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Fig. 3. Retroviral transduction of Egr-2 into naive T cells. (A) Retroviral
constructs for the transduction of Egr-2. (B) Ectopic Egr-2 expression induced
the expression of LAG-3, IL-10, and Blimp-1. Quantitative PCR analyses of gene
expression in sorted retrovirally transduced cell populations stimulated for 5
days with soluble anti-CD3 mAb (1 pig/mlL). The results are the means of three
independent experiments. {C} Cytokines in the culture supernatants of pMIG-
and pMIG-Egr2-transduced CD4*GFP* T cells stimulated for 48 h with or
without plate-coated anti-CD3 mAb. The results are the means of three
independent experiments. (D) Suppression of naive carboxyfluorescein diac-
etate succinimidyl ester (CFSE)-labeled CD4+CD25CD45RBMI T cells by Egr-
2-transduced T cells in vitro, Naive CD4+*CD25~CD4SRBMIH Thy1.1- T cells were
labeled with CFSE and cultured with the indicated retrovirally transduced
Thyt.2* T cells and irradiated whole splenocytes plus anti-CD3 mAb. Repre-
sentative data from three independent experiments are shown. (E) Antigen-
specific suppression of the delayed-type hypersensitivity (DTH) response by
Egr2-transduced CD4* T cells. Six days after primary immunization, FACS-
sorted pMIG- or pMIG-Egr2-transduced CD4* T cells (1 X 105} from BALB/c or
DO11.10 mice were transferred adoptively via i.v. injection into BALB/c mice.
Two days after adoptive cell transfer, DTH response in the footpad was
induced. Footpad thickness was determined 24 h later; n = 6 per group. All
error bars represent £SD. #¥, P < 0.01.

CD4* CD45RB"“™ subset in an IL-10-dependent manner (36). The
suppressive activity was independent of CD47CD25" Tregs, because
CD4~CD25* T-cell-depleted CD4™CD25"CD4SRB T cells re-
taincd suppressive activity (37). The present findings that
CD4+*CD25-CD45RBLAG3" T cells exhibited stronger suppres-
sive activity than CD4* CD25-CD45RBYLAG3™ T cells indicated
that the suppressive activity of CD47CD25 CD45RB"%™ T cells

Okamura et al.

was confined mainly to CD4-CD25-CD45RB*YLAG3 " T cells
expressing high levels of Egr-2. The association between LAG-3
and IL-10 production was consistent with previous observations
(25). In addition to CD4*CD25~ CD45RB"™ T cells, a decade of
active research has focused on IL-10-producing type 1 regulatory
T cells (Trl) induced in vitro by antigenic stimulation (14).
CD4*CD25"LAG3* Tregs were probably different from Trl in
that CD47CD257LAG3™ Tregs did not produce TGF-8 and
IL-5 (14). However, the precise relationships between
CD4*CD25"LAG3* Tregs and Trl should be investigated
further, because an optimal stimulation may induce TGF-8 and
IL-5 production in CD47CD25"TAG3" Tregs.

In this study, the suppressive phenotype of CD4~CD25"LAG3™
Tregs was determined by Egr-2. Egr-2 transduced T cells exhibited
antigen-specific immunosuppressive capacity in vivo. Forced ex-
pression of Egr-2 in CD4™ T cells induced the expression of LAG3,
IL-10. and Blimp-1 genes. These results are consistent with the
recent findings that T-cell-specific Blimp-1 conditional knockout
mice showed impaired 1L-10 production and increased TL-2 pro-
duction in activated CD4~ T cells and that they developed spon-
tancous colitis (38, 39).

The extrathymic development of IL-10-secreting T cells al-
ready has been reported (40). The severe decrease of
CD4*CD25"LAG3" Tregs in GF mice shows the importance
of environmental microbiota for the development of
CD4"CD25"LAG3" Tregs. Germfree models represent an im-
portant tool for uncovering the function of gut microbiota,
especially their effects on mucosal immunity (33, 34). Recently,
gut-associated lymphoid tissue has been demonstrated to be a
preferential site for the peripheral induction of Foxp3* regula-
tory T cells (41). In particular, dendritic cells (DCs) expressing
CD103" from the lamina propria of the small intestine and from
the mesenteric lymph node can induce Foxp3* T cells (42).
Plasmacytoid DCs presenting dietary antigens are responsible
for induction of oral tolerance and immune suppression affecting
both CD4" and CD8" responses (43). The precise mechanisms
of the development of CD4"CD25"LAG3* Tregs by environ-
mental microbiota and antigen-presenting celis should be exam-
ined further.

Recent genome-wide association studies reported SNPs on
chromosome {(g21 with a strong association to Crohn’s disease
(44, 45), a common form of chronic inflammatory bowel disease
(IBD). The associated intergenic region is flanked by Egr-2,
suggesting that this genetic variation could regulate Egr-2 ex-
pression. The characteristically high production level of IL-10 by
Egr-2-dependent CD4°CD25™ T cells suggests that this Treg
population may contribute to the control of organ inflammation.
Moreover, T-cell-specific Egr-2-deficient mice showed autoim-
mune disease characterized by the enhanced expression of
proinflammatory cytokines and massive infiltration of T cells
into multiple organs (46). By exploiting the capacity of Egr-2-
dependent CD4'CD25"LAG3* Tregs to produce a large
amount of IL-10, they can be useful for antigen-specific treat-
ment of inflammatory disease, in particular IBD.

Materials and Methods

Mice. BALB/c and (57BL/6 mice were purchased from Japan SLC. C57BL/6
recombinase-activating gene 1 (rag-7) deficient (RAG1~/7) mice and TCR
transgenic OT-Il mice were purchased from Taconic. RAGT ™™ mice were
housed in microisolator cages with sterile filtered air. TCR transgenic DO11.10
mice, IL-10-deficient ({L-10~/") mice (47), B6.Thy1.1 mice, and Foxp3-eGFP mice
(48) were purchased from Jackson Laboratory. RIP-mOVA (49) mice and
B86.Foxp3*+ female mice were purchased from Jackson Laboratory and back-
crossed with C578L/6 males. B6.Foxp3*" male mice {11) were used at 21 days
of age. All mice except B6.Foxp3*"Y and B6.Foxp3"~ were used at >»7 weeks of
age. All animal experiments were conducted in accordance with institutional
and national guidelines.
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Fig.4. Developmentof CD47CD25 LAG3™ T cells. (A) Flow cytometry of LAG-3 and CD25 expression in the thymus and spleen of OT-II TCR transgenic mice with
orwithout the RIP-mOVA transgene. Upper and Lower plots are gated on CO4 ' VE5.1/5.2' and CD4° CD257VE5.1/5.2° T cells, respectively. Representative FACS
dot plots from three independent experiments are shown. (8) Flow cytometry of LAG-3 and CD45RB expression in the spleen and Peyer’s patch (PP) of
specific-pathogen-free (SPF) (Left) and germfree (GF) (Right) mice gated on CD4'CD25" T cells. Representative FACS dot plots from at least three independent

experiments are shown.

Reagents. Purified and conjugated antibodies were purchased from BD
Pharmingen, eBioscience, or Miltenyi Biotec, and recombinant cytokines were
obtained from R&D Systems. See SI Materials and Methods for details.

RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR, Total T cell RNA
was prepared using an RNeasy Micro Kit (Qiagen). RNA was reverse-
transcribed to ¢cDNA, and quantitative real-time PCR analysis was performed
as described in SI Materials and Methods. Relative RNA abundance was
determined based on control g-actin abundance.

DNA Microarray Analysis. Total RNA of (D47 (D25, CD4* (D25~ CDASRBIW AG3™,
CD4*CD25-CDASRB!*WLAG3™, and CD4+CD25-CD45RBhgh FACS-purified T
cells from C57BL/6 mice were harvested as described above and then prepared
for Affymetrix microarray analysis as described in S/ Materials and Methods.
The data were analyzed using Bioconductor (version 1.9) (50) statistical soft-
ware R and GeneSpring GX version 7.3.1 (Silicon Genetics). All microarray data
have been deposited in the ArrayExpress database (http:/Awww.ebi.ac.uk/
arrayexpress) under accession number E-MEXP-1343.

Proliferation Assay. Each T cell population (1 x 105 cells per well) purified from
C57BL/6 mice was cultured in U-bottomed 96-well plates coated anti-CD3 mAb
for 72 h. H-thymidine (1 uCi per well; NEN Life Science Products) was added
during the last 15 h of culture, Cells were harvested and counted using a g~
counter. Results were expressed as the mean + SD of triplicate cultures.

Suppression Assay. FACS-purified CD4*CD25-CDASRBMaM T cells isolated from
B6.Thy1.1 mice were stained with 5 pM carboxyfluorescein diacetate succinimidyl
ester (CFSE) by incubating them for 10 min at 37 °C. The reaction was quenched
by washing in ice-cold RPMI medium 1640 supplemented with 10% FCS. The
CFSE-labeled CD4*CD25-CDA5RBNIN T cells {5 x 10%) were cocultured with 1
10%irradiated whole splenocytesin the presence or absence of 5 X 104 retrovirally
gene-transduced CD4*GFP*-sorted T cells or CD4*CD25 CD4SRBIOWLAG3™ o™~ T
cells from C578L/6 mice in U-bottomed 96-wel! plates in the presence of 1.0 ug/mL
anti-CD3 mAb. After 72 h, cells were analyzed by flow cytometry and gated on
Thy1.1*CD4* cells.

Colitis Model. Syngenic purified CD4*CD25-CD45RBN9P T cells (1 x 105), de-
scribed above, from C57BL/6 mice were injected i.p. into RAG1™/~ mice alone or
in combination with 1 x 105 wild-type CD4*CD25-CDA45RBWLAG3* °'~ or

. Starr TK, Jameson SC, Hogquist KA (2003) Positive and negative selection of T cells.
Annu Rev immunol 21:138-176.

. Hogquist KA, Baldwin TA, Jameson SC (2005} Central tolerance: Learning self-control
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. Chen Z, Benoist C, Mathis D (2005) How defects in central tolerance impinge on a
deficiency in regulatory T cells. Proc Natl Acad Sci USA 102:14735-14740.

