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Long-term administration of CTLA4Ig prevents the onset of disease in systemic lupus erythemato-
sus-prone (SLE-prone) NZB/NZW F1 mice. To determine the mechanism of this effect, we engineered
an adenovirus that expresses murine CTLA4Ig. Administration of a single high dose of this virus
results in long-term expression of CTLA4Ig in the serum and absence of an immune response to the
adenoviral vector. We administered Ad-CTLA4Ig to 19- to 22-week-old NZB/NZW F1 mice and eval-
uated the effect on anti-DNA antibody-producing B cells. We show that CTLA4Ig has a beneficial
effect on murine SLE for as long as it is present in the serum. This effect is associated with decreased
expansion of both the IgM and IgG autoreactive B-cell population, inhibition of immunoglobulin
class switching, decreased frequency and altered pattern of somatic mutation, and a marked decrease
in the numbers of activated CD4-positive T cells. In contrast, intrinsic B-cell hyperreactivity and the
survival of plasma cells in the bone marrow, both of which are less dependent on T-cell help, appear
to be unaffected by CTLA4Ig. High-dose CTLA4Ig did not induce permanent tolerance in this
autoimmune disease model. Furthermore, although the mice survived in a conventional housing

facility, treatment with Ad-CTLA4Ig was immunosuppressive.

J. Clin. Invest. 106:91-101 (2000).

Introduction

Systemic lupus erythematosus (SLE) is characterized
by dysregulated activation of both T and B lympho-
cytes with the development of autoantibodies, partic-
ularly to double-stranded DNA (dsDNA), that are crit-
ically involved in tissue damage (1). Pathogenic
autoantibodies in SLE are of the IgG isotype and have
acquired somatic mutations, indicating that the B cells
that produce them have matured under the influence
of T-cell help (1, 2). To initiate this type of mature
humoral immune response to either foreign or self-
antigen, both T- and B-cell costimulatory interactions
are required. The major receptor ligand pairs that are
involved are B7/CD28 and CD40/CD40L (3, 4). The
engagement of CD28 on the T-cell surface by B7.1
(CD80) or B7.2 (CD86) on the surface of activated
antigen-presenting cells (APCs) or B cells activates sig-
naling pathways that promote T-cell survival and
induce T-cell expression of CD40L (CD154). CD40L
interacts with CD40 on the APCs, resulting in further
upregulation of MHC and B7 and the release of
cytokines and other inflammatory mediators (5, 6).
The interaction of CD40L on activated T cells with
CD40 on antigen-specific B cells also induces B-cell

proliferation and formation of germinal centers (6-8).
Costimulation-dependent cell-cell interactions within
the germinal center lead to B-cell maturation through
immunoglobulin isotype switching, somatic muta-
tion, clonal expansion of high-affinity B cells, termi-
nal differentiation to plasma cells, and formation of
memory B cells that express B7 and can further acti-
vate T cells by acting as APCs (6-10).

Within 2-3 days after activation, T cells begin to
produce CTLA4 (CD152), which competes with CD28
for binding to B7.1 and B7.2 and transduces a negative
signal to the T cell that will help terminate the
immune response to the inciting antigen (11).
CTLAA4Ig is a soluble fusion protein consisting of the
extracellular domain of CTLA4 and modified CH2-
CH3 domains of IgG that no longer bind Fc receptors;
it binds B7.1 and B7.2 with much higher affinity than
CD28 and thus serves as an efficient competitive
antagonist of the critical B7/CD28 costimulatory
interaction (12). Recent reports have demonstrated the
effectiveness of human CTLA4Ig in two T cell-medi-
ated diseases, graft versus host disease and psoriasis
(13, 14). In addition, Finck et al. have reported that
long-term administration of murine CTLA4Ig to
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NZB/NZW F1 mice that spontaneously develop an
SLE-like disease prevented the onset of the disease for
many months (15).

This study was designed to add to our understanding
of how CTLA4Ig affects an ongoing autoimmune
response. We have engineered an adenovirus that
expresses murine CTLA4Ig (Ad-CTLA4Ig). Administra-
tion of a single high dose of this virus to normal mice
results in the long-term expression of CTLA4Ig in the
serum, the absence of an immune response to the aden-
ovirus, and the suppression of immune responses to
both alloantigen and hapten (B. Reddy et al., manuscript
submitted for publication). We show here that adminis-
tration of high-dose Ad-CTLA4Ig to NZB/NZW F1 mice
results in long-term delay in expression of high titers of
anti-DNA antibodies and onset of SLE manifestations
without affecting total serum immunoglobulin levels.
We used serologic and molecular analysis to examine the
effect of CTLA4Ig on pathogenic B cells. Our findings
strongly suggest that in this autoimmune model, as in
normal mice, CTLA4lg predominantly affects the T
cell-dependent steps of B-cell maturation. These find-
ings have implications for potential new forms of treat-
ment for human autoimmune diseases.

Methods
Generation of Ad-CTLA4Ig. The full-length ¢cDNA of
murine CTLA4Ig, mutated so that it no longer binds Fc
receptors (obtained from J. Bradshaw, Bristol-Meyers
Squibb Co.), was subcloned along with the CMV pro-
moter into the adenovirus shuttle vector pAE1splA
(Microbix Biosystems Inc., Toronto, Ontario, Canada).
The shuttle vector was cotransfected with the adenoviral
vector PBHG11 (Microbix Biosystems Inc.) into 293 cells
(American Type Culture Collection, Rockville, Maryland,
USA), and wells demonstrating cytopathic effect were
screened for CTLA4Ig production by ELISA. An aden-
ovirus secreting high-titer CTLA4Ig was obtained from
this transfection and plaque-purified. Purified aden-
ovirus was prepared by standard techniques and then
titered by plaque assay. Control adenovirus expressing 3-
galactosidase (Ad-LacZ) was a gift of J. Roy Chowdhury
of Albert Einstein College of Medicine (AECOM).
CTLA4Ig ELISA. ELISA plates (Nalge Nunc Internation-
al, Naperville, Illinois, USA) were coated with anti-murine
CTLA4 (PharMingen, San Diego, California, USA) 1/500
in PBS overnight at 4°C, blocked with 5%FCS/3%BSA in
PBS, and then incubated sequentially for 1 hour at 37°C
with serial dilutions of serum or cell line supernatants fol-
lowed by peroxidase conjugated Fab'2 goat anti-mouse
IgG2a 1/8,000 in PBS/1%BSA (Accurate Antibodies, West-
bury, New York, USA) and ABTS substrate (Kirkegaard
and Perry, Gaithersburg, Maryland, USA). Serial dilutions
of a known concentration of purified CTLA4Ig were used
in each plate to establish a standard curve.
Antiadenoviral antibodies. IgG antiadenoviral antibod-
ies were measured at 21 days by ELISA, and neutraliz-
ing antiadenoviral titers were measured at 4 weeks as
described previously (16).

