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PAPER

Sugar-free, glycine-stabilized intravenous immunoglobulin
prevents skin but not renal disease in the MRL/lpr
mouse model of systemic lupus

Z Raczl, E Nagyz, L Rosivalll, J Szebeni! and P Hamar!

"nstitute of Pathophysiology, Semmelweis Medical University, Nagyvarad ter 4., Budapest 1089, Hungary; and *Central Immunological
Laboratory, Semmelweis Medical University, Maria u. 41., Budapest 1085, Hungary

Intravenous immunoglobulin (IVIG) has a therapeutic potential in many autoimmune dis-
eases. Based on its immune modulating and complement inhibiting effects, IVIG has been
tested in systemic lupus erythematosus (SLE), but due to osmotic tubular injury caused by
immunoglobulin-stabilizing sugar components, lupus nephritis had been accelerated in some
patients, thus IVIG use in SLE has been abandoned. The availability of non-sugar-stabilized
IVIG raised the possible re-evaluation of IVIG for SLE. We investigated high-dose, long-term
non-sugar-stabilized IVIG treatment on skin and renal SLE manifestations in the MRL/Ipr
mouse model. Animals were treated once a week with glycine-stabilized IVIG or saline (0.2 ml/
10 g BW) from 6 weeks until they were humanely killed at 5 months of age. IVIG diminished
macroscopic cutaneous lupus compared with saline treated mice. Histology and complement-3
immunostaining also demonstrated a significant reduction of skin disease after IVIG treat-
ment. However, renal histology and function were similar in both groups. Compared with
typical osmotic tubular damage induced by 5% sucrose and 10% maltose (used for IVIG
stabilization), we did not observe any osmotic tubular injury in the glycine-stabilized IVIG
treated mice. Our data demonstrate a beneficial effect of IVIG on skin lupus without renal
side-effects. Deeper understanding of the organ-specific pathomechanism may aid an indivi-
dualized SLE therapy. Lupus (2009) 0, 1-14.

Key words: complement; intravenous immunoglobulin; lupus nephritis; osmotic nephrosis;
skin; systemic lupus erythematosus

Introduction Human SLE has a wide spectrum of clinical
manifestations ranging from antiphospholipid syn-
drome without major organ involvement, through
mild cutaneous lupus, more severe lupus nephritis,

and fulminant, often lethal neurolupus.® The uni-

Systemic lupus erythematosus (SLE) is one of the
most common autoimmune diseases influencing
about 0.5% of the population in Western coun-

tries.! Type III hypersensitivity with deposition of
circulating immunocomplexes and consequent
complement activation are thought to play a cen-
tral role,” but the theory of uniform SLE pathology
does not explain differences among patients in dis-
ease severity and organ manifestations, thus local
factors or differential organ pathomechanisms have
been suggested to determine disease outcome.’*
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form theory of type III hypersensitivity with pre-
formed immune complex deposition derived
complement activation in innocent bystander
organs® does not explain this wide spectrum of dis-
ease manifestation. Differential pathomechanisms
of SLE organ manifestations have been suggested
by many studies. Local factors such as VCAM-1,”#
thrombomodulin,’ E-selectin, '° neutrophil
gelatinase-B(NGAL)/lipocalin-2,'" natural killer
T-cells,'? oestrogen,'® TNF-alpha,'* IFN-gamma*
and IL-12"° have been demonstrated to differen-
tially influence disease outcome in skin and
kidney lupus. Genetic factors'® such as CD1d,"’
beta(2)-microglobulin,'® MHC class II (Ia)
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antigen,' Yaa gene® also seem to differentially
alter organ-specific autoimmunity in mice. In
accordance with these data, our present paper
demonstrates differential involvement of skin and
kidney in a mouse model.

At 2present therapy for SLE is not specific and
toxic.”" To minimize side effects, the aim of modern
SLE therapy is to regulate rather than suppress the
immune response. One possible immune modulat-
ing agent is intravenous immunoglobulin (IVIG),*?
which may neutralize autoantibodies, bind comple-
ment and prevent the formation of membrane
attack complex High-dose IVIG improved cuta-
neous lesions in autoimmune skin diseases, includ-
ing lupus.?* Remission of clinical symptoms, with
decreased anti-DNA antibody levels, and increased
total complement concentration was demonstrated
in clinical trials.>>*’ IVIG (2 g/kg) is indicated in
severe SLE cases”®? or in order to spare steroids or
cyclophospham1de 30,31

