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Immunomodulatory Therapy Using Recombinant IFN-y Revealed Opposite
Effects in Different Stages of Experimental Murine Membranous Nephropathy
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Background: Therapeutic agents for membranous nephropathy (MN) remain ill-defined. Strongly Th2 polarized im-
mune response participated in the pathogenesis of MN. Here, we assessed the therapeutic effects and mechanisms of Thl
cytokine, IFN- 7, therapy for experimental murine MN. Methods: MN was induced in BALB/c mice with intravenous
injections of cationic bovine serum albumin. Three groups of mice were administered 50 wg/kg recombinant IFN-7 in
the early stage (weeks 1 to 3), late stage (weeks 4 to 6) or PBS (weeks 1 to 6) intravenously three times a week starting
from MN induction. Disease severity was verified by serum and urine metabolic profiles and by renal histopathology. The
oxidative stress was measured by superoxide production using DHE stain while inflammatory status was measured by
positive NF- » B cells. Th1/Th2 cell axis polarizations were also determined. Results: There were significant reduction of
proteinuria, remarkable amelioration of glomerular lesions accompanied by decreased immune deposition, and comple-
ment activation in mice receiving rIFN- 7 therapy in the early stage. The mice receiving rIFN- 7 therapy in the late stage
revealed deterioration of metabolic and renal histopathological parameters. Similarly, changes of inflammatory status, and
oxidative stress also showed opposite patterns. Early rIFN- 7 therapy may reverse the strongly Th2 immune response of
MN to alleviate disease severity, while late rIFN- 7 therapy exacerbated the inflammatory process of MN, resulting in
greater disease severity. Conclusions: There were opposite effects of rIFN- 7 therapy in different stages of MN. Immu-
nomodulatory treatment using rIFN- 7 in the early stage of MN shifts the Th1/Th2 immune response and may be consid-
ered as a potential therapeutic strategy of MN in the future.
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INTRODUCTION

Membranous nephropathy (MN), the most preva-
lent cause of nephrotic syndrome in adult humans, is
characterized by an in situ immune-complex disposi-
tion over the subepithelial space and is recognized as
an autoimmune-mediated glomerulonephritis (GN).**
Approximately 30%-40% of patients with MN develop

Received: August 23, 2012; Revised: October 1, 2012;
Accepted: October 16, 2012

“Corresponding author: Chia-Chao Wu, Division of
Nephrology, Department of Medicine, Tri-Service
General Hospital, No. 325, Sec. 2, Cheng-gong Road ,
Taipei 114, Taiwan, Republic of China.

E-mail: wucc@ndmctsgh.edu.tw

“These authors have contributed equally to this work.

progressive renal impairment, which results in end-stage
renal failure after 10 to 15 years.® Effector cells, immu-
noglobulins (1gs), inflammatory cytokines, complements,
and oxidative stress all participate in the pathogenesis of
MN.** Presently available immunosuppressive therapies
are not always effective and often have many persistent
side effects.” Therefore, the appropriate treatment of pa-
tients with MN is still open to debate.

Early studies using monoclonal antibodies to T cell
subsets indicate that T cells are central to the induction
and glomerular injury in Heymann nephritis (HN), a rat
model of idiopathic MN.*® The T lymphocyte-derived
cytokines also regulate the cellular and humoral immune
responses to nephritogenic antigens and modulate in-
flammatory events.>* It is widely recognized that CD4"
T cells can be differentiated into different subsets accord-
ing to their cytokine profiles, including Thl, Th2, Th1l7
and Treg cells."*?. Th1 and Th2 subsets are regulated
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reciprocally to maintain a balance, which plays an im-
portant role in immune-mediated GN.” Th1-predominant
responses are strongly associated with proliferative and
crescentic forms of GN while Th2 responses are associ-
ated with membranous patterns of injury.***°. However,
studies involving patients with idiopathic MN showed
a consistently negative response for DTH effectors, an
increase in IL-4 production by peripheral T helper cells;
and a predominance of 1gG4 (Th2-type subclass) as well
as complement deposition in glomeruli; suggesting a Th2
response.”™™ In our previous study, a progressive Th2
response and a subsequent compensatory induction of the
Th1 response were found. Both peripheral and renal im-
mune reactions strongly polarized toward Th2 type im-
mune response in the process of cBSA-induced MN were
demonstrated.” Furthermore, IFN- 7 is not only a key
Thl cytokine, but has also been employed to improve
hepatitis C-associated glomerular disease™.