Mice. NZB/NZW F1 females were purchased from
The Jackson Laboratory (Bar Harbor, Maine, USA) and
maintained in a conventional animal housing facility
throughout the experiment. Mice were treated at the
age of 20-22 weeks with a single intravenous injection
of either low-dose (ten mice: 5 X 108 pfu) or high-dose
(ten mice: 2 x 10° pfu) Ad-CTLA4Ig. Controls received
either Ad-LacZ (14 mice: 5 X 108 pfu), mouse mono-
clonal IgG2a (Sigma Chemical Co., St Louis, Missouri,
USA), 75 g every 2 weeks (15 mice), or no treatment
(eight mice). Mice were bled every 2-4 weeks. Urine was
tested for proteinuria by dipstick (Multistick; Fisher
Scientific Co., Pittsburgh, Pennsylvania, USA) every 2
weeks. Survival splenectomies were performed atinter-
vals after treatment. All mice that remained alive were
sacrificed at 52-60 weeks.

Histology. Kidneys were embedded in paraffin, and
sections were stained with hematoxylin and eosin.
Frozen sections were stained with FITC anti-mouse
IgG 1/150 (Cooper Biomedical, Westchester, Pennsyl-
vania, USA) in 10% goat serum or with peroxidase con-
jugated anti-mouse C3 1/200 (Cappel) in 10% goat
serum followed by DAB substrate (Vector Laboratories,
Burlingame, California, USA).

FACS" analysis. Spleen cells were analyzed for B- and
T-cell markers using antibodies to CD4, CD8 (both
from Caltag Laboratories Inc., Burlingham, California,
USA), and CD19 (PharMingen). Presence of activated
CD4 cells was determined by double staining with
FITC-anti-CD4 (Caltag Laboratories Inc.) and PE-anti-
CD69 (PharMingen). Presence of naive and memory
CD4 cells was determined by triple staining with
FITC-anti-CD4, Cy-anti-CD44 (PharMingen), and
PE-anti-CD62L (PharMingen).

Serum immunoglobulin levels. ELISA plates (Falcon Lab-
ware, Lincoln Park, New Jersey, USA) were coated with
anti-mouse immunoglobulins (Cappel) overnight at
4°C, blocked, and then incubated sequentially for 1 hour
at 37°C with serial dilutions of serum followed by per-
oxidase conjugated Fab'2 goat anti-mouse IgM or IgG
1/2,000 in PBS/1%BSA (Cappel) and ABTS substrate.
Standard curves for IgM and IgG were established using
BALB/c serum and results were expressed as the titer at
which maximal binding to the plate was first attained.

Anti-DNA antibodies. ELISA plates (Falcon Labware) were
coated with 100 PL of 100 pg/mL salmon sperm DNA
made double stranded by passage through a 45-pm filter
(USA Scientific, Ocala, Florida, USA). After drying, the
plates were blocked and then incubated sequentially for
1 hour at 37°C with serial dilutions of serum or cell line
supernatants followed by peroxidase conjugated Fab'2
goat anti-mouse IgM or IgG 1/2,000 in PBS/1%BSA
(Cappel) and then ABTS substrate. The isotype of the
anti-DNA antibodies was analyzed by using peroxidase
or alkaline phosphatase conjugated antibodies to IgM
(Southern Biotechnology Associates, Birmingham,
Alabama, USA), IgG1 (Accurate Antibodies), 1gG2a
(Accurate Antibodies), IgG2b (Southern Biotechnology
Associates) or IgG3 (Southern Biotechnology Associates).
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ELISpot assay. Separate groups of mice were used for
some of these experiments. Mice were treated with high-
dose Ad-CTLA4Ig or with control mouse IgG2a, and
spleens were harvested 8 days, 21 days, and 12-30 weeks
after treatment. Three to five mice were examined in
each group. Threefold serial dilutions of spleen or bone
marrow cells were plated overnight on DNA-coated
plates starting at 3 X 106 cells per well. After washing,
the plates were incubated with biotin conjugated anti-
IgM or anti-IgG (Southern Biotechnology Associates)
1/1000 in PBS/1% BSA for 2 hours, followed by strepta-
vidin alkaline phosphatase (Southern Biotechnology
Associates) 1/1000 in PBS/1% BSA for 45 minutes.
Plates were then developed with BCIP (Sigma Chemical
Co.) 1 mg/mL in AMP buffer (0.75mM MgCl/0.01% Tri-
ton-X/9.58% 2-amino-methyl-1propanol [pH 10.25]).
Spots were counted using a dissecting microscope.
Total numbers of immunoglobulin-secreting cells were
measured the same way using anti-mouse immunoglob-
ulins to coat the plates.