However, IVIG nephrotoxicity can be a serious
rare compl1cat1on of high-dose (0.8-5g/kg) IVIG
therapy.’ The exact mechanism of IVIG-
associated acute renal failure (ARF) is still unclear.
Renal histology demonstrates vacuolization and
cellular swelling of proximal tubules, called osmotic
nephrosis or hydrop1c degenerat1on 3% Osmotic
nephrosis, especially in the presence of risk factors
(age >65 years, pre-existing renal insufficiency, dia-
betes, the concomitant use, of other nephrotoxic
agents, volume depletion),”’” may lead to ARF
(estimated incidence or around 1%).’% %
Nephrotox1c1ty appeared to be due to the sugar
components "used to stabilize the tert1ary structure
of IgG in IVIG preparations.* Sucrose is
assumed to have the most remarkable propensity
to cause osmotic nephrosis.***> In modern IVIG
products the amino acid glycine is used instead of
sugar stabilizers. Glycine is an intracellular compo-
nent and has various pathways for its metabolic
degradation. Sucrose-stabilized IVIG induced
renal impairment, but this complication as
absent when glycine-stabilized IVIG was used.*®

Maltose-based IVIG therapy is also thought to
be a safer alternative than using sucrose-based pre-
parations, since maltase is present in the brush
border of proximal convoluted tubules, it can be
metabolized in renal tubules, unlike sucrose, and
thus less tubular osmotic damage is expected.

The MRL/Mpl- Faslp' mouse (MRL/lpr)
model of human SLE*" is characterized by auto-
reactive lymphoproliferation and dutoant1body
production beginning at 8 weeks of age.*® Severe
glomerulonephritis develops, characterized 5y
IgG deposition and inflammatory infiltration.*>°

Lupus

Skin lesions also mimic those of human lupus®'
characterized by immune complex dnd complement
(mainly complement 3) deposmon with a predilec-
tional s1te at the 1nterscapuldr region, ears and nose.

We and others'? have recognized, that reg-
nancy’ or immunoregulatory modifications® in
the MRL/Ipr mouse may differentially effect skin
and kidney disease. Cytokine profile differences or
invariant natural killer T-cell (NKT cell) regulation
in the skin, but not in the kidney'”'® were respon-
sible for the organ-specific differences in disease
activity. Thus, we investigated high-dose, long-term
glycine-stabilized IVIG treatment in MRL/Ipr mice
to elucidate IVIG’s mechanism of beneficial action
and toxicity in SLE.

Results

Systemic administration of high-dose IVIG alleviated
skin disease

In saline-treated control MRL/Ipr mice skin lesions
started to develop at the age of 3 months, in the
interscapular region and ears as hair loss (alopecia)
and scabs (scars). At the time they were humanely
killed (at 5 months of age) ulceration and massive
destruction were observed in all saline-treated ani-
mals. IVIG treatment strikingly reduced macro-
scopic skin and ear lesions at the time of death.
In IVIG-treated animals only mild or no lesions
were observed (Table 1). Microscopically, in
saline-treated skins, the dermis was thickened and
severe inflammation was present. Hyper- and/or
parakeratosis, thickening and structural destruc-
tion (loss of the ‘cobble-stone pattern’) of stratum
spinosum was also observed. These microscopic
skin lesions were largely reduced or practically
absent in IVIG-treated animals (Figure 1).
Thickening, vacuolization and tortuosity of the
basement membrane were also observed in samples
with high scores (Table 1). Pathological changes of
the basement membrane were twice as frequent in
saline-treated control animals as in IVIG-treated
mice (Table 1). Inflammatory infiltration by mono-
nuclear cells (lymphocytes, plasma cells, mono-
cytes, rarely eosinophils) was also significantly
reduced in IVIG-treated animals. Plasma cells
were observed in three samples of saline-treated
controls but in none of the IVIG-treated mice
(Table 1).

Overall skin score demonstrated a significant
protection by IVIG treatment, as the total score
of microscopic evaluation of the skin was reduced
by IVIG by a factor of more than two.
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Table 1 Skin disease: macroscopic and microscopic scores of intravenous immunoglobulin (IVIG) and
saline-treated MRL/lpr mice

IVIG (n=8) Saline (n=10) p-value
Macroscopic
Skin 6+0.866 13+1.34 <0.03
Ear 2+0.44 8+£0.78 <0.05
Microscopic
Dermal thickening and inflammation 0.642+0.47 1.2124+0.58 0.036
Basement membrane thickening 0.952+0.2 0.415+0.54 0.013
Hyper-and/or parakeratosis 0.659+0.4 0.399 4+0.68 0.328 (n.s.)
Stratum spinosum thickening 0.26£0.33 0.67+£0.58 0.08
Loss of the cobble-stone pattern 2 0 -
Inflammatory infiltration 0.498 £0.7 0.753 £0.6 0.429 (ns.)
Infiltration by plasma cells 3 0 -
Overall score 221+£0.43 4.19+0.623 0.0002

