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Engagement of immunoglobulin-binding receptors
(Fc�R) on leukocytes and other cell types is one
means by which immunoglobulins and immune
complexes activate effector cells. One of these
Fc�Rs, Fc�RIIb, is thought to contribute to protec-
tion from autoimmune disease by down-regulation
of B-cell responsiveness and myeloid cell activa-
tion. We assessed the role of Fc�RIIb in a mouse
model of cryoglobulin-associated membranoprolif-
erative glomerulonephritis induced by overexpres-
sion of thymic stromal lymphopoietin (TSLP). TSLP
transgenic mice were crossbred with animals defi-
cient for Fc�RIIb on the same genetic background
(C57BL/6). Renal pathology was assessed in female
and male animals (wild-type , Fc�RIIb�/� , TSLP
transgenic , and combined TSLP transgenic/
Fc�RIIb�/� mice) after 50 and 120 days , respec-
tively. Fc�RIIb�/� mice had no significant renal
pathology , whereas overexpression of TSLP in-
duced a membranoproliferative glomerulonephri-
tis , as previously established. TSLP transgenic
Fc�RIIb�/� mice appeared sick with increased
mortality. Kidney function was significantly im-
paired in male mice corresponding to aggravated
glomerular pathology with increases in glomerular
matrix and cellularity. This resulted from both a
large influx of infiltrating macrophages and in-
creased cellular proliferation. These results empha-
size the important role of Fc�RIIb in regulating
immune responses and suggest that modulation of
Fc� receptor activation or expression may be a use-
ful therapeutic approach for treating glomerular
diseases. (Am J Pathol 2003, 163:1127–1136)

Immune complexes represent an important pathogenic
mechanism in a variety of autoimmune diseases and
trigger inflammatory responses as well as secondary tis-
sue destruction by two main pathways: they bind to com-
plement factor C1q and as a result activate the classical
complement cascade leading to the production of the
chemoattractants C5a and C3a and the membrane at-
tack complex C5b-9, with its cell lytic and/or activatory
properties.1 The second pathway by which immune com-
plexes can induce tissue injury is via the engagement of
cellular receptors for IgG, the Fc� receptors (Fc�R).
These receptors represent a diverse family with individual
members being able to activate or inhibit cellular re-
sponses to immunoglobulins.2 In the mouse, ligand bind-
ing to the multimeric Fc�RI or Fc�RIII induces cellular
activation via the tyrosine-based activation motif (ITAM)
of the � chain and triggers a variety of effector functions
including phagocytosis, antibody-dependent cell-medi-
ated cytotoxicity, and the release of cytokines and other
inflammatory mediators.3,4 In contrast, murine Fc�RIIb is
a single subunit receptor that contains a tyrosine-based
inhibitory motif (ITIM).5 Co-ligation of the inhibitory
Fc�RIIb receptor with an ITAM-containing receptor or
Fc�RIIb homoaggregation leads to the abrogation of the
activatory signal for inflammatory pathways.6 Both
classes of Fc receptors are co-expressed on cell sur-
faces and exhibit comparable affinity and specificity for
the binding of IgG. The balance between both signaling
pathways in an individual cell determines the magnitude
of the effector cell response.7

Cryoglobulins are immunoglobulins or immune com-
plexes in the serum that precipitate in the cold and re-
dissolve after rewarming.8 One clinically relevant mani-
festation of the disease takes place in the kidney.
Approximately 30% of patients affected by mixed cryo-
globulins develop a membranoproliferative glomerulone-
phritis.9–11 We have recently described a mouse model
of cryoglobulin-associated membranoproliferative glo-
merulonephritis in which mice overexpressing thymic
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stromal lymphopoietin (TSLP), an interleukin (IL)-7-like
cytokine with B cell-promoting properties, form large
amounts of circulating cryoglobulins of mixed IgG-IgM
composition.12 TSLP transgenic mice develop a systemic
inflammatory disease that involves the kidneys, lungs,
liver, spleen, and skin. The renal injury is an immune
complex disease closely resembling human cryoglobu-
lin-associated membranoproliferative glomerulonephri-
tis.9,10,13 Glomeruli of affected animals have thickened
glomerular capillary walls with subendothelial accumula-
tion of immune complexes and a host response that
includes reduplication of capillary basement membranes
and expansion of the mesangial areas caused by an
increase in extracellular matrix and accumulation of im-
mune complexes. Typically, glomeruli show a significant
influx of monocytes/macrophages.12 This predictable an-
imal model enabled us to study the role of activation of
the immune system by immune complexes and the sub-
sequent induction of renal injury in cryoglobulin-associ-
ated membranoproliferative glomerulonephritis, focusing
on the role of the inhibitory arm of the Fc receptor system.

