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Targeted Deletion of fgl2 Leads to Impaired Regulatory T Cell
Activity and Development of Autoimmune Glomerulonephritis1
Itay Shalev,2* Hao Liu,2* Cheryl Koscik,* Agata Bartczak,* Mojib Javadi,* Kit Man Wong,*
Asif Maknojia,* Wei He,* Ming Feng Liu,* Jun Diao,* Erin Winter,* Justin Manuel,*
Doug McCarthy,† Mark Cattral,*‡ Jennifer Gommerman,† David A. Clark,*
M. James Phillips,* Reginald R. Gorczynski,*†‡ Li Zhang,*†§ Greg Downey,*¶ David Grant,*‡
Myron I. Cybulsky,*§ and Gary Levy3*†¶
Mice with targeted deletion of fibrinogen-like protein 2 (fgl2) spontaneously developed autoimmune glomerulonephritis with
increasing age, as did wild-type recipients reconstituted with fgl2ⴚ/ⴚ bone marrow. These data implicate FGL2 as an important
immunoregulatory molecule and led us to identify the underlying mechanisms. Deficiency of FGL2, produced by CD4ⴙCD25ⴙ
regulatory T cells (Treg), resulted in increased T cell proliferation to lectins and alloantigens, Th 1 polarization, and increased
numbers of Ab-producing B cells following immunization with T-independent Ags. Dendritic cells were more abundant in fgl2ⴚ/ⴚ
mice and had increased expression of CD80 and MHCII following LPS stimulation. Treg cells were also more abundant in fgl2ⴚ/ⴚ
mice, but their suppressive activity was significantly impaired. Ab to FGL2 completely inhibited Treg cell activity in vitro. FGL2
inhibited dendritic cell maturation and induced apoptosis of B cells through binding to the low-affinity Fc␥RIIB receptor. Collectively, these data suggest that FGL2 contributes to Treg cell activity and inhibits the development of autoimmune disease. The
Journal of Immunology, 2008, 180: 249 –260.

T

he FGL2/fibroleukin is a member of the fibrinogen-related protein superfamily of proteins (1, 2). FGL2 was
first cloned from human CTLs, and its protein structure
deduced from the nucleotide sequence showed a high degree of
homology to fibrinogen ␤ and ␥ subunits (3). FGL2 has been
shown to play an important role in innate immunity as an immune coagulant expressed by activated reticuloendothelial cells
(macrophages and endothelial cells) (4 – 6) and has been implicated in the pathogenesis of several inflammatory disorders,
including viral hepatitis (7–10), allo- and xenograft rejection
(11–13), and cytokine induced fetal loss (14, 15). In a previous
report (13), we showed that Ab to FGL2 ameliorated allograft
rejection. Furthermore, cardiac grafts from fgl2⫺/⫺ mice were
resistance to thrombosis, suggesting a role for endothelial cell
fgl2 expression in the fibrin deposition associated with allo- and
xenotransplantation rejection. In contrast, Ning et al. (13) and
Hancock et al. (16) showed that fgl2⫺/⫺ mice rejected fully
mismatched allografts, supporting the contention that the endothelium, but not leukocytes, maybe more important for fibrin
deposition in allotransplant rejection.
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In addition, Marazzi and Ruegg (17, 18) reported that both
CD4⫹ and CD8⫹ T cells spontaneously secrete FGL2 with preferential expression in CD45R0⫹ memory T cells. They suggested that secreted FGL2, which is devoid of prothrombinase
activity, might have immune regulatory activity (17). Our lab
provided the first evidence that FGL2 also plays a role in acquired immune responses by demonstrating its immunosuppressive activity on dendritic cells (DC)4 and T cells (19). In vitro,
recombinant FGL2 inhibited T cell proliferation in response to
anti-CD3/CD28 Abs, Con A, and alloantigens. Moreover, FGL2
promoted a Th2 cytokine profile in allogeneic cultures and inhibited DC maturation by preventing NF-B nuclear translocation (19).
Recently, Rudensky, Herman, and Kronenberg (20 –26) have
reported increased expression of fgl2 in regulatory T cells including CD4⫹CD25⫹Foxp3⫹ regulatory T cells (Treg) and CD8␣␣⫹
T cells, and proposed that fgl2 is a putative Treg effector gene. In
this study, we showed that Treg cell function was completely inhibited by Ab to FGL2. We further demonstrated that suppressive
activity of Treg cells from fgl2⫺/⫺ mice was impaired, resulting in
increased DC, T, and B cell immune reactivity and development of
autoimmune renal disease. Collectively, these data support the notion that FGL2 contributes to Treg cell function and has important
immunoregulatory activity.
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fgl2⫺/⫺ and fgl2⫹/⫹ mice were previously generated and the methodology
for their production has previously been described (7). In brief, fgl2⫺/⫺
4
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FIGURE 1. Increased reactivity of B and T cells from fgl2⫺/⫺ mice. A, T cell proliferation in response to Con A stimulation and in a MLR as measured
by [3H]thymidine (1Ci) incorporation; n ⫽ 6. B, Levels of IFN-␥ (left) and IL-4 (right) in supernatants from MLR reactions, taken at 24 h poststimulation
as assessed by sandwich ELISA; n ⫽ 3. C and D, Mice were injected with LPS, NP-Ficoll, or NP-CGG. At 5–12 days after injection, spleens were isolated
and subjected to ELISPOT analysis. Representative pictures of triplicate ELISPOT wells from fgl2⫹/⫹ and fgl2⫺/⫺ mice stimulated with LPS are shown.
The number of spots per well (top right) is representative of the number of B cells producing Ab per well. Average spot size (bottom right) is a measure
of the amount of Ab being produced per B cell; n ⫽ 3. Graphs in all panels show mean ⫾ SEM.

mice were generated by transfecting 129Sv embryonic stem cells with the
knockout construct (also derived from 129Sv). These stem cells were then
injected into C57BL/6 blastocysts and the resultant chimeras were backcrossed for 10 generations onto a C57BL/6 background (7). fgl2⫹/⫹ mice
were used as controls. BALB/c and Fc␥RIIB⫺/⫺ mice were obtained from
The Jackson Laboratory. Mice were housed in the animal facility at Princess Margaret Hospital and treated under the guidelines provided by the
University Health Network. Male and female mice used for assays were 6
to 8 wk old unless specified in the text.

Tissue mass and quantification
Mice were anesthetized with pentobarbital. Blood was collected by cardiac puncture, and serum samples were stored at ⫺80°C. Tissues were
dissected and fat and connective tissue were removed. Before weighing,
tissues were rinsed with PBS to remove blood and excess fluid was
removed.

Tissue fixation and sectioning
Frozen tissue was prepared by embedding in OCT (Fisher)-filled cryomolds (TissueTek) and snap frozen in liquid nitrogen. For paraffin-embedded preparations, dissected tissues were immersed in 10% formalin and
fixed for 24 h, which were then embedded in paraffin and sectioned in the
Pathology Department at the Hospital for Sick Children. Paraffin sections,
five microns thick, were stained using standard H&E and periodic acidSchiff (PAS) staining protocols (7).