Figure 1 Skin disease in intravenous immunoglobulin (IVIG)-treated (left panels), and saline-treated MRL/Ipr mice (right panels)
(periodic acid-Schiff [PAS] staining). Hyper- and parakeratosis (asterisk) (A, B, 200x) with excessive stratum spinosum thickening
and infiltrating mononuclear cells. Inset: basement membrane in IVIG-treated mice (400x) thickening and vacuoles (arrow).
Subcutaneous area without inflammation (C) or inflammatory infiltration with high number of plasma cells (D, 200x; inset:
1000x, PAS). Normal skin of an NMRI mouse (E, 400 x) with 1-3 layers of stratum spinosum, a single layer stratum corneum, and
the presence of sweat-glands with no sign of inflammation.

Lupus
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Table 2 Renal pathology (microscopic scores) of intravenous immunoglobulin (IVIG)- and

saline-treated MRL/Ipr mice (mean £ SD)

1VIG (n=8) Saline (n=10) p-values
Glomerular cellularity 1.96+0.5 2.194+0.38 0.296
Arteritis 0.723+0.24 0.7294+0.44 0.974
Glomerular fibrosis (%) 22432 3.15+£1.78 0.468

Figure 2 Glomerular changes in intravenous immunoglobulin (IVIG)- (A, moderate glomerular hypercellularity) and
saline-treated (B, mild hypercellularity) MRL/Ipr mice (hematoxylin and eosin [H&E], 400x).

Furthermore, lymph nodes in control mice were
generally enlarged at harvest, while those of
IVIG-treated mice were fewer in number and smal-
ler in size (data not shown).

Glomerular damage was not significantly affected by
treatment

Untreated MRL/lpr mice developed proliferative
lupus nephritis with hypercellularity, dominated
by glomerular mesangial cells and mononuclear
inflammatory cells, accompanied by hyaline depo-
sition in the glomeruli leading to glomerulo-
capillary obstruction. Hypercellularity, the extent
of hyaline deposition and the ratio of obstructed
glomerular capillaries were similar between saline-
treated control and IVIG-treated mice (Table 2 and
Figure 2).

Retention of blood urea nitrogen demonstrated
deterioration of glomerular filtration to a similar
extent in both groups suggesting that high-dose,
long-term, glycine-stabilized IVIG treatment did
not influence renal function in our mouse model
(Table 2).

Tubulointerstitial changes

Recruitment of inflammatory cells (plasma cells,
lymphocytes) into the tubulointerstitium was also
observed in both groups. The extent of inflamma-
tory invasion varied between individual specimens

Lupus

Table 3 Renal function (blood urea nitrogen) of intravenous
immunoglobulin (IVIG)- and saline-treated MRL/Ipr mice,
and sucrose or maltose treated and untreated NMRI mice
(mean +SD)

Treatment Urea (mg/dl)
IVIG (MRL/Ipr) 103.2+63.6
Saline (MRL/lpr) 84.8+22.2
5% sucrose (three times) 47.4+2.1
20% sucrose (once) 64.3+4.03
10% maltose (three times) 53.24+6.0
20% maltose (once) 65.2+14.5
40% maltose (once) 60.8£5.1
No treatment (NMRI) 39.26 £4.1

but did not differ significantly between the two
groups. Interstitial arteritis and tubular damage
(tubulitis, tubular atrophy) were also similar
between the groups (Tables 2 and 3). Signs of
acute inflammation (tubular necrosis, tubulitis
with excess of inflammatory cells and consequential
destroyed tubular epithelium) were observed in the
tubules of both IVIG- and saline-treated mice.

At the time of harvest, the most striking pic-
ture of tubular pathology was tubular necrosis.
Epithelial cell swelling, loss of brush border and
loss of nuclear staining were the most commonly
observed changes (Figure 3C-F.) without sig-
nificant difference between the two groups
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Figure 3 Renal pathology in MRL/Ipr and NMRI mice. Hematoxylin and eosin (H&E) staining (right column) and periodic
acid-Schiff (PAS) staining (left column). In NMRI mice sucrose-induced hydropic degeneration (arrows, H&E) of tubular cells
after three injections of 5% sucrose (A, 200x, H&E; B, PAS, 400x). Inset: sieve-like trellis of vacuoles typical of hydropic
degeneration (H&E, 400x). Tubular necrosis without hydropic vacuolization in intravenous immunoglobulin (IVIG)- (C, 400x,
H&E; D, 400x, PAS) and saline-treated MRL/Ipr mice (E, 400x , H&E; F, 400x, PAS). Normal histologic structure of the kidney
of an NMRI mouse (G, 400x, H&E; H, 400x, PAS) with preserved integrity of brush border, tubular epithelial cell, and tubular
basement membrane.