Materials and Methods

Animal Study and Experimental Design

The experimental protocol was reviewed and approved
by the Animal Care Committee of the University of Wash-
ington in Seattle. Mice for this study were housed in the
animal care facility of the University of Washington under
standardized specific pathogen-free conditions (25°C,
50% humidity, 12 hour dark/light cycle) with free access
to food and water.

C57BL/6 wild-type and TSLP transgenic mice (previ-
ously described in detail by Taneda et al12) were cross-
bred with animals lacking the inhibitory IgG receptor
Fc�IIb (on the same genetic background) to create TSLP
transgenic Fc�IIb receptor knockout animals (Fc�IIbR�/
�).6 The genotype of the mice used in this study was
verified by polymerase chain reaction as previously de-
scribed for the two mouse strains.6,12 Eight mice per
experimental group (wild-type, Fc�IIbR�/�, TSLP trans-
genic, and TSLP transgenic Fc�IIbR�/� animals) were
sacrificed at 50 days of age for female mice and 120
days of age for male mice. These time points were cho-
sen because female mice demonstrate faster progres-
sion of the disease then male animals and renal pathol-
ogy reaches a plateau at the times chosen with
increasing mortality as mice age further. At the end of the
study mice were anesthetized, blood was drawn by car-
diac puncture, and organs were collected. Renal tissue
was snap-frozen in liquid nitrogen or fixed in either half-
strength Karnovsky’s solution for electron microscopy
(1% paraformaldehyde and 1.25% glutaraldehyde in 0.1
mol/L Na cacodylate buffer, pH 7.0) or in 10% neutral
buffered formalin as well as methyl Carnoy’s solution
(60% methanol, 30% chloroform, 10% acetic acid) for
standard histology.

Tissue Preparation and Histological Staining

Fixed tissues were processed and embedded in paraffin
using routine protocols. Tissues were sectioned at 4-�m
thickness for routine staining with hematoxylin and eosin
(H&E), periodic acid-Schiff, and immunohistochemistry.
Thin sections (2-�m thickness) were used for periodic
acid methenamine silver stain (PAM). Immunofluores-
cence staining was performed on snap-frozen kidneys,
sectioned at 6 �m, and fixed in ice-cold acetone for 10
minutes.

Immunohistochemistry

For immunohistochemistry the sections from paraffin-em-
bedded tissues were deparaffinized in xylene and rehy-
drated in graded ethanol. Antigen retrieval was per-
formed by heating tissue sections in Antigen Unmasking
Solution (Vector Laboratories, Burlingame, CA) and en-
dogenous peroxidases were blocked in 3% hydrogen
peroxide. Endogenous biotin was blocked using the Avi-
din/Biotin Blocking kit from Vector Laboratories. Slides
were then incubated with the primary antibody diluted in
phosphate-buffered saline (PBS) containing 1% bovine
serum albumin (Sigma, St. Louis, MO) for 1 hour at room
temperature. The sections were washed repeatedly and
then incubated with the appropriate secondary antibody.
The ABC-Elite Reagent (Vector Laboratories) was used
for signal amplification and 3,3�-diaminobenzidine with
nickel enhancement was used as chromogen, resulting in
black color product. Slides were counterstained in methyl
green, dehydrated, and coverslipped.

A Mac-2 antibody from Cederlane (Ontario, Canada)
was used to detect macrophages, as previously de-
scribed.14 For the detection of mesangial cell activation
and smooth muscle-like transformation, an �-smooth
muscle actin antibody (clone 1A4; DAKO, Carpinteria,
CA) was used as previously described.15 Cellular prolif-
eration was assessed with a monoclonal mouse Ki67
antibody16 from Pharmingen (La Jolla, CA) using the
DAKO Animal Research kit. Collagen IV was chosen for
assessment of extracellular matrix and was stained with a
goat polyclonal anti-human collagen IV antibody (South-
ern Biotechnologies, Birmingham, AL) with a rabbit anti-
goat secondary antibody (Vector) as described in the
study by Ophascharoensuk and colleagues.17

Frozen sections were rehydrated in PBS, blocked with
normal rabbit serum, and then incubated with fluoresce-
in-conjugated antibodies against IgM, IgG, IgA, and
complement factor C3 (all from Cappel Pharmaceuticals,
Aurora, OH), coverslipped with Vectashield mounting
medium (Vector Laboratories), and viewed with a Zeiss
fluorescence microscope, as previously described.12

Laboratory Data

Urinary protein excretion was assessed with urine test
strips (Uristix; Bayer, Elkhart, IN). Blood urea nitrogen
was measured using a standard clinical chemistry ana-
lyzer (LX-20; Beckman Laboratories, Brea, CA). The for-
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mation of cryoprecipitates was checked visually after
storage of serum samples at 4°C for 3 to 5 days.