Generation of hybridomas. Hybridomas were generated
from spleen cells by standard techniques using NSO
and/or NSO-bcl2 cells (17) as fusion partner. Hybrido-
mas were screened for anti-DNA activity by ELISA as
already described here, and positive wells were cloned by
limiting dilution. Stable clones were then analyzed for
immunoglobulin isotype by ELISA. For measurement
of apparent affinity, the concentration that yielded 80%
of maximal binding to a DNA plate was determined.
This amount of supernatant was then preincubated
with increasing concentrations of double stranded
salmon sperm DNA ranging from 0.1 pg/mL to 1
mg/mL before testing by ELISA. Apparent affinity was
then calculated as described by Nieto et al. (18). The
heavy and light chain genes of stable hybridomas were
isolated by RT-PCR using a high-fidelity polymerase
(Vent polymerase; New England Biolabs Inc., Beverly,
Massachusetts, USA), a mix of VH and VL FR1 §'
primers and constant region IgM, IgG or Ck 3 primers
(19). PCR products were directly sequenced in the
AECOM sequencing facility. Sequences were analyzed
by BLAST search (http://www.ncbi.nlm.nih.gov/blast/)
and were aligned according to Kabat numbering using
IMGT, the international ImMunoGeneTics database
(htep://www.imgt.cnusc.fr).

Analysis of class switching. Evidence of active class switch-
ing was sought by semiquantitative RT-PCR analysis of
Iy-Cy transcripts from 30-36 week spleens. cDNA was
generated using random primers, normalized for cDNA
content using actin primers, and subjected to PCR
using primers for the Iy2b and Cy2b exons as described
previously (20) and for the Iyl (5'GACGGCT-
GCTTTCACAGCTT3) and Cyl (SAGTTTGGGAGCA-
GATCCAGG3') exons. PCR products were also analyzed
by Southern blot using Iy2b-Cy2b or Iy1-Cyl P32 labeled
cDNA probes.

Analysis of the VuBW-16 gene. To understand further the
molecular basis for the CTLA4Ig-induced decrease in fre-
quency of B cells producing anti-dsDNA antibodies of

the IgG isotype, we performed a detailed analysis of the
VuBW-16 gene. This gene is strongly associated with
anti-dsDNA antibody activity and with glomerular bind-
ing activity in both NZB/NZWF1 and MRL/lpr mice
(21). Although present in the germline of several normal
strains, VuBW-16 is not expressed in these strains unless
they are experimentally induced to mount an anti-
dsDNA antibody response (22). In such cases, the
autoantibodies are either all of the IgM isotype, or are of
low affinity, indicating that antibodies using this gene
are regulated in the peripheral B-cell compartment of
normal mice. Separate IgM and IgG cDNA libraries were
constructed by RT-PCR as described previously (22, 23)
from the spleens of nine CTLA4Ig-treated and six con-
trol 30- to 52-week mice, two 22-week NZB/NZW F1
mice, and two BALB/c controls. Two hundred to four
hundred colonies from each library were hybridized at
54°C with 2 VyBW-16-specific oligomers (CDRI:
S'CTGCTGCAAGGCTTCTGGTT3": CDR2: 5'GGAATTAATC-
CTTACTATGGT3'). The quality of each library was con-
firmed by stripping and rehybridizing each filter with
the IgM or IgG constant region oligomers. Positive
colonies were picked, and inserts from purified plasmids
were sequenced in the AECOM sequencing facility.

All positive colonies contained J558 genes, and
80-90% used the VuBW-16 gene, showing that the
screening procedure is satisfactory. To ensure that all
positive colonies had been identified, 500 CDR1/CDR2-
negative colonies from control mice were screened with
a FR3 VyBW-16 primer (S'ATAGACTGCAGAGTC-
CTCAG3'). 100 positive colonies were then screened with
a 3' VyBW-16-specific CDR2-FR3 oligonucleotide
(S'CCATAGTAAGGATTAATATTTCC3'). Of eight weak pos-
itive colonies identified, only one used the VyBW-16
gene, showing that the screening procedure has a false
negative rate of only 1%.

Sequences were compared with the germline VyBW-
16 sequence using BLAST search. Mutations were ana-
lyzed in the V region only, and the last four nucleotides
of the V region were excluded from the mutation
analysis, as there were many differences in these
nucleotides owing to junctional diversity. Replace-
ment/silent mutation ratios were calculated, and the
frequency of mutations at the RGYW hot spot on both
strands and the trinucleotide hot spots AGY, GCT,
GTA, TAC, ATT, and AAT in all reading frames were
determined (24). Mutations shared by more than one
clonally related sequence were analyzed only once.
Comparisons of percentage of hot spot mutations in
treated versus untreated mice were performed using
the X? test. Finally, the number of transitions and
transversions was determined and compared with the
expected number of randomly generated mutations
based on the frequency of each nucleotide in the
VuBW-16 sequence.

Statistical analysis. Proteinuria and survival data were ana-
lyzed using Kaplan Meier curves and log rank test. Com-
parisons shown in Figures 1, 3, 4, 6, 7 and 8 were per-
formed using Wilcoxon rank sum test. Comparisons
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Figure 1

(a) Maximum anti-dsDNA titers reached after Ad-CTLA4lg injection.
Titers for mice in the high-dose group whose titers diminished over
time were measured at 52 weeks (high dose versus control, P = 0.04).
(b) Mean number of weeks (+1 SD) after treatment at which maxi-
mum anti-dsDNA titers were reached (low dose versus control,
P =0.03; high dose versus control, P = 0.0006).
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shown in Tables 1 and 3 were performed using X? analysis
or Fisher’s exact test. Only significant P values are shown.