Renal function
Serum creatinine was analyzed in the Department of Biochemistry, Univeristy Health Network using an Ektachem 700 analyzer as previously described (7). Urine was collected from mice and analyzed for pH, presence
of protein, blood, glucose, and ketones by Labstix purchased from Bayer
HealthCare.

gates as previously described (27). C3 deposits were examined by direct
staining with alkaline phosphatase labeled goat anti-mouse C3 (Cappel
Laboratories).

Treg cell isolation
For real-time PCR gene studies, CD4⫹CD25⫹ Treg cells and CD4⫹CD25⫺
T cells were purified with an EasySep Mouse CD4⫹ T Cell Enrichment Kit
(StemCell Technologies) according to manufacturer’s instructions followed by FACS using a FACSAria cell sorter (BD Biosciences). Purity of
cell populations was ⱖ98%. For other experiments, CD4⫹CD25⫹ Treg
cells and CD4⫹CD25⫺ T cells were purified using a FACSAria cell sorter
with purity of ⱖ90 –95%.

Splenocyte isolation
Spleens were dissected, flushed with PBS using a syringe and needle, and
cut up into small pieces (⬍0.5 cm), which were passed through a nylon
filter to separate cells from connective tissue. Mononuclear cells were separated from erythrocytes using a Lympholyte M (Cedarlane Laboratories).
To release DC, spleens were digested with collagenase D (Roche Diagnostics) for 45 min at 37°C, cell suspensions were then separated using
Lympholyte M.

DC generation from bone marrow (BM) precursors and
stimulation with LPS
BM was isolated and cultured as previously described (19). In brief, BM
was flushed from tibia and femurs, and erythrocytes and T cells were subsequently removed using Lympholyte M and MAC (Miltenyi Biotec), respectively. The remaining BM fractions were cultured on plastic petri
dishes (Nunc) for 2 h to remove adherent macrophages. BM was cultured
for 7 days in RPMI 1640 medium supplemented with 10% FBS, 800U/ml
GM-CSF, and 500U/ml IL-4 (Sigma-Aldrich). After 7 days, cultures were
stimulated with 1 g/ml O5:B55 LPS (Sigma-Aldrich).

Histopathology and immunohistochemistry
Kidneys were obtained and histological sections were stained with PAS or
H&E (27). Glomerular and vascular deposition of IgG, IgM, and IgA was
determined by staining frozen sections with rat anti-IgG, anti-IgA, and IgM
mAb, followed by alkaline phosphatase labeled goat anti-rat Ig conju-

T cell proliferation assay
Splenocytes were cultured for 3 days in ␣-MEM supplemented with 10%
FBS, after which 1Curie [3H]thymidine (Amersham Biosciences) was
added to each well. Eighteen hours later, cells were harvested using the
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FIGURE 2. Increased numbers and reactivity of DC from fgl2
mice. A, The percentage of DC (CD11c⫹MHCII⫹) and macrophages
(CD11b⫹MHCII⫹) in spleen of fgl2⫹/⫹ and fgl2⫺/⫺ mice. Graph shows mean ⫾ SEM; n ⫽ 6. B, Representative flow cytometry plot of BM-derived DC
stimulated with 1 g/ml LPS; n ⫽ 6. C, BM-derived DC from fgl2⫹/⫹ and fgl2⫺/⫺ mice were harvested at 24 h and 72 h after LPS stimulation and stained
with PI and Annexin V. Live and dead cells were first differentiated on the basis of forward and side scatter (left). Numbers beside outlined areas indicate
a representative percentage of dead cells in the designated gate. Representative flow cytometry values of Annexin V⫹ DC at 24 h (left) and PI⫹ DC at 72 h
(right) are shown. D, Expression of surface molecules on DC with and without LPS stimulation by flow cytometry. BM-derived DC were cultured with
800 U/ml GM-CSF and 500U/ml IL-4 for 7 days. A total of 1 g/ml LPS was then added and cells were cultured for another 18 h to induce maturation
and induction of high levels of costimulatory molecules. Control cultures did not receive LPS and therefore represent the expression profile of immature
DC. E, Kinetics of DC movement in the spleens of fgl2⫹/⫹ and fgl2⫺/⫺ mice. Mice were i.v. injected with 1.5 g/g of body weight LPS and sacrificed
at times 0, 30 min, 1, 2, and 4 h after receiving LPS. Frozen sections were subsequently stained with CD11c (brown) and B220 (blue). Movement from
the bridging junction into the PALS is complete between 2 and 4 h. Sections at 1 h and 2 h are similar to sections at 30 min and 4 h, respectively (our
unpublished data).

UNIFILTER-96 Filtermate Harvester (PerkinElmer) and counted by Packard Microplate Scintillation Counter.

One-way mixed lymphocyte reaction (MLR)
fgl2⫺/⫺ or fgl2⫹/⫹ responder splenocytes (4 ⫻ 105/100 l) were stimulated
with irradiated BALB/c splenic mononuclear cells (4 ⫻ 105/100 l). Stimulator BALB/c splenocytes were irradiated with 30 Gy using Nordin
Gamma Irradiator to prevent cell division.

Con A stimulation
Splenocytes were plated at a concentration of 2 ⫻ 105 cells/well in 200 l
of medium and stimulated with 5 g/ml Con A (Sigma-Aldrich).

and PE-Cy5-rat IgG2b. All Abs were obtained from Cedarlane Laboratories, BD Pharmingen, or eBioscience.

Cell labeling and analysis
Cell suspensions were washed and suspended in PBS containing 3.5%
mouse serum (Cedarlane Laboratories) at a final concentration of 1 ⫻
107cells/ml to block Fc receptors. A total of 100 l of the cell suspension
was aliquoted into 5 ml polypropylene test tubes, and Ab was added and
incubated for 30 min at 4°C. Ab binding was assessed using a Coulter
Epics-XL-MCL flow cytometer and data were analyzed using CXP/RXP
software (Beckman Coulter). Live cells were gated according to forward
and side scatter parameters.