. Roncarolo MG, et al. (2006) Interleukin-10-secreting type 1 regulatory T cellsin rodents
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via the CTLA-4 and PD-1 pathways. Immunol Rev 224:166-182.

. Kalinski P, Moser M (2005) Consensual immunity: Success-driven development of
T-helper-1 and T-helper-2 responses. Nat Rev Immunol 5:251-260.

. Kano §, et al. (2008) The contribution of transcription factor IRF1 to the interferon-y-
interfeukin 12 signaling axis and Tu1 versus Tu-17 differentiation of CD4* T cells. Nat
immunol 9:34-41.

~

w

=

w

=]

~

13978 | www.pnas.org/cgi/doi/10.1073/pnas.0906872106

IL-107/~ CD4* (D25 CD45RBIWLAG3* T cells. Control mice received PBS. Mice
were observed daily and weighed weekly. Seven weeks after cell transfer, the
mice were killed, and sections of the colons were stained with hematoxylin and
eosin. Mice were killed to assess the severity of colitis as described in S Materials
and Methods.

Cytokine Detection. Supernatants from cultures of CD4* T cells untreated or
stimulated by plate-bound anti-CD3 (5 ug/mL) for 48 h or 5 days were har-
vested and pooled, and IL-2, IL-4, IL-5, IL-10, IFN-v, and TGF-B concentrations
were measured using a commercially available LINCOplex Mouse Cytokine kit
(Linco Research) using fluarescently labeled microsphere beads and a Luminex
reader according to the manufacturer’s instructions at GeneticLabo. Raw data
(mean fluorescence intensities) from the beads were analyzed using Master-
Plex QT version 2.5 software (Hitachi) to obtain concentration values. All
samples were run in duplicate, and results were obtained three times.

DTH Assay. BALB/c mice were immunized with OVA 6 days before the transfer
of gene-transduced T cells, Retroviral gene transduction to CD4* T cells has
been reported (51). The experimental groups consisted of CD4* T cells from
BALB/c or DO11.10 mice transduced with pMIG or pMIG-Egr2. In accordance
with our previous experiments (30, 31), the average transduction efficiency
was ~=50%. The GFP-positive fraction of the transduced CD4~ T cells were
sorted with FACSAria and transferred to immunized mice. OVA was rechal-
lenged to the footpad 2 days after the transfer, and footpad swelling was
measured 24 h later. Detailed protocols are described in S/ Materials and
Methods.

Statistical Analysis. Statistical significance was analyzed using Statview soft-
ware (SAS Institute). Body weight changes were analyzed by repeated mea-
sures two-way ANOVA followed by Bonferroni post test. Colitis scores, quan-
titative histology, and DTH responses were analyzed with the Mann-Whitney,
Scheffé, and Bonferroni tests, respectively. Differences were considered sta-
tistically significant with =, P < 0.05 and **, P < 0.01.
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Nicked (32-glycoprotein I binds angiostatin 4.5 (plasminogen kringle 1-5) and
attenuates its antiangiogenic property

Hisako Nakagawa,' Shinsuke Yasuda, Eiji Matsuura,? Kazuko Kobayashi,? Masahiro leko,? Hiroshi Kataoka,’
Tetsuya Horita,' Tatsuya Atsumi,' and Takao Koike'
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of Medicine, Dentistry, and Pharmaceutical Sciences, Okayama; and 3Department of internal Medicine, School of Dentistry, Health Sciences University of

Hokkaido, Ishikari-Tobetsu, Hokkaido, Japan

Angiostatin was first discovered as a plas-
minogen fragment with antitumor/antiangio-
genic property. One of the angiostatin iso-
forms, that is, angiostatin 4.5 (AS4.5),
consisting of plasminogen kringle 1 to 4 and
a most part of kringle 5, is produced by
autoproteolysis and present in human
plasma. B2-glycoprotein | (32GP!) is proteo-
lytically cleaved by plasmin in its domain V
{nicked B2GPl), resulting in binding to plas-
minogen. Antiangiogenic properties have

been recently reported in nicked B2GPI as
well as in intact B2GP! at higher concentra-
tions. in the present study, we found signifi-
cant binding of nicked B2GPI to AS4.5
(Ko = 3.27 x 108 M~"). Via this binding,
nicked 32GPI attenuates the antiangiogenic
functions of AS4.5 in the proliferation of
arterial/venous endothelial cells, in the extra-
cellular matrix invasion and the tube forma-
tion of venous endothelial cells, and in vivo
angiogenesis. In contrast, intact B2GP! does

not bind to AS4.5 or inhibit its antiangiogenic
activity. Thus, nicked B2GP! exerts dual ef-
fects on angiogenesis, that is, nicked B2GPI
promotes angiogenesis in the presence of
AS4.5, whereas nicked B2GPI inhibits angio-
genesis at concentrations high enough to
neutralize AS4.5. Our data suggest that
plasmin-nicked B2GP! promotes angiogen-
esis by interacting with plasmin-generated
AS4.5 in sites of increased fibrinolysis such
as thrombus. (Blood. 2009,114:2553-2559)

Introduction

Angiogenesis is the formation of a new capillary network from
preexisting vessels and is essential in many physiologic and
pathologic states, such as reproduction, development, wound
healing, tumorigenesis, rheumatoid arthritis, diabetic retinopathy,
and thrombosis.!2 Angiogenesis is tightly controlled by activators,
such as fibroblast growth factors (FGFs) and vascular endothelial
growth factor (VEGF), and by inhibitors, such as throm-
bospondin-1, interferon-a/B, platelet factor-4, and angiostatin.?
Angiostatin was discovered in urine from mice with low-metastatic
Lewis lung carcinoma as a kringle-containing fragment of plasmin-
ogen.* This first-reported angiostatin consists of 4 kringle domains
(K1-K4) and possesses antitumor/antiangiogenic properties. Later,
K1 to K3 was revealed to be a more potent inhibitor of angiogen-
esis.> Although several isoforms have been reported, angiostatin
4.5 (AS4.5, also referred to as KI-K5) is the only naturally
occurring isoform identified in human plasma that consists of
kringles 1 to 4 and approximately 83% of kringle 5.%% Plasma
concentrations of in vivo-generated AS4.5 were measured in
cancer patients who received tissue plasminogen activator and
mesna in a clinical trial.” In this study, generation of 2 isoforms of
AS4.5 in human plasma was observed, namely, Lys-AS4.5 and
Glu-AS4.5. Whereas Lys-AS4.5 is the originally reported natural
AS4.5, Glu-AS4.5 is a larger form that obtains intact N-terminal
domain of the precursor protein. Approximately 20 nM Lys-AS4.5
was detected even in the patients before treatment. After infusion of
tissue plasminogen activator with mesna, Lys-AS4.5 levels in-
creased (o approximately 40 nM.

B2-glycoprotein-1 (32GPI), also known as apolipoprotein H, is
a phospholipid-binding plasma protein that is one of the major

autoantigens in patients with antiphospholipid syndrome, an auto-
immune disorder characterized by thrombosis and pregnancy
morbidity.’®!* B2GPI is a single chain plasma glycoprotein at a
concentration of approximately 4 pM composed of 5 homologous
short consensus repeats, designated as domains 1 to V. B2GPI is
cleaved by plasmin between Lys-317 and Thr-318 in domain V
(nicked PB2GPl), being unable to bind phospholipids.'* This
cleavage was first observed in vivo by Horbach et al's in plasma of
patients with disseminated intravascular coagulation and in plasma
with patients treated with streptokinase. In these cases, up to
12 pg/mL nicked B2GPI (~ 6% of intact B2GPI) was present. In
other pathologic contexts, approximately 0.1% and approximately
1.5% of intact B2GPI are cleaved to nicked f2GPI in patients with
leukemia and in patients with lupus anticoagulant, respectively.'®
In addition, in our previous study in which patients with history of
stroke were investigated, up to 0.5%, mostly from 0.1% to 0.2% of
intact $2GPI, was converted to nicked B2GPI in the stable state of
their disease.!” Instead of losing phospholipid-binding properties,
nicked B2GPI gains the binding capacity to plasminogen and
mildly suppresses the plasmin generation in the presence of tissue
plasminogen activator and fibrin.!'” Because this binding is medi-
ated by the interaction between lysine binding site on K5 of
plasminogen and the lysine cluster on domain V of nicked B2GPI,
we speculated on the interaction between nicked B2GPI and AS4.5,
which still possesses the most part of kringle 5.

In the present study, we show that nicked B2GPI does bind
AS4.5 and attenuates its antiangiogenic property in an endothelial
cell proliferation assay, in an invasion assay, in a tube-formation
assay, and in an in vivo angiogenesis assay.
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Methods

Proteins

B2GPI and nicked B2GPI were prepared as previously reported.'” AS4.5
(K1-K5) was prepared from Glu-plasminogen (Technoclone GmbH) treated
with plasmin (Calbiochem Novabiochem Corp), followed by purification
steps using a lysine-Sepharose column and a Sephadex G-75 column (GE
Healthcare), as previously reported.® Purified AS4.5 was reduced using
2-mercaptoethanol and subjected to polyacrylamide gel electrophoresis
(PAGE). In some experiments, AS4.5 was treated with PNGase F or Endo H
(New England Biolabs Inc) to determine whether our preparation of AS4.5
undergoes glycosylation. Purified materials were tested to exclude the
possibility of lipopolysaccharide contamination using Limulus ES 11 Single
Test (Wako).

Cells

Human aortic endothelial cells (HAECs) and human umbilical vein
endothelial cells (HUVECs) were obtained from Kurabo. These cells were
cuitured in the moisturized chamber at 37°C with 5% CO, using provided
cell-culture medium “EGM2” which include 2% fetal calf serum (FCS),
human epidermal growth factor (10 ng/mL), human FGF-B (5 ng/mL),
heparin (10 pg/mL), hydrocortisone (1 ng/mL), amphotericin B
(50 ng/mL), and gentamicin (50 pg/mbL). HAECS/HUVECs from 2 to
6 passages were used in the following experiments.