In this study, we used recombinant IFN-7 (rIFN-7)
treatment in different stages of experimental murine
MN to evaluate the therapeutic effects and mechanisms.
There were opposite effects of rIFN- 7 therapy in dif-
ferent stages of MN. There were significant reduction
of proteinuria, remarkable amelioration of glomerular
lesions accompanied by decreased immune deposition,
and complement activation in mice receiving rIFN- 7
therapy in the early stage. The mice receiving rlIFN- 7
therapy in the late stage revealed deterioration of meta-
bolic and renal histopathological parameters.

MATERIALS AND METHODS

Mice

All animal studies were approved by the Animal Care
and Use Committee of the National Defence Medical
Center (Taipei, Taiwan) and all experiments were con-
ducted according to the guidelines of the National Insti-
tutes of Health. BALB/c female mice (4-6 weeks old,
about 20 g body weight) were initially purchased from
the National Laboratory Animal Center (Taipei, Taiwan)
and were maintained under specific-pathogen-free condi-
tions in the Laboratory Animal Center of the National
Defense Medical Center.

Experimental design

The mice were divided randomly into two groups: an
experimental group and a control group. Animals in both
groups were immunized with 0.2 mg of cationic bovine
serum albumin (cBSA) emulsified in an equal volume
of complete Freund’s adjuvant’®. Two weeks later, the
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experimental group (MN) received cBSA (13 mg/kg)
intravenously three times per week every other day for
six weeks, and the control group (NC) received pure sa-
line following the same schedule. According to previous
studies, 50 ug/kg recombinant IFN- 7 was chosen as the
therapeutic dosage.”® The experimental mice were then
divided randomly into three subgroups, each of which re-
ceived one of the three treatments administered by intra-
peritoneal injections: 50 w«g/kg recombinant IFN- 7 in
the early stage (weeks 1 to 3), late stage (weeks 4 to 6)
or PBS (weeks 1 to 6) intravenously three times a week
starting from MN induction. N = 3 in each subgroup. Ho-
mogenous cBSA was prepared as previously described %,
Disease severity was verified by serum and urine meta-
bolic profiles and by renal histopathology.

Serum and urine measurements

Urine samples were obtained for proteinuria screening
using Labstix (Bayer Corp., Pittsburgh, PA). Grades 0 to
4 were assigned to the following ranges of urine protein
concentrations: 0-30, 30-100, 100-300, 300-2000, and >
2000 mg/dL, respectively. Concentrations of serum crea-
tinine, albumin, and total cholesterol were determined
using commercially available kits (Roche Diagnostics,
Indianapolis, IN).

Histological examination

Formalin-fixed and paraffin-embedded sections of kid-
ney tissues were cut and stained with H & E according
to a method described previously.”* Frozen sections were
air dried, fixed in acetone, and washed with phosphate-
buffered saline (PBS) prior to incubation with FITC-con-
jugated goat anti-mouse 1gG, and C, (Capple, Durham,
NC) for the immunofluorescence study.” The pathologi-
cal findings of MN were classified into four stages: stage
I, subepithelial deposits; stage Il, spike formation; stage
I11, incorporation of deposits into the basement mem-
brane; and stage 1V, disappearance of the deposits.”* Im-
munofluorescence was quantified by analyzing the mean
fluorescence intensity of each glomerular tuft in mice.
Values were observed and evaluated semiquantitatively,
as described previously.”

Reactive oxygen species (ROS) detection in kidney

In situ superoxide anion production was determined
by dihydroethidium (DHE) labeling as described pre-
viously.” Briefly, 15-um-thick frozen sections were
incubated with 10 «mol/L of DHE (Molecular Probes,
Eugene, OR) at 37°C for 30 minutes in a humidified
chamber protected from light. Fluorescent images were
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Fig. 1 Effects of rIFN- 7 therapy on laboratory characteristics of mice with experimental MN. Urinary proteinuria (A), serum
albumin (B), serum cholesterol (C) and serum creatinine levels (D) of the normal control group (NC), membranous
nephropathy group (MN), mice with membranous nephropathy receiving early rIFN-7 treatment (MN-early rIFN-7),
and mice with membranous nephropathy receiving late rIFN-7 treatment (MN-late rIFN-7).*P < 0.05 versus the con-

trol group. **P < 0.05 versus the MN group.

quantified by counting the percentage of positive nuclei
per kidney cross-section.