Abs used for flow cytometry
Detection Abs included: FITC-B220, PE-B220, FITC-CD11b, FITC-CD11c,
PE-CD11c, PE-Cy5-CD11c, FITC-CD3, PE-Cy5-CD3, FITC-CD4, PE-Cy7CD25, PE-Foxp3, PE-CD40, FITC-CD8␣, PE-CD8␣, PE-CD80, PE-CD86,
PE-IgD, FITC-IgM, and PE-Cy5-NK1.1. Isotype controls included: FITCarmenian hamster IgG, FITC-mouse IgG2a, PE-mouse IgG2a, PE-mouse
IgG2b, FITC-rat IgG2a, PE-rat IgG2a, PE-Cy5-rat IgG2a, PE-rat IgG2b,

Annexin V and propidium iodide (PI) labeling
A total of 100 l of cell suspension (containing 1 ⫻ 106 cells), 10 l
of Annexin-V (SouthernBiotech) was added and incubated at 4°C for 15
min. A total of 380 l of binding buffer was added along with PI
(SouthernBiotech) and incubated for another 15 min before analysis by
flow cytometry.
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ELISA
Supernatants were removed from MLR cultures at 24- and 48-h time
points. Cytokine profiles were obtained using IL-4, IL-2, and IFN-␥ ELISA
kits (Pierce). ELISA was performed according to the kit instructions. Plates
were coated with anti-cytokine Ab; supernatant samples were incubated on
the plates for 2 h at 37°C. Cytokine binding was detected by using a
secondary HRP-conjugated anti-cytokine Ab. Tetramethylbenzidine substrate was used as a chromogenic substrate. Absorbance was measured at
450 nm.

ELISPOT
B cells were purified from spleens of mice using the MACS purification
system. Purified B cells (1 ⫻ 103/well) were incubated on Millipore plates
coated with anti-IgM and detected with a biotin-conjugated secondary Ab.
Spots were developed using the AEC substrate set (BD Biosciences) and
detected with ELISPOT Reader series 3A Analyzer. Ab production was
induced by injection of LPS, NP-Ficoll, or NP-CGG.

Immunization protocol
Mice were i.v. injected with LPS (Sigma-Aldrich) at a dose of 1.5 g/g of
body weight. NP-Ficoll (Sigma-Aldrich) and NP-CGG (Biosearch Technologies) were given by intraperitoneal injection at 30 g and 100 g
doses, respectively. Mice were euthanized 5 days after LPS injection and
12 days following treatment with NP-Ficoll or NP-CGG. Alum precipitation of NP-CGG was performed to prepare the reagent for injection. First,
400 l of aluminum potassium sulfate (Sigma-Aldrich) per 100 g NPCGG were combined. Protein was precipitated by the addition of 1N potassium hydroxide and the precipitate was then washed three times with
PBS and 100 g NP-CGG with alum was injected intraperitoneally (28).

Generation of BM chimeras
Reciprocal transplants were performed between fgl2⫹/⫹ and fgl2⫺/⫺ donors and recipients. Donor BM cells were prepared as previously described
for the generation of in vitro DC cultures. Two days before irradiation and
2 wk after transplantation, mice were given clavamox in their drinking
water to prevent infection. Recipients were irradiated with 11 Gy using a
Nordon Gamma Irradiator and immediately i.v. injected with 5 ⫻ 106 BM
cells. Two months after injection, chimeric mice were euthanized and cells
were harvested and analyzed.

FIGURE 3. Kidney defect observed in 7- to 12-mo-old fgl2⫺/⫺ mice. A,
Gross appearance of a fgl2⫺/⫺ kidney that developed a severe glomerulonephritis compared with the littermate control. B–D, Histology of the defective kidney from fgl2⫺/⫺ mice stained with PAS. B, Intense cellular
infiltration and fibrin deposition (10⫻ magnification). C, Mesangial expansion of the glomerulus (asterisk) and collapsed tubules surrounded by fibrin
(arrow) (40⫻ magnification). D, Brown staining (arrow) is hemosiderin
staining of macrophages and indicates the presence of hemorrhage (40⫻
magnification).

ated FGL2 (2 g) as previously described (29). A total of 2 ⫻ 105 A20 and
A20IIA1.6 cells were cultured with RPMI 1640 medium containing 10%
FBS in 48 well tissue culture plates (Corning). Cells treated with 500 nM
staurosporine, 500 nM FGL2, or 500 nM fibrinogen (negative control) for
12 h, were stained with either PI or FAM-VAD-FMK (poly caspases activation marker) and analyzed by flow cytometry for cell apoptosis.

Statistical analysis
Statistical significance was assessed by a Student’s t test or by ANOVA;
differences with p ⱕ 0.05 were considered significant.

Real-time PCR
Following the purification of splenic CD4⫹CD25⫹ and CD4⫹CD25⫺ T
cells by FACS, RNA was extracted from the cells and the levels of fgl2
mRNA expression were measured by real-time PCR. fgl2 expression levels
were normalized to HPRT, GAPDH and RPL13, which served as housekeeping genes. The 2⫺⌬CT calculations were used to present levels of fgl2
expression in CD4⫹CD25⫹ relative to CD4⫹CD25⫺ T cells.

Suppression assay
In vitro suppression assays used cultures of 2 ⫻ 104 CD4⫹CD25⫺ T cells
from fgl2⫹/⫹ mice as responder cells, together with 8 ⫻ 104 irradiated
splenocytes as APC and titrated numbers of CD4⫹CD25⫹ Treg cells from
either fgl2⫺/⫺ or fgl2⫹/⫹ mice as suppressor cells. Cultures were stimulated
with Con A (1 g/ml) for 72 h and [3H]thymidine was added for the last
18 h to measure proliferation of effector T cells. For Ab blockade studies,
titrated concentrations of a mAb to FGL2 (no. H00010875-M01 monoclonal IgG2a Ab; Abnova) were added to the cell cultures of CD4⫹ effector
T cells and CD4⫹CD25⫹ Treg cells sorted from wild-type mice, at a 1:4
suppressor:responder cell ratio in the presence of APC and Con A.

Results

Gross morphology, histology, and mass of fgl2⫺/⫺ mice
The generation of fgl2⫺/⫺ has been previously described (7).
Gross morphology and histology of tissues and organs from young
(6 – 8 wk) and old (7 mo) fgl2⫺/⫺ and fgl2⫹/⫹ mice were compared. In young fgl2⫺/⫺ mice, all organs appeared normal as assessed by gross appearance, histological analysis, and weight;
however, 25% fewer Peyer’s Patches were found in the small intestine. Decreased number of intestinal Peyer’s Patches and follicles was also found in older fgl2⫺/⫺ mice. Although 6 to 8-wk-old
fgl2⫺/⫺ and fgl2⫹/⫹ control mice exhibited similar body weights,
at 7 mo of age, fgl2⫺/⫺ mice were significantly smaller in size and
weight ( p ⱕ 0.05). By 7 mo of age, kidney size and weight were
smaller in 25% of fgl2⫺/⫺ mice as compared with fgl2⫹/⫹ mice.
Spleens were enlarged in fgl2⫺/⫺ mice compared with littermate
controls (data not shown).