Kinetic assay for molecular interaction between nicked B2GPI
and AS4.5

Real-time analysis for molecular interaction between intact/nicked B2GPI
and AS4.5 was performed using an optical biosensor, BIACORE X
(Biacore AB). Biotinylated AS4.5 was immobilized onto the streptavidin-
coupled sensor chip (Biacore AB). After blocking, various concentrations
(0.125, 0.25, 0.5, 1.0, and 2.0 pM) of intact or nicked B2GPI were injected
and ligands bound to the surface were detected. Obtained data were used to
determine the association rate constant (k,.) and dissociation rate constant
(kais). Kp and K, were determined as follows: Kp = kgiw/Kas and
KA = k&s/kdisr

Inhibition ELISA

To see the fluid-phase binding between AS4.5 and nicked B2GPI, enzyme-
linked immunosorbent assay (ELISA) was performed in a similar way that
we previously reported.!? Briefly, Glu-plasminogen was immobilized onto a
Sumilon Type S microtiter plate (Sumitomo Bakelite). After blocking,
0.25 pM nicked B2GPI with or without AS4.5 (0.4, 0.8, or 1.6 uM)
dissolved in 1% bovine serum albumin-phosphate-buffered saline (PBS)
was added to the wells and plasminogen-bound nicked B2GPI molecules
were detected by Cof-22 mouse monoclonal anti-B2GPI antibody.

Celi proliferation assay

To see the effect of nicked B2GP1 on the proliferation of aortic endothelial
cells in the presence of AS4.5, which is a potent inhibitor of endothelial cell
growth, we used tetrazolium/formazan assay. After wash with PBS,
5000 HAECs in 50 pL Opti-MEM 1 medium (Invitrogen) were added to
each wells of Celltiter 96 proliferation Assay Kit (Promega). Different
concentrations of intact/nicked B2GPI with or without approximately
50 nM AS4.5 were added to the medium. After a 72-hour incubation at
37°C, 100 pL Dye Solution was added to each well and incubated for
another 4 hours at 37°C. Reaction was terminated using Stop Solution and
optical density at 570 nm was measured. Cell proliferation assays were also
performed using HUVECs in the same manner with or without 2.5 ng/mL
human recombinant VEGF (Kurabo). These assays were done in a triplicate
manner for 3 times. Because the effects of intact/nicked B2GPI on HAEC
proliferation and HUVEC proliferation were similar regardless of the
presence or absence of AS4.5, we performed the following in vitro
angiogenesis experiments using HUVECs.
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Matrigel cell-invasion assay

Biocoat invasion chambers containing Matrigel-coated membranes with
8-pm pores (BD Biosciences) were used to evaluate the effect of
intact/nicked 2GP1 on HUVECsS to migrate through a basement membrane-
like extracellular matrix, in the presence or absence of AS4.5. This assay
was done as previously reported, with some alterations.' Briefly, after
removal of FCS and growth factors by washing with PBS, 5 X 10* of
HUVECs in 0.5 mL Opti-MEM | medium were placed in the top chamber
of each well of a 24-well culture dish. Different concentrations of intact or
nicked B2GPI were applied to the top chamber in the presence or absence of
AS4.5 (final concentration, ~ 50 nM). Opti-MEM | medium containing
10% FCS was added to the lower chamber of each well as chemo-attractant.
After an 8-hour incubation at 37°C, the noninvading cells were removed
from the top chamber and the celis that extravasated through the extracellu-
lar matrix were stained with Diff-Quick (Kokusai Shiyaku). The number of
cells that migrated through the membrane’s 8-p.m pores were counted under
Olympus IX71 inverted microscope (Olympus) equipped with a 10X/0.30
ph1 objective at a final magnification of 100X, using WinROOF image
processing software (Mitani Corp). Each assay was performed in a triplicate
manner 4 times.

Capillary tube formation of HUVECs cocultured with fibroblasts

The capillary tube formation of HUVECs was evaluated using an angiogen-
esis kit (Kurabo), according to the manufacturer’s instructions. In vitro
HUVEC cord formation can be observed when cocultured with human
primary fibroblasts, being suitable for quantification of cumulative sprout
length."” Evaluation of HUVEC tube formation using this coculture system
is reproducible using in vitro angiogenesis kits from Kurabo or TCScell-
works.2 The culture medium in each well of a 24-well cluster dish seeded
with HUVECs and human skin fibroblasts was replaced by the fresh
medium containing 2.5 ng/mL human recombinant VEGF at days 1, 4, 7,
and 9. We reduced the concentration of VEGF to maximize the antiangio-
genic effect of AS4.5, although the recommended concentration of VEGF
for the positive growth control was 10 ng/mL. At day 11, the capillary tubes
formed were detected by immunostaining using anti-human CD31 anti-
body supplied by the manufacturer. For scoring the capiilary tube forma-
tion, tube length was measured quantitatively using an Olympus 1X71
inverted microscope equipped with a 4x/0.13 PhL objective and angiogen-
esis measuring software (KURABO Angiogenesis Image Analyzer, Version
2; Kurabo).2! This experiment was done in a duplicate manner 3 times.

Directed in vivo angiogenesis assay

The directed in vivo angiogenesis assay was obtained from Trevigen Inc
and performed as previously described, 222} with modifications. Briefly,
sterile 0.15-cm X 1-cm-long semiclosed surgical silicone tubing (angiore-
actors) was filled with 18-pL high-concentration basement membrane
extract, including VEGF and FGF (Trevigen Inc). Various concentrations of
nicked B2GPI1 (0-0.4 uM) were added to angioreactors containing AS4.5.
The angioreactors were then inverted and incubated at 37°C for | hour to
allow gel formation. The angioreactors were then implanted subcutaneously
into the dorsal flank of 6- to 8-week-old athymic nude female mice. Blood
vessels generated in the angioreactors were quantified by staining of the
recovered cell pellets with fluorescein isothiocyanate-lectin on day 10. This
experiment was performed in a triplicate manner.

Statistical analysis

Statistical evaluation was performed by Student 1 test. P values less than .05
were considered statistically significant.

Results
Purification of nicked $2GP! and AS4.5

Purified nicked B2GPI and intact 2GPI appeared as a single band
with appropriate size under sodium dodecyl sulfate-PAGE with
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Figure 1. Preparation of nicked B2GP! and AS4.5. AS4.5 was prepared from
Glu-plasminogen by plasmin digestion foliowed by purification using lysine-
Sepharose column and Sephadex G-75 column. Purified AS4.5 was treated with
PNGase F or Endo H to determine whether AS4.5 undergoes glycosylation.
Glu-plasminogen, purified product (AS4.5), AS4.5 treated with PNGase F, and AS4.5
treated with Endo H were subjected to sodium dodecyl sulfate-PAGE under reduced
conditions.

reduced conditions. Purified AS4.5 showed clear main band at
expected size (52-55 kDa) with slightly larger minor band ( Figure
1A). Treatment of purified AS4.5 with PNGase F resulted in the
reduction of molecular weight to that of the main band, whereas
treatment with Endo H had scarce effect on the size of AS4.5
(Figure 1B). According to the susceptibility to PNGase F and
resistance to Endo H, at least some portion of purified AS4.5 is
suggested to undergo glycosylation with complex oligosaccha-
rides. Plasminogen undergoes glycosylation at Asn-289 and Thr-
346, and additional site Leu-532, such glycosylation, can alter
interaction between plasmin kringle domains and integrin aV(33
expressed on endothelial cells.?

Binding of nicked B2GPI to AS4.5

Molecular interaction between intact or nicked B2GPI and AS4.5
was analyzed using an optical biosensor. Nicked f2GPI showed a
large extent of binding to immobilized AS4.5, whereas intact
B2GPI did not show any specific binding (Figure 2A). The data at
different concentrations of nicked B2GP1 were regressed, determin-
ing Kue as 2.99 X 103 M7's7!, and kg as 9.14 X 1074571
Accordingly, Kp, and K, were determined as 3.05 X 1077 M and
3.27 X 109 M~!, respectively. To confirm this binding in the fluid
phase, we performed inhibition ELISA. In this system, AS4.5
inhibited the binding of nicked B2GPl to immobilized Glu-
plasminogen, even in the presence of excess amount of albumin
(Figure 2B).

Effect of intact/nicked B2GP! on the proliferation of
HAECs/HUVECs in the presence or absence of AS4.5

AS4.5 exhibited suppressive effect on the proliferation of HAECs
to approximately 15% inhibition at the concentration of 50 nM,
compared with the HAEC proliferation in the absence of AS4.5
(Figure 3A). In this growth factor-removed system, intact 32GPI
up to the final concentration of 0.4 wM did not have any effect on
the proliferation of HAECs both in the presence and absence of
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Figure 2. Binding of intact/nicked B2GPI to AS4.5. (A} Kinelic curves showing
molecular interaction between AS4.5 and intact or nicked B2GPI. Intact B2GPi or
nicked B2GP! binding to immabilized AS4.5 was detected using Biacore X, an optical
biosensor as described in “Kinetic assay for molecular interaction between nicked
B2GPi and AS4.5." Binding curve was compared between intact (left panel) and
nicked B2GPI (right panel). Binding constants {(Kp and Ka) between AS4.5 and nicked
B2GP! were determined. (B) Binding of nicked B2GPI 1o immobilized Glu-
plasminogen was tested in the presence or absence of AS4.5 in the fluid, using
ELISA. The abilities of AS4.5 to inhibit the binding between fiuid-phase nicked B2GPI
and solid-phase Glu-plasminogen were shown as percentage inhibition. Error bars
represent SE.

AS4.5. In contrast, nicked B2GPI reversed the suppressive effect
on HAEC proliferation by AS4.5 (P = .021 at 0.4 pM of nicked
B2GPI**, compared with the point without nicked PB2GPI*).
However, this form of B2GPI again had no effect on proliferation in
the absence of AS4.5 at concentrations up to 0.4 pM. When
HUVEC proliferation was examined in the same system, intact/
nicked B2GPI exerted similar effect both in the presence and in the
absence of AS4.5 (Figure 3B). When VEGF was added to this
proliferation system, HUVEC proliferation was suppressed by
lower concentrations of intact/nicked B2GPI in the absence of
AS4.5 (Figure 3C). Suppressive effect of 50 nM AS4.5 on HUVEC
proliferation was neutralized by approximately 0.1 pM nicked
B2GPI. Higher concentrations (1.0-4.0 uM) of intact/nicked B2GP1
suppressed HAEC/HUVEC proliferation regardless of the exis-
tence of VEGF/AS4.5 (data not shown).