Quantitative Analysis and Statistics

Tissue sections stained with H&E and PAM were used for
morphometric analysis. Fifteen random glomerular cross
sections were photographed by an examiner blinded for
the origin of the sample using a digital camera (Olympus
DP11; Olympus America, Melville, NY) and resulting im-
ages were imported into the Image Pro Plus Software
(Media Cybernetics, Silver Spring, MD). The software
was used to quantify the number of nuclei, the amount of
extracellular matrix in PAM sections and in sections
stained for collagen IV as well as the area occupied by
macrophages and the size of the glomerular tuft area.
Glomerular proliferation was assessed by counting Ki67-
positive cells in at least 20 random glomerular cross
sections per animal in a blinded manner. Glomerular
�-smooth muscle actin expression was graded semi-
quantitatively on a scale from 0 (negative) to 4 (strong
global mesangial expression) as described previously.18

A similar method was used to quantify glomerular stain-
ing with immunoglobulins and C3. Fluorescence intensity
was described on a scale of 0 (negative) to 3 (strong
staining) as previously described.12 Further quantifica-
tion of the extent of glomerular deposition of immune
reactants was achieved by serially diluting the fluores-
cently labeled detecting antisera throughout a 10-fold
range to determine the endpoint-positive titer for each
immunoglobulin and for the complement factor C3, as
described in the study of Huang and colleagues.19 Dilu-
tions ranging from 1:200 to 1:2200 were identified for
each immune reactant. The mean endpoint titer (eg,
1:1600) was determined for eight animals studied in each
experimental group, and results � SEM compared.

Statistical analysis was performed using the SPSS pro-
gram (SPSS Inc., Chicago, IL). Means between groups
were compared using t-test without assuming equal vari-
ances. A P value of �0.05 was considered statistically
significant. All data are expressed as mean � SEM.

Results

Fc�RIIb Deficiency Leads to Increased
Morbidity and Mortality as Well as Decrease of
Renal Function in TSLP Transgenic Mice

C57BL/6 wild-type and Fc�RIIb�/� mice had no detect-
able clinical abnormalities. TSLP transgenic mice occa-
sionally showed ulcerations of their ears, face, and chest
that increased with age and were because of cryoglob-
ulin deposition, leukocytoclastic vasculitis, and leukocyte
infiltration. These changes also occurred in TSLP trans-
genic mice with a functional deficiency in the Fc�RIIb.
Approximately 50% of the animals with the combined
mutation developed more severe soft tissue injuries, in-
volving the feet and tail. TSLP transgenic Fc�RIIb�/�
mice also had an increase in mortality with three male
mice dying before the completion of the study at 4
months of age, whereas no spontaneous deaths oc-
curred in the control groups.

TSLP transgenic mice showed systemic inflammatory
disease, as previously described,12 with leukocytosis
(see Table 2) and diffuse infiltration of inflammatory cells
into a variety of organs including liver, lung, and heart.
Spleen and mesenteric lymph nodes were significantly
increased in size. Affected organs of TSLP transgenic
mice were significantly increased in weight because of
marked infiltration with leukocytes as compared to wild-
type controls (Table 1). Deletion of the Fc�RIIb led to a
further increase in leukocyte influx and organ weight in
livers, spleens, and lungs of TSLP transgenic animals.
Peripheral white blood cell count increased further in the
doubly mutated female mice, whereas changes in values
in male animals did not reach the level of statistical sig-
nificance. Except for two TSLP transgenic animals, all
mice overexpressing TSLP had visible cryoglobulins, in-
dependent of their Fc� receptor status. The lack of visible
cryoprecipitates in these two mice is most likely because
of the rather low sensitivity of this method and the small
amount of serum that is available from each mouse;

Table 1. Body and Organ Weights

Gender Wild type Fc�RIIb�/� TSLP transgene Fc�RIIb�/� and TSLP transgene

Body weight (g) � 19.1 � 0.4 20.1 � 0.6 17.6 � 1.2 16.5 � 1.3
� 30.9 � 1.0 29.6 � 0.7 27.1 � 1.0* 25.5 � 1.5

Kidney weight (g) � 0.25 � 0.01 0.28 � 0.01 0.27 � 0.02 0.28 � 0.03
� 0.38 � 0.02 0.39 � 0.02 0.37 � 0.02 0.47 � 0.04

Spleen weight (g) � 0.08 � 0.00 0.10 � 0.01 0.32 � 0.05** 0.49 � 0.07
� 0.09 � 0.01 0.10 � 0.01 0.40 � 0.03*** 0.97 � 0.09###

Liver weight (g) � 0.86 � 0.01 1.04 � 0.05 1.17 � 0.06 1.33 � 0.09
� 1.39 � 0.07 1.42 � 0.03 1.48 � 0.04 1.96 � 0.03##