Lupus
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Figure 4 In NMRI mice maltose-induced vacuolar degeneration of tubular cells (right column: hematoxylin and eosin [H&E]; left
column: periodic acid-Schiff [PAS]; 200x) after three injections of 10% maltose (A, B), a single injection of 20% maltose (C, D) or

40% maltose (E, F) solution.

(2.424+0.33  versus 2.22+0.446, p=0.269).
Interstitial fibrosis as assessed on Mallory’s
tri-chrome stained kidney specimen was not

seen in any of the groups. Fibrosis rarely occurred
in score 3 vascular and glomerular damage
(Figure 4).

Most commonly, venulitis and low-grade arteri-
tis was seen with perivenular and periarteriolar
leukocytic infiltration in both groups of
5-month-old MRL/lpr mice. Vascular inflamma-
tion did not differ significantly between the two
groups (Table 2).

Lupus

Hydropic degeneration

Lesions in sucrose-treated positive control kidneys
were localized focally to the proximal nephron and
consisted of swelling of the tubular epithelium by
a fine sieve-like trellis of vacuoles, regularly dis-
tributed within the cytoplasm. No typical signs of
osmotic nephrosis were present in IVIG- and
saline-treated MRL/Ipr mice compared with the
positive control, 5% sucrose-treated kidneys
(Figure 5). Overall renal score was 4.358 +1.48
(IVIG) versus 4.76 £ 1.11 (saline), p =0.536.
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Figure 5 No sign of interstitial fibrosis was seen in (A) intravenous immunoglobulin (IVIG)- and (B) saline-treated MRL/Ipr mice

after long-term IVIG therapy (Mallory’s tri-chrome, 200x).

In maltose-treated positive control mice vacuolar
degeneration was observed with mild to severe cel-
lular swelling and presence of eosinophilic epithelial
cells. The severity of these changes was dose depen-
dent (Figure 4). Plasma urea levels of maltose- or
sucrose-treated mice were between normal and
lupus prone mice. The highest urea values were
measured in 20% sucrose- and 20% maltose-
treated animals. The lowest renal function loss
was observed in 10% maltose-treated mice, the
analogue of maltose concentration in commercial
IVIG preparations (Table 3).

Dermal and renal complement-3 deposition

Complement-3 (C3) deposition was observed in the
skin on vessel endothelial cells (mainly in the
arteries). IVIG treatment diminished C3 deposition
in the skin (Figures 6 and 7, p=0.02). In contrast,
renal C3 positivity was similar in IVIG-
and saline-treated mice (0.387+0.289 versus
0.384 +£0.267, p=0.975). C3 positivity was present
in the glomerular tuft and sometimes within the
proximal tubular epithelial cells and tubulointersti-
tial vessels.

1VIG treatment did not affect plasma autoantibody
levels in MRL/Ipr mice

Optical density of anti-Sm, anti-DNA and anti-
histone autoantibodies were similar in both
groups of mice. Positivity for anti-nuclear antibody
(ANA) was also observed at the same ratio in
IVIG- and saline-treated groups (Table 5). ANA
pattern was also similar: mostly homogenous
(IVIG: 6, saline: 5), with granular appearance in
a few samples (IVIG: 3, saline: 4) in both groups.

Complement-3 deposition

1.46

o IVIG
m Saline

Skin

Kidney
Organ
Figure 6 Total scores of complement-3 deposition in skin

and kidney of intravenous immunoglobulin (IVIG)- and
saline-treated MRL/Ipr mice.

Discussion

IVIG therapy of chronic autoimmune inflamma-
tory diseases has been widely investigated®>>* as it
is a rational, safe and possibly beneficial therapy.
Despite therapeutic achievements in SLE, rare
renal complications contraindicated IVIG therapy.
After IVIG nephrotoxicity was attributed to the
sugar component of IVIG preparations, IVIG for-
mulations have been changed, and presently glycine
is used instead of sucrose, although sugar (sucrose,
glucose, maltose)-stabilized IVIG preparations are
still available.> Our present data demonstrate that
glycine-stabilized IVIG has a significant beneficial
effect on cutaneous lupus and does not deteriorate
lupus nephritis in a high-dose, long-term therapy in
a mouse model.