Effect of intact/nicked B2GPI! on the invasion of HUVECs in the
presence or absence of AS4.5

Without AS4.5, intact or nicked B2GPI had no effect on the
migration of HUVECs in concentrations up to 0.4 uM (Figure 4),
whereas both forms of B2GPI significantly suppressed HUVEC
migration in higher concentrations (from 1 to 4 pM) with dose
dependency (~ 40% and 60% inhibition by 4 pM of intact and
nicked B2GPI, respectively). Migration of HUVECs was down-
regulated by 50 nM of AS4.5 to approximately 30% inhibition.
Nicked B2GPI reversed this suppressive effect of AS4.5 at lower
concentrations from 0.2 to 0.4 pM (P = .027 at 0.4 pM of nicked
B2GPI**, compared with the point without nicked B2GPI*),
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Figure 3. Effect of intact/nicked B2GPI on the proliferation of HAECs in the
presence or absence of AS4.5. (A) HAECs were subjected to cell-proliferation
assay using tetrazolium/formazan-based method. A total of 5000 HAECs were placed
onto each wells of 96-well plate and incubated for 72 hours. The effect of serial
concentrations of intact or nicked 82GP1 was tested in the presence or absence of
50 nM AS4.5. HAEC proliferation in the presence of AS4.5 alone (50 nM)* was
compared with that in the presence of both AS4.5 (50 nM) and nicked $2GP! (0.4 uM;
P = 021; Student t test). (B} Proliferations of HUVECs were tested using the same
proliferation assay. (C) HUVEG proliferation was tested in the presence of VEGF.
HUVEC proliferation in the presence of AS4.5 alone (50 nM)* was compared with that
in the presence of both AS4.5 (50 nM) and nicked B2GPI (0.1 uM; **P = .030;
Student t test). Error bars represent SE.

although increment of concentration diminished this reverse effect
and, in turn, resulted in inhibition of HUVEC migration (~ 40%
inhibition by 4 pM nicked B2GPI). Thus, depending on the
concentration, nicked B2GPI shows dual effect on the mobility of
HUVECs in the presence of AS4.5. Intact B2GPI had no additional
or reverse effect on HUVEC migration in the presence of AS4.5 at
concentrations up to 0.4 pM.

Effects of nicked B2GPI on angiogenesis (in vitro tube
formation assay)

Formation of capillary-like structure by HUVECs was evaluated in
the VEGF-dependent tube formation assay system. Fifty nanomo-
lar of AS4.5 suppressed the function of HUVECs in this assay
(Figure 5). Capillary tube formation was disrupted by intact B2GPI
in a dose-dependent manner, in the presence or absence of AS4.5.
Nicked 32GPI again reversed the inhibitory effect of AS4.5 on tube
formation by HUVECS in a dose-dependent manner at concentra-
tions up to 0.4 puM (P = .044 at 0.4 pM nicked B2GPI**,
compared with the point without nicked 32GPI*). In the absence of
AS4.5, nicked B2GPI had no significant effect on tube formation at
concentrations less than 0.4 pM. In this assay, higher concentra-
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Figure 4. Effect of intact/nicked B2GP! on extravasation of HUVECs using a
Matrigel-cell invasion assay in the presence or absence of AS4.5. Effect of intact
or nicked B2GPI on the abilty of HUVECs to migrate through a basement
membrane-like extracellular matrix was evaluated in the presence or absence of
AS4.5. HUVECs were added to the top wells of each chamber, and 10% FCS-
enriched culture medium was added to each bottom chamber as a source of
chemotactic factors. (A) In the top 2 lines of the panels, assays were done without
AS4.5 AS4.5 was added to the wells in the bottom 2 lines of the panels. Serial
concentrations of intact B2GPI were added in fines 1 and 3, whereas nicked B2GPI
was added in lines 2 and 4. Similar results were obtained in other 3 experiments
(original magnification, % 100}. (8) HUVECs migrated through the Matrigel, and 8-uM
pores on the membrane were stained and counted using image processing software.
Ratios of the numbers of the HUVECs migrated under treatment with reagents
against the number of those cells without any additional reagents were plotted on the
graph. Concentrations of intact/nicked B2GP1 were as follows: 0.05, 0.2,0.4, 1.0, or
4.0 uM. Error bars represent SE. Invaded cell counts in the presence of AS4.5 alone
(50 nM)* were compared with those in the presence of both AS4.5 (50 nM) and nicked
B2GPI (0.4 pM; **P = .027; Student t test).

tions of intact/nicked B2GPI suppressed tube formation, the latter
being more potent (4 pM of nicked B2GPI suppressed tube area to
~ 40 X 103 pixels).

Effects of nicked B2GP! on in vivo angiogenesis

Generation of blood vessels into angioreactors was suppressed by
0.2 uM AS4.5 (Figure 6). Addition of nicked B2GPI to this system
up to 0.4 pM significantly recovered angiogenesis in a dose-
dependent manner (P = .01).

Discussion

In the first part of this study, we demonstrated that nicked B2GPI
binds AS4.5 with similar kinetics found in the interaction between
nicked B2GPI and plasminogen.!” Whereas intact B2GPI does not
show any binding to plasminogen, the binding between nicked
B2GPI and plasminogen was mediated via interaction between the
lysine cluster of 2GPI domain V and the lysine binding site on the
plasminogen K5.'7 In addition, in the present study, intact $2GPI
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Figure 5. Effect of intact/nicked B2GPI on the VEGF-dependent tube formation
of HUVECs cocultured with fibrobiasts in the presence or in the absence ot
AS4.5, VEGF-dependent tube formation of HUVECs cocultured with primary human
fibroblasts was evaluated in the presence or absence of AS4.5 (A) HUVECs were
visualized by immunostaining with anti-human CD31 antibodies. In the top 2 lines of
the panels, the assay was done without AS4.5 AS4.5 was added inthe bottom 2 lines
of the panels. Serial concentrations of intact B2GPI were added in lines 1 and 3,
whereas nicked B2GP| was added in lines 2 and 4. Similar results were obtained in
the second and third experiments (original magnification, x40). (B) Capillary tube
formation was quantified using KURABO Angiogenesis Image Analyzer, Version 2.
Obtained data (pixels) were plotted onto the graph. Concentrations of intact/nicked
B32GPI were as follows: 0.025, 0.1, 0.4, 1.0, or 4.0 wM. Error bars represent SE. Tube
areas in the presence of AS4.5 alone (50 nM)" were compared with those in the
presence of both AS4.5 (50 nM) and nicked B2GPI (0.4 pM; P = .044; Student
ttest).
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did not show any specific binding to AS4.5. This phenomenon
indicates that 85% of K5 still functions enough for the binding
with nicked B2GPI or that nicked B2GPI gains accessibility to
other kringle domain(s) even when 15% of K5 is lost, the latter
being less probable because neither K1 to K3 nor K4 disrupted the
binding between nicked B2GPI and plasminogen in our previous
inhibition assay.!”

Next, we investigated the functional aspect of the interaction
between nicked B2GPI and AS4.5 on the vascular endothelial cell
biology. The antiangiogenic function of angiostatin is mediated by
its binding onto the endothelial cell surface. Angiostatin inhibits
adenosine triphosphate synthase F1FO by direct binding to the
extracellular portion of this enzyme, resulting in caspase-mediated
apoptosis of endothelial cells.?*?% Angiostatin also binds other
endothelial cell surface molecules, such as integrin aVB3 and
angiomotin, although the latter binding was shown using original
angiostatin K1 to K4.27 Thus, it is speculated that nicked B2GPI
interferes with the binding of AS4.5 onto the endothelial cells,
resulting in attenuation of the antiangiogenic function of AS4.5.
Indeed, 25 nM nicked B2GPI starts to compete with 50 nM AS4.5
and 0.1 10 0.2 pM nicked B2GPl completely abolished the
antiangiogenic effect of the given AS4.5 in our HAEC proliferation
assay (Figure 3A). In the HUVEC proliferation assay, 50 nM
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Figure 6. Nicked B2GP! suppresses the antiangiogenesis effect of AS4.5 in in
vivo angiogenesis assay. Directed in vivo angiogenesis assay was performed.
Semiclosed surgical silicone tubings (angioreactors) were prefilled with extracellular
matrices containing VEGF and FGF alone, VEGF, FGF, and AS4.5, or VEGF, FGF,
AS4.5, plus various concentrations of nicked B2GP1, then implanted subcutaneousty
into the dorsal flank of athymic nude mice. Blood vessels generated in the
angioreactors were quantified by staining of the recovered cell pellets with fluorescein
isothiocyanate-lectin. Error bars represent SE. *Fluorescence values in the presence

of AS4.5{0.2 uM) alone were compared with those in the presence of both AS4.5 and
nicked B2GPI (0.4 uM) by Student ttest (P = .01},

nicked B2GPI neutralized the same molar of AS4.5 (Figure 3B). In
the HUVEC invasion assay and tube-formation assay, 0.1 to
0.2 pM nicked P2GPl abolished antiangiogenic properties of
50 nM AS4.5 (Figures 4,5). Based on the previous studies,*!316
plasma concentrations of both nicked f2GPI and AS4.5 used in this
study are physiologically available at least in thrombotic status.
Moreover, it is predicted that local concentrations of nicked 32GPI
and AS4.5 increase at sites of thrombosis where plasmin generation
is up-regulated.

