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INTRODUCTION
Autoimmune disease occurs when the

immune system loses tolerance toward
self-antigens and the resulting immune
response causes tissue damage. Systemic
autoimmune diseases such as rheuma-
toid arthritis (RA) and systemic lupus
erythematosus (SLE) are characterized by
the production of autoantibodies to ubiq-
uitously expressed antigens as well as
local inflammation in peripheral tissues.

Leukocyte infiltration is found com-
monly in the inflamed organs and con-
tributes to the eventual tissue damage.

Chemokines, which are essential in
directing leukocyte trafficking, have
been associated with the pathogenesis
of RA and lupus nephritis. Synovial tis-
sue and synovial fluids of RA patients
contain higher levels of CXCL9,
CXCL10, CXCL11, CXCL12, CCL2,
CCL3, CCL13, CCL18, CCL21 and

CXC3CL1 compared with healthy indi-
viduals (1). CCR2 deficiency is protec-
tive in the K/BxN serum transfer model
(2), and antagonists of CXCR3 (3) and
CXCL13 (4) reduce disease severity and
joint damage in murine arthritis. How-
ever, while anti-CXCL10 antibodies
achieved a significant, albeit modest,
benefit (5) in RA patients, antagonists of
CCR2 and CCR5 failed to show clinical
efficacy (6–8). In a similar fashion, stud-
ies in lupus-prone NZB/W F1 mice
have shown upregulation of
chemokines including CXCL13, CCL2,
CCL3, CCL9 and CCL20 in the kidneys
following initial immune complex depo-
sition, with subsequent recruitment of
many other chemokines as the disease
progresses. This is associated with the
progressive renal accumulation of
macrophages and dendritic cells as well
as activated CD4 T cells and B cells (9).
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Deficiency of CCL2, CCR2 or CXCR3 re-
duces renal inflammation and protects
the renal function of lupus-prone
MRL/lpr mice (10–12), but, not surpris-
ingly, chemokine antagonists have a
more modest effect when used later in
disease (13–14). These studies, in sum,
suggest that it might be necessary to si-
multaneously inhibit multiple
chemokines to more effectively inhibit
inflammatory processes and tissue dam-
age in autoimmune diseases.

In this study, we generated an aden-
ovirus expressing a fusion protein con-
taining the secreted form of bovine her-
pesvirus 1 glycoprotein G (BHV1gG) and
the CH2-CH3 portion of murine IgG2a.
BHV1gG is a glycoprotein that is ex-
pressed on the surface of BHV1-infected
cells and is secreted after proteolytic
cleavage (15). BHV1gG binds to a wide
range of human and murine chemokines
(15), some of which, including CCL2,
CCL3, CCL5, CXCL1, CXCL12 and
CXCL13 are increased in RA or lupus
nephritis. We show here that BHV1gG-Ig
greatly reduced thioglycollate-induced
neutrophil and eosinophil migration into
the peritoneal cavity of BALB/c mice.
BHV1gG-Ig also significantly reduced
disease severity and joint damage of
K/BxN serum-induced arthritis. How-
ever, repeated administration of
BHV1gG-Ig did not prevent thioglycol-
late-induced macrophage migration into
the peritoneal cavity of BALB/c mice or
alter the course of lupus nephritis in
NZB/W F1 mice.

MATERIALS AND METHODS

Generation of an Adenovirus
Expressing BHV1gG-Ig (Ad-BHV1gG-Ig)

cDNA encoding the secreted form of
BHV1gG (kindly provided by Antonio
Alcami) was fused to a β2 microglobu-
lin signal sequence as described previ-
ously (16) and to the CH2-CH3 do-
mains of murine IgG2a lacking Ig
receptor binding capability (17) using a
linker sequence (5′ GGT GGT GGT TCT
GGT GGT GGT TCT GAC TAC AAG
GAC GAC GAT GAC AAG GGA GGA

GGA TCT GGA GGA GGT AGC 3′) con-
taining a FLAG tag. The construct was
expressed in Adeno-X adenovirus ac-
cording to the manufacturer’s direc-
tions (BD Clontech, Palo Alto, CA,
USA). Serum from a severe combined
immunodeficiency (SCID) mouse in-
jected 4 d previously with 1 × 1011 viral
particles of Ad-BHV1gG-Ig was applied
to a Protein A column and the fusion
protein eluted with 0.1 mol/L acetic
acid pH 4. The purified protein was
then run on a 7.5% SDS gel and a West-
ern blot performed using biotin-
 conjugated goat anti-mouse IgG2a
(1:1000) (Southern Biotechnology Asso-
ciation, Birmingham, AL, USA) as the
probing antibody, followed by IRDye
680LT streptavidin (1:5000) (LI-COR
Biosciences, Lincoln, NE, USA). The
blot was visualized using an Odyssey
Imaging System (LI-COR Biosciences).

Measurement of Serum BHV1gG-Ig
Concentration

Serum BHV1gG-Ig levels in SCID mice
injected 4 d previously with 1 × 1011 viral
particles of Ad-BHV1gG-Ig were mea-
sured as described previously (17) using
a murine IgG2a-specific enzyme-linked
immunosorbent assay (ELISA). Standard
curves were established using serial dilu-
tions of a control fusion protein. SCID
serum contained >10 mg/mL of
BHV1gG-Ig protein and was used for all
in vitro experiments. SCID serum con-
taining a comparable concentration of a
control fusion protein, B cell activating
factor receptor Ig (BAFF-R-Ig), was used
in control experiments.

To measure serum BHV1gG-Ig levels
in BALB/c mice, ELISA plates (Falcon
Labware, Lincoln Park, NJ, USA) were
coated with mouse anti-FLAG mono-
clonal antibody (Sigma-Aldrich, St.
Louis, MO, USA), blocked and incubated
sequentially with sera from Ad-
BHV1gG-Ig injected BALB/c mice, fol-
lowed by horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG2a
(1/4000 in PBS/1%BSA) (Southern
Biotechnology Association) and peroxi-
dase substrate solution (KPL, Gaithers-

burg, MD, USA). Standard curves were
established using serial dilutions of sera
from Ad-BHV1gG-Ig-treated SCID mice
whose BHV1gG-Ig concentration was
predetermined as described above.

To determine the half-life of BHV1gG-
Ig, five BALB/c mice were injected with
SCID serum containing 500 μg BHV1gG-
Ig, and serum BHV1gG-Ig concentrations
were measured at intervals and plotted
over time. The half-life of BHV1gG-Ig is
approximately 7 d (data not shown).

Calcium Flux Assay
Ten million peritoneal cells from NZW

mice containing 80% B cells were loaded
with 5 μg/mL of Indo-1 AM (Invitrogen,
Carlsbad, CA, USA) at 37°C for 1 h and
then stimulated with recombinant
murine CXCL13 (0.2 μg/mL) (R&D Sys-
tems, Minneapolis, MN, USA) together
with increasing concentrations of
BHV1gG-Ig (2 μg/mL, 8 μg/mL or
16 μg/mL), providing a molar ratio
(BHV1gG-Ig:CXCL13) of 1.4, 5.7 or 11.4,
respectively. BAFF-R-Ig at similar molar
ratios and control SCID serum were used
as controls. The ratio of fluorescence at
400 nmol/L versus 510 nmol/L was
measured by flow cytometry (BD Bio-
sciences, San Diego, CA, USA). Results
represent four independent experiments.

Transwell Chemotaxis Assays
One μg/mL of recombinant murine

CXCL13 (R&D Systems) was preincu-
bated with 40 μg/mL of BHV1gG-Ig
(molar ratio BHV1gG-Ig:CXCL13 = 5.7)
or BAFF-R-Ig in migration medium
(0.5% BSA [Sigma-Aldrich], 20 mmol/L
HEPES [Cellgro, Mediatech, Herndon,
VA, USA], RPMI-1640 medium [Sigma-
Aldrich]) at 37°C for 30 min in the lower
chambers of a fibronectin-coated tran-
swell plate (5.0 μmol/L pores, Costar,
Corning, NY, USA). One million peri-
toneal cells from NZB/W mice contain-
ing CXCR5- expressing B1 cells were
added to the upper chamber of the tran-
swell inserts. Cells in the lower chambers
were collected after 3 h of incubation at
37°C. Cells were then stained with anti-
B220 PE, anti-CD4 FITC and anti-CD11b
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FITC antibodies (BD Biosciences), and
analyzed using flow cytometry (BD Bio-
sciences). The number of B cells that
spontaneously migrated to the lower
chamber containing only migration me-
dium was consistently below 1% of the
input cells.

BM Neutrophils from BALB/c mice,
identified as Gr1hiCD11bhi, were iso-
lated by FACS sorting. An in vitro mi-
gration assay of neutrophils was per-
formed as described previously (18).
Briefly, 100 ng/mL of recombinant
mouse CXCL1 (R&D Systems) was
preincubated with 0, 0.25 or 1, 4 μg/mL
of BHV1gG-Ig or 4 μg/mL of BAFF-R-
Ig as control in the lower chambers of a
transwell plate (5.0 μmol/L pores,
Costar). 2 × 105 BM neutrophils were
added to the upper chambers. Cells in
the lower chambers were collected after
1 h of incubation at 37°C. Cells were
stained with anti-F480 PE, anti-Gr1
APC and anti-CD11b FITC antibodies
(BD Biosciences), and analyzed using
flow cytometry (BD Biosciences).

An in vitro migration of macrophages
was performed as described previously
(19). Briefly, 10 ng/mL of recombinant
mouse CCL2 (R&D Systems) was prein-
cubated with 0, 25, 100 or 400 ng/mL of
BHV1gG-Ig or 400 ng/mL of BAFF-R-Ig
as control in the lower chambers of a
transwell plate (8.0 μmol/L pores)
(Costar). Two hundred thousand mouse
peritoneal cells that were harvested 
72 h after an intraperitoneal (IP) injec-
tion of 1 mL of 4% thioglycollate into
BALB/c mice were added to the upper
chambers. After 4 h of incubation at 
37°C, transwell filters were fixed in
methanol and stained with May-
 Grunwald-Giemsa. The cells that at-
tached to the filter were counted by
light microscopy.

Thioglycollate-Induced Peritonitis
Groups of 5 BALB/c mice were injected

intravenously (IV) with Ad-BHV1gG-Ig 
(1 × 1011 viral particles/ mouse) or a simi-
lar dose of control adenovirus expressing
BAFF-R-Ig or β-galactosidase (Ad-LacZ)
or no treatment. Four days later, the mice

were injected IP with 1 mL of 4% sterile
thioglycollate (BD Diagnostic Systems,
Franklin Lakes, NJ, USA). The mice were
euthanized 4 h or 72 h later and peri-
toneal cells were harvested and analyzed
using flow cytometry (20). Similar exper-
iments were performed 12 h after in-
traperitoneal delivery of four-fold in-
creasing doses of BHV1gG protein up to
1 mg.

Detection of Anti-BHV1gG-Ig
Antibody

ELISA plates (Falcon Labware) were
coated with 0.5 μg/mL of BHV1gG-Ig,
blocked and incubated sequentially with
dilutions of sera from Ad-BHV1gG-Ig-
treated or control NZB/W F1 mice fol-
lowed by HRP-conjugated goat anti-
mouse IgG1, 2b and 3 (1/4000 in
PBS/1% BSA) (Southern Biotechnology
Association) and peroxidase substrate so-
lution (KPL). ELISA data was normal-
ized to a high-titer serum assigned an ar-
bitrary level of 512U and run in serial
dilution on each plate.

Ad-BHV1gG-Ig Treatment of Mice with
K/BxN-Induced Arthritis

Ten week-old BALB/c mice were in-
jected with Ad-BHV1gG-Ig or Ad-LacZ
on d –4, and 200 μl of K/BxN (KRN)
serum was administered IP at d 0 and 
d 2. The clinical arthritis severity (clini-
cal score) of each paw was determined
based on a 0 to 12 score per mouse per
day (21) by an observer blinded to the
treatment group (PG). Area under curve
(Auc) was used to assess disease sever-
ity over the entire course of the experi-
ment and was calculated as the sums of
the scores for each individual mouse
during the test period. Ankle diameter
was measured with a digital caliper. In
separate experiments, mice were eutha-
nized 5 d after the induction and mRNA
extracted from whole ankle was used for
analysis of cytokines and matrix metal-
loproteases (MMPs) using quantitative
real-time PCR (qPCR) as described pre-
viously (9, 22) using the following
primers: TNFα 5′-TGG GAG TAG ACA
AGG TAC AAC CC, CAT CTT CTC

AAA ATT CGA GTG ACA A; IL-1β 5′-
TGT AAT GAA AGA CGG CAC ACC,
3′-TCT TCT TTG GGT ATT GCT TGG;
MMP-2 5′-TAA CCT GGA TGC CGT
CGT, 3′-TTC AGG TAA TAA GCA CCC
TTG AA: MMP-3 5′-TTG TTC TTT GAT
GCA GTC AGC, 3′-GAT TTG CGC CAA
TGC; IL-6 primer mix (Catalog number:
PPM03015A – 200) (Superarray, Freder-
ick, MD, USA)

BHV1gG-Ig Treatment of NZB/W Mice
Groups of five to eight 24-wk-old

NZB/W mice were injected IP with
500 μg BHV1gG-Ig or control IgG three
times a week for 10 wks or received no
treatment. The mice were bled every
other week and monitored for protein-
uria weekly. A subgroup of BHV1gG-Ig-
treated mice with established proteinuria
was euthanized and kidney sections
were analyzed microscopically using
hematoxylin and eosin (H & E) staining.
In an alternative experiment, NZB/W
mice were injected IV with an aden-
ovirus expressing IFNα (3.3 × 109 viral
particles) at 12 wks of age to induce dis-
ease within a 6- to 8-wk period as de-
scribed previously (22). A group of 10
mice was injected IP with 500 μg
BHV1gG-Ig three times a week from wk
13 to wk 21. Another group of seven
mice received the same regimen from wk
15 until the end of the experiment. Con-
trol mice were left untreated.

Statistics
Survival data were analyzed using

Kaplan-Meier curves and log-rank test.
Other comparisons were performed
using Mann-Whitney test. P values ≤ 0.05
were considered significant.

RESULTS

Generation of the BHV1gG-Ig Protein
The BHV1gG-Ig fusion protein with a

predicted molecular weight of 66 kD was
produced in the serum of SCID mice as a
monomer (Figure 1B). The protein was
expressed at a high concentration in the
serum of Ad-BHV1gG-Ig injected SCID
mice (average of 20 mg/mL).
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BHV1gG-Ig Inhibits Chemokine-
Induced In Vitro Cell Migration and
Calcium Flux

BHV1gG binds a wide range of
chemokines in vitro (15). To determine
whether the BHV1gG-Ig fusion protein is
functional, we determined whether it in-
hibits signaling and cell migration in-
duced by CXCL13, a chemokine that is
upregulated in the early stage of nephri-
tis in NZB/W F1 mice (9) and in syn-
ovial tissues from RA patients and
arthritic mice (23–24). Treatment with 0.2
μg/mL of recombinant CXCL13 induced
a calcium flux in peritoneal B220+ cells
from NZW mice that express the
CXCL13 receptor CXCR5 (Figures 2A–C).
Preincubation of CXCL13 with 8 μg/mL
(molar ratio = 5.7) or 16 μg/mL (molar
ratio = 11.4) of BHV1gG-Ig completely
inhibited this calcium flux, whereas
preincubation with BAFF-R-Ig or control
SCID serum had no effect (see Figures
2B, C). A lower concentration of
BHV1gG-Ig (2 μg/mL) failed to inhibit
CXCL13-induced calcium flux (see Fig-
ure 2A). We therefore used a 5.7 molar
excess (40-fold excess with respect to
concentration) for subsequent experi-
ments. 40 μg/mL of BHV1gG-Ig inhib-

ited CXCL13-induced (1 μg/mL) migra-
tion of the cells in a transwell system.
The addition of CXCL13 together with
control BAFF-R-Ig resulted in migration
of approximately 60% of the input B cells
(Figure 2D). In contrast, less than 20% of
the input B cells migrated toward
CXCL13 preincubated with BHV1gG-Ig
(see Figure 2D), demonstrating a signifi-
cant inhibition of cell migration (P =
0.0265). Spontaneous migration was con-
sistently less than 1% of input cells (data
not shown).

Similarly, a 5.7 mol/L excess of
BHV1gG-Ig:chemokine significantly inhib-
ited the in vitro migration of mouse BM
neutrophils toward CXCL1 (Figure 2E; p =
0.0265, BVH1gG-Ig 4 μg/mL versus
BAFF-R-Ig 4 μg/mL). This inhibition
shows a trend toward dose dependency
(see Figure 2E). In contrast, a 5.7 mol/L
BHV1gG-Ig excess did not prevent the in
vitro migration of mouse peritoneal
macrophages toward CCL2 (Figure 2F).

Ad-BHV1gG-Ig Treatment Significantly
Inhibits Thioglycollate-Induced
Neutrophil Migration in BALB/c Mice

We next determined whether
BHV1gG-Ig inhibits chemokine-induced
cell migration in vivo. Sterile peritonitis
was induced by IP injection of thiogly-
collate in BALB/c mice that were in-
jected previously with Ad-BHV1gG-Ig,
with an adenovirus expressing the con-
trol fusion protein BAFF-R-Ig (Ad-BAFF-
R-Ig), with a control virus (Ad-LacZ) or
with no treatment. Thioglycollate injec-
tion led to a rapid increase in the number
and percentage of Gr1hi peritoneal neu-
trophils in the mice receiving the control
Ad-LacZ adenovirus or no treatment and
this increase was inhibited significantly
by Ad-BHV1gG-Ig but not by Ad-BAFF-
R-Ig at 4 h (Figure 3C). An increase in the
percentage and number of eosinophils
and small macrophages was observed in
the peritoneal cavity of Ad-LacZ-treated
mice 72 h after thioglycollate injection,
but only the eosinophilia was inhibited
by the treatment of Ad-BHV1gG-Ig (Fig-
ure 3D). The serum concentration of
BHV1gG-Ig in the Ad-BHV1gG-Ig-

treated mice was 3.4 ± 2.7 mg/mL 4 h
after thioglycollate injection and declined
to 1.9 ± 1.3mg/mL 72 h later. When we
used BHV1gG protein given IP we reli-
ably detected a >50% decrease in neu-
trophil migration into the peritoneum
only when serum BHV1gG concentra-
tions were >200 μg/mL (not shown),
confirming that an excess of BHV1gG is
needed to inhibit chemokine activity in
vivo.

Ad-BHV1gG-Ig Treatment Reduces
the Severity of K/BxN Serum-Induced
Arthritis in BALB/c Mice

The K/BxN serum transfer model has
acute onset and is highly dependent on
infiltrating neutrophils (25). Therefore,
we next tested whether Ad-BHV1gG-Ig
treatment could alter the outcome of
K/BxN serum-induced arthritis. The
severity of the disease was evaluated
based on the degree of joint inflamma-
tion (clinical score) and swelling of the
ankles (diameter). As expected, high clin-
ical scores were observed in Ad-LacZ-
treated controls 9 d after the first K/BxN
serum injection; joint inflammation 
then diminished during the rest of the
experiment (Figures 4A, C). A second 
experiment confirmed this result and 
was terminated at d 10 when disease re-
solved in the BHV1gG-treated mice (Fig-
ures 4B, D). Ad-BHV1gG-Ig-treated mice
showed significantly lower clinical scores
than the controls at multiple times (see
Figures 4A, B). In accordance with the
clinical scores, ankle swelling was atten-
uated significantly by the treatment of
Ad-BHV1gG-Ig (see Figures 4C, D). The
overall severity of disease throughout
the entire course of the experiment was
also lower in Ad-BHV1gG-Ig-treated
mice compared with Ad-LacZ-treated
controls (Figure 4). Histological study of
joints from mice harvested at d 27 re-
vealed synovial hyperplasia and carti-
lage erosion in three of five of the arthri-
tis mice receiving the Ad-LacZ control. In
contrast, only one of five mice in the Ad-
BHV1gG-Ig-treated group showed any of
these histologic features (Figures 4E, F).
Analysis of the joints from mice har-

Figure 1. Generation of BHV1gG-Ig protein.
(A) A map of the construct of BHV1gG-Ig
fusion protein. (B) Western blot analysis of
recombinant mouse IgG2a (lane 1 and 2),
purified CTLA4-Ig (lane 3 and 4) and puri-
fied BHV1gG-Ig (lane 5 and 6) under non-
reducing (lane 1, 3 and 5) and reducing
(lane 2, 4 and 6) conditions.
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vested at d 10 similarly showed more
synovial hyperplasia and erosions in the
controls than in the treated mice (data
not shown). No neutrophils were de-
tected in the synovium of control or
treated mice either at d 10 or d 27, con-
sistent with previous studies showing
that neutrophil infiltration is an early
feature of disease in the KRN model.
Several genes linked to inflammation
and cartilage/bone erosions such as
TNFα, IL-1β, MMP-2 and MMP-3 were
upregulated in the joints of K/BxN
serum-treated mice 5 d after arthritis in-
duction. However, this upregulation was

not prevented by Ad-BHV1gG-Ig treat-
ment (see Figure 4E).

Repeated Administration of BHV1gG-Ig
Does Not Affect the Progression of
Lupus Nephritis in NZB/W Mice

Given that BHV1gG binds to a number
of chemokines that are upregulated in
kidneys of NZB/W F1 mice at the early
stages of lupus nephritis (9,15), we next
tested whether BHV1gG-Ig treatment
could alter the progression of renal dis-
ease in these mice. A 10-wk treatment
with BHV1gG-Ig protein did not alter the
onset of proteinuria or survival of 24-wk-

old NZB/W F1 mice (Figure 5A). One
reason for this observation could be the
development of an antibody response
against the fusion protein. Indeed, IgG
antibody against BHV1gG-Ig fusion pro-
tein started to appear in low titer in the
serum of NZB/W F1 mice 2 wks after
the first injection of BHV1gG-Ig and con-
tinued to increase for another 6 wks
(data not shown). We therefore used the
IFNα-accelerated lupus model which has
shorter disease duration (22), to mini-
mize the effects of an anti-BHV1gG-Ig
humoral response. Twelve week-old
NZB/W mice were injected IV with Ad-

Figure 2. BHV1gG-Ig inhibits CXCL13 and CXCL1 but not CCL2 function in vitro. 0.2 μg/mL of recombinant CXCL13 together with 2 μg/mL
(A), 8 μg/mL (B) or 16 μg/mL (C) of BHV1gG-Ig (black) was added to peritoneal cells from NZW mice. For control experiments, BAFF-R-Ig
(dark gray) at the same concentration or control SCID serum (light gray) was used. Calcium flux was measured using flow cytometry. Data is
representative of four experiments. (D) Mouse peritoneal cells (1 × 106) were placed in each of the upper chambers of a transwell. Medium
containing 1 μg/mL recombinant mouse CXCL13 together with 40 μg/mL of BHV1gG-Ig (n = 4), 40 μg/mL of BAFF-R-Ig (n = 4) or medium
alone (n = 1) was placed in the lower chambers. Data represent the percentage of B220+ cells in the lower chamber divided by the total
input of B220+ cells after 3 h of incubation at 37°C. (E) Sorted mouse BM neutrophils (2 × 105) were placed in each of the upper chambers
of a transwell. Medium containing 100 ng/mL of recombinant mouse CXCL1 together with 0, 0.25, 1 or 4 μg/mL (5.7 mol/L ratio) of BHV1gG-
Ig or 4 μg/mL of BAFF-R-Ig was placed in the lower chambers. Data represent the percentage of Gr1highCD11bhigh cells in the lower cham-
ber divided by the total input of Gr1highCD11bhigh cells after 1 h of incubation at 37°C. (F) Mouse peritoneal cells (2 × 105) were placed in
each of the upper chambers of a transwell. Medium containing 10 ng/mL of recombinant mouse CCL2 together with 0, 25, 100 or 400 ng/mL
(5.7 mol/L ratio) of BHV1gG-Ig or 400 ng/mL of BAFF-R-Ig was placed in the lower chambers. Data represent the mean numbers of cells that
attached to the membrane after 4 h of incubation at 37°C. *P < 0.05. Data are representative of three to four experiments.
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IFNα and were treated with BHV1gG-Ig
from wk 13 to wk 21 or from wk 15 until
the end of the experiment. The onset of
proteinuria and survival were compara-
ble between BHV1gG-Ig-treated mice
(early treatment or late treatment) and
untreated controls (Figure 5B). Examina-
tion of the kidneys from BHV1gG-Ig-
treated mice revealed severe renal dam-
age, macrophage infiltration and large
lymphoid infiltrates, comparable with
controls (data not shown).

DISCUSSION
Leukocyte infiltration is an important

feature of the inflammatory response. Al-
though a single chemokine may recruit
more than one cell type, migration of
multiple cell types in general requires a
network of multiple chemokines and ad-
hesion molecules. Some viruses manipu-
late the chemokine network by produc-

ing viral chemokine homologs, viral
chemokine receptor homologs or viral
chemokine binding proteins (26). The
first identified herpesvirus-secreted
chemokine-binding protein M3 interacts
with multiple CC-, CXC-, CX3C-, and
XC- chemokines at their receptor- and
GAG-binding domains (26). Transgenic
expression of M3 protein in pancreatic
islets protects mice from streptozotocin-
induced diabetes by inhibiting CCL2-me-
diated monocyte recruitment and
CXCL13-induced B and T cell infiltration
(27–28). BHV1gG-Ig binds to a broad
range of chemokines, including many of
those expressed in rheumatoid arthritis
synovia and lupus kidneys (15), and,
therefore, provides a convenient way of
inhibiting multiple chemokines in auto-
immune/inflammatory diseases. In this
study, we asked whether this inhibitor
could be delivered as a therapeutic agent

during the evolution of autoimmune dis-
ease in vivo. To accomplish this, we gen-
erated an adenovirus expressing
BHV1gG-Ig fusion protein, allowing us
to deliver a large quantity of BHV1gG-Ig
in vivo in a rapid and convenient manner.

We show here that BHV1gG-Ig treat-
ment successfully inhibited acute inflam-
mation in two different animal models.
Intraperitoneal injection of thioglycollate
initiates an early influx of neutrophils fol-
lowed by the later recruitment of
eosinophils and monocytes/macrophages
(20). Ad-BHV1gG-Ig treatment prevented
the migration of both neutrophils and
eosinophils but did not alter recruitment
of inflammatory macrophages into the
peritoneal cavity. Thioglycollate-induced
neutrophil recruitment is mediated
largely through the interaction of CXCR2
with its ligands CXCL1 and CXCL2 (29).
We confirmed that BHV1gG inhibits neu-

Figure 3. Treatment with Ad-BHV1gG-Ig significantly inhibits thioglycollate-induced neutrophil migration in BALB/c mice. Mice treated 4 d
previously with Ad-BHV1gG-Ig or control adenovirus were injected IP with sterile thioglycollate. Mice were euthanized 4 or 72 h later and
peritoneal cells were analyzed using flow cytometry. (A) Gating strategy and representative FACS plot of peritoneal cells from the mice.
Gr-1hi cells (left) were identified as neutrophils whereas macrophages (right) are identified based on their expression of CD11b and F480.
Eosinophils are CCR3+. (B) Percentages and numbers of Gr-1hi cells per peritoneal cavity of Ad-BHV1gG-Ig-treated (n = 5), control Ad-
BAFF-R-Ig (n = 5), control Ad-LacZ-treated (n = 5) or untreated mice (n = 4) 4 h after thioglycollate treatment. (C) Percentages and num-
bers of macrophages per peritoneal cavity of Ad-BHV1gG-Ig-treated, Ad-LacZ-treated or untreated mice 72 h after thioglycollate treat-
ment (n = 4 for all groups). Horizontal lines denote the mean value for each group. The P values were compared with Ad-LacZ-treated
mice. *P < 0.05, †P < 0.02. Data are representative of three experiments.
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trophil migration toward CXCL1 in vitro.
Although BHV1gG does not bind to
CXCL2, its interaction with CXCL1 (15)
appears sufficient to prevent most of the
peritoneal neutrophil accumulation. The
small increase in peritoneal neutrophils
observed in BHV1gG-treated mice might
be due to the uninhibited chemoattrac-
tant activity of CXCL2, or to other un-
known factors, given that inhibition of
both CXCL1 and CXCL2 by monoclonal
antibodies does not completely prevent
thioglycollate-induced recruitment of
neutrophils (29). It is not clear which
chemokines drive the migration of
eosinophils in thioglycollate-induced
peritonitis model. However, CCR3 is ex-
pressed on the surface of the eosinophils

in the peritoneal cavity (Figure 3B) and it
has been shown to mediate eosinophil
recruitment in allergic disease (30).
Given that CCL11, one of the ligands of
CCR3, binds to BHV1gG (15), it is possi-
ble that BHV1gG inhibits thioglycollate-
induced eosinophil migration through
blocking the interaction of CCR3 with its
ligands.

Monocyte recruitment in response to
thioglycollate has been shown to depend
largely on CCL2 and is independent of
early neutrophil infiltration (31–32). Sur-
prisingly, although BHV1gG binds to
CCL2 in vitro, BHV1gG-Ig treatment did
not impair thioglycollate-induced mono-
cyte accumulation in vivo (15). This may
reflect a redundant role of other

chemokines such as CCL6 in thioglycol-
late-induced monocyte migration (33).
Alternatively, BHV1gG may bind to
CCL2 with low affinity or at a site that is
not essential to its interaction with its re-
ceptor CCR2. It is also possible that Ad-
BHV1gG-Ig treatment could influence
the number of circulating monocytes as it
also binds to CXCL12, a key chemokine
for bone marrow sequestration of mono-
cytes. A failure of CXCL12-mediated se-
questration in the bone marrow may off-
set any inhibitory effects of BHV1gG on
CCL2-dependent monocyte trafficking
into the peritoneal activity (34). Further
studies will be needed to discriminate
between these hypotheses. In summary,
our study demonstrated that BHV1gG is
capable of inhibiting the migration of
polymorphonuclear cells, but not
macrophages, into the inflamed peri-
toneum.

In accordance with this result, Ad-
BHV1gG-Ig treatment significantly re-
duced joint inflammation in the K/BxN
serum transfer arthritis model. Arthritis
in this model is initiated by the binding
of autoantibody contained in K/BxN
serum to its target glucose-6-phosphate
isomerase (GPI) in the recipient mice
(25). The immune complex then activates
circulating neutrophils and synovial
mast cells through FcγRIII, leading to de-
granulation of these cells and increased
vascular permeability. As a result, au-
toantibodies are able to enter synovial
space in large quantities and bind to GPI
expressed on bone surfaces. This leads to
synovial inflammation characterized by
activation of the complement system, re-
cruitment and activation of neutrophils,
activation of resident synovial cells such
as mast cells, macrophages and fibrob-
lasts, as well as production of inflamma-
tory cytokines such as TNFα and IL-1β.
CXCL1, CXCL2 and CXCL5 all are upreg-
ulated in the synovial tissues of K/BxN
serum-treated mice (2,35). Consistent
with this observation, CXCR2-mediated
neutrophil recruitment has been shown
to be critical for the induction of arthritis
in this model (35). Targeting CXCL1 with
a monoclonal antibody has, however,

Figure 4. Administration of Ad-BHV1gG reduces the severity of K/BxN serum-induced
arthritis in mice. (A) clinical scores of Ad-BHV1gG-Ig-treated or Ad-LacZ-treated mice with
K/BxN serum-induced arthritis (Expt 1: average area under curve: Ad-BHV1gG-Ig-treated
versus Ad-LacZ-treated = 49.9 ± 51.5 versus 142.8 ± 61.6, mean ± standard deviation; P =
0.0317). (B) clinical scores Expt 2. (C) average ankle diameters presented as percentage
of baseline measurements of Ad-BHV1gG-Ig-treated or Ad-LacZ-treated mice with K/BxN
serum-induced arthritis (Expt1: average area under curve: Ad-BHV1gG-Ig-treated versus
Ad-LacZ-treated = 2286.6 ± 53.6 versus 2465.2 ± 121.4, mean ± standard deviation; P =
0.0159). (D) ankle diameters Expt 2. *P < 0.05, **P < 0.001. (E, F) Representative pictures of
front and hind paws of the mice from Expt 1 after at d 27 after the injection of K/BxN
serum and treatment with either control Ad-LacZ (E) or Ad-BHVgG-Ig (F). H and E staining
of ankles shows joint space narrowing and inflammatory infiltrates in the Ad-LacZ-treated
ankles but not in the ankles of Ad-BHV1gG-Ig-treated mice. Synovial hyperplasia scores
(scored from 1 to 3) are 1.4 ± 1.4 in the controls and 0 ± 0 in the treated mice; P = 0.04).
Bars in the histologic pictures represent 50 μm. (G) Real-time PCR analysis of dissected
synovium from naïve and K/BxN serum-induced mice at Day 5 *P < 0.05 compared with
naïve controls.
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shown only modest inhibitory effects on
the clinical index of K/BxN serum-in-
duced arthritis (18). CXCL1 is one of the
chemokines that BHV1gG can bind with
high affinity (15) and, as shown here, the
fusion protein inhibits CXCL1-mediated
neutrophil migration in vitro. It is plausi-
ble, however, given the failure of CXCL1
targeting alone to prevent arthritis in-
duced by high dose K/BxN serum trans-
fer (18), that Ad-BHV1gG-Ig treatment
protects mice from K/BxN-induced
arthritis at least in part through inter-
rupting other chemokine–chemokine re-
ceptor interactions in addition to that of
CXCL1 with CXCR2. Despite signifi-
cantly reducing arthritis severity,
BHV1gG-Ig treatment did not affect local
expression of a number of inflammatory
mediators including IL-1β, TNFα, 
MMP-2 or MMP-3. IL-1β and TNFα are
essential for the initiation of arthritis in
this model; these cytokines can be pro-

duced by local mast cells (36). In fact, it
has been shown that neutrophil-derived
TNFα is completely dispensable in this
model, whereas neutrophil-derived IL-1β
contributes only modestly to the synovial
inflammation (37). In addition, synovial
fibroblasts have been shown to be capa-
ble of producing IL-1β, MMP-2 and
MMP-3 in vitro (35). Thus BHV1-gG in-
hibits polymorphonuclear cell migration
into the joint at a stage downstream of
the initial local inflammatory response.

Although antagonists of CCR1, CCR2
or CCR5 all reduce the severity of arthri-
tis in animal models (38–40), CCR2 and
CCR5 antagonists failed to show addi-
tional benefit over standard therapy in
clinical trials for rheumatoid arthritis
(7,41–44), and a recent phase II clinical
trial of a CCR1 antagonist reported only
modest results (45). These studies show
that single chemokine blockade is un-
likely to have sufficient therapeutic effi-

cacy in patients with rheumatoid arthri-
tis and suggest that evaluation of multi-
ple chemokine blockade may be war-
ranted (46–47).

We also wished to test whether
BHV1gG-Ig treatment affects a model of
chronic inflammation in which neu-
trophils do not participate. We chose to
use NZB/W F1 mice which sponta-
neously develop chronic nephritis char-
acterized by infiltration of T and B lym-
phocytes, macrophages and dendritic
cells with almost no neutrophil involve-
ment (48–50). Studies that genetically tar-
get chemokine or chemokine receptors in
lupus-prone mice have begun to reveal
the mechanism by which chemokines di-
rect leukocyte trafficking in lupus
nephritis. Deficiency of CCL2 or CCR2 re-
duces interstitial and glomerular infiltra-
tion of macrophages and protects
MRL/lpr mice from lupus nephritis
(5–6). In contrast, CXCR3 deficiency only
decreases interstitial but not glomerular
macrophage infiltration in MRL/lpr mice
(12). These mice also have less renal infil-
tration of inflammatory T cells and a
milder nephritis compared with the wild
type controls. Interestingly, CXCR3 defi-
ciency does not protect NZB/W F1 mice
from lupus nephritis, indicating that the
role of CXCR3 in kidney inflammation
varies in mice of different genetic back-
grounds (51). Finally, deficiency of CCR5,
which shares two ligands (CCL3 and
CCL5) with CCR1, is also protective in
MRL/lpr mice (52). These studies have
mostly highlighted the distinct role of in-
dividual chemokine receptors in lupus
nephritis.

A number of chemokines and
chemokine receptors have been targeted
with biologic antagonists in animal mod-
els of lupus. In accordance with the ge-
netic data, treatment with a CCL2 antag-
onist reduces nephritis activity in
MRL/lpr mice and lowers the dose of
cyclophosphamide required to abrogate
disease (53). Treatment with a CX3CR1
antagonist similarly inhibits both
glomerular and interstitial leukocyte in-
filtration, and reduces glomerular
pathology in MRL/lpr mice (14). Fur-

Figure 5. Repeated administration of BHV1gG protein does not alter the progression of
lupus in NZB/W F1 mice with or without previous treatment with Ad-IFNα. (A) NZB/W F1
mice were injected IV with Ad-IFNα at 12 wks of age and were treated with 500 μg of
BHV1gG-Ig three times a week from wk 13 to 21 (early BHV1gG-Ig) or from wk 15 until the
end of the experiment (late BHV1gG-Ig). (B) Twenty-four-week-old NZB/W F1 mice were
treated with 500 μg of BHV1gG-Ig three times a week until 34 wks of age. Survival (left)
and age at proteinuria onset (right) of the mice are shown.
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thermore, treatment with a CCR1 antago-
nist can reduce interstitial but not
glomerular infiltration of macrophages in
MRL/lpr mice with established nephritis
and improve kidney function of these
mice without reversing glomerular injury
(13). Taken together, these studies have
begun to reveal the complex nature of
the chemokine network in lupus nephri-
tis. It remains a great challenge to target
chemokines in lupus nephritis as the dis-
tinct role of each chemokine and the im-
pact of strain differences need to be fur-
ther elucidated.

Among the chemokines that are upreg-
ulated in the kidneys of NZB/W F1 mice
before or upon the onset of proteinuria
(9), CXCL13, CCL2, CCL3, CCL5 and
CCL20 all can bind BHV1gG in vitro (15).
Despite its binding to multiple
chemokines that are upregulated early in
the progress of nephritis in NZB/W F1
mice and its inhibition of the biological
functions of at least one of these
chemokines, CXCL13, treatment with
BHV1gG-Ig failed to affect either the
onset of proteinuria, renal macrophage
infiltration, accumulation of lymphoid
aggregates or the survival of NZB/W F1
mice. In addition, BHV1gG-Ig treatment
did not affect the progression of disease
in IFNα-treated NZB/W F1 mice which
develop an accelerated disease character-
ized by high expression of CXCL13 and
macrophage infiltration (9). The lack of
effect of BHV1gG-Ig treatment on
NZB/W F1 mice is consistent with its
lack of effect on macrophage infiltration
in the thioglycollate peritonitis model
and its lack of inhibition of CCL2-medi-
ated migration in vitro. It remains possi-
ble, however, given the inflammatory
state of the mice, that we were unable to
achieve a sufficient serum concentration
of BHV1gG to achieve inhibition of the
relevant chemokines.

CONCLUSION
Our results suggest that BHV1gG-Ig is

capable of inhibiting CXC chemokine-
 induced cell signaling and migration in
vivo and clearly prevents the initiation of
acute inflammation by inhibiting infiltra-

tion of neutrophils and eosinophils into
inflammatory sites. This demonstrates
the potential of a multi-chemokine in-
hibitor strategy in treating acute inflam-
matory diseases. In contrast, BHV1gG-Ig
does not have a therapeutic effect in a
disease characterized by macrophage
and lymphoid cell driven inflammation.
Given its viral origin, it is not surprising
that repeated administration of BHV1gG-
Ig induces an antibody response against
this protein. A better understanding of
the molecular mechanism of its binding
to multiple structurally different
chemokines may allow the design of a
small molecule which retains the in-
hibitory efficacy of BHV1gG-Ig without
its immunogenicity.
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