of
urinary TGF-B, and VEGF-A mRNAs in patients
with active LN compared to healthy individuals.
Furthermore, the expression of TGF-B, in class
Il and class IV LN was lower in kidney tissue
and higher in urine compared to the non-prolif-
erative forms of LN.

Regulatory CD4*CD25*FOXP3* T cells (Tregs)
suppress the function of effector T cells inhibit-
ing antigen-specific immune responses and the
secretion of anti-inflammatory cytokines in
autoimmune diseases and graft rejection [32].
A deficiency of Tregs induces the expansion of
self-reactive T cells and antibody production
[33]. Patients with SLE present a lower number
of circulating Tregs primarily during the active
phase of the disease, which results in reduced
suppressive activity [34]. In a clinical study,
Xing et al. [35] observed a reduction in circulat-
ing FOXP3* Tregs and increased urinary TGF-3,
in patients with LN, which suggest the involve-
ment of these factors in the immune dysregula-
tion of SLE. Consistent with our findings, Wang
et al. [11] also demonstrated high urinary
FOXP3 mRNA in patients with active LN, espe-
cially in the presence of proliferative lesions.

One limitation of our study is the small sample
size in each histological class. However, molec-
ular studies of podocyte markers in LN to date
did not include more than 50 patients, and
these studies also had short follow-up times.
Another limitation is the variability of glomeru-
lar filtration rates in our patients at the time of
biopsy, and therefore, the expression of podo-
cyte molecules should be corrected for renal
function using a logarithmic mRNA/creatinine
ratio [3]. Despite the higher age of the tissue
control group, their eGFRs were substantially
higher than of the patients and did not differ
from the urine controls. Furthermore, their uri-
nary protein rates were normal. However, we
cannot exclude a confounding effect of age on
MRNAs expression levels in tissue controls.
Finally, the long-term effects of the immuno-
suppressive therapy on the functional and

4611

structural podocyte recovery require further
study by comparing responders to therapy with
non-responders in a prospective study, and
analyzing podocyte-associated mRNAs expres-
sion in a second renal biopsy and serial urine
samples.

In summary, this study showed that podocyte-
associated mRNAs were inhibited in kidney tis-
sue regardless of class severity in LN. A differ-
ent pattern of expression was found in patients
with moderate-to-severe histological lesions,
who presented higher amounts of podocyte
mRNAs in urine, reflecting a greater burden of
glomerular damage with detachment of podo-
cyte cell products into the urine. Messenger
mRNA of VEGF-A, TGF-B,, and FOXP3, which
promote cellular proliferation, renal fibrosis and
down-regulation of the immune response
respectively in systemic lupus, were increased
expressed in the urine of patients with active
LN. Further research is necessary to determine
whether podocyte-associated molecules could
act as diagnostic and prognostic biomarkers of
kidney damage in patients with SLE.
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