Immunohistochemistry (IHC)

For detection of NF-»B-positive cells in glomeruli,
IHC was performed on frozen sections that were fixed
using cold acetone. Nonspecific antibody binding, endog-
enous avidin-binding activity and endogenous peroxidase
activity were blocked using normal serum, the Biotin
Blocking System (Dako Corporation, Carpinteria, CA)
and 3% H,0,, respectively. Sections were then incubated
with primary antibody to biotin-conjugated anti-mouse
Phospho-NF-2B/p65 (Ser276) antibody (Cell Signal-
ing, Danvers, MA), followed by incubation with avidin-
horseradish peroxidase complex. The reaction products
were visualized using freshly prepared diaminobenzidine
tetrahydrochloride. Slides were counterstained with he-
matoxylin and mounted for microscopic examination.

Flow Cytometry and Intracellular Cytokine Staining
All mAb were purchased from BD Biosciences (San
Jose, CA) or eBioscience (San Diego). Isolated spleno-
cytes were stained with marker-specific antibodies: Al-
lophycocyanin (APC)-conjugated anti-mouse CD4. For

intracellular cytokine staining, splenocytes were stimu-
lated with 20 ng/mL phorbol 12-myristate 13-acetate
(PMA) plus 500 ng/mL ionomycin for 4 h at 37°C, the
last 2 h in the presence of monensin (2 «M; Sigma-Al-
drich). Cells were then washed with PBS that contained
2% FCS, fixed and permeabilized with saponin solution
(eBioscience, San Diego, CA) and incubated with FITC-
conjugated IFN-7 antibody and/or PE-conjugated anti-
mouse IL-4 antibody. The stained cells were analyzed by
FACS Caliber cell sorter using Cell Quest software (Bec-
ton Dickinson).

Statistical analysis

All data are expressed as the mean=+SD. Statistical
analysis was performed using the t-test when comparing
two groups or by analysis of variance and Tukey’s post
hoc test when multiple groups were compared. Signifi-
cance was defined as P < 0.05.

RESULTS
Effects of rIFN-y treatments on general characteristics
Mice with experimental MN developed the character-

istic symptoms of nephrotic syndromes, such as protei-
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Fig. 2 Changes in histopathology of mice with experi-
mental MN. Kidneys from mice of the NC group
(A), MN group (B), MN group receiving early
rlFEN-7 treatment (C) and MN group receiving
late rIFN-7 treatment (D) are shown with H&E
staining. The pathological severity of the MN mice
receiving early rIFN-7 treatment appeared to be
milder than that of the MN mice and those receiv-
ing late rIFN- 7 treatment mice (E). All images
are at 400 X magnification.

nuria, hypoalbuminemia and hypercholesterolaemia (Fig.
1). In MN mice that had received early rIFN-7 treatment,
a marked attenuation of proteinuria was observed. How-
ever, no therapeutic effect was observed in MN mice that
had received late rIFN-7 treatment. Furthermore, renal
function deteriorated severely in MN mice receiving late
rIFN-7 treatment, as evidenced by elevated serum creati-
nine level.

Effects of rIFN-y treatments on histopathological find-
ings

Pathological findings in MN mice included diffuse
thickening of the glomerular basement membrane com-
pared with that of the normal control group (Fig. 2A-E).
The pathological severity of early rIFN- 7 mice appeared
to be milder than that of MN mice (Fig. 2C). However,
MN mice receiving late rIFN- 7 treatment demonstrated
severe renal damage proved by much immune cell in-
filtration, glomerusclerosis and fibrosis (Fig. 2D). All