FGL2 effects on APCs
The effect of FGL2 on the LPS-induced maturation of BM-derived DC was
examined by adding recombinant FGL2 to DC cultures during LPS-induced maturation (19). BM cells from C57BL/6 and Fc␥RIIB⫺/⫺ mice
were prepared and cultured for 7 days in the presence of GM-CSF and IL-4
to derive immature DC. Immature DC were stimulated with LPS (200
ng/ml) to reach final maturation for 2 days in the presence of fibrinogen
(negative control) or FGL2 (10 g/ml). The expression of surface maturation markers, including CD80, CD86, and MHCII molecules, were measured with specific Abs and isotype controls by flow cytometric analysis.
The A20 B cell line was obtained from American Type Culture Collection and the A20IIA1.6 mutated B cell line was a gift from Dr. James
Booth (Sunnybrook Research Institute, Toronto, ON). The cells were
stained with anti-Fc␥RIIB/III Ab (2.4G2; BD Pharmingen) and biotinyl-

Constitutive FGL2 expression
The LacZ reporter gene inserted into exon 1 of the fgl2⫺/⫺ construct was used to examine constitutive FGL2 expression (7).
␤-galactosidase activity was detected in lymphoid organs, including BM, thymus (our unpublished data), lymph nodes, and spleen.
␤-galactosidase staining was also detected in the stomach and intestine, which was localized primarily to the lamina propria, consistent with reports by others (17) (data not shown). Presence of
FGL2 protein was compared by immunohistochemistry. In particular, heart and intestine stained strongly for presence of FGL2
(data not shown).
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FIGURE 4. The evolution of autoimmune glomerulonephritis. A-1, Kidney from wild-type mouse at 6 mo. Normal glomerulus. HE, ⫻ 400. A-2–A-10,
Kidneys from fgl2⫺/⫺ mice. A-2, At 1 mo, glomeruli show slight focal mesangial thickening. Tubules are normal. PAS ⫻ 400. A-3, At 3 mo, glomeruli
show slight mesangial thickening and slightly increase in cellularity. Capillary loops widely patent. Tubules are normal. PAS ⫻ 400. A-4, At 6 mo,
glomeruli show prominent mesangial thickening and there is increase in cellularity. Capillary loops hard to visualize. Tubules are normal. PAS ⫻ 400. A-5,
At 6 mo, another area showing marked glomerular changes with global mesangial thickening, sclerosis, and loss of vascularity. Note also loss of tubules,
interstitial inflammatory cell infiltrate, sclerosis, and collapse of parenchyma. PAS ⫻ 200. A-6, At 6 mo, IgG isotype control. Note glomerulus in the center
with increased cellularity and surrounding renal parenchyma with inflammatory cell infiltrate and fibrosis. Sever glomerulonephritis. This control immunoperoxidase stain is negative. IP ⫻ 400. A-7, At 6 mo, immunoperoxidase stain for IgG. The glomerular mesangium is positively stained. IP ⫻ 400. A-8,
At 6 mo, immunoperoxidase stain for IgM. The glomerular mesangium is positively stained. IP ⫻ 400. A-9, At 6 mo, immunoperoxidase stain for IgA.
The glomerular mesangium is positively stained. IP ⫻ 400. A-10, At 6 mo, immunostaining of cellular infiltrate for IgG. Many of the infiltrating cells are
positive. The same result was seen with IgM and IgA (data not shown). IP ⫻ 400. B, Levels of creatinine in the serum of fgl2⫺/⫺ and fgl2⫹/⫹ mice. Data
represent as mean ⫾ SEM; n ⫽ 5, ⴱ, p ⱕ 0.05. C, Urinalysis of fgl2⫺/⫺ mice. Urinalysis of fgl2⫺/⫺ mice was performed at different time points. The levels
of blood, ketones, glucose, protein, and pH are shown. Blood levels are shown as ⫹ for mild, ⫹⫹ for moderate, and ⫹⫹⫹ for high. Protein levels are
presented as mean ⫾ SEM; n ⫽ 5.

Increased reactivity of B and T cells from fgl2⫺/⫺ mice
Previous studies (19) from our laboratory suggested that FGL2 has
immunosuppressive activity. To further explore the effects of
FGL2 on the immune system, we examined the proportion and
activity of T and B cells from fgl2⫺/⫺ mice. Although we found
similar proportions of T cells (CD4⫹ and CD8⫹) and B cells
(IgM⫹ and IgD⫹) in the spleens of fgl2⫺/⫺ and fgl2⫹/⫹ mice. T
and B cells from fgl2⫺/⫺ mice were shown to have increased reactivity and effector T cells were polarized toward a Th1 response.
T cells from fgl2⫺/⫺ mice had increased proliferation in response
to Con A ( p ⱕ 0.04) and in a one way MLR ( p ⱕ 0.05) (Fig. 1A),
consistent with our previous in vitro data, which showed that
FGL2 inhibited T cell proliferation (19). Th1 and Th2 cytokine
profiles were analyzed by ELISA. IFN-␥, a Th1 cytokine, was
found to be markedly increased, whereas the production of the Th2
cytokine IL-4 was diminished in supernatants from the MLR cultures of fgl2⫺/⫺ responder cells (Fig. 1B).
Type-1 (TI-1), Type-2 (TI-2) T cell-independent, and T celldependent (TD) B cell responses were analyzed by ELISPOT. In

response to the TI Ags, LPS ( p ⱕ 0.02), and NP-Ficoll ( p ⱕ 0.03),
increased numbers of Ab-producing B cells from fgl2⫺/⫺ mice
were seen (Fig. 1, C–D). However, the amount of Ab produced per
cell as indicated by the size of the spot was similar in B cells from
fgl2⫹/⫹ and fgl2⫺/⫺ mice. fgl2⫺/⫺ mice immunized with the Tdependent Ag NP-CGG had similar numbers of Ab-producing B
cells and equivalent Ab production per cell as fgl2⫹/⫹ mice. These
data indicate that FGL2 is involved in the regulation of T-independent B cell responses, which require help from APCs, but not
T-dependent B cell responses.
Increased numbers and reactivity of DC from fgl2⫺/⫺ mice
In the spleen of fgl2⫺/⫺ mice, we observed a 30% increase in the
proportion and absolute numbers of DC (CD11c⫹MHCII⫹) ( p ⱕ
0.01) (Fig. 2A), whereas the proportions of macrophages
(CD11b⫹MHCII⫹) were similar between fgl2⫺/⫺ and fgl2⫹/⫹
mice. A significant increase in the number of DC obtained from in
vitro BM cultures was seen in fgl2⫺/⫺-derived DC cultures ( p ⱕ
0.01; Fig. 2B). We further examined the proportions of DC subsets