Lung weight (g) � 0.15 � 0.01 0.18 � 0.00 0.27 � 0.02** 0.36 � 0.04
� 0.18 � 0.01 0.18 � 0.01 0.33 � 0.01*** 0.54 � 0.07#

Heart weight (g) � 0.12 � 0.01 0.14 � 0.01 0.10 � 0.01 0.14 � 0.01#

� 0.15 � 0.01 0.17 � 0.01 0.17 � 0.01 0.18 � 0.01

Body and organ weight in different experimental groups at time of sacrifice (day 50 for females and day 120 for males). Data expressed as mean �
standard error of the mean. Statistical significances compared to wild-type controls (*, P � 0.05; **, P � 0.01; ***, P � 0.001) or compared to TSLP
transgenic animals (#, P � 0.05; ##, P � 0.01; ###, P � 0.001).
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previous studies have indicated that all TSLP transgenic
mice display the cryoglobulinemic phenotype.

Fc�RIIb�/� mice showed no impairment in renal func-
tion compared to wild-type controls at the time points
assessed in the study (Table 2). Female TSLP transgenic
mice, with or without deficiency in Fc�RIIb, showed no
significant changes in kidney function after 50 days. In
contrast, male TSLP transgenic Fc�RIIb�/� mice had an
increase in plasma BUN (34 � 3.2 mg/dl in Fc�RIIb�/�
TSLP transgenic mice versus 25 � 1.2 mg/dl in TSLP
transgenic animals, Table 2) and in proteinuria (1.6 � 0.2
in Fc�RIIb�/� TSLP transgenic mice versus 0.9 � 0.1 in
TSLP transgene animals) after 4 months.

TSLP Transgenic Mice without Functional Fc�IIb
Receptor Demonstrate a Significant Aggravation
of Immune Complex-Mediated Renal Disease

TSLP transgenic animals demonstrated typical features
of the previously described cryoglobulin-associated
membranoproliferative glomerulonephritis12 (Figure 1).
Mice showed a significant increase in silver staining glo-
merular matrix in general (198 � 25 �m2/glomerular
cross-section (gcs) for female wild-type mice versus
471 � 55 �m2/gcs in TSLP transgenic animals, P � 0.01;
male mice: 427 � 50 �m2/gcs wild-type controls versus
677 � 47 �m2/gcs in TSLP-overexpressing mice, P �
0.01; Figure 1 and Table 3) and of collagen IV in partic-
ular as an important component of glomerular extracel-
lular matrix. Mesangial cells showed evidence of cellular
activation as assessed by semiquantitative grading of
glomerular �-smooth muscle actin expression (female
mice: 0.3 � 0.1/gcs in wild-type mice versus 0.9 � 0.0/
gcs in TSLP transgenic animals, P � 0.001; male mice:
wild-type mice grading 0.4 � 0.1/gcs versus 0.7 � 0.1/
gcs in TSLP transgenics, P � 0.56; Figure 2). Glomerular
cellularity and proliferation remained unaffected in ani-
mals with cryoglobulin-induced immune complex dis-
ease. The glomerular area that was occupied by Mac-2
staining in TSLP transgenic animals was significantly in-
creased when quantified morphometrically (0.5 � 0.1%
and 0.3 � 0.2% for female and male wild-type mice,
respectively, versus 2.5 � 0.7% (female mice) and 3.6 �
1.2% (male mice), P � 0.05; Figure 3).

The genetic background of Fc�RIIb�/� mice has
been shown to be a susceptibility factor for autoimmune
disease with C57BL/6 animals, but not BALB/c mice,
developing autoantibodies and autoimmune glomerulo-

nephritis.20 Fc�RIIb�/� mice in our study had no signif-
icant changes in glomerular matrix or cellularity com-
pared to wild-type C57BL/6 mice (Table 3). Glomerular
cell proliferation and mesangial �-smooth muscle actin
expression were not different from wild-type controls.
However, male Fc�RIIb�/� mice showed a small in-
crease in glomerular macrophage count (1.5 � 0.5%
versus 0.3 � 0.2% in wild-type controls, P � 0.05).