290

Fig. 3 Immunofluorescent staining for immunoglobulin
G in experimental MN mice. Immunofluorescent
staining for 1gG in the kidneys of mice from the
BC group (A), MN group (B), MN group receiving
early rIFN-7 treatment (C), and MN group receiv-
ing late rIFN-7 treatment (D) are shown. All images
are at 200 X magnification

experimental groups showed positive immunofluorescent
staining for 1gG, with a discrete beaded appearance along
the glomerular capillary wall (Fig. 3A-D). The immuno-
fluorescence intensity in early rIFN- 7 mice was lower
than that in MN mice (Fig. 3B and C) (Table 1). How-
ever, the immunofluorescence intensity increased in late
riIFN- 7 mice compared with that in MN mice (Fig. 3B
and D). Immunofluorescent staining for C3 also present-
ed as intense granular fluorescence along the glomerular
capillary wall, with a pattern similar to that of 1gG (Fig.
4A-D).

Effects of rIFN-y treatments on ROS production in
kidney cells

To detect more specifically and locally the ROS pro-
duction in the kidney, we analyze in situ superoxide an-
ion radical production using DHE assay in fresh-frozen
sections of renal tissue. DHE fluorescence levels were at
low levels in normal mouse kidneys (Fig. 5A). We ob-
tained a significantly increased DHE fluorescence in MN
kidneys, implicating in situ superoxide anion production
(Fig. 5B). Compared with those in MN mice, lower DHE
fluorescence levels were observed after MN mice were
treated with early rIFN- 7 (Fig. 5C). The administration
of late rIFN-7 increased the DHE fluorescence levels
(Fig. 5D), indicating exacerbated ROS production when
compared with that in MN mice. Therefore, these results
further demonstrated that early rIFN-7 treatment de-
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Table 1. Changes of histological severity in kidneys from mice A
receiving rIFN treatment.

Severities \\ Group NC MN MN-early rIFN  MN-late rIFN

Total fluorescence  [16.15=7.68 247.50-33.82" 153.49+38.36" 258.14+20.47"
score for 1gG
Total fluorescence  [12.32+9.37 237.15+23.37" 98.67+19.82"% 265.42+10.83
score for C3

DHE positive cells / |15.25+1.83 54.44+339" 32.18+4.77°% 109.18+13.0""

fields
NF-kB positive
cells / fields

0.63+0.74 5.86%065  3.00+0.76""

8.00+1.07"

NC: normal control, MN: membranous nephropathy, DHE: dihydroethidium,
*P < 0.05 versus the NC group, *P < 0.05 versus the MN group

Fig. 4 Immunofluorescent staining for complement in ex-
perimental MN mice. Immunofluorescent staining
for complement C3 in the kidneys of mice from the
NC group (A), MN group (B), MN group receiving
early rIFN-7 treatment (C), and MN group receiv-
ing late rIFN-7 treatment (D) are shown. All images
are at 200X magnification.

creased while late rIFN-7 treatment increased superoxide
production in kidney cells during MN.

Effects of rIFN-y treatments on NF-kB-positive cells
in kidneys

Activation of NF- B is required for an optimal re-
sponse to a variety of proinflammatory stimuli that result
in inflammation. Therefore, we compared NF- » B acti-
vation in the glomeruli of MN mice that received early
and late rIFN- 7 treatment (Figure 6A-D). Kidneys from
normal control mice showed little or no staining for acti-
vated NF- » B p65 (Figure 6A). In contrast, the numbers
of positive NF-x B staining cells were marked in MN

Fig. 5 Superoxide anion production in kidney cells.
Fluorescence micrographs of DHE-positive cells
in the kidneys of mice from the NC group (A),
MN group (B), MN group receiving early rIFN-7
treatment (C), and MN group receiving late
riIFN-7 treatment (D) are shown. All images are
at 200 X magnification.