254

FGL2 AND TREG ACTIVITY

A

D

Serum creatinine levels
100

250

*

fgl2-/-

fgl2+/+
Stimulation Index

µmol/L

70
60
50

*

40
30
20

fgl2+/+

10

fgl2-/-

P ≤ 0.001

3

6

150
100
50

40
30
20
10
0

fgl2+/+

fgl2-/-

fgl2+/+

fgl2-/-

Log Anti-MHCII

E
C

50

9

Months

B

P ≤ 0.003

60

0
1

fgl2-/-

fgl2-/-

2.5%

fgl2+/+
3.6%
P ≤ 0.04

fgl2+/+

Log Anti-CD11c

F

Events

fgl2-/-

MLR
70

200

0

fgl2+/+

fgl2-/-

Stimulation Index

80

fgl2+/+

fgl2+/+
Con A

*

90

fgl2-/-

P ≤ 0.01

P ≤ 0.05

⫹/⫹

*

*

⫺/⫺

Log Anti-MHCII
⫺/⫺

⫺/⫺

Log Anti-CD80
⫹/⫹

FIGURE 5. fgl2
recipients reconstituted with fgl2
BM exhibit the phenotype of fgl2
mice. fgl2
and fgl2
mice were irradiated with 11
Gy of ␥-irradiation before injection with BM from fgl2⫹/⫹ and fgl2⫺/⫺ mice, respectively; assays were preformed following BM reconstitution. A, Levels
of creatinine in the serum of fgl2⫺/⫺ and fgl2⫹/⫹ BM-reconstituted mice at different time points (indicated by number of months) following BM reconstitution. Data represent mean ⫾ SEM; n ⫽ 5, ⴱ, p ⱕ 0.05. B, Gross appearance of a defective kidney from fgl2⫺/⫺ BM-reconstituted mice, which developed
a severe glomerulonephritis. The kidney was small in size and displayed histological abnormalities. C, Evidence of mesangial expansion (arrowhead),
collapsed tubules (arrow), cellular infiltrates, fibrin deposition, and hemosiderin staining (asterisks) were shown with PAS staining. D–F, Two months
following BM reconstitution, splenocytes, and BM were harvested from each treatment group for analysis of the development and function of T cells and
DC. D, T cell proliferation in response to Con A or in a MLR. Data represent as mean ⫾ SEM. E, Flow cytometry of DC (CD11c⫹MHCII⫹) in spleen
of fgl2⫺/⫺ and fgl2⫹/⫹ BM-reconstituted mice. Numbers indicate a representative percentage of cells in the designated gate. F, Representative expression
of costimulatory molecules on the surface of BM-derived DC by flow cytometry.

in lymphoid tissues based on the expression of B220, CD11b, and
CD8␣. In fgl2⫺/⫺ mice, we observed an increase in all plasmacytoid and myeloid DC subsets rather than an increase in a specific
subset (our unpublished data).
The increase in the number of DC present in the spleen and BM
of fgl2⫺/⫺ mice could be explained by an abnormal proliferation of
DC precursors or an increase in DC lifespan. Forward and side
scatter plots showed that DC derived from fgl2⫹/⫹ mice at 24 and
72 h post-LPS stimulation contained more dead cells than cultures
of DC derived from fgl2⫺/⫺ mice. Cultures were stained with Annexin V and PI to assess for apoptosis. At 24 h post-LPS stimulation, there was a 3-fold increase in the proportion of DC staining
positive for Annexin V in fgl2⫹/⫹ cultures as compared with cultures of DC from fgl2⫺/⫺ mice. At 72 h, nearly all DC from
fgl2⫹/⫹ mice stained positive for PI (Fig. 2C), whereas in fgl2⫺/⫺
cultures, a smaller population of DC stained positive. Thus in the

absence of fgl2, apoptosis of LPS-stimulated DC in culture is both
decreased and delayed.
Unstimulated DC generated from BM cultures from both
fgl2⫺/⫺ and fgl2⫹/⫹ mice expressed similarly low levels of CD80,
CD86, CD40, MHCII, MHCI, and DEC205. DC from both
fgl2⫺/⫺ and fgl2⫹/⫹ mice after LPS stimulation showed increased
expression of these maturation markers. However, we observed
higher levels of CD80 and MHCII expression in DC from fgl2⫺/⫺
mice (Fig. 2D). These data collectively suggest that DC from
fgl2⫺/⫺ mice are increased in numbers and achieve greater activation following LPS stimulation.
The migration rate of DC from the bridging junction to periarteriolar lymphoid sheath (PALS) of the spleen following LPS stimulation was assayed by immunohistochemistry. Murine DC in the
spleen reside in the bridging junctions between the PALS and B
cell follicle, and upon antigenic stimulation, migrate into the
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PALS. At time 0 (preinjection), splenic DC from both fgl2⫹/⫹ and
fgl2⫺/⫺ mice were localized to the bridging junctions between the
PALS and B cell follicle. By 2– 4 h post-LPS injection, DC migrated to the PALS in both fgl2⫹/⫹ and fgl2⫺/⫺ mice. However,
comparison of DC staining in the PALS at 30 min and 1 h postLPS stimulation showed that DC in fgl2⫺/⫺ mice moved into the
PALS at a faster rate (Fig. 2E), although this was not statistically
significant.
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Normal spleen architecture and formation of germinal centers
(GC) was observed in fgl2⫺/⫺ mice
To assess whether fgl2 is important for splenic organization and
GC formation, fgl2⫺/⫺ and fgl2⫹/⫹ mice were injected with saline
(control) or NP-CGG (a T cell-dependent Ag). Spleens from each
group were harvested at 12 days postimmunization and analyzed
by immunohistochemistry and flow cytometry. Distribution of T
and B cells was visualized by staining tissue sections with antiCD3 and anti-B220 Abs. In both fgl2⫹/⫹ and fgl2⫺/⫺ spleens, a
clear interface between the T cell-rich PALS and surrounding B
cell follicles was observed. The MAdCAM-1-stained marginal sinus, which separates the marginal zone from the outer follicular
region of the B cell follicle was evident in both fgl2⫺/⫺ and
fgl2⫹/⫹ spleens. Furthermore, extensive peanut agglutinin staining, the GC B cell marker, was observed in the PALS of both
fgl2⫺/⫺ and fgl2⫹/⫹ spleens following immunization with NPCGG. This was confirmed by flow cytometry analysis of GC B
cells (B220⫹GL7⫹Fas⫹) (data not shown).
Development of autoimmune glomerulonephritis in fgl2⫺/⫺ mice
With age, fgl2⫺/⫺ mice lost weight and by 6 mo, 25% of fgl2⫺/⫺
aged mice developed severe glomerulonephritis, with characteristically small and yellow kidneys (Fig. 3A). Staining of kidneys
with PAS reaction revealed extensive infiltration of mononuclear
cells and interstitial fibrosis (Fig. 3B). Many renal tubules had
collapsed and were surrounded with fibrin, and mesangial expansion was evident in the glomerulus (Fig. 3C). Hemosiderin staining
of macrophages indicated the presence of hemorrhage within the
kidney (Fig. 3D). Such kidney defects were not observed in
fgl2⫹/⫹ mice at any age up to 9 mo (n ⫽ 20).
To further explore the renal abnormality observed in 6- to
12-mo old fgl2⫺/⫺ mice, kidneys were harvested from fgl2⫺/⫺
mice at 1, 3, and 6 mo and examined by routine histology and
stained for the presence of immunoglobulins (IgA, IgG, and IgM).
Histological examination of kidneys at different time points was
done on H&E stained sections (Fig. 4A). Kidney structure was
normal at 1 mo. In particular the glomeruli were normal, aside
from very minimal mesangial thickening. By 3 mo there was
focal segmental mesangial thickening and mild increase in cellularity of glomeruli (Fig. 4A). By 6 mo the glomerular changes
were severe and widespread with generalized increase in cellularity, marked mesangial thickening and marked decrease in
vascularity. Additionally, at 6 mo there was also a heavy interstitial inflammatory cell infiltration comprised predominantly of
lymphocytes. There was also marked tubular loss, interstitial
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FIGURE 7. FGL2 inhibits the maturation of BM-derived DC through
binding to inhibitory Fc␥RIIB receptor. BM cells from C57BL/6 and
Fc␥RIIB⫺/⫺ mice were prepared and cultured for 7 days in the presence of
GM-CSF and IL-4 to derive immature DC as described in Materials and
Methods. Immature DC were stimulated with LPS (200 ng/ml) to reach
final maturation for 2 days in the presence of fibrinogen (negative control)
or FGL2 (10 g/ml). The expression of surface maturation markers including CD80, CD86, and MHCII were measured by flow cytometry. Gray
histograms show fluorescence signals of cells treated with FGL2 and
stained with the specific Abs. Black histograms represent cells treated with
fibrinogen. The blue shaded areas are the appropriate isotype-matched Ig
control. A, The expression of CD80, CD86, and MHCII on BM-derived DC
from C57BL/6 mice was decreased by FGL2 treatment. B, The expression
of maturation markers of BM-derived DC from Fc␥RIIB⫺/⫺ mice was not
affected by FGL2 treatment.