Results
Serial CTLA4Ig levels. Ten mice were injected with low-
dose Ad-CTLA4Ig (5 x 10% pfu) and ten mice were
injected with the high dose (2 X 10° pfu). CTLA4Ig was
detected in the serum within 12 hours of injection, and
peak levels of were achieved at 7-9 days. In mice receiv-
ing low-dose Ad-CTLA4Ig, serum levels of CTLA4Ig
peaked at 219 + 153 Jg/mL and were detected for only
40-150 days, whereas in the high-dose Ad-CTLA4Ig
group, levels of CTLA4Ig peaked at 3,317 + 1,608
Hg/mL and were sustained for up to 250 days.
Antiadenoviral antibodies. IgG anti-adenoviral antibodies
measured by ELISA were present in high titer at 21 days
in the sera of the mice receiving the low-dose Ad-
CTLAA4Ig, but were not detected in the high-dose group.
Neutralizing antiadenoviral titers were markedly reduced
in both low- and high-dose groups compared with mice
that received the irrelevant Ad-LacZ virus. Thus, despite
expansion of an antiadenoviral IgG response in the low-
dose group, full maturation of the protective neutraliz-
ing response did not occur (data not shown). We have
obtained similar results in non-autoimmune mice
(B. Reddy et al., manuscript submitted for publication).
Development of anti-DNA antibodies, proteinuria, and sur-
vival. Anti-DNA antibody titers in the control groups
increased over time, reaching maximal levels at 32-35
weeks; most of these mice died by 52 weeks of age (Fig-

ure 1). The mice treated with irrelevant adenovirus
developed higher titers of anti-DNA antibodies, reach-
ing peak levels approximately 4 weeks earlier than the
controls, and they developed proteinuria and died ear-
lier than the controls (Figure 2). These differences were
not statistically significant and may be related to the
release of inflammatory mediators during the course
of an adenoviral infection. The mice that received low-
dose Ad-CTLA4Ig had a statistically significant delay
in the time to reach peak levels of anti-DNA antibodies
(P=0.03), and a 6- to 8-week delay in the onset of pro-
teinuria and death, which was not, however, signifi-
cantly different from the Ad-LacZ-treated mice or from
the IgG2a or untreated controls (Figure 2). In contrast,
the mice that were injected with high-dose Ad-
CTLA4Ig were all alive at 52 weeks of age (P = 0.0002
compared with untreated or IgG2a controls); only one
of these mice had developed proteinuria at this point
(P=0.0001) and serum anti-DNA levels had risen from
baseline in only two (P = 0.04). Disease did begin to
develop in some of the mice in this group after the age
of 52 weeks (data not shown).

Histological examination of the kidneys. Kidneys were
examined from control NZB/NZW F1 nephritic mice
aged 36-52 weeks and from high-dose Ad-
CTLA4Ig-treated mice sacrificed at 36, 52, and 60
weeks. Control mice had severe glomerulonephritis
with membrano-proliferative disease and sclerosis of
glomeruli, tubular casts, and mononuclear cell infiltra-
tion around blood vessels and in the calyceal areas.
Glomerular disease in the treated mice was very mild,
tubular casts were rarely seen and calyceal mononuclear
cell infiltration was absent. Deposition of IgG and com-
plement in the glomeruli was markedly diminished in
the treated mice compared with controls (Figure 3).

FACSY analysis. Spleen cells from six 30- to 46-week Ad-
CTLA4Ig-treated (three high dose and three low dose)
and six age-matched (two untreated, two IgG2a treated,
and two Ad-LacZ treated) nephritic control mice were
analyzed by FACS" for expression of B- and T-cell mark-
ers. Two 22-week NZB/NZW F1 mice and 2 BALB/c mice
were examined as negative controls. The total number of
spleen cells was increased in the control mice compared
with either the young or the treated mice (1.9 +0.5 X 108
in controls vs. 0.95 £ 0.4 x 108 in treated mice;
P=0.03,and 0.90 = 0.1 x 10® in young mice). Untreated
NZB/NZW F1 mice had the same proportions of B and
T cells as normal BALB/c controls. This was not altered
by CTLA4Ig treatment. Young NZB/NZW F1 mice had
normal numbers of CD8 cells; however, older nephritic
mice displayed a loss of CD8 cells with a markedly
increased CD4/CD8 ratio. In contrast, the treated mice
had a normal CD4/CD8 ratio. Young NZB/NZW F1
mice showed evidence of CD4 T cell activation as demon-
strated by expression of the early activation marker
CD69. Even higher numbers of activated CD4 cells were
observed in the older NZB/NZW F1 mice. In contrast,
Ad-CTLA4Ig-treated mice had levels of CD69 expression
comparable with the BALB/c controls (Figure 4). There
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Figure 2

Cumulative percentage of mice in each group that developed fixed proteinuria (a) or died (b) at each time point. One mouse in each of the
low- and high-dose groups died of a surgical complication at the age of 47 and 36 weeks, respectively, and was removed from the analysis.
a: High-dose versus 1gG2a or untreated control, P = 0.0001; b: high-dose versus 1gG2a or untreated control, P = 0.0002.

was no difference between the two groups of treated mice.
Despite this finding, transition of CD4 T cells from the
naive to the memory compartment as assessed by the
phenotypic markers CD44 and CD62L (25) was not
inhibited by CTLA4Ig. Young NZB/NZW F1 mice had
similar numbers of naive (CD44°/CD62L") and memo-
ry (CD44"/CD62L%) CD4 cells as BALB/c mice. Howev-
er, in older nephritic mice, more than 80% of the CD4 T
cells had a memory phenotype and less than 5% of the
cells had a naive phenotype. This phenotypic pattern was
also observed in the Ad-CTLA4Ig-treated mice (Figure 4).

B-cell production of total immunoglobulins and anti-DNA anti-
bodies. To determine whether CTLA4Ig treatment altered
the polyclonal expansion of IgM-producing cells, total
serum IgM was measured at age 38 and 52 weeks. Serum
IgM levels in the NZB/NZW F1 mice were tenfold higher
than in BALB/c mice (P < 0.05), and this was not altered
by either low-dose or high-dose Ad-CTLA4Ig. Total serum
IgG levels were also unaffected up to 30 weeks after treat-
ment, as were IgG isotypes (data not shown).