TSLP transgenic mice deficient in Fc�RIIb showed a
significant aggravation of the immune complex-mediated
renal disease that corresponded to decreased renal
function and an increase in proteinuria as seen in male
TSLP transgenic Fc�RIIb�/� animals. Glomerular size
was significantly increased in female and male
Fc�RIIb�/� TSLP transgenic animals (3029 � 176 �m2/
gcs and 3399 � 232 �m2/gcs in female and male TSLP
transgenic mice versus 4021 � 194 �m2/gcs and 5485 �
387 �m2/gcs in female and male Fc�RIIb-deficient TSLP
transgenic animals, P � 0.01; Figure 1 and Table 3). This
increased glomerular size was caused by an increase in
both glomerular extracellular matrix and glomerular cel-
lularity. Female and male mice showed a comparable
increase in glomerular area occupied by black silver
stain from 471 � 55 �m2/gcs to 1277 � 176 �m2/gcs
(females, P � 0.01) and from 677 � 47 �m2/gcs to
1749 � 214 �m2/gcs (males, P � 0.01). These findings
were confirmed by immunostaining of collagen IV, one of
the main constituents of glomerular extracellular matrix
(Table 3). In addition, glomerular �-smooth muscle actin
expression, a marker for mesangial cell activation, was
strongly increased in TSLP transgenic mice deficient in
Fc�RIIb compared to TSLP transgenic animals (P �
0.01). Mesangiolysis was a frequent finding in TSLP
transgenic Fc�RIIb�/� mice. Glomerular cellularity was
also significantly increased in TSLP transgenic mice de-
ficient in the Fc�RIIb. Female TSLP-overexpressing mice
had an average glomerular cell number of 47 � 2 cells/
gcs whereas combined transgenic Fc�RIIb�/� animals
had a mean cell number of 57 � 2 cells/gcs (P � 0.01).
Male animals with a much longer life span compared to
female mice had an even greater increase in glomerular
cell number from 48 � 4 cells/gcs for TSLP transgenic
animals to 84 � 7 cells/gcs in TSLP transgenic
Fc�RIIb�/� (P � 0.01). This increase was because of
both an increase in proliferating glomerular cells and
infiltration of monocytes/macrophages. Both genders
demonstrated a significant increase in cells expressing
Ki67 as marker of proliferating cells (Table 3, P � 0.05).

Table 2. Laboratory Data

Gender Wild type Fc�RIIb�/� TSLP transgene Fc�RIIb�/� and TSLP transgene

White blood cell count � 2.0 � 0.6 2.9 � 0.6 6.5 � 0.4** 9.7 � 1.1#

� 3.1 � 0.9 2.3 � 0.4 9.0 � 0.8** 11.6 � 2.2
BUN (mg/dl) � 22.2 � 1.2 23.0 � 2.3 25.0 � 2.8 31.8 � 4.7

� 21.9 � 0.9 20.0 � 1.3 21.1 � 1.2 33.5 � 3.2#

Proteinuria (see legend) � 0.8 � 0.1 0.7 � 0.1 0.8 � 0.1 1.0 � 0.0
� 1.1 � 0.1 1.1 � 0.1 0.9 � 0.1 1.6 � 0.2#

Renal function at time of sacrifice as assessed by plasma BUN levels and dipstick test for proteinuria. Data expressed as mean � standard error of
the mean. Statistical significances compared to wild-type controls (**, P � 0.01) or TSLP transgenic animals (#, P � 0.05).

Proteinuria assessed by dip stick: 1 � 30mg/dl, 2 � 100mg/dl.
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Aside from proliferation of intrinsic glomerular cells, there
was a significant increase in the amount of macrophages
that infiltrated the glomeruli of TSLP transgenic animals
with a deficiency in the Fc�RIIb compared to TSLP trans-
genic mice with functional Fc�IIb receptor. The mean
glomerular area that was occupied by macrophages in-
creased from 2.5 � 0.7% in female TSLP transgenic mice
to 6.8 � 1.1% in TSLP transgenic Fc�RIIb�/� mice (P �
0.01) and from 3.6 � 1.2% (TSLP transgenics) to 12.8 �
2.1% in male TSLP transgenic mice lacking functional
Fc�IIb receptor (P � 0.01).

Glomerular Immunoglobulin and Complement
Deposition in TSLP Transgenic Mice Is
Unaffected by Deficiency of the Fc�RIIb

C57BL/6 wild-type mice and female Fc�RIIb�/� animals
had only small amounts of immunoglobulins and comple-
ment component C3 deposited in the glomeruli (Figure
4), as routinely encountered in many murine strains under
normal laboratory living conditions. In contrast, male

Figure 1. Glomerular architecture. The figure depicts representative glomeruli from animals of each experimental group in a PAM stain. A and B: Normal
glomerular architecture of wild-type and Fc�IIbR�/� mice, respectively. C: A glomerulus from a TSLP transgenic mouse with increase in glomerular matrix. The
glomerulus in D is from a TSLP transgenic animal with a deletion in the Fc�IIb receptor and shows a significant increase in glomerular extracellular matrix and
cellularity. Original magnifications, �400.
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Fc�IIb receptor-deficient mice had significantly more glo-
merular staining for IgG (mean score of 1.5 � 0.2/gcs in
Fc�RIIb�/� mice versus 0.7 � 0.1/gcs in C57BL/6 wild-
type animals) and complement C3 (mean score of 1.5 �
0.2/gcs in Fc�RIIb�/� mice versus 0.6 � 0.2/gcs in
C57BL/6 wild-type animals), which in conjunction with
increased glomerular macrophage influx may indicate an
early phase of immune-mediated glomerulonephritis.