sclerosis, and fibrosis (Fig. 4A). Immunoperoxidase staining for
IgG, IgM, and IgA was strongly positive in glomeruli and in
infiltrating cells (Fig. 4A). Kidneys from wild-type mice were
normal at all times. C3 deposits were detected in kidneys from
fgl2⫺/⫺ mice at 1, 3, and 6 mo coincident with deposits of
immunoglobulins.
Urine and serum analysis were also performed at different
time points and revealed progressive increases in the levels of
protein (albumin) and blood in the urine (Fig. 4C) and increases
in serum creatinine (Fig. 4B) in fgl2⫺/⫺ mice with age. In contrast, in wild-type mice the levels of albumin and blood in the
urine (our unpublished data) and serum creatinine (Fig. 4B)
were normal at all times. The levels of IgG and IgM autoantibodies against dsDNA, ssDNA, or chromatin in aged fgl2⫺/⫺
mice were normal and comparable to aged wild-type mice (our
unpublished data).

FIGURE 6. FGL2 contributes to Treg cell activity. A, Levels of fgl2 mRNA expression in CD4⫹CD25⫹ relative to CD4⫹CD25⫺ T cells as measured
by real-time PCR. B, Flow cytometry measurement of CD4⫹Foxp3⫹ Treg cell percentage in spleen, lymph nodes, and thymus (top); calculated absolute
CD4⫹Foxp3⫹ Treg cell number in lymphoid organs (bottom). C, Mean fluorescence intensity (MFI) of Foxp3 expression in Treg cells from fgl2⫺/⫺ and
fgl2⫹/⫹ mice by flow cytometry. D, In vitro suppression assays using cultures of CD4⫹CD25⫺ T cells from fgl2⫹/⫹ mice as responder cells, together with
APC and titrated numbers of CD4⫹CD25⫹ Treg cells from either fgl2⫺/⫺ or fgl2⫹/⫹ mice as suppressor cells. [3H]Thymidine incorporation was used to
measure the proliferation of effector T cells. The activity of Treg cells was expressed as a percent suppression of CD4⫹ effector T cell proliferation in the
absence of Treg cells. E, Titrated concentrations of anti-FGL2 Ab were added to the cultures of CD4⫹CD25⫺ T cells and CD4⫹CD25⫹ Treg cells in the
presence of APC. All graphs in panel represent mean ⫾ SEM from three independent experiments of two to four mice in each group.
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row) for 12 h, stained with either PI or FAM-VAD-FMK (poly caspases activation marker) and analyzed by flow cytometry. Dot plot in the left panel
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FAM-VAD-FMK staining is shown in middle and right panel, respectively. Both staurosporine and FGL2 showed apoptosis induction effects. D, Staurosporine also induced apoptosis in A20IIA1.6 cells but FGL2 failed to induce apoptosis in A20IIA1.6 cells. Results are representative of three experiments.

fgl2⫹/⫹ recipients reconstituted with fgl2⫺/⫺ BM exhibit the
phenotype of fgl2⫺/⫺ mice
We generated BM chimeras to determine whether the etiology of
the increased immune reactivity of fgl2⫺/⫺ mice was hemopoietic.
Mice were sublethally irradiated and fgl2⫹/⫹ mice were reconstituted with fgl2⫺/⫺ BM, whereas fgl2⫺/⫺ mice were reconstituted
with fgl2⫹/⫹ BM. Populations of macrophages, T cells, B cells,
and DC purified from each of the transplant groups by MACS were
genotyped to confirm that reconstitution had occurred (our unpublished data). By three months after BM reconstitution, elevated levels of creatinine were measured in the serum of
fgl2⫹/⫹ mice reconstituted with fgl2⫺/⫺ BM (Fig. 5A), and one
of these mice developed a severe kidney defect as seen in fgl2⫺/⫺
aged mice. The kidney was small in size (Fig. 5B) and displayed
the following histological features: intense cellular infiltrate, fibrin
deposition, expanded mesangial matrix of some glomeruli, and
collapsed tubules. Hemosiderin staining was also present indicating hemorrhage (Fig. 5C). Mice were followed for up to 9 mo and
similar kidney abnormalities were seen in all fgl2⫹/⫹ mice reconstituted with fgl2⫺/⫺ BM.
In addition, fgl2⫺/⫺ BM-reconstituted mice exhibited increased
proliferation of T cells in response to alloantigens and Con A (Fig.
5D), increased numbers of DC (Fig. 5E) with increased expression