To enumerate total numbers of immunoglobulin-
secreting and anti-dsDNA antibody-producing B cells

=100

in the treated mice and follow their kinetics, total
immunoglobulin and anti-dsDNA ELISpots were per-
formed on spleen and/or bone marrow samples from
Ad-CTLA4Ig-treated and control NZB/NZW F1 mice
at various times after treatment (Figure S5). The fre-
quency of IgM anti-DNA-secreting B cells in the
spleens was increased in young NZB/NZW F1 mice
compared with nonautoimmune mice. Neither the
total number of IgM-secreting B cells nor the frequen-
cy of IgM anti-DNA antibody-secreting B cells de-
creased after treatment with Ad-CTLA4Ig. However, as
the untreated NZB/NZW F1 mice aged, there was a
five- to tenfold increase in the number of IgM anti-
DNA antibody-producing B cells. This increase was
not observed in the treated mice, suggesting that age-
related activation and proliferation of these cells had
been blocked by CTLA4Ig.

There was no difference in the frequency of IgG-secret-
ing or IgG anti-DNA antibody-secreting spleen cells
between Ad-CTLA4Ig-treated mice and NZB/NZW F1
controls 8 days after treatment, and the spleens from
both groups of mice were enlarged. By 3 weeks after

lgG Complement

Figure 3

Renal histology from treated (b, d, f, and h) compared with control (a, c, e, and g) mice. Treated mice have more normal glomeruli (arrows
ina and b) and absence of tubular casts (*). Lymphocyte infiltration in the calyceal regions (arrow in c) is absent (d) and glomerular dep-
osition of IgG (f) and complement (h) are diminished. One representative mouse from each group is shown.
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Table 1
Frequency and isotype of DNA-binding hybridomas from CTLA4lIg-treated and control NZB/NZW F1 mice

Titer IgG Fusion partner Isotype
Mouse Age Anti-DNA Ab NSO NSO-bcl-2# IgMB 1gG®
Control 22w <1/50 2/106 ND 1 1
Control 22w 1/50 1/121 ND 1 0
Control 24w <1/50 4/228 ND 4 0
Control 33w 1/500 39/449 ND 3/12 9/12
Control 35w 1/1,000 48/528 ND 1/8 7/8
Control 52w 1/1,000 92/282 ND 17¢ 75¢
Ad-CTLA4Ig low 30w 1/50 0/168 2/352 2 0
Ad-CTLA4Ig high 31w 1/100 5/275 1/392 3/4 1/4
Ad-CTLA4Ig high 35w <1/50 0/23 0/65 - -
Ad-CTLA4Ig high 46w 1/100 3/173 1/71 0/2 2/2
Ad-CTLA4Ig high Tw 1/75 7/177 2/43 9 0

AFrequency of anti-DNA antibody-producing hybridomas/total number screened. Pvalues: >30-week control versus young control or treated, P < 0.0001 (X? test).
BP values for IgM/1gG ratios: >30-week control versus young control, P = 0.0005; >30-week control vs. treated, P < 0.0007 (Fisher’s exact test). “Uncloned lines.

treatment, however, spleens from the treated mice were
no longer enlarged and there was a 90% reduction in the
number of IgG-secreting cells. In high-dose Ad-
CTLA4Ig-treated mice examined more than 10 weeks
after treatment, the frequency of IgG anti-dsDNA anti-
body-secreting B cells was 100-fold less than in age-
matched controls (P = 0.02). This effect was only par-
tially accounted for by the reduction in overall numbers
of IgG-secreting cells in the spleens. Bone marrows from
52-week-old treated mice displayed a similar reduction
in IgG anti-dsDNA antibody-producing B cells (P =
0.03), but the total number of IgG-producing B cells
was no different from that of aged controls.

Generation of hybridomas. Spleen cell fusions were per-
formed at intervals after treatment to determine whether
high-affinity anti-DNA producing B cells had been aner-
gized. Hybridomas were generated with the standard NSO
fusion partner and/or with a bcl-2 transfected NSO line
(NSO-bcl-2) that allows generation of hybridomas from
anergic B cells that would otherwise be destined for apop-

tosis (17). The frequency of DNA-binding hybridomas
from each fusion is shown in Table 1. Far fewer DNA-bind-
ing hybridomas were recovered from Ad-CTLA4Ig-treat-
ed mice than from controls treated with IgG2a or Ad-LacZ
(P < 0.0001), and there was no rescue of autoreactive
hybridomas using the bcl-2 transfected fusion partner,
indicating that anergy is not a major mechanism for the
observed results. Similar results were obtained when
splenic B cells were stimulated for 4 days with LPS. IgG
anti-DNA antibodies were detected in the LPS culture
supernatants from untreated NZB/NZW F1 mice 30
weeks and more, but not in the supernatants from 22-
week NZB/NZW F1 mice or 30-week Ad-CTLA4Ig-treat-
ed mice (data not shown), again suggesting that anergic
anti-DNA antibody-producing B cells were not present.

Characterization of hybridoma antibodies. Twenty strongly
positive DNA-binding hybridomas from the control mice
and all the positive hybridomas from the treated mice
were cloned, and antibody isotypes of stable lines were
determined by ELISA. Sixteen of 20 hybridomas from the
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50 70+ F1
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CD19 CD4 CD8 CD4' CD4:CD8 CD44- CD44' (D44’ @ BALB/c
CDeg+ ratio CDe2L* CDE2L* CDB2L-

Figure 4

(a) Mean percent of CD4-positive, CD8-positive, CD19-positive, and CD4/CD69-positive cells (+1 SD) in spleens from six treated and six
control NZB/NZW F1 mice age 30-46 weeks, two young NZB/NZW F1 mice, and two BALB/c mice. CD19 and CD4 counts were no differ-
ent between treated mice and controls. Percent CD8 cells was higher (P = 0.005), CD4/CD8 ratio was lower (P = 0.006), and percent
CD4/CD69 cells was lower (P = 0.014) in treated mice versus age-matched controls. (b) Mean percent of naive (CD44/°/CD62L") and mem-
ory (CD44M/CD62L') CD4 T cells. There was no difference between Ad-CTLA4Ig-treated mice and age-matched controls. CD44h//CD62Lh
cells are in transition from the naive to memory compartment, but this subset was not prominent in any of the groups.
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Table 2