To make the situation complex, intact/nicked B2GPI1 itself has
been reported as an inhibitor of angiogenesis. In the first report,
Beecken et al?® identified B2GPI from transitional cell carcinoma
cell line, which inhibits the growth of a tumor implant in severe
combined immunodeficiency mice. They demonstrated that B2GPI
together with plasmin, but neither 32GPI alone nor plasmin alone,
inhibits proliferation and tube formation of HUVECS, concluding
that the nicked form of B2GPI is an inhibitor of angiogenesis.
However, lack of using purified material makes it difficult to
assume the concentration of nicked B2GPI generated in this study.
Sakai et al?® reported that 4 pM nicked B2GPI inhibited endothelial
cell migration, proliferation, and neovascularization into subcutane-
ous implants that contain VEGF. Intraperitoneal injection of nicked
B2GP1 also inhibited growth of orthotopically injected turnors in a
murine prostate cancer model. Only in the neovascularization
study, which is a VEGF-dependent system, the same amount of
intact B2GPI had similar antiangiogenic properties. Although the
authors found no binding between nicked B2GPI and commercially
available angiostatin (Sigma-Aldrich) using immunoprecipitation,
this preparation of angiostatin does not include any portion of
kringle 5. Recently, Yu et al*® have shown that 82GPl inhibits
VEGF- and FGF-induced proliferation, migration, and tube forma-
tion of HUVECs. This antiangiogenic property was found in intact
B2GPI, nicked B2GP1, and also in deletion mutant lacking domain
V of B2GPI, but not in B2GPI lacking domain 1, concluding that
this antiangiogenic property is mediated via domain I of B2GPL
This group also demonstrated that 0.5 to 2 pM intact B2GPI
down-regulates mRNA expression of the VEGF receptor.

In our HAEC/HUVEC proliferation assay in which EGF and
FGF were removed (Figure 3A-B), intact/nicked f2GPI had almost
no effect on the proliferation of arterial endothelial cells in lower
concentrations, up to 0.4 pM. Our result does not contradict that
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from the Yu et al study? in which the antiangiogenic property of
intact/nicked B2GPI was dependent on VEGF and FGF. Indeed, in
our HUVEC proliferation assay with VEGF (Figure 3C) and in our
VEGF-dependent tube formation assay (Figure 5), both intact and
nicked B2GPI exerted antiangiogenic properties at lower concentra-
tions. At relatively high concentrations more than 1 M, both intact
and nicked B2GPI inhibited HUVEC migration and tube formation
(Figures 4B,5B), being relevant to the previous reports.?®>* In these
functional assays, nicked B2GPI exerted dual effect in the presence
of AS4.5: at the lower concentrations, nicked B2GPI works as an
AS4.5 inhibitor, whereas it works as an angiogenesis inhibitor at
the higher concentrations. In the last part of this study, we
confirmed that nicked B2GPI suppresses the antiangiogenic effect
of AS4.5 in vivo (Figure 6).

Although intact f2GPI in human plasma is abundant, plasma
levels of nicked B2GPI in steady-state human is up to 0.5%, 1.5%
of intact form even in patients with a history of stroke!” and those
with lupus anticoagulant,'® respectively. Thus, the antiangiogenic/
antitumor effect of B2GPI in steady state is probably dependent on
the intact form. On the other hand, both nicked B2GPI and
angiostatin are proteolytically processed by plasmin, thus being
produced at sites where fibrinolysis is up-regulated. When ischemic
thrombus is formed in the artery, collateral blood flow needs to be
generated by angiogenesis. In such situations, plasmin is generated,
leading to the production of both nicked 82GPI and angiostatin.
Those products might be stuck near the lesion resulting from the
stagnant blood flow. Nicked B2GPI may exert its property as
antiangiostatin in such situations, resulting in promoted angiogen-
esis (Figure 7). In other situations, such as tumor and diabetic
retinopathy where angiostatin works beneficially, however, nicked
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Figure 7. Beneficial effect of nicked B2GPI on throm-
botic ischemia (hypothesis). (1) lf thrombus is formed
in the artery, up-regulation of fibrinolysis occurs and
plasminogen is converted into plasmin. (2) Plasmin
cleaves B2GPI into nicked B2GP1, whereas angiostatin is
generated via autoproteolysis of plasminogen. (3) Nicked
B2GP1 binds angiostatin and attenuates its antiangio-
genic property, resulting in promoted angiogenesis. 1PA
indicates tissue plasminogen activator.
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B2GPI might be a disease-worsening factor, being a candidate for
the treatment target.

In conclusion, (1) we have demonstrated the binding between
nicked B2GPI and AS4.5; and (2) we propose that nicked B2GPI is
a physiologic inhibitor of angiostatin both of which are produced
only when fibrinolytic system is activated.
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Fcy Receptor—Dependent Expansion of a
Hyperactive Monocyte Subset in Lupus-Prone Mice
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Objective. Lupus-prone BXSB mice develop
monocytosis characterized by selective accumulation of
the Gr-1- monocyte subset, The aim of this study was to
explore the possible role of activating IgG Fc receptors
{FcyR) in the development of monocytosis and to char-
acterize the functional phenotype of the Gr-1- subset
that accumulates in lupus-prone mice bearing the NZB-
type defective Fegr2b allele for the inhibitory FeyRIIB.

Methods. The development of menocytosis was
analyzed in BXSB and anti-IgG2a rheumatoid factor-
transgenic C57BL/6 mice deficient in activating Fe-yR.
Moreover, we assessed the expression levels of activat-
ing FcyR and inhibitory FcyRIIB on Gr-1+ and Gr-1-
monocyte subsets in C57BL/6 mice bearing the C57BL/
6-type or the NZB-type Fcgr2b allele.

Results. We observed monocytosis with expansion
of the Gr-1- subset in anti-IgG2a-transgenic C57BL/6
mice expressing IgG2a, but net in those lacking IgG2a.
Moreover, monocytosis barely developed in BXSB and
anti-IgG2a-transgenic C57BL/6 mice deficient in acti-
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vating FcyR. The Gr-1- subset that accumulated in
lupus-prone mice displayed a unique hyperactive phe-
notype. It expressed very low levels of inhibitory
FcyRIIB, due to the presence of the NZB-type Fcgr2b
allele, but high levels of activating FcyRIV. This was in
contrast to high levels of FcyRIIB expression and no
FcyRIV expression on the Gr-1+ subset.

Conclusion. Our results demonstrated a critical
role of activating FcyR in the development of mono-
cytosis and in the expansion of a Gr-1-
FeyRIIB'YFeyRIV+ hyperactive monocyte subset in
lupus-prone mice. Qur findings further highlight the
importance of the NZB-type Fcgr2b susceptibility allele
in murine lupus, the presence of which induces in-
creased production of hyperactive monocytes as well as
dysregulated activation of autoreactive B cells.

The BXSB strain of mice spontaneously develops
an autoimmune syndrome with features of systemic
lupus erythematosus (SLE) that affects males much
earlier than females (1). The accelerated development
of SLE in male BXSB mice results from the genetic
abnormality Yaa (Y-linked autoimmune acceleration),
which is present on the Y chromosome in the BXSB
mouse (2). Recently, the Yaa mutation was shown to be
a consequence of a translocation from the telomeric end
of the X chromosome onto the Y chromosome (3-5).
Based on the presence of the gene encoding Toll-like
receptor 7 (TLR-7) in this translocated segment of the X
chromosome, Tlr7 gene duplication has been proposed
as the etiologic basis for Yaa-mediated enhancement of
disease.

One of the cellular abnormalities linked to the
Yua mutation is monocytosis (6), which is strongly
associated with autoantibody production and the subse-
quent development of lupus nephritis (7-9). At 8§ months
of age, monocytes reach a frequency of ~50% of
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peripheral blood mononuclear cells (PBMCs) in male
BXSB mice with the Yua mutation. Circulating mono-
cytes are divided into 2 phenotypically and functionally
distinct subsets in mice (10,11). The first subset, which is
classified as “inflammatory” monocytes and character-
ized by a Gr-1+CX3CRI1'"YCCR2+CD62L+ pheno-
type, is preferentially recruited to inflamed tissue. The
second Gr-1-CX3CR1"8"CCR2-CD62L~ subsct is clas-
sified as “resident” monocytes and considered to be a
source of tissue-resident macrophages and dendritic
cells. Significantly, monocytosis in lupus-prone mice was
characterized by a selective expansion of the Gr-1-
“resident” subset (12). However, the molecular basis for
the development of monocytosis with expansion of the
Gr-1- monocyte subset has not yet been defined.

The analysis of Yaa plus non-Yaa mixed bone
marrow chimeras demonstrated no selective production
of monocytes of Yaa origin over those of non-Yaa origin,
thus indicating that the development of monocytosis is
not due to an intrinsic abnormality in the growth poten-
tial of monocyte lineage cells from Yaa mice (12).
Therefore, we hypothesized that Yaa-mediated monocy-
tosis might result from an excessive production of a
monocyte-specific growth factor(s) by macrophages due
to hyperresponsiveness of their IgG Fe receptors (FcyR)
to immune complexes (ICs).

It has been well established that among the 3
different types of activating FcyR expressed on murine
immune effector cells, low-affinity FcyRIII and FcyRIV
play a major role in the pathogenesis of IC-mediated
vascular and glomerular injuries (13). However, FcyR-
mediated inflammatory responses are down-regulated
through coengagement of the low-affinity inhibitory
FcyRIIB. Thus, competitive engagement of these 2
types of FcyR and their relative expression on immune
effector cells could be critical for the development of
IC-mediated inflammatory lesions in SLE. Notably,
lupus-prone NZB, BXSB, and MRL strains share the
NZB-type Fegr2b allele (14,15), and because of deletion
polymorphism in its promoter region and additional
polymorphism in the putative regulatory region in intron
3 (14-17), levels of FcyRIIB expression on peritoneal
macrophages in these mice were shown to be down-
regulated as compared with mice carrying the B6-type
Fegr2b allele (9). However, it remains to be determined
whether the expression levels of FcyRIIB on 2 different
monocyte subsets and polymorphonuclear cells (PMNs),
the immune effector cells which initially interact with
circulating ICs, are similarly modulated in mice bearing
the NZB-type Fcgr2b allele.

In the present study, we explored the possible
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role of activating FcyR in the development of monocy-
tosis with expansion of the Gr-1- resident monocyte
subset and characterized the functional phenotype of
this subset. Our results demonstrated that the develop-
ment of monocytosis and the selective expansion of the
Gr-1- resident monocyte subset in lupus-prone male
BXSB Yaa mice were dependent on IC-mediated acti-
vation of FcyR. Moreover, this subset displayed a
unique hyperactive phenotype, as indicated by a very low
level of expression of inhibitory FcyRIIB but a high level
of expression of activating FcyRIV, in contrast to the
Gr-1+ inflammatory subset, which had high expression
of FeyRIIB but no expression of FcyRIV.