of cell surface CD80 and MHCII compared with fgl2⫹/⫹ BMreconstituted mice (Fig. 5F).
FGL2 contributes to Treg cell activity
Previous studies (21–26) have reported increased expression of
fgl2 mRNA transcripts in Treg cells and suggested a role for fgl2
as a putative Treg cell effector gene. To examine this possibility,
we first assessed the expression of fgl2 in Treg cells. CD4⫹CD25⫹
T cells and CD4⫹CD25⫺ T cells were purified from spleens of
C57BL/6 mice by FACS and fgl2 transcript levels were measured
by real-time PCR. A 6-fold increase of fgl2 mRNA in
CD4⫹CD25⫹ T cells compared with CD4⫹CD25⫺ T cells was
seen (Fig. 6A).
To determine whether fgl2 was important for the generation and
maintenance of Treg cells, we analyzed the proportion of Treg
cells in the lymphoid tissues of fgl2⫹/⫹ and fgl2⫺/⫺ mice. Following isolation, mononuclear cells isolated from various lymphoid tissues were stained with mAbs against CD4, CD3, Foxp3,
and CD25 and analyzed by flow cytometry. A statistically significant increase in the percentage of Treg cells was observed in all
lymphoid tissues of fgl2⫺/⫺ mice compared with littermate controls (Fig. 6B). This increase corresponded to a higher absolute
number of Treg cells in all lymphoid organs (Fig. 6B). Foxp3
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expression levels were increased in Treg cells from fgl2⫺/⫺ mice
compared with littermate controls (Fig. 6C).
We directly assessed the effect of targeted deletion of fgl2 on the
ability of Treg cells to suppress effector CD4⫹ T cell proliferation.
Purified CD4⫹CD25⫺ T cells from fgl2⫹/⫹ mice were cultured for
4 days in the presence of irradiated splenocytes, which served as a
source of APC, Con A (1 g/ml), and in the presence of titrated
numbers of CD4⫹CD25⫹ T cells purified from either fgl2⫺/⫺ or
fgl2⫹/⫹ mice. [3H]Thymidine incorporation was used to measure
the proliferation of effector CD4⫹ T cells. Treg cells from fgl2⫺/⫺
mice were less efficient in suppressing CD4⫹ T cell proliferation
compared with Treg cells from fgl2⫹/⫹ mice at all ratios used (Fig.
6D). Surprisingly, at ratios 1:16 and 1:32 of Treg cells to effector
T cells, we observed stimulation and proliferation of CD4⫹ T cells
in cultures to which Treg cells from fgl2⫺/⫺ mice had been added.
One possible explanation could be a contamination of effector T
cells from fgl2⫺/⫺ mice, which were previously shown to have a
hyperproliferative response to Con A and alloantigens. In a separate set of experiments, we examined the ability of anti-FGL2 mAb
to block Treg cell activity. Titrated concentrations of anti-FGL2
Ab were added to cultures of effector T cells and Treg cells at a 1:4
suppressor:responder cell ratio in the presence of APC. Anti-FGL2
Ab completely blocked the suppressive activity of Treg cells in a
dose dependent manner (Fig. 6E). In contrast, an isotype control
Ab had no inhibitory effect.
FGL2 mediates its activity through binding to inhibitory
Fc␥RIIB receptor expressed by APC
Previously, we reported that recombinant FGL2 generated in CHO
cells binds to DC and B cells through binding to inhibitory
Fc␥RIIB receptor (29). To examine the biological significance of
the binding of FGL2 to the receptor, BM DC were isolated from
wild-type and Fc␥RIIB⫺/⫺ mice (C57BL/6 background), and cultured in the presence of GM-CSF and IL-4 for 7 days. Immature
DC were stimulated for 48 h with LPS (200 ng/ml) in the presence
of fibrinogen (negative control) or FGL2 (10 g/ml). Treatment
with FGL2 resulted in reduced expression of CD80, CD86, and
MHCII expression in DC from wild-type mice (Fig. 7A), whereas
FGL2 treatment had no inhibitory effect on DC from Fc␥RIIB⫺/⫺
mice (Fig. 7B).
To study the effect of FGL2 on B cells, the A20 B cell line was
cultured for 12 h in the presence of FGL2 (500 nM) or fibrinogen
used as a negative control. Recombinant FGL2 bound to A20 cells,
which express Fc␥RIIB (Fig. 8A), resulting in apoptosis. A20 cells
treated with FGL2 contained 43.4% positive cells for FAM-VADFMK (poly caspases activation marker), indicative of cells undergoing apoptosis, and 18.5% PI positive cells, indicative of dead
cells (Fig. 8C). In contrast, no apoptosis was observed in cells
incubated in the presence of fibrinogen (Fig. 8C). A20IIA1.6 cells,
which do not express Fc␥RIIB, did not bind FGL2 and did not
undergo apoptosis (Fig. 8, B and D). Staurosporine (500 nM) was
used as a positive control to induce apoptosis in both A20 and
A20IIA1.6 cell lines. These results suggest that FGL2 exerts its
immunoregulatory effects through the inhibitory Fc␥RIIB receptor
expressed by DC and B cells.