Characteristics of IgG DNA-binding antibodies derived from hybridomas from

Ad-CTLA4Ig-treated mice compared with those from control mice

Sequencing of immunoglobulin genes from
the hybridomas. To analyze the V region
usage of the anti-DNA antibody-produc-

ing hybridomas obtained from the treat-

Cell line  Treatment Fusion Isotype Anti-DNA Apparent affinity ed mice, the 1mmunoglobul1n heavy and
for dsDNA . . .
156 AdoLac NSO . 1350 A1 %108 light chain genes of all three IgG anti-
- X -~ . .

ac & ) ) DNA antibodies and seven of 14 IgM
78 1gG2a NSO 1gG2b 1.680 1.0%x 10 -DNA ibodi d
174 Ad-CTLAdIghigh NSO-bcl2  1gG2b 0.840 1.2x107 anti- antibodies were sequenced.
43 lgG2a NSO lgG2a 1.701 3.0%10° Three of the four IgM anm'bodles derived
31 IgG2a NSO IgG2a 1,082 4.6 %107 independently from one high-dose-treat-
6 Ad-CTLA4Ig high  NSO-bcl2  1gG2a 0.595 1.1 %106 ed mouse were identical, suggesting that
33 Ad-CTLA4Ig high NSO 1gG2a 0.1168 ND this mouse had an oligoclonal IgM

AExpressed as OD units using an ELISA performed at the concentration of supernatant that
achieved maximal binding to an anti-IgG-coated plate. BWeak positive DNA binding observed

at twofold higher concentrations.

control mice produced antibodies that were of the IgG
isotype, whereas only three of 17 hybridomas from the
treated mice produced IgG anti-DNA antibodies (P =
0.0001). Isotype analysis of these three hybridomas
revealed that two were of the IgG2a isotype and one of the
IgG2b isotype. The DNA-binding hybridomas from the
untreated NZB/NZW F1 mice were then screened for iso-
type, and two hybridomas of the IgG2a isotype and two
of the IgG2b isotype were randomly chosen for use as
controls in subsequent studies. Hybridoma supernatants
normalized for IgG content by ELISA were tested for
DNA reactivity, apparent affinity for DNA and for bind-
ing to glomeruli in vitro. The apparent affinities for DNA
of the control hybridomas ranged from 4.1 X 108 to 3 x
10%, whereas those of the hybridomas from treated mice
were 1-2 logs lower (Table 2). Three of the 4 control
hybridoma anti-DNA antibodies bound to glomeruli in
vitro (26), but none of the 3 hybridoma antibodies from
treated mice did (data not shown). Thus, the IgG anti-
DNA antibodies from hybridomas generated from treat-
ed mice are of the same isotypes as those from control
mice but are likely to be less pathogenic.

Spleen

lghM Anti-
DNAJ
100,000

IgG Anti-
DMNA/
100,000

1000

001l

Total IgG/

expansion. Comparison of the heavy
chain sequences with the most homolo-
gous gene found by BLAST analysis indi-
cated that the hybridomas used a variety
of heavy chain V, D, and J genes. In all
cases, the most homologous heavy chain gene identi-
fied by BLAST search was derived from a murine anti-
DNA antibody, suggesting that the heavy chain gene
repertoire used in the treated mice was not unusual. A
variety of light chain V region genes was also used. The
light chain J regions used were either Jk1 or Jk2, sug-
gesting that light chain receptor editing was not a
major mechanism for regulation of these antibodies.
These sequences have been submitted to Genbank and
are available under accession numbers AF 276278-gl

Analysis of class switching. To determine whether the
observed decrease in the frequency of IgG-secreting B
cells in the spleens of treated mice was due to a block in
class switching, we performed semiquantitative PCR on
spleen RNA to detect the presence of sterile I-C tran-
scripts. Sterile transcripts for IgG1 were detected in all
four control mice tested but in only one of the treated
mice (Figure 6). Sterile transcripts for IgG2b were
detected on agarose gels in all four control mice tested
but in none of the treated mice. To confirm these
results, Southern blotting was performed on the PCR
products, and only one of five of the treated mice had
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Figure 5

ELISpot assays (mean + 1 SD) for frequency of anti-DNA antibody-producing B cells and IgG-producing B cells in the spleens (a) and bone mar-
rows (b) of treated and age-matched control mice at intervals after treatment. At least three mice were examined in each group. All the spleens from
treated mice were harvested from high-dose-treated mice that did not have an increase in serum anti-DNA levels or any evidence of kidney disease.
All the control mice had anti-DNA antibodies. Significant Pvalues: spleen anti-DNA IgG: treated versus young or old control, P < 0.02; spleen total
IgG: treated versus young control, P = 0.04; treated versus old control, P = 0.02; bone marrow anti-DNA IgG: treated versus control, P = 0.03.
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Figure 6

RT-PCR of spleen mRNA for IgG1 and IgG2a sterile transcripts. Lanes
1-3, Low dose Ad-CTLA4Ig; lanes 4, 5, High dose Ad-CTLA4lIg; lane
6, marker is loaded in the IgG2b and IgG1 panels. In the IgG1 panel,
only the 600bp marker is shown. Lanes 7-10, age matched control
mice; lane 11, negative control.
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detectable sterile transcripts for both IgG1 and IgG2b
(data not shown). Thus, CTLA4Ig induces a substantial
block in class switching.