MATERIALS AND METHODS

Mice. C57BL/6 (B6) mice deficient in common
y-chains of the Fc receptor (FcRy) were generated by gene
targeting in B6-derived embryonic stem cells, as described
previously (18). FcRy™ BXSB mice lacking expression of
activating FcyRI, FcyRIIl, and FcyRIV were established by
selective backcrossing of (BXSB X FcRy™”™ B6)F, mice to
BXSB mice, as described previously (19). The chromosome
segment of FcRy™~ B6 mice introduced into the BXSB genetic
background was identified using microsatellite marker poly-
morphisms. (NZB X NZW)F, and B6 mice were purchased
from The Jackson Laboratory (Bar Harbor, ME). FeyRIII™~
mice, which were generated by gene targeting in 129 mouse—
derived embryonic stem cells (20), were backcrossed for 5
generations on a B6 background. FeyRIIB™ mice were re-
cently generated using B6 mouse—derived embryonic stem
cells in the laboratory of one of us (JSV).

Mice expressing the 6-19 1gG3 anti-1gG2a rheumatoid
factor (RF) transgene (21) were backcrossed for 8 generations
on a B6 background bearing either the Igh* or Igh® allele.
FcRy™™ 6-19-transgenic mice bearing the Igh” allotype were
produced through intercross between corresponding B6 mice.
The presence of the 6-19 transgene and the FcRy genotype
were determined by polymerase chain reaction analysis, as
described previously (21,22). The expression of the Igh” and
Igh® alleles was determined by enzyme-linked immunosorbent
assay (ELISA), as described elsewhere (23).

Animal studies were approved by the Ethical Commit-
tee for Animal Experimentation, Faculty of Medicine, Univer-
sity of Geneva.

Flow cytometric analysis. Flow cytometry was per-
formed using 3-color or 4-color staining of peripheral blood
cells and analyzed with a FACSCalibur instrument (BD Bio-
sciences, San Jose, CA). The following antibodies were used:
M1/70 anti-CD11b, anti-F4/80, anti-Gr-1, AFS98 anti-CD115
(macrophage colony-stimulating factor receptor) (24), K9.361
anti-Lyl7.2 (B6-type FcyRIIB), 9E9 anti-FcyRIV (25), 2.4G2
anti-FcyRIIB/I1, and RA3-6B2 anti-B220 monoclonal anti-
bodies (mAbD).

The mean *+ SD percentage of CD11b+F4/80+ mono-
cytes (distinguished from PMNs by their lower level of granu-
larity, as reflected in a low side light-scatter pattern) among
PBMCs in 8-month-old male B6 mice (n = 15) was 10.3 =
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Figure 1. Suppression of both monocytosis and expansion of the Gr-1- subset in male FcRy ™
BXSB Yaa mice. A, Peripheral blood mononuclear cells (PBMCs) from male wild-type (WT) and
FcRy™ (y") BXSB Yaa mice at 2 and 8 months of age were stained with a combination of
anti-CD11b and anti~Gr-1 monoclonal antibodies (mAb). PBMCs were gated for cells with lower
granularity (low side light-scatter properties) to distinguish them from polymorphonuclear cells.
Representative staining profiles for Gr-1 and CD11b on PBMCs are shown, Numbers indicate the
mean percentages of Gr-1+ and Gr-1- monocytes (n = 7-10 mice per group). B, PBMCs from the
same groups of mice were stained with a combination of anti-CD11b, anti-F4/80, and anti~Gr-1
mAb. Shown are the percentages of CD11b+F4/80+ monocytes (left) and Gr-1+ and Gr-1-
CD11b+ monocyte subsets (right) in individual mice in each group. Horizontal bars show the mean.
Differences in the percentages of monocytes between male WT and FcRy”~ BXSB Yaa mice and
between Gr-1+ and Gr-1- subsets in male BXSB Yaa mice at 8 months of age were highly

significant (P < 0.0001).

3.0%. Mice displaying percentages of monocytes that were
more than 3SD above the mean in male B6 mice (>19.3%)
were considered to be positive for monocytosis.

Serologic assays. Serum levels of gp70-anti-gp70 1Cs
and IgG3 anti-IgG2a RF were determined by ELISA, as
described previously (8,26). Cryoglobulins were isolated from
sera as described elsewhere (26). Concentrations of IgG2a and
IgG2c in cryoglobulins were determined by ELISA using
polyclonal goat anti-IgG2a antibodies that were cross-reactive
with IgG2c (SouthernBiotech, Birmingham, AL) by referring
to standard curves established with serum pools from B6 mice
bearing either the Igh® or Igh” allotype.

In vitro binding of 1gG2a ICs to monocytes. 1gG2a ICs
were prepared in vitro by incubation of fluorescein isothiocya-
nate (FITC)-labeled Hyl.2 IgG2a anti-dinitrophenyl (anti-
DNP) mAb (50 pg/ml) and DNP15-bovine serum albumin
(DNP15-BSA; 50 pg/ml) at 37°C for 2 hours. Then, PBMCs
from B6 mice were incubated with a mixture of FITC-labeled
Hyl.2 mAb plus DNP15-BSA or FITC-labeled Hyl.2 mAb
alone in the presence of either hamster 9E9 FcyRIV-blocking
mAb (25) or polyclonal hamster IgG (Jackson ImmunoRe-
search Europe, Suffolk, UK) as a control. The cells were
simultaneously stained with phycoerythrin-labeled anti-Gr-1
and biotinylated AFS98 anti-CD115 mAb, followed by staining

with allophycocyanin. Binding of FITC-labeled Hyl.2 mAb on
Gr-1+ and Gr-1- monocytes was analyzed with a FACSCali-
bur instrument.

Statistical analysis. Analyses for percentages of mono-
cytes and their subsets were performed with the Mann-
Whitney U test. Unpaired comparison of the mean fluores-
cence intensity (MFI) of 9E9 and 2.4G2 staining of monocyte
subsets was analyzed by Student’s f-test. Probability values
>5% were considered insignificant.

RESULTS

Suppression of monocytosis and of the expansion
of the Gr-1- subset in lupus-prone male BXSB Yaa mice
deficient in FcRy. As described previously (6,12),
8-month-old male BXSB Yaa mice developed monocy-
tosis, with 31-57% of PBMCs being CD11b+F4/80+
monocytes (mean £ SD 45.3 *= 8.1%) and a predomi-
nance of the Gr-1- resident subset (Figure 1). However,
when the development of monocytosis was assessed in
male FcRy-deficient BXSB Yaa mice lacking the func-
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Figure 2. Development of monocytosis with expansion of the Gr-1- monocyte subset in (NZB %
NZW)F, mice. Peripheral blood mononuclear cells from 4-month-old and 8-month-old female
(NZB X NZW)F, mice were stained with a combination of anti-CD11b, anti-F4/80, and anti-Gr-1
monoclonal antibodies. Shown are the percentages of CD11b+F4/80+ monocytes (left) and Gr-1+
and Gr-1- CD11b+ monocyte subsets (right) in individual mice in each group (n = 8 mice per

group). Horizontal lines show the mean.

tional expression of all 3 activating receptors (FcyRI,
FcyRII, and FcyR1V), neither monocytosis nor expan-
sion of the Gr-1- monocyte subset was observed at 8
months of age (Figure 1). Notably, as shown previously
(19), male FcRy-deficient BXSB Yaa mice still devel-
oped high titers of IgG anti-DNA autoantibodies and
nephritogenic gp70-anti-gp70 ICs at levels comparable
with those in male wild-type (WT) BXSB Yaa mice (data
not shown). These results indicated that the develop-
ment of monocytosis and expansion of the Gr-1- subset
in aged BXSB Yea mice resulted from FcyR-dependent
activation of immune effector cells by the accumulation
of ICs in lupus-prone mice.

Development of monocytosis with expansion of
the Gr-1- monocyte subset in lupus-prone (NZB X
NZW)F, mice. The implication of FcyR in monocytosis
occurring in BXSB Yaa mice prompted us to explore the
possible development of monocytosis in (NZB X
NZW)F, mice, another lupus-prone strain. Percentages
of monocytes in the peripheral biood were only slightly
increased in female (NZB X NZW)F,; mice at 4 months
of age (mean * SD 10.5 = 1.6%) (Figure 2). In contrast,
at 8 months of age, 5 of the 8 mice displayed significant
increases in monocytes, with a mean value of 26.4 *
8.6% (P < 0.001). Although the extent of monocytosis
was moderate as compared with that in male BXSB Yaa
mice (Figure 1B), monocytosis occurring in aged female
(NZB X NZW)F; mice was characterized by a selective
increase in the Gr-1- monocyte subset (4.5 + 0.7%
Gr-1+ monocytes and 21.9 * 8.3% Gr-1- monocytes)
(Figure 2), as was the case in male BXSB Yaa mice.

FeyR-dependent monocytosis with expansion of
the Gr-1- monocyte subset in 6-19 IgG3 anti-IgG2a
RF-transgenic mice. The role of IgG ICs and activating
FeyR in the development of monocytosis was further
examined in B6 mice expressing the 6-19 IgG3 anti-
IgG2a RF transgene and bearing either the Igh* or Igh”
allele. Since 6-19 RF is specific for IgG2a (but not
[gG2c), 6-19 1gG3-IgG2a ICs were only formed in
B6.gh” 6-19~transgenic mice, which express IgG2a, but
not in conventional B6 mice, which bear the Ighb allele,
an allele that expresses IgG2c, but not IgG2a. This
finding was confirmed by the presence of IgG2a, but not
1gG2c, in 6-19 cryoglobulins isolated from the sera of
B6.Igh® and B6 (Igh”) 6-19-transgenic mice (data not
shown), since 6-19 mAb generated cryoglobulins be-
cause of the unique physicochemical property of the
IgG3 subclass (21,27).