Similarly to our study, the alleviation of skin dis-
ease of SLE patients after IVIG therapy has been
demonstrated by Gaedicke er al.>® and Ballow and
Parke.”’

In lupus nephritis, IVIG has been considered as
a double-edged sword. The fear of ARF restricted

Lupus
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Figure 7 Complement-3 (C3) immunostained kidney (A, B) and skin (C, D) specimen: glomeruli after IVIG (right column) and
saline (left column) treatment of MRL/Ipr mice (400x). Arrows are pointing at C3-positivity. Negative controls: NMRI mouse

kidney (E, 400x) and skin (F, 200x).

Table 4 Tubulointerstitial changes: microscopic scores
(numbers represent the number of cases with positive pathol-
ogy) in intravenous immunoglobulin (IVIG)- and
saline-treated MRL/Ipr mice

IVIG (n=38) Saline (n=10)
Hyaline droplet 2 2
Tubulitis 3 2
Tubular atrophy 1 0
Presence of plasma cells 2 1

Table 5 Lupus autoantibody panel of intravenous immuno-
globulin (IVIG)- and saline-treated MRL/Ipr mice compared
with untreated negative control (NMRI) mice at harvest
(mean =+ SD of optical density [OD]). Statistics: p <0.05 MRL/
Ipr groups (IVIG- or saline-treated) versus NMRI, ns: IVIG-
versus saline-treated MRL/Ipr

Group Anti-Sm  Anti-DNA  Anti-histone — Anti-nuclear Ab
IVIG (MRL/lpr) 3.7+£0.2 3.7+£02 19+1.1 28+1.0
Saline (MRL/lpr) 3.8+1.7 3.6+0.3 1.4+0.7 3.0+1.5
NMRI 0.01+£0.1 0.1+£0.02 0.02£0.01 Negative

Lupus
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IVIG use in lupus, despite several reports on the
beneficial IVIG effect on lupus nephritis (reduction
of proteinuria, stabilization of renal function and
histopathological reversal of active lesions).>>3%33
In our mouse model, lupus nephritis was not
affected significantly by long-term IVIG therapy:
blood urea nitrogen level and histopathological
manifestations of renal damage were similar in
IVIG- and saline-treated mice. In accordance with
a previous finding,*® we have also demonstrated

that  high-dose, long-term  therapy  with
glycine-stabilized IVIG did not induce osmotic
nephrosis.

Administration of allogeneic IgG has been
shown to induce glomerulonephritis in mice.”®
However, we have not seen any worsening of
renal function (blood urea levels) or histology cor-
responding to glomerulonephritis in IVIG-treated
mice compared with saline-treated animals, sug-
gesting that the applied dose and duration did not
induce nephritis.

Furthermore, recently maltose-stabilized IVIG
has also been introduced to the market, to circum-
vent sucrose-related nephrotoxicity. However,
there are some reports describing the occurrence
of ARF after maltose-based IVIG with histologic
changes corresponding to osmotic nephrosis.
Chacko et al.®® and Metallidis et al.*® reported
recently on the cases of lupus nephritis patients
who developed ARF after maltose-containing
IVIG therapy. These findings can be explained by
our study, where vacuolar degeneration developed
dose dependently after maltose treatment.

Regarding initiation of IVIG treatment in our
model, autoantibody production may begin as
early as 6-8 weeks of age in MRL/Ipr mice. Our
aim was to initiate treatment before the develop-
ment of already manifest and possibly irreversible
organ damage such as skin scarring, or renal
damage.’ Thus, we have initiated IVIG therapy in
6-week-old mice.

The complement system is thought to play an
important role in skin lupus, and deposits of C3
were found also in biopsies from clinically normal
skin of patients with SLE,®' suggesting that com-
plement deposition may precede clinical manifesta-
tion of skin lupus. It has also been demonstrated
that complement inhibition protected against
complement-induced vasculitic lesions, but did not
affect anti-dsDNA antibody levels and circulating
immune complex levels even increased in mice.®

The exact mechanisms of complement activation
in lupus nephritis are not completely understood.
C3-containing immune deposition is an established
feature of lupus glomerulonephritis.®® Although,
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deficiency of some complement components, such
as Factor B® may protect against lupus nephritis,
deficiency of others (Clq, C4, C2) are associated
with lupus in humans and mice.