Fig. 6 NF-xB levels in kidneys cells. Kidneys from the
NC group (A), MN group (B), MN group receiv-
ing early rIFN- 7 treatment (C), and MN group
receiving late rIFN- 7 treatment (D) using IHC with
phosphor-NF- 7 B. All images are at 200 X magnifi-
cation.

mice, indicating that the inflammatory response partici-
pates in 1g-mediated glomerular injury during MN (Figure
6B). Fewer positive NF- » B staining cells were observed
after MN mice were treated with early rIFN- 7 (Fig. 6C).
The administration of late rIFN- 7 increased the numbers
of positive NF- » B staining cells in kidneys, indicating
exacerbated ROS production when compared with MN
mice (Fig. 6D). Therefore, these results further demon-
strated that early rIFN- 7 treatment decreased while late
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Fig. 7 Splenic lymphocytes of mice were stained with marker-specific antibodies for flow cytometric analysis: PE-conjugated
anti-IFN-7; FITC-conjugated anti-1L4; and APC-conjugated anti-mouse CD4. The proportions of Thl (CD4" IFN-7"*
T) cells and Th2 (CD4'IL4" T) cells in the spleens of mice from the NC group (A), MN group (B), MN group receiving
early rIFN-7 treatment (C), and MN group receiving late rIFN-7 treatment (D) are shown.

rIFN- 7 treatment increased the inflammatory status in
kidney cells.

Effects of rIFN-y treatments on Th1/Th2 cell polariza-
tion by ICS

We analyzed the Thl (CD4" IFN- 7 * T) cells and Th2
(CD4'IL4" T) cells in the spleens from NC, MN and MN
mice treated with rIFN- 7 (Fig. 7). Elevated popula-
tions of CD4" IFN- 7 " and CD4"IL4" T cells were found
in MN mice. We found that early rIFN- 7 therapy may
decrease the Th2 immune response in the spleens to al-
leviate disease severity, while late rIFN- 7 therapy may
increase the Th2 immune response to exacerbate the in-
flammatory process of late MN, thus causing more severe
disease.

DISCUSSION

This is the first study that found significant reduction
of proteinuria, remarkable amelioration of glomerular
lesions accompanied by decreased immune deposition,
and complement activation in mice receiving rIFN- 7
therapy in the early stage of MN. Mice receiving rIFN- 7
therapy in the late stage revealed deterioration of meta-
bolic and renal histopathological parameters. There were
opposite effects of rIFN- 7 therapy in different stages of
MN. Immunomodulatory treatment using rIFN- 7 in the
early stage of MN shifts the Th1/Th2 immune response
and may be considered as a potential therapeutic strategy
for M.

The central pathogenesis of MN involves the forma-
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tion of subepithelial immune deposits and the subsequent
production of glomerular injury through complement-
dependent processes, oxidants, and cytokines, resulting
in the development of massive proteinuria.***"** Early
rIFN- 7 treatment caused the effective attenuation of
proteinuria and reduced significantly the glomerular
immune deposits in mice with experimental MN. Fur-
thermore, early rIFN- 7 therapy also revealed effect of
immunomodulatory Th2 response. A dramatic reduction
in the generation of highly reactive ROS in early rIFN-
7 -treated MN could be causally related to proteinuria in
experimental MN, suggesting that oxidative stress plays
a pathogenic role in damaging the glomerular filtration
barrier during MN. Proinflammatory cascades, which
can enhance the inflammatory response and induce the
ROS production, also contribute to renal cell destruc-
tion.” Both the direct action of early rIFN- 7 on systemic
immunomodulatory effect, which decreases the Th2 hu-
moral response and the concomitant reduction in immu-
nodeposition, and local effects resulted from subsequent
reduction in inflammation, complement activation, and
oxidative stress in the MN glomeruli may have contrib-
uted to the attenuation of renal damage and proteinuria in
MN.Zg

As compared with the finding that Thl-predominant
nephritogenic immune responses are associated with severe
proliferative and cresentic GN, Th2 immune responses
are associated with membranous nephropathy.”** During
the MN process, there is a progressive increase in B cells
combined with the production and deposition of 1gG1
predominant anti-cBSA immunoglobulin during the early



phase of MN, indicating that the initial immune response
involves primarily the humoral-mediated mechanism.**
On the other hand, Rituximab, an anti-CD20 monoclonal
antibody inhibiting B-cell differentiation and immuno-
globulin secretion, has recently been employed to reduce
proteinuria and prevent disease progression in patients
with idiopathic MN, further confirming the pathogenic
role of B cells in MN.*** In our previous study, there is a
significant increase in IL-4-producing CD4" T cells, but
only a slight increase in IFN- 7 -producing CD4" T cells
in the early phase of MN mice®. In addition to assist-
ing in antibody production, the T helper cell subsets also
affect and direct cellular immune mechanisms in GN°.
Interestingly, we also found a subsequent increase in Thl
expression in the late phase of MN. This increase in Thl
cells may play a role in the counter-regulation of the Th2
response, implying an association between the character-
istics of the disease process and the kinetics of the Th1/
Th2 responses during MN. Hence, the functional dichot-
omy between the Th1 and Th2 lymphocyte subsets play a
regulatory role in the disease and both the humoral- and
cell-mediated immune responses may participate in the
pathogenesis of MN.