Discussion
FGL2 consists of 432 aa and contains a C-terminal fibrinogenrelated domain, which is a highly conserved region found in the ␤and ␥-chains of fibrinogen and is characteristic of proteins within
the fibrinogen superfamily (1, 2). Members of this functionally
diverse superfamily include the extracellular matrix proteins tenascin, angiopoietin, growth factors, and ficolin (19). These proteins
have been shown to exhibit coagulant and angiogenic activity, as
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well as immunoregulatory activity (1, 2, 30). Similar to other
members of the fibrinogen superfamily, our laboratory has recently
discovered (19) that FGL2 inhibits murine DC maturation and
adaptive T cell immune responses, in addition to its role in innate
immunity through its ability to activate the coagulation system
(7–15).
In this present study, we examined the effects of targeted deletion of fgl2 on the immune system and its role as a negative regulator in vivo. As we had hypothesized, fgl2 deficiency resulted in
increased immune reactivity. We first observed increased numbers
of DC in the spleen and BM-derived cultures from fgl2⫺/⫺ mice
following LPS stimulation. This was accompanied by an enhanced
expression of maturation markers including CD80 and MHCII, as
well as an increased life span of DC from fgl2⫺/⫺ mice. The increased numbers and activation of DC seen in the fgl2⫺/⫺ mice
were consistent with the inhibitory effect of FGL2 on DC in vitro,
which we have previously reported (19). T cells from fgl2⫺/⫺ mice
showed greater proliferation in response to Con A and alloantigens. High levels of IFN-␥, a Th1 cytokine, and low levels of IL-4,
a Th2 cytokine, were detected in allogeneic cultures of fgl2⫺/⫺
responder T cells, demonstrating polarization toward a Th1 immune response. Again, these findings are consistent with in vitro
data, showing the ability of FGL2 to inhibit T cell proliferation and
promote a Th2 cytokine profile (19). Also, as one might have predicted based on previous studies, we found that DC from fgl2⫺/⫺
mice had increased CD80 expression but no change in the expression of CD86 (19).
Hancock et al. (16) also examined the effects of targeted deletion of fgl2 on immune responses, in particular Th1 activity. They
reported that Th1 responses and T cell proliferation in response to
bacterial and viral infections were comparable in fgl2⫺/⫺ and
fgl2⫹/⫹ mice. In addition, they showed that the proportions of B
cells, macrophages, and CD4⫹ and CD8⫹ T cell populations were
similar. This is consistent with our findings that equivalent proportions of B cells, T cells, and macrophages are found in the
spleens of fgl2⫺/⫺ and fgl2⫹/⫹ mice. Our group and Hancock et al.
are in agreement with the fact that the Th1 response in fgl2⫺/⫺
mice is not diminished or impaired. Our group has, in fact, reported an increase in the Th1 immune response. The transplant
data in both studies (13, 16) were also similar with comparable
rejection rates in fgl2⫺/⫺ and wild-type recipient mice. Again, our
group has also extended these findings to report an increased survival of grafts from fgl2⫺/⫺ mice (13), an issue which was not
examined by Hancock et al. (16). Although some differences seen
in the phenotype of our fgl2⫺/⫺ mice compared with mice reported
by Hancock et al. (16) could be attributed to the different methodologies used to generate the two sets of mice (7, 16), we suggest
that differences in experimental design are equally plausible as an
explanation. For example, Hancock et al. (16) used a potent immunogen to examine immune responses and reported a high IFN-␥
level in serum (40 ng/ml); in contrast, we have used a lesser stimulus in vitro which generated only 4 ng/ml IFN-␥ (Fig. 1B). Hancock et al. (16) suggested that FGL2 might contribute to pathologically significant coagulative responses under certain
conditions, just as we have shown in response to MHV-3 but not
to endotoxin (7). Hancock et al. (16) and we have raised the possibility that FGL2 plays important roles in responses, which have
yet to be fully evaluated, and our data are not in disagreement with
this prediction.
With age, our fgl2⫺/⫺ mice lost weight compared with littermate controls and developed glomerulonephritis and renal failure
as indicated by histology and by increased levels of serum creatinine and protein and blood in the urine. The first evidence to
suggest that the renal disease may be autoimmune was the marked
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infiltration of mononuclear cells in the kidneys and deposits of
IgG, IgM, IgA, and complements (C3) in association with renal
disease. Secondly, the disease was recapitulated in BM chimera
studies. We examined the effect of aging on both numbers and
function of Treg cells in fgl2⫺/⫺ mice. One-year-old fgl2⫺/⫺ mice
had significantly reduced numbers of Treg cells and their function
was impaired similar to results seen in young fgl2⫺/⫺ mice (our
unpublished data). Alteration in CD4⫹CD25⫹ Treg cell numbers
or activity has been shown to be associated with autoimmune diseases (31). We therefore propose that loss of Treg cell function in
fgl2⫺/⫺ mice accounts for the increased immune reactivity and the
development of the glomerulonephritis. In favor of the important
role for FGL2 in Treg cell suppressive activity is the observation
that Treg cells treated with Ab to FGL2 have no suppressive
activity.
Increased numbers of Treg cells and Foxp3 expression in
fgl2⫺/⫺ mice were observed. Increased levels of IL-2 in supernatants from the MLR cultures of fgl2⫺/⫺ responder cells (our unpublished data) might explain the increased numbers of Treg cells,
which bear CD25 and thus proliferate in response to IL-2. However, Treg cells from fgl2⫺/⫺ mice exhibited decreased suppressive activity compared with Treg cells from fgl2⫹/⫹ mice. These
results suggest that FGL2 is an important effector molecule of Treg
cells and that the increased numbers of Treg cells and Foxp3 expression might serve as a compensatory mechanism for the diminished Treg cell activity in fgl2⫺/⫺ mice. Other molecules including
TGF-␤, IL-10, CTLA-4, LAG-3, CD39, and galectin-1 have also
been reported to account for the regulatory activity of Treg cells.
However, Ab to these molecules in some cases had no effect or
only minimally inhibited Treg cell activity in vitro in contrast to
Ab to FGL2 (32–36). The data generated in this report and by
others suggest that the suppressive activity of Treg cells is complex involving many redundant pathways. In support of this concept, Treg cells from both TGF-␤⫺/⫺ and CTLA-4⫺/⫺ mice exhibited normal activity (36).
In addition to CD4⫹CD25⫹ Treg cells, fgl2 might be important
to the function and/or development of other Treg cell subsets. We
have observed a marked increase in the expression levels of fgl2
mRNA and FGL2 protein in CD4⫺CD8⫺ double negative T cells
and a loss of fgl2 expression in a double negative mutant clone,
which is devoid of suppressor activity (our unpublished data). Recently, CD8␣␣⫹ T cells were likewise shown to express increased
levels of fgl2 suggesting that fgl2 may have an important role in
other Treg cell populations (20). The fact that CD8␣␣⫹ T cells are
critical for intestinal tolerance suggests that fgl2 may also play a
role in maintaining tolerance in the intestine.
Clinical evidence also suggests that FGL2 negatively regulates the
immune system. Hepatitis B and hepatitis C patients express increased
levels of FGL2 (19, 37) and DC derived from patients with chronic
HCV and HBV infections have attenuated responses to maturation
stimuli (lower CD86 expression), impaired T cell stimulating capabilities, and decreased IFN-␥ production (38, 39). Furthermore,
these chronic viral HBV- and HCV-infected patients are incapable
of mounting protective T cell responses (40). Kohno et al. (41)
have demonstrated a loss of fgl2 transcripts in patients with acute
and chronic adult T cell leukemia, a lymphoproliferative disorder
of Th cells, suggesting a potential role for FGL2 in the regulation
of T cell proliferation.
The mechanism whereby FGL2 exerts its immunoregulatory activity was also investigated in this study. BM chimera studies demonstrated that hemopoietic cells from fgl2⫺/⫺ mice mediate the
increased immune reactivity seen in fgl2⫺/⫺ mice. The increased
numbers of Ab-producing B cells in response to TI Ags, shown by
ELISPOT and our DC studies, suggest that FGL2 fulfills its im-
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munoregulatory function through its effects on APC. In favor of
this notion, FGL2 has been demonstrated to bind specifically to the
low-affinity Fc␥RIIB and Fc␥RIII, which are present on DC and B
cells (Figs. 7 and 8). The binding of FGL2 to these receptors led
to inhibition of DC maturation and induction of B cell apoptosis.
It has also been reported (42) that glomerular mesangial cells
within the kidney express high levels of inhibitory Fc␥RIIB
receptors, and Bolland and Ravetch (43) have shown that
Fc␥RIIB⫺/⫺ mice on a C57BL/6 background develop glomerulonephritis. Thus, we would expect that fgl2⫺/⫺ mice, which lack the
ligand for Fc␥RIIB, would develop glomerulonephritis similar to
Fc␥RIIB⫺/⫺ mice.
Collectively, the results of the present study suggest that fgl2
accounts, at least in part, for the suppressive activity of Treg cells.
Loss of FGL2 results in significant immune dysregulation and glomerulonephritis. These studies suggest that FGL2 exerts its immunosuppressive activity through binding to the low-affinity Fc␥RIIB
receptor, which is known to be expressed on APC and is an important immunoregulatory receptor.
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