Glomerular lesions of MRL/Ipr mice are main?/
associated with immunoglobulin  deposits.®’
Diverse manifestations of lupus nephritis have
been explained by differences in local expression
of endothelial adhesion molecules®® and different
nephritogenic antibodies.®’ Sekine and colleagues
demonstrated that C3 knockout MRL/Ipr mice
developed greater albuminuria and glomerular
IgG deposition than heterozygous and wild-type
mice. The authors concluded that C3 activation is
not essential for full onset of immune complex renal
disease.®® The activation of the alternative pathway
is also supposed to play a role in lupus nephritis;
since homozygous complement factor B-knockout
MRL/lpr mice developed significantly less protei-
nuria, glomerular IgG deposition, histopathologi-
cal changes despite normal serum C3 levels.* In
our long-term IVIG therapy C3-positivity in the
kidney was not different between the two groups
suggesting that IVIG affects the complement
system differently in skin and kidney.

Despite the fact that high-dose IVIG is used as a
therapy for SLE, the mechanism(s) of the beneficial
effects of IVIG therapy and how it affects autoanti-
body levels remain poorly understood. It has been
hypothesized, that IVIG saturates Fc receptors,
resulting in enhanced clearance of endogenous
autoantibodies.”® Furthermore, large amounts of
human gamma-globulin could solubilize glomeru-
lar IgG deposits,”' or anti-idiotypic antibodies
(anti-Id) in the IVIG preparation may neutralize
pathogenic autoantibodies.”>’> However, IVIG
therapy based on anti-idiotypic reaction may
require patient specific anti-Ids.”* In our study,
high-dose, long-term IVIG therapy did not reduce
autoantibody production in MRL/Ipr mice. A pos-
sible explanation could be that human IVIG with
human anti-Ids might not react with mouse auto-
antibodies. Thus, the observed differences between
skin and kidney effects of IVIG therapy could not
be explained by autoantibody removal. However,
IVIG is well known to modulate complement activ-
ity. High-dose IVIG scavenges fluid phase C3a and
C5a” both in vitro and in vivo, and competes
directly for nascent C3b.”® C3 has been shown to
be responsible in tissue damage which can be
reduced by IVIG therapy. In our long-term IVIG
therapy C3-positivity was reduced only in the skin
suggesting that complement involvement may be
different in skin and kidney disease in the MRL/
Ipr mouse.

Lupus
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Thus, we propose that in our model human
IVIG did not affect the measured autoantibodies
in MRL/Ipr mice, but the beneficial effects of
IVIG therapy on skin lupus have been achieved
through complement binding.

In conclusion, protection of the skin but not the
kidney by glycine-stabilized IVIG therapy suggests
divergent pathomechanisms of cutaneous lupus
and lupus nephritis. Differential involvement of
the complement system may explain the observed
differential effects of IVIG therapy. Thus, SLE
pathomechanism may not be as uniform, as
thought previously. The positive disease-modifying
effects of glycine-stabilized IVIG open new doors to
clinical therapy of SLE.

Methods

Mice

MRL/Ipr (MRL/Mpl-fas™"""  MHC haplotype:
H2:k) male mice (Jackson Laboratories, USA)
were kept under specific pathogen-free conditions
in filter-topped cages in an individually ventilated
cage system (Charles River Ltd, Budapest,
Hungary) and had access to standard rodent
chow (Altromin, Lage, Germany) and water ad
libitum. Animals were housed four to a cage in
both groups to provide a similar social environ-
ment. Only littermates were housed together.
Body weight was measured weekly.

Treatments

To investigate possible side-effects of long-term,
high-dose IVIG therapy, animals were treated
once a week from 6 weeks of age until termination
of the experiment at the age of 5 months (10 treat-
ments) with immunoglobulin solution stabilized by
10% glycine (Bayer Gamimune N, 10%,
Leverkusen, Germany) in a dose of 0.2ml
(0.02 2)/10 g bodyweight, administered into the lat-
eral tail vein. Compared with a high-dose human
IVIG injection (400mg/kg) our mice received
2000 mg/kg.

Mice were anaesthetized with diethyl-ether,
body weight was measured and IVIG (n=8) or
physiological saline (n=10) (sterile Salsol A infu-
sion, 308 mOsm/l, HUMAN, G6doéllé , Hungary)
was injected into one of the side tail veins of mice,
which was previously dilated by immersing the tail
of the animal into hot water (52-55°C) for a max-
imum of 5seconds. After injection, the needle was
kept in position for a few seconds before removal,
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and compression was applied to the tail for hae-
mostasis for a further minute.