There was no prominent infiltration of immune cells,
and only a small number of T-lymphocytes infiltrated
into the MN kidney. Hence, the resident renal cells are
the major source of several inflammatory cytokines in
MN.*%* It is likely that earlier intervention may be more
effective and has specific effects on MN pathogenesis. In
particular, blocking initial Th2 humoral immune response
and late immune complexes induced subsequent inflam-
matory process that might attenuate the severity of dis-
ease. In our study, early IFN- 7 treatment decreased the
pro-inflammatory status, while late IFN- 7 exacerbated
the inflammatory process. Apart from the regulation of
Th1/Th2 immune response, IFN- 7 also has effects of in-
flammation, complement activation, and oxidative stress,
which have been proposed to be major pathogenic fac-
tors in MN. In addition, it was also found that IL-4 ad-
ministration prior to the onset of protienuria, rather than
the early rlL-4 treatment, prevented protienuria in HN,
indicating the importance of cytotoxic T cell in mediat-
ing the final effector phase of glomerular injury in HN."*’
This may partially explain why early IFN- 7 exerted a
therapeutic effect in alleviating, while late IFN- 7 exac-
erbated experimental MN in our study. There were oppo-
site effects of rIFN- 7 therapy in different stages of MN.
If these issues are taken into account, there is substantial
potential for the immunomodulatory treatment using
anti-cytokine therapies for MN.

Jin-Shuen Chen, et al.

Cytokines play important roles in the pathogenesis of
many diseases and several studies have identified many
strategies using cytokines as possible targets for disease
treatment. Suppressing Th2 responses by administrating
cytokines in asthma have been tried though the outcomes
are diverse. IL-12, a Thl cytokine, could reduce blood
and number of airway eosinophils but had no significant
effects on asthmatic response in mild allergic asthmat-
ics.*® On the other hand, long-term IFN-« administration
suppressed Th2 cytokine production and improved lung
function, medication requirements, asthma symptoms
and hospitalizations in severe asthmatics.** IFN is a
glycoprotein synthesized by immune cells or fibroblasts,
functioning to eradicate infection or malignant cells. Ex-
ogenous IFN has a number of therapeutic uses. The most
commonly used agent is IFN-«, which is employed to
treat hepatitis C and B viruses and various malignancies.
IFN-/3 is utilized to treat multiple sclerosis, whereas
IFN- 7 has been used as a treatment for chronic granu-
lomatous disease. We have also used rIFN7 as an im-
munomodulatory agent for the treatment of autoimmune
MN. Chronic IFN therapy may complicate clinical renal
diseases, which are associated with podocyte injury in-
cluding minimal change disease (MCD) and focal seg-
mental glomerulosclerosis (FSGS).*** The mechanism of
podocyte injury with IFN is not fully understood. Direct
IFN effect on the podocyte altering cellular proliferation
and increased podocyte oxidative capacity have been
proposed.* Furthermore, IFN may enhance synthesis of
pathogenic cytokines, such as IL-6 and -13, which are
permeability factors in FSGS and MCD. The deteriora-
tion of renal damage in late IFN-r treatment may result
from the direct side effects of IFN on kidneys. Although
the therapeutic effects of early rIFNy treatment have
been demonstrated in murine MN, whether it can be ap-
plied to humans requires further investigation.

In conclusion, we have demonstrated that there were
opposite effects of rIFN- 7 therapy in different stages of
MN. IFN- 7 may participate in the MN process. Immu-
nomodulatory treatment using rIFN-7 in the early stage
of MN shifts the Th1/Th2 immune response and may be
considered as a potential therapeutic strategy for MN in
the future.
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