At 3-4 months of age, all B6.[gh” 6-19—transgenic
mice developed monocytosis (mean = SD 27.6 £ 5.7%),
whereas none of the B6 (Igh®) 6-19-transgenic mice
displayed monocytosis (10.6 = 0.8%; P < 0.0001) (Fig-
ure 3). Again, the development of monocytosis in
B6.Igh® 6-19-transgenic mice was due to an accumula-
tion of the Gr-1- monocyte subset (6.2 * 2.1% Gr-1+
monocytes and 21.9 £ 5.6% Gr-1- monocytes) (Figure
3). Furthermore, the implication of activating FcyR in
the development of monocytosis was confirmed by the
absence of monocytosis in FcRy”™ B6.Igh® 6-19-
transgenic mice (Figure 3). It should also be mentioned
that the extent of monocytosis in B6.Ugh® 6-19-
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Figure 3. Fcy receptor (FcyR)-dependent monocytosis with expansion of the Gr-1- monocyte
subset in 6-19 anti-IgG2a rheumatoid factor (RF)-transgenic B6 mice. Peripheral blood mono-
nuclear cells (PBMCs) from 6-19 anti-IgG2a RF-transgenic mice were stained with a combination
of anti-CD11b, anti-F4/80, and anti—-Gr-1 monoclonal antibodies. Shown are the percentages of
CD11b+F4/80+ monocytes in PBMCs from 3-4-month-old 6-19 anti-IgG2a-transgenic mice of 4
different genotypes: those bearing the Igh” allotype (n = 10 female mice), those bearing the Igh”
allotype (n = 10 female mice), those bearing the Jgh* allotype and deficient in FcR y-chains (Igh”
¥ n = 10 female mice) and those bearing the Igh” allotype and the Yaa mutation (Igh” Yaa; n =
7 male mice) (left), as welt as the percentages of Gr-1+ and Gr-1- CD11b+ monocyte subsets in
PBMCs from 6-19—transgenic mice bearing either the Igh” or Igh* aliotype (n = 10 female mice per
group) (right) in individual mice in each group. Horizontal lines show the mean. Notably, serum
fevels of transgenic IgG3 anti-IgG2a RF activities in B6.Jgh“ 6-19-transgenic mice were comparable

with those in FcRy™~ or Yaa-bearing B6.[gh"~transgenic mice (data not shown).

transgenic mice was not exacerbated by the presence of
the Yaa mutation (Figure 3).

Selective expression of activating FeyRIV on
Gr-1-, but not Gr-1+, monocyte subsets and higher
capacity of Gr-1~ than Gr-1+ monocytes for binding to
IgG2a ICs in B6 mice. It has been shown that the
monocytes that repopulated the circulation after mono-
cyte depletion by liposome treatment were exclusively of
the Gr-1+ subset (11) and that these cells were the only
monocytes initially labeled after in vivo treatment with
bromodeoxyuridine (12). These results support the idea
that Gr-1+ and Gr-1- monocytes represent 2 different
stages of maturation in the bloodstream. To determine
the possible functional differences between Gr-1+ and
Gr-1- monocytes, we compared the expression levels of
low-affinity FcyR (FcyRIB, FeyRIIL and FeyR1V), all
of which efficiently bind circulating ICs. The expression
of FcyRIIB and FcyRIV on monocytes was assessed
with B6-type FcyRIIB-specific K9.361 and with
FcyRIV-specific 9E9 mAb, respectively, whereas the
expression of FcyRII was evaluated by the staining of
FcyRIIB-deficient monocytes with 2.4G2 anti-FcyRIIB/
11 mADb because of the lack of FcyRII-specific mAb.

The extent of surface staining for FcyRIIB and
for FcyRIIl on Gr-1+ monocytes in B6 mice was
comparable and slightly higher, respectively, as com-

pared with their staining on Gr-1- monocytes (Figure
4A). In contrast, FcyRIV was expressed only on the
Gr-1- subset, and not on the Gr-1+ subset. These data
suggested that Gr-l- monocytes that newly express
FcyRIV could more efficiently interact with 1gG2a ICs
than Gr-1+ monocytes. Indeed, the binding analysis of
in vitro—prepared IgG2a ICs between Hyl.2 anti-DNP
mAb and DNP15-BSA revealed a higher capacity of
Gr-1- monocytes than Gr-1+ monocytes to bind to
IgG2a ICs (Figure 4B). This enhanced binding was no
longer observed in the presence of 9E9 FcyRIV-
blocking mAb, thereby confirming the implication of
FcyRIV in an increased IgG IC-binding activity of
Gr-1- monocytes.

Very low level of expression of inhibitory
FcyRIIB on the Gr-1-FeyRIV+ monocyte subset in B6
mice bearing the NZB-type Fcgr2b allele. We have
previously shown that the expression of FcyRIB on
resident peritoneal macrophages from B6 mice bearing
the NZB-type Fcgr2b allele, which is shared by lupus-
prone mice (14-16), was markedly diminished as com-
pared with that from conventional B6 mice bearing the
B6-type Fegr2b allele (9). Since our analysis showed
comparable expression of the B6-type FcyRIIB allelic
form on Gr-1+ and Gr-1- monocytes in B6 mice (Figure
4A), we compared the expression levels of FcyRIIB on
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Figure 4. Selective expression of activating Fcy receptor IV
(FcyRIV) on Gr-1- monocytes and higher capacity of Gr-1- mono-
cytes than Gr-1+ monocytes for binding to 1gG2a immune complexes
(ICs) in B6 mice. A, Peripheral blood mononuciear cells (PBMCs)
from 2-3-month-old female B6 mice were stained with a combination
of anti-CD115, anti-Gr-1, and 1 of 3 different anti-FcyR monoclonal
antibodies (mAb) and were then gated for CD115+ cells to define the
expression levels of FcyRIIB, FeyRIII, and FcyR1V on Gr-1+ and
Gr-1- monocytes (top). Histograms show the expression levels of
FcyRIIB and FeyRIV on Gr-1+ (shaded) and Gr-1- (thick line)
CD115+ monocytes, as determined using B6-type FcyRIIB allele~
specific K9.361 and FcyRIV-specific 9E9 mAb, respectively, as well as
of FcyRIIL, as determined by staining of FcyRIIB-deficient monocytes
with 2.4G2 anti-FcyRIIB/IT] mAb (bottom). Results are representative
of the findings in 3-5 mice. B, PBMCs from 2-3-month-old female B6
mice were incubated with preformed {gG2a ICs, consisting of fluores-
cein isothiocyanate (FITC)-labeled Hy1.2 IgG2a anti-dinitrophenyl
(anti-DNP) mAb plus DNP15-bovine serum albumin (DNP15-BSA),
or with FITC-labeled Hyl.2 mAb alone, in the absence or presence of
hamster 9E9 FcyRIV-blocking mAb and were then stained with
anti-CD115 and anti-Gr-1 mAb. Histograms show the binding of
Hy1.2 1gG2a on Gr-1+ (shaded) and Gr-1- (thick line) CDI15+
monocytes. Results are representative of the findings in 3 mice.

these 2 subsets of monocytes in B6 mice with the
NZB-type Fcgr2b allele. Because of the lack of 2 mAb
that was able to specifically recognize the NZB-type
allelic form of FcyRIIB, we used 2.4G2 anti-FcyRHIB/IIL
mADb to determine the expression levels of FcyRIIB on
monocytes from FcyRIII™~ B6 mice carrying the 129-
derived NZB-type Fegr2b allele, which was cotransferred
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with the Fegr3 mutant gene during backcrossing of the
mutated 129 interval to B6 mice (9).

Flow cytometric analysis of FcyRIII™~ monocytes
revealed that the expression level of FcyRIIB on Gr-1-
monocytes was much lower than that on Gr-1+ mono-
cytes, whereas both Gr-1+ and Gr-1- subsets in FcRy™~
B6 mice carrying the Bo6-type Fcgr2b allele stained
equally with the 2.4G2 mAb (Figure 5A). Notably, a
similar down-regulated expression of FcyRIIB was ob-
served on PMNs bearing the NZB-type Fcgr2b allele, but
not on circulating B cells (Figure 5B). These data
indicated a selective down-regulation of the expression
of FcyRIIB on Gr-1-FcyRIV+ monocytes and PMNs
bearing the NZB-type Fegr2b allele as compared with
those bearing the Bo-type Fcgr2b allele.

Selective expansion of FcyRIIB""FcyRIV+
monocytes in aged BXSB mice bearing the NZB-type
Fcgr2b allele. To confirm that Gr-1- monocytes accumu-
lating in aged male BXSB Yaa mice bearing the NZB-
type Fegr2b allele indeed displayed the
FcyRIIB“FcyRIV+ phenotype, the expression levels
of FcyRIV and FcyRIIB were determined by flow
cytometric analysis. As expected, Gr-1- monocytes from
8-month-old male BXSB Yaa mice with monocytosis
highly expressed FcyRIV on their surface (mean = SD
MFI327.2 = 28.1; n = 3 mice) at levels comparable with
those on Gr-1- monocytes from B6 mice (MFI 362.3
42.5; n = 5 mice) (Figure 5C). Although the expression
of FcyRI1IB could not be directly determined because of
the lack of antibodies specific for the NZB-type
FcyRIIB allelic form, the majority of Gr-1- monocytes
displayed limited staining with 2.4G2 anti-FcyRIIB/III
mAb, as compared with the Gr-1+ subset. Notably,
2.4G2 staining of Gr-1- monocytes from BXSB mice
(MFI 39.4 = 13.4) was clearly weaker than that of Gr-1-
monocytes from B6 mice (MFI 74.2 = 4.6; P < 0.005),
whereas Gr-1+ monocytes displayed comparable MFI
of 2.4G?2 staining in both strains of mice (MFI 115.9 =
28.7 in BXSB mice and 144.7 % 10.7 in B6 mice).
Collectively, our data suggested that Gr-1-
FeyRIIB“FcyRIV+ monocytes accumulated in the
peripheral blood of male BXSB Yaa mice as a result of
exposure of IgG ICs during the course of the disease.