To investigate the effect of sugar (sucrose- or
maltose-) stabilized IVIG preparations non-lupus
prone NMRI mice were injected with 5% sucrose
or 10% maltose solution (universal sucrose or malt-
ose content of IVIG preparations) on 3 consecutive
days similarly to the protocol used for IVIG injec-
tions. Positive controls were also obtained by a
single, intravenous administration of 20% sucrose
or 20% or 40% maltose into the tail veins of
NMRI mice as described elsewhere.’’

All animal protocols were approved by the
Semmelweis University Office of Animal Welfare

Harvest

All animals were sacrificed at the age of 5 months
under pentobarbital anaesthesia: intraperitoneal
injection of 1% Nembutal (10%, Phylaxia-Sanofi,
Budapest, Hungary) supplemented with Heparin
(Heparin Biochemie, 500 U/ml, Biochemie GmbH,
Kundl, Austria). Bodyweight was measured and the
hair of the mice was removed in the interscapular
region for observation of the severity of lupus skin
disease. Approximately 1ml blood was obtained
from the retroorbital plexus by using heparinized
capillaries and plasma was immediately separated
by centrifugation at 1000rpm/10min/4°C. To
remove blood from the tissues, mice were perfused
with 4°C Hank’s Buffered Salt Solution (HBSS) (w/
o Ca, Mg, Gibco, Budapest, Hungary). Perfusion
fluid and blood was let out from the circulation
through a cut on the vena cava. Interscapular
skin and kidney cortex and medulla were removed
separately for further examinations.

In order to assess renal function blood urea
nitrogen (BUN; mg/dl) levels were measured in a
Reflotron Plus laboratory machine with enzymatic
reagents (Boehringer Mannheim, Mannheim,
Germany) from blood samples obtained by
retro-orbital puncture at harvest; 100 pl fractions
of sera were snap frozen in liquid nitrogen and
stored at —80°C.

Histology

Small pieces (0.5cm x 0.5cm) of skin and kidney
were snap frozen in OCT compound (Surgipath
Medical Inc., Richmond, IL, USA) or fixed in par-
aformaldehyde (4.5%, phosphate buffered,
Semmelweis University Pharmacy, Budapest,
Hungary) for a day and then were dehydrated
and embedded in paraffin. Sections 4-6 um thick
were deparaffinized, rehydrated and stained conse-
cutively with H&E, periodic acid-Schiff (PAS), or
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Table 6 Skin scoring system: (A) macroscopic; (B) microscopic
(A)
Observation 0 1 2 3

No cutaneous Mild scab, no hair loss

lesions

Interscapular region

Extensive ulcerations and
ear involvement

Severe lesions

Ears No lesion Hyperaemia Scars on less than half of Extensive scarring on more than
the ear surface half of the ear surface

(B)

Observation Magnification 0 1 2

Hyper-/parakeratosis 200x Normal Mild/moderate (keratin Severe(keratin thickness > epidermis)
thickness = epidermis)

Acanthosis 200x Maximally 3-5 cell layers/stratum Moderate thickening Disappearance of ‘cobble-stone’

spinosum pattern of stratum spinosum
Basement membrane 400x Normal BM Moderate thickening, Extreme vacuolization, thickening,
(BM) vacuolization eosinophilic deposits,
membrane tortuosity
Dermal changes 200x Normal Moderate thickening Massive eosinophilic deposits.
Inflammation 200x No inflammation Moderate sc. Inflammation Massive inflammation

Table 7 Renal microscopic scoring system

Observation Magnification 0 1 2 3
Glomerular cellularity  400x Normal Mild Moderate Severe
Capillary obstruction 400x Open capillaries  In up to one-third of glomeruli Affecting one-third to Complete in more than

two-thirds of glomeruli
Moderate (invasion into
peritubular areas)

two-thirds of glomeruli
Severe (peritubular,
periglomerular and
perivenular)
Nuclear loss in more than
two-thirds of tubuli

Nuclear loss in one-third
to two-thirds of tubuli

Lymphocytic invasion of
tunica muscularis

Transmural lesions/
fibrinoid necrosis

Tubulointerstitial 200x Normal Mild (perivenular and
(mononuclear) periglomerular)
inflammation
Tubular necrosis 400x Normal Tubular swelling,
brush border + nuclear loss
in less than one-third of tubuli
Vascular changes 200x Normal Endothelitis
Inflammation 200x Normal Moderate sc. inflammation

Massive inflammation

Mallory’s tri-chrome. Samples were examined in a
blinded fashion.

Macroscopic and microscopic evaluation

Evaluation of cutaneous lupus on the back of the
neck (interscapular region), the ears and the nose
was carried out both macroscopically at the time of
harvest and microscopically. A macroscopic score
for interscapular skin and ears is detailed in
Table 6A.