TSLP transgenic mice showed large amounts of IgG,
IgM, and IgA in their glomeruli. In addition, they also
demonstrated high levels of complement component C3
in glomeruli (Figure 4). Female and male Fc�RIIb-defi-
cient TSLP transgenic animals demonstrated strong glo-
merular immunoglobulin and complement deposition,
which were comparable in amount to TSLP transgenic
mice with functional Fc�IIb receptor. To avoid missing
differences in glomerular immunoglobulin deposition that
might be obscured by assaying the extent of such dep-
osition at only a single, possibly saturating, titer of de-
tecting antibody, we then repeated our immunofluores-
cence studies using serial dilutions of the antisera used
to detect IgG, IgM, IgA, and complement factor C3.
These dilution studies confirmed the patterns seen in the
semiquantitative assessment by showing no significant dif-
ferences between experimental groups in the endpoint con-
centrations at which each of the different immunoglobulins
could be detected (Table 4). However, the endpoint dilution
at which positive glomerular C3 staining could be demon-
strated was slightly, but significantly, higher in TSLP trans-
genic animals with functional deletion of the Fc�IIb receptor
(1263 � 105 in TSLP mice versus 1675 � 94 in Fc�IIbR�/�
TSLP transgenic animals, P � 0.05).

Discussion

We recently described a mouse model of a membrano-
proliferative glomerulonephritis associated with mixed
cryoglobulinemia in TSLP transgenic mice. TSLP is a
cytokine of the IL-2 family, which supports the growth of
pre-B cells and promotes the development of pre-B cells
to immature B cells.21,22 Its function is closely related to
IL-7, and both cytokines use the IL-7R� chain for receptor
binding.23 Mice systemically overexpressing TSLP show
leukocytosis and systemic inflammatory disease that in-
volves major vital organs such as lung, liver, and kid-
ney.12 Transgenic mice develop cryoglobulinemia with
high systemic levels of immunoglobulins of the IgM and
IgG class that precipitate in the cold and lead to a sys-
temic disease similar to human cryoglobulinemia,11,24

including immune complex-mediated membranoprolif-
erative glomerulonephritis.13 Renal lesions in this model
are characterized by deposition of large amounts of im-
munoglobulins in the mesangium and in the subendothe-
lial region of glomerular capillary walls, and influx of
macrophages into glomeruli. The deposited immune
complexes fix complement, a process that may cause
some of the ensuing glomerular injury. However, in view
of the recent demonstration that Fc� receptors can also
be major mediators of immune complex-mediated injury
in target organs,7,25 we hypothesized that the deposition
of immune complexes in glomeruli initiates downstream
effects in the kidney involving receptors for the Fc portion
of IgG. To address this hypothesis we produced com-
bined TSLP transgenic and Fc�R IIb-deficient animals to

Table 3. Morphometric Data and Immunohistochemical Assessment

Gender Wild type Fc�RIIb�/� TSLP transgene
Fc�RIIb�/� and
TSLP transgene

Glomerular size (�m2) � 2810 � 114 2846 � 120 3029 � 176 4021 � 194##

� 3163 � 148 3167 � 97 3399 � 232 5485 � 387##

Extracellular matrix/gcs (�m2) � 198 � 25 241 � 30 473 � 54*** 1277 � 176##

� 427 � 50 433 � 54 677 � 47*** 1749 � 214##

Extracellular matrix/area (% glomerular area) � 7 � 1 9 � 1 15 � 1** 28 � 3##

� 14 � 1 13 � 1 21 � 3** 32 � 3##

Collagen IV/gcs (�m2) � 257 � 18 261 � 29 442 � 42** 1100 � 145##

� 280 � 29 335 � 30 699 � 47*** 1807 � 179##

Collagen IV/area (% glomerular area) � 10 � 1 12 � 1 19 � 2*** 32 � 3##

� 11 � 1 12 � 1 23 � 1*** 38 � 2###

Glomerular cellularity/gcs (cells/gcs) � 43 � 2 42 � 1 47 � 2 57 � 2##

� 42 � 2 40 � 2 48 � 4 84 � 7##

Glomerular cellularity/area (% glomerular area) � 1.5 � 0.1 1.4 � 0.0 1.6 � 0.1 1.5 � 0.1
� 1.3 � 0.1 1.3 � 0.1 1.4 � 0.1 1.6 � 0.1