DISCUSSION

The present study was designed to define the
molecular mechanisms responsible for the development
of monocytosis, which is characterized by a selective
expansion of the Gr-1- monocyte subset in lupus-prone
BXSB Yua mice. Analysis of BXSB Yaa and 6-19
anti-lgG2a-transgenic B6 mice deficient in activating

— 107 —



2414

SANTIAGO-RABER ET AL

FeyRH- FcRy-i C
(NZB-ypa) {BB-type)
T
-
&
P e Rt iyt oY)
ForRiiB
FeyRIV
B 5 s
PMN § B cells N . : (45
2 2 2 242
i ! oy N a5
i i U ® R
i | o b
; 2 3 2R
} & ’gﬂ
H Sy 2, hE 3l
w3 q9t 10?10 198 7 o N A U T R R TLE L e T
FoyRIIA FoyRIB 2462 24G2

Figure 5. Very low level of expression of inhibitory Fcy receptor IIB (FeyRIIB) on the Gr-1-
monocyte subset and polymorphonuclear cells (PMNs) from B6 mice bearing the NZB-type Fegr2b
allele and selective expansion of FeyRIIB'**FcyRIV+ monocytes in aged BXSB mice bearing the
NZB-type Fcgr2b allele. A, Peripheral blood mononuclear cells (PBMCs) from 2-3-month-old
female FcyRII™ and FcRy”' B6 mice bearing the NZB-type and Bo-type Fegr2b allele,
respectively, were stained with a combination of anti-CD115, anti-Gr-1, and 2.4G2 anti-FcyR1IB/
1II monoclonal antibodies (mAb). Histograms show the expression levels of FcyRIIB on Gr-1+
(shaded) and Gr-1- (thick line) CD115+ monocytes, as determined by staining of FcyRIII-
deficient and FcRy™ monocytes with 2.4G2 anti-FcyRIIB/II mAb. Results are representative of
the findings in 3 mice. B, PMNs and circulating B cells from 2-3-month-old female FeyRHI™ and
FcRy™ B6 mice bearing the NZB-type and B6-type Fegr2b allele, respectively, were stained with
a combination of anti-CD115, anti-Gr-1, anti-B220, and 2.4G2 anti-FcyRIIB/HI mAb. Histograms
show the expression levels of FeyRIIB on Gr-1"¥"CD115- PMNs (distinguished from Gr-1+
monocytes by their much higher expression of Gr-1 and higher granularity, as reflected in high side
light-scatter properties) and B220+ B cells bearing the NZB-type (thick line) and Bo-type Fegr2b
(shaded) allele. Results are representative of the findings in 3 mice. C, PBMCs from 8-month-old
male BXSB Yaa and B6 Yaa mice were stained with a combination of anti-CD115, anti-Gr-1, 9E9
anti-FeyRIV, and 2.4G2 anti-FeyRIIB/UI mAb, and gated for CD115+ monocytes. Representative
staining profiles for FeyRIV and FeyRIIB/II on Gr-1+ and Gr-1- monocytes are shown, Numbers
indicate the mean percentages of Gr-1+FcyRIV- and Gr-1-FcyRIV+ monocytes, as well as of
Gr-1+2.4G2"#", Gr-1-2.4G2"%, and Gr-1-2.4G2"2" monocytes (n = 3-5 mice per group).

FcyR demonstrated that the development of monocyto-
sis was a consequence of IC-triggered activation of
immune effector cells, such as monocyte/macrophages,
through activating FcyR. Moreover, the Gr-1- monocyte
subset accumulating in BXSB Yaa mice bearing the
NZB-type Fcgr2b allele, which is common in lupus-
prone mice, was revealed to display a hyperactive phe-
notype in response to IgG ICs because of low expression
of inhibitory FcyRIIB but high expression of activating
FcyRIV.

Our previous analysis of Yaa plus non-Yaa mixed
bone marrow chimeras showed that there was no selec-
tive production of monocytes of Yaa origin over those of
non-Yaa origin (12). This result suggests that monocy-
tosis associated with the Yae mutation is a result of
excessive production of monocyte-specific growth fac-

tors by immune effector cells in response to ICs during
the course of lupus-like autoimmune disease. Indeed,
the absence of monocytosis in male BXSB Yaa mice
deficient in activating FcyR, despite high production of
autoantibodies (19), indicates that IC-mediated, FcyR-
dependent activation of immune effector cells is crucial
for the development of monocytosis. This conclusion
was further supported by 2 findings. First, the expression
of the 6-19 1gG3 anti-IgG2a RF transgene induced
monaocytosis only in B6 mice expressing IgG2a, but not
in those deficient in activating FcyR or lacking IgG2a.
Second, the development of monocytosis was also ob-
served in (NZB X NZW)F,; mice, another lupus-prone
strain, at 8 months of age, when high titers of autoanti-
bodies started to accumulate.

In light of these results, it seems plausible that
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persistent FcyR-mediated activation of monocyte/macro-
phages by IgG ICs may result in the production of
excessive amounts of monocyte-specific growth factors,
thereby leading to the development of monocytosis.
Notably, interactions of IgG 1Cs with FcyR on macro-
phages trigger the production of macrophage colony-
stimulating factor and granulocyte-macrophage colony-
stimulating factor by macrophages (28,29).

It should be stressed that the extent of monocy-
tosis in (NZB X NZW)F, mice and in 6-19 anti-IgG2a
RF-transgenic B6 mice was less severe than that ob-
served in BXSB Yaa mice. This indicates that the Yaa
mutation somehow plays a unique role in the develop-
ment of monocytosis. The recently identified 7/r7 gene
duplication resulting from a translocation from the
telomeric end of the X chromosome (containing the 71+7
gene) onto the Y chromosome has been proposed as the
etiologic basis for Yaa-mediated enhancement of SLE
(3-5). Accordingly, the development of monocytosis was
strongly suppressed in B6 Yaa mice congenic for the
Nba2 (NZB autoimmunity 2) locus following the intro-
duction of the Tlr7-null mutation on the X chromosome
(30). This suggests that IgG ICs containing endogenous
nuclear antigens could excessively activate Yaa-bearing
macrophages through interaction with FcyR and then
with TLR-7, which is expressed at increased levels in
endosomes of these macrophages, to secrete high levels
of monocyte-specific growth factors. In addition, be-
cause of the Tlr7 gene duplication, the Yaa mutation
selectively enhances the production of autoantibodies
against nuclear antigens that are capable of interacting
with TLR-7, thereby further promoting the activation of
Yaa-bearing macrophages (3-5,30,31). This is consistent
with the finding that the presence of the Yaa mutation
failed to aggravate the extent of monocytosis in 6-19
IgG3 anti-IgG2a~transgenic mice, since [gG3-IgG2a
ICs are not expected to interact with TLR-7.

Analysis of FcRy”™ BXSB mice and 6-19 anti-
IgG2a—transgenic B6 mice revealed that IC-mediated,
FcyR-dependent activation was also responsible for an
expansion of the Gr-1- subset, 1 of the 2 major mono-
cyte subsets that are present in the circulation. Since
recent immigrants from bone marrow appear to enter
the circulation as Gr-1+ monocytes (11,12), it has been
suggested that the Gr-1+ subset consecutively becomes
the Gr-1- subset while still in the bloodstream. In this
regard, our demonstration that activating FcyRIV was
expressed on the Gr-1- subset, but not on the Gr-1+
subset, supports the idea that the Gr-1- subset repre-
sents a more mature stage of monocytes as compared
with the Gr-1+ subset, although this has not yet been
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formally proven. The selective accumulation of the
Gr-1- subset in lupus-prone mice developing monocyto-
sis is likely to be due to a longer half-life of the Gr-1-
subset as compared with that of the Gr-1+ subset
(10,11).

It is significant that the Gr-1- monocyte subset
that accumulated in lupus-prone mice carried a unique
functional phenotype, since it expressed very low levels
of inhibitory FcyRIIB but high levels of activating
FcyRIV, in contrast to the high levels of FcyRIIB and
no FcyRIV expression on the Gr-1+ monocyte subset. It
has been well established that the relative balance of
engagement of activating and inhibitory FcyR is critical
for the development of IC-mediated tissue lesions (13).
Thus, it is reasonable to assume that the Gr-1- monocyte
subset accumulating in lupus-prone mice could be exces-
sively activated in the presence of circulating IgG ICs,
thereby actively participating in the development and
progression of IC-mediated tissue injury in SLE.

Previous reports have shown a considerable role
of infiltrating monocyte/macrophages in the progression
of glomerular lesions (32) and of FcyR in glomerulone-
phritis, including murine lupus nephritis (18,33,34).
Thus, monocytosis could actively participate in the de-
velopment of glomerular inflammation and injury
through increased secretion of proinflammatory cyto-
kines, reactive oxygen species, and matrix-specific pro-
teases as a result of IC-mediated, FcyR-dependent
activation of infiltrating monocyte/macrophages. More-
over, down-regulated expression of FcyRIIB on PMNs
bearing the NZB-type Fegr2b allele could additionally
contribute to the development of glomerular lesions in
lupus-prone mice, since a considerable role of PMNs in
IC-mediated inflammatory disorders has been well es-
tablished (35,36).

The findings of our study further underline the
importance of the NZB-type Fcgr2b allele as a lupus
susceptibility gene in murine SLE. The down-regulated
expression of FcyRIIB on monocyte/macrophages,
PMN:s, as well as activated B cells in lupus-prone mice
appears to contribute not only to increased production
of autoantibodies as a result of dysregulated activation
of autoreactive B cells (19,37), but also to enhanced
IC-mediated glomerular and vascular inflammation as a
result of excessive activation of monocyte/macrophages
and PMNs. The selective expression of FcyRIV on
Gr-1- resident monocytes in mice appears to have an
analogy in humans, since FcyRIIIA, the human ho-
molog of FcyRIV (38), is expressed on the resident, but
not the inflammatory, subset in humans (39). In view of
the critical role of FcyR and the accumulation of a
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hyperactive monocyte subset in parallel with the pro-
gression of disease in lupus-prone mice, the enumera-
tion of blood monocytes and the analysis of their subsets,
especially the FcyRIIB'""FeyRIIIA+ subset, might be
useful predictive markers in patients with SLE.
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