Microscopic scores were evaluated with a Leica
DC500 microscope using different magnifications.
All photomicrographs were taken with the same
microscope.

Hyperkeratosis (expansion of keratin in the epi-
dermis) acanthosis (thickening of stratum spino-
sum), changes of the basement membrane
(thickening, vacuolization, ecosinophilic deposits
and membrane tortuosity), dermal changes

(eosinophilic deposits between collagen bundles
and thickening of the dermis), invasion of inflam-
matory cells (lymphocytes, plasma cells) were eval-
uated according to the scores listed in Table 6B.
Glomerular cellularity (the extent of inflamma-
tory cell infiltration into the glomeruli, mesangial
proliferation and consequent capillary obstruc-
tion), perivascular and tubulointerstitial inflamma-
tory cell accumulation (the amount of
inflammatory cells surrounding subcortical, peri-
glomerular and peritubular arteries and in the
tubulointerstitial area), tubular necrosis (10 cortical
fields were randomly scored using a method
described by Chetterjee er al.”®), vascular changes
(cortical and periglomerular medium-sized renal
arteries) were evaluated according to the scores
listed in Table 6. Tubulointerstitial fibrosis was
assessed in Mallory’s tri-chrome stained slides.
Hydropic degeneration of tubular epithelial cells
was assessed in H&E and PAS stained slides at
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400x magnification. The total score of each kidney
was calculated by addition of all scores within
a sample.

Immunohistological analysis

C3 deposition was evaluated in paraffin-embedded
kidney sections using immunohistochemistry as
described elsewhere.” Briefly, approximately 5pum
thick tissue slices were fixed in ice-cold acetone for
10 minutes then deparaffinized and rehydrated in
Tris buffered saline (TBS). Endogenous peroxidase
activity was blocked with 3% H,0O, (in methanol)
for 30minutes with 5% bovine serum albumin
(BSA). Goat anti-mouse C3 (1:200) primary anti-
body (Cappel Laboratories, Cochranville, PA,
USA) was applied for 60 minutes at room temper-
ature dissolved in blocking solution. Samples
were incubated with secondary rabbit anti-goat
IgG-peroxidase antibody (Sigma-Aldrich,
Budapest, Hungary) for 30 minutesin 1:200 dilu-
tion. After two washes in TBS (2 x 5min),
antigen-antibody reaction was developed by
3,3’-diaminobenzidine (DAB) chromogen. Slides
were counterstained with Mayer’s Hemalaun for
Sminutes, washed in tap water and covered with
mounting medium. Glomerular staining was evalu-
ated in a blinded manner at 600 x magnification by
counting 30 glomeruli per sample, with a semiquan-
titative score system: 0=no staining; 1=weak/
<50% staining; 2 =moderate staining in >50% of
glomerular tuft. C3 deposition within the skin was
observed in capillaries and was counted in each
field of view at 200x magnification.

Measurement of lupus autoantibody panel

Anti-Smiths (Sm), anti-double stranded DNA
(dsDNA) and anti-histone (H) antibodies were
qualitatively measured by commercial
enzyme-linked immunosorbent assay (ELISA,
Orgentec, Mainz, Germany) according to the man-
ufacturer’s instructions. As detection antibody,
horseradish  peroxidase = (HRP)  conjugated
anti-mouse IgG (Sigma-Aldrich, St Louis, MO,
USA) was used (1:1000 dilution in PBS, 1%
Tween, 1% BSA). The cut-off value for each
ELISA was determined by testing sera of 12 healthy
mice. Data are given as average OD 4+ SD.

ANA were determined by indirect immuno-
fluorescence (IIF) using Hep-2 cells as substrate
(The Binding Site, UK), according to the manufac-
turer’s instructions. As detection antibody
FITC-conjugated anti-mouse IgG was used
(Sigma-Aldrich, St Louis, MO, USA). Sera of 12
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healthy mice were tested in parallel as negative con-
trols. A semiquantitative scoring was applied: a 0
value was given for negative samples, 1 for slight
positivity in low dilution (1:40) only, 2 for strong
positivity in low dilution (1:40) only, 3 for positivity
in both low and high (1:80) dilution, and 4
for strong positivity in both low and high
dilution. Data are given as average semiquantita-
tive score £ SD.

Statistical analyses

Data are expressed as mean + SD. All comparisons
between groups were made using the Mann-—
Whitney U-test. Differences of p <0.05 were con-
sidered statistically significant.
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