Cellular proliferation (Ki67 positive cells/gcs) � 0.6 � 0.1 0.6 � 0.1 0.9 � 0.2 1.9 � 0.4#

� 0.2 � 0.0 0.3 � 0.2 0.3 � 0.1 0.9 � 0.3#

Macrophage infiltration (�m2/gcs) � 15 � 3 14 � 2 76 � 22* 278 � 49##

� 10 � 3 43 � 13* 145 � 62 832 � 169##

Macrophage infiltration (% glomerular area) � 0.5 � 0.1 0.6 � 0.1 2.5 � 0.7* 6.8 � 1.1##

� 0.3 � 0.2 1.5 � 0.5* 3.6 � 1.2* 12.8 � 2.1##

Glomerular �-smooth muscle actin expression � 0.3 � 0.1 0.4 � 0.0 0.9 � 0.0*** 1.9 � 0.3##

� 0.4 � 0.0 0.4 � 0.1 0.7 � 0.1 2.1 � 0.3##

Morphometric analysis of kidney sections from wild-type, Fc�RIIb�/�, TSLP transgenic, and combined TSLP transgenic Fc�RIIb�/� mice. Data
expressed as mean � standard error of the mean. Statistical significances compared to wild type controls (*P � 0.05; **, P � 0.01; ***, P � 0.001) or
compared to TSLP transgenic animals (#, P � 0.05; ##, P � 0.01; ###, P � 0.001).
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assess how renal disease in the TSLP model is modified
in the absence of this Fc receptor.

In this study we were able to demonstrate that Fc�RIIb
is important for the inhibition of deleterious levels of ac-
tivation of the cellular response to immune complexes.
Deficiency in this receptor led to a significant aggravation
of immune complex-mediated renal disease in TSLP
transgenic mice. Renal lesions included an increase in
glomerular size, resulting from an increase in glomerular
extracellular matrix and cellularity. The increase in glomer-
ular cellularity was caused by increased numbers of infil-
trating macrophages and high levels of proliferating glomer-
ular cells. This augmentation of renal pathology was
associated with a decline in renal function and increase in
proteinuria. These results indicate that Fc�IIb receptors are
involved in suppressing or limiting immune complex-
induced macrophage influx, and are involved directly or
indirectly in subsequent processes that result in generation
of extracellular matrix and cellular proliferation. Fc�RIIb
therefore play an important role in balancing the extent of an
immune response to a specific stimulus.

Previous studies have emphasized the role of the in-
hibitory Fc�RIIb in the afferent and efferent arm of the
host defense system. Fc�IIb-deficient animals display
significantly elevated immunoglobulin levels in response
to thymus-dependent and thymus-independent antigens

and are highly susceptible to IgG-triggered mast cell
degranulation.6 Inhibitory Fc�Rs have also been shown
to be involved in the maintenance of peripheral tolerance
as demonstrated in a mouse strain with a genetic back-
ground resistant to the induction of collagen-induced
autoimmune diseases. Deletion of Fc�IIb receptor func-
tion renders these animals susceptible to collagen IV-
mediated Goodpasture’s syndrome or collagen II-in-
duced arthritis.26,27 Deficiency in the inhibitory Fc�RIIb
has also been associated with the strain-specific devel-
opment of autoantibodies and autoimmune glomerulone-
phritis in C57BL/6 but not in BALB/c mice.20 At 4 months
of age the mutant C57BL/6 mice started to develop pro-
teinuria and by the age of 8 months animals suffered from
multiorgan inflammatory disease consistent with systemic
vasculitis. Glomeruli displayed glomerulosclerosis, hy-
percellularity, and IgG deposition. Consistent with this
previous report, the young C57BL/6 Fc�RIIb�/� mice in
our study of ages 50 and 120 days had no increase in
urinary protein excretion and no significant renal pathol-
ogy. However, male mice had a slight increase in glo-
merular macrophage content and small increase in glo-
merular deposition of IgG and C3 at 4 months indicating
the possibility of a beginning autoimmune injury process.

A key question arising from this study is whether the
effects of Fc�RIIb on cryoglobulin-associated mem-
branoproliferative glomerulonephritis are mediated by re-
ceptors on circulating leukocytes or by Fc�IIb receptors
on intrinsic renal cells such as mesangial cells. Both Fc�
receptors on myeloid and lymphoid cells as well as on
intrinsic renal cells have been shown to interact with
circulating immune complexes.28–30 Stimulation of acti-
vating Fc� receptors on hematopoietic cells triggers ef-
fector responses such as macrophage phagocytosis, an-
tibody-dependent cell-mediated cytotoxicity, neutrophil
activation, and inhibition of B-cell activation.31–35 Binding
of immune complexes to Fc� receptors on mesangial
cells has been described to be involved in the release of
proinflammatory mediators, monocyte recruitment, and
the expression of matrix proteins.28,36–38 A recent study
identified Fc�RII as an important receptor expressed by
murine mesangial cells and demonstrated that selective
blockade of this receptor resulted in enhanced neutrophil
infiltration and local chemokine production in mice ex-
posed to anti-GBM antibodies.39 Although our study was
not designed to differentiate the contribution of Fc�IIb
receptors on circulating leukocytes versus those on renal
cells, the fact that immunoglobulin deposition was similar
in TSLP transgenic animals with and without functional
Fc�IIb receptor suggests that the response of renal cells
to immune complexes was altered leading to increased
cell proliferation, activation of mesangial cells, recruit-
ment of monocytes/macrophages, and deposition of ex-
tracellular matrix. Glomerular deposition of complement
factor C3 was also not substantially affected by defi-
ciency in the Fc�IIb receptor. The basis for the slight but
statistically significant increase in the dilution endpoint of
C3 positivity is not readily apparent. However, potential
effects of Fc�RIIb deficiency in leukocytes causing either
increased production of cryoglobulins or increased se-
cretion of proinflammatory mediators in cryoglobulin-as-

Figure 2. Glomerular �-smooth muscle actin expression. A: Semiquantitative
assessment of glomerular �-smooth muscle actin expression. Graphs show
mean � SEM. Statistically significant differences between experimental
groups are expressed as **, P � 0.01 and ***, P � 0.001. B: Immunohisto-
chemical stain for �-smooth muscle actin; representative picture of glomer-
ular �-smooth muscle actin expression in a wild-type mouse. C: Represen-
tative picture of glomerular �-smooth muscle actin expression in a TSLP
transgenic Fc�IIbR�/� animal. Original magnification, �400 (B).
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sociated renal disease cannot be excluded. Further evi-
dence pointing to the crucial role of Fc�RIIb on intrinsic
renal cells as the key mediator of immune complex-me-
diated glomerulonephritis is the fact that the number of
circulating white blood cells was not significantly ele-
vated in TSLP transgenic Fc�RIIb knockout mice com-
pared to TSLP transgenic animals with functional
Fc�RIIb, whereas leukocyte infiltration into different or-
gans such as spleen, liver, and lung was significantly
augmented in Fc�RIIb-deficient TSLP transgenic mice.
We were not able to determine exact cryocrit levels be-
cause of the small blood volume in mice but the fact that

glomerular deposition of immunoglobulins was not in-
creased, suggests that circulating cryoglobulin levels
were not elevated in TSLP transgenic mice without
Fc�RIIb. Studies of mice with nephrotoxic serum nephri-
tis, another form of antibody-mediated glomerular injury,
provide conflicting evidence that supports and refutes a
primary role for Fc�RIIb expression by intrinsic renal cells
as the key determinant of disease expression. Studies of
Tarzi and colleagues40 indicate that the renal pathology
in this disease model is solely dependent on Fc�R on
circulating leukocytes. Knockout mice deficient in a dif-
ferent set of Fc�R�/� (Fc�R I and III), which have oppo-

Figure 3. Glomerular macrophages. Immunohistochemical stain for macrophages using a Mac-2 antibody. Glomeruli for wild-type (A) or Fc�IIbR�/� (B) mice
show occasional infiltration with macrophages (dark stain). In contrast, there is marked glomerular macrophage influx in TSLP transgenic animals as shown in
C. Fc�IIbR-deficient TSLP transgenic mice show a significant increase in macrophage influx compared to TSLP transgenic mice with functional Fc�IIb receptor
(D). Original magnification, �400 (A).
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site biological effects than those of Fc�RIIb, receiving
bone marrow transplant with wild-type leukocytes were
not protected from anti-GBM glomerulonephritis while
wild-type mice transplanted with Fc�R�/� bone marrow
were completely protected from the development of renal
disease. Radeke and colleagues39 demonstrated that
blocking of renal Fc�IIb receptors in nephrotoxic serum
nephritis led to an increase in renal infiltration with neu-
trophils and an elevation of local chemokine production
suggesting a role for renal Fc� receptors in the develop-
ment of the disease. Mice chimeric for Fc�RIIb are not yet
available to directly test the importance of leukocyte ver-
sus renal expression of this receptor for mediation of
glomerulonephritis.

In conclusion, our results emphasize the role of Fc�R
receptors in the pathogenesis of cryoglobulin-associated

membranoproliferative glomerulonephritis. They highlight
the importance of Fc�RIIb in limiting the extent of the host
response to immune complexes, show exacerbation of
glomerulonephritis in the absence of this receptor, and
suggest that modulation of expression or activation state
of Fc receptors might be a useful therapeutic approach
for immune complex-mediated glomerular diseases.
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