Analysis of the VHBW-16 gene. To analyze the effect of
CTLA4Ig on usage, isotype switching and somatic muta-
tion of the autoreactive V4uBW-16 gene, J558 specific IgM
and IgG ¢DNA libraries were constructed by RT-PCR
from spleens of nine CTLA4Ig treated (three low dose
and six high dose) and six untreated mice ranging from
30 to 52 weeks of age. These mice included all the mice
from which hybridomas were generated. The spleens of
two BALB/c mice were used as negative controls. As
expected, no positive clones were obtained from either
the IgM or IgG BALB/c libraries. VyBW-16 was detected
in both IgM and IgG c¢DNA libraries from eight of nine
treated mice and from all the control NZB/NZWF1 mice.

IgM sequences. Only nine IgM sequences were obtained
from five 30- to 52-week NZB/NZW F1 control libraries.
These were all germline encoded and clonally unrelated.
Eighteen clonally unrelated sequences were obtained from
the IgM libraries of seven treated mice, showing that
CTLAA4Ig treatment does not alter the abnormal expan-
sion of immature cells that utilize VygBW-16 in
NZB/NZWEF1 mice. Seven of these sequences contained
somatic mutations, indicating that somatic mutation can
occur despite the block in class switching. However, the
replacement/silent ratio of mutations in the CDR and FR
regions was not suggestive of antigen selection (Table 3).

IgG sequences from control mice. Seventeen IgG sequences
were obtained from two 22-week NZB/NZW F1 mice.
Five of ten sequences from one of these mice and two of
seven from the other mouse were clonally related. Few
mutations were observed
in these sequences, most
having only a single

Table 3

ic mutations, particularly in CDR2. Analysis of the
replacement/silent ratio of mutations in the CDR and
FR regions now showed an increase in the number of
replacement mutations in CDR compared with FR
regions, suggestive of antigen selection (Table 3).

IgG sequences after treatment. Thirty-two IgG VyBW-16
sequences were obtained from libraries from nine treat-
ed mice. In three of these mice, only one positive
sequence was recovered from 400 screened colonies,
and in one mouse, no positive colonies were obtained.
Clonally related sequences were retrieved from four of
the five mice from which multiple clones were recov-
ered. Analysis of somatic mutations revealed differ-
ences in the mutation frequency and patterns between
the treated and control mice. A pooled mutation analy-
sis from all the sequences is shown in Figure 7. There
was a 53.1% reduction in the frequency of somatic
mutation in the treated mice compared with the old
controls (P < 0.0001), but there were more somatic
mutations observed in the treated mice than in the
young controls (P = 0.05). In addition, there were many
more replacement than silent mutations observed in
the FR regions of treated mice than in either young or
old controls (P < 0.002) (Table 3).

Subtle differences between Ad-CTLA4Ig-treated and
control mice were observed in the CDR2 region. In con-
trol 30- to 52-week mice, mutations occurred through-
out this region, but in the treated mice, the mutations
were restricted to positions 57-61 of CDR2. The two
most common mutations observed in the treated mice
were serine — asparagine at positions 58 and 60. In con-
trast, mutations to arginine or lysine were frequently
observed in the CDR2 regions of clones from control
mice (Figure 8).

Because it has been previously suggested that the pres-
ence of basic amino acids in the VyBW-16 CDR3 region
contributes to DNA binding (22, 27), we analyzed the
CDR3 regions of all the VyBW-16 clones for the pres-
ence of Arg or Lys residues. Basic residues in the CDR3
region were found in clones from both the IgM and IgG
libraries, and there was no difference between Ad-
CTLA4Ig-treated and control mice (data not shown).

Analysis of the pattern of somatic mutation. A total of 108
independent mutations from the IgG sequences from
control mice and 54 mutations from the IgG sequences
from treated mice were analyzed. In both control and
treated mice, the frequency of mutations of G residues,

Mutation analysis of V4BW-16 genes from Ad-CTLA4Ig-treated and control NZB/NZW F1 mice

mutation. Sequencing of

30 VuBW-16 genes from  Group .Library
the IgG cDNA libraries of Isotype
older 30- to 52-week con-  Control IgM
trol mice revealed that Ireated IgM
three of the six mice had €/ lgG
Treated IgG
clonally related 2w G

sequences and nearly all

No. sequences No. mutations

analyzed CDR Framework
9 0
18 25 10:8 4:3
30 108 (P <0.0001)* 43:12 31:22
32 54 (P=0.05)8 19:4  26:5(P<0.002)C
16 17 4:2 7:4

the sequences had somat-

ACompared with treated. BCompared with 22-week control. “Compared with age-matched control.
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Figure 7

Pooled mutation analysis of all the clones obtained from the IgG VyuBW-16 cDNA libraries compared with the germline gene. Sequences
from controls are shown above the germline sequence. Sequences from treated mice are shown below the germline sequence. Sequences
from young controls are shown in italics. Replacement mutations are in upper case, and silent mutations in lower case. Mutations observed
in clonally related sequences are shown only once. Analysis of these dataexcluding gene pairs 291-4 is shown in Table 3.

particularly G — A transitions, was greater than expect-
ed (P < 0.001), whereas the frequency of T mutations
was less than expected (P = 0.06 for controls and
P=0.007 for CTLA4Ig-treated mice). The ratio of tran-
sitions to transversions was increased in the treated
mice (39:15 vs. 62:46 in controls; P < 0.03). Increased
targeting of mutations to both triplet and RGYW hot
spots was evident in the sequences from control and
treated mice, with no difference between the two
groups (data not shown).

Discussion

The NZB/NZW F1 spontaneous murine model of
SLE is characterized by both polyclonal activation
of naive B cells and excessive activation of T cells
that occur early in life. Disease onset occurs at the
age of 4-6 months when autoreactive B cells become
further activated and their immunoglobulin genes
undergo class switching and somatic mutation to
produce high-affinity pathogenic autoantibodies
(28-32). This process is dependent on costimula-
tion via B7/CD28 (8).

We have engineered a nonreplicating adenovirus
that expresses high levels of murine CTLA4Ig, allow-
ing us to achieve long-term blockade of the B7/CD28
pathway in NZB/NZW F1 mice after a single intra-
venous injection of virus. Mice that received a low
dose of this virus expressed CTLA4Ig in the serum for
an average of 103 days and had a delay in appearance
of high titers of anti-DNA antibodies, but this did not
result in a better disease outcome compared with
untreated controls. In mice treated with high-dose
Ad-CTLA4lg, there was a marked delay in disease

onset as assessed by anti-DNA antibody titer, devel-
opment of fixed proteinuria, histological evidence of
renal damage, and survival. These results are similar
to those reported by Finck et al. using repeated
administration of CTLA4Ig protein (15).

Both murine and human SLE are characterized by
early T cell-independent B-cell hyperreactivity that
leads to production of polyclonal IgM antibodies
including dsDNA-binding antibodies (33, 34). The
underlying B-cell hyperreactivity of NZB/NZW F1 mice
appeared to be unaffected by CTLA4Ig as evidenced by
the persistence of high serum IgM levels and of IgM
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Pooled mutation analysis of the CDR2 regions of V4iBW-16 genes
from the IgG cDNA libraries compared with the germline sequence.

Positions 58 and 60 are underlined.
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anti-DNA antibody-secreting B cells over the course of
treatment. In accordance with these observations, there
was no alteration of expression of the autoreactive
VuBW-16 gene in the IgM compartment. However,
CTLAA4Ig did attenuate the age-related proliferation of
cells producing IgM anti-DNA antibodies, suggesting
that the activation and proliferation of these cells that
are associated with disease onset and progression are
costimulation-dependent.

The number of IgG-secreting B cells in the spleens of
treated mice was markedly affected by CTLA4Ig treat-
ment. This effect did not occur within the first 8 days;
however, in spleens harvested 21 days after treatment,
there was a 90% reduction in the frequency of IgG-secret-
ing cells that was maintained for the duration of treat-
ment. This effect was associated with a block in class
switching to IgG. CD28-deficient and CTLA4Ig-trans-
genic mice have been reported to have a block in class
switching associated with decreased serum IgG levels (35,
36). In contrast, serum IgG levels in our Ad-
CTLA4Ig-treated NZB/NZW F1 mice were maintained
up to 30 weeks after treatment. Because the frequency of
IgG-secreting B cells in the bone marrow was not affected
by CTLA4Ig, serum IgG levels in our treated mice may
have been maintained by bone marrow plasma cells. These
cells are thought to be responsible for maintaining long-
term antibody synthesis (37) and appear not to require
either T cells or the continuing presence of antigen to sur-
vive long term and secrete antibody (38). Alternatively,
there may be a subpopulation of B cells that is able to
mature and maintain serum IgG levels in the autoim-
mune background even in the absence of costimulation.

The results of the ELISpot assays further indicated
that the decrease in the frequency of B cells producing
IgG anti-DNA antibodies induced by CTLA4Ig was out
of proportion to the decrease in overall numbers of
IgG-producing B cells. This did not appear to be due to
B-cell anergy because we were unable to rescue autore-
active IgG-producing hybridomas from treated mice
using the NSO-bcl2 fusion partner, nor could we detect
secretion of IgG anti-DNA antibodies in the super-
natants of LPS-treated B cells from these mice. These
findings suggest either that CTLA4Ig blocks the acti-
vation of anti-DNA antibody-producing B cells so that
they do not undergo germinal center maturation or
that deletion of high-affinity IgG anti-DNA anti-
body-secreting B cells has occurred.

To distinguish between these possibilities, we per-
formed molecular analysis of the VyBW-16 immuno-
globulin heavy chain gene that is strongly associated with
pathogenic anti-dsDNA antibody activity in SLE-prone
mice but is regulated in normal mouse strains (21, 22).
The development of high-affinity anti-dssDNA antibody
activity encoded by VyBW-16 in NZB/NZW F1 mice is
associated with class switching from IgM to IgG and with
the presence of particular amino acids, particularly argi-
nine, in the CDRs of antibodies using this gene (22). We
found that although the frequency of IgM VuBW-16
clones was not altered by treatment, there was a decrease

in the frequency of VyuBW-16 clones recovered from IgG
cDNA libraries of treated mice compared with controls.
Analysis of the IgG VyBW-16 clones obtained from the
treated mice revealed that related clones were present, as
in control mice, and that positive selection of VyBW-16
IgG with basic CDR3 regions did not appear to be altered
by treatment. There was, however, a 53% reduction in the
frequency of somatic mutation in VgBW-16 IgG
sequences obtained from the treated mice compared with
those obtained from the age-matched untreated controls.
Subtle differences were also observed in the VyBW-16
mutation patterns between treated and control mice;
however, it is not possible to know from these experi-
ments whether these differences caused a decrease in the
affinity of the expressed antibodies for DNA. In sum, our
findings point to a decrease in activation and maturation
of IgG VuBW-16-encoded antibodies. The decrease in fre-
quency of VuBW-16-positive clones in the IgG cDNA
libraries and the alterations in mutation patterns might
also imply differences in selection of B cells expressing
this heavy chain in the treated mice.

FACS" analysis of spleen cells from CTLA4Ig-treated
and control NZB/NZW F1 mice revealed that excessive
T-cell activation was already present in 22-week
NZB/NZW F1 mice, and this increased with age. In
both groups of treated mice, overexpression of the
CDG69 activation marker was lost and there was also
attenuation of the decrease in CD8-positive T cells. The
results in these studies suggest that long-term block-
ade of the CD28/B7 pathway in the NZB/NZW F1
mouse has a marked negative effect on the numbers of
activated T cells. This does not appear to be due to fail-
ure of activation of naive T cells, as transition of CD4
T cells from the naive to the memory compartment was
not attenuated by Ad-CTLA4Ig treatment. Whether
deletion of activated autoreactive T cells occurred
remains to be determined. The decrease in the numbers
of activated T cells may in turn be responsible for the
observed effects of CTLA4Ig predominantly on the T
cell-dependent steps of B-cell activation.

The failure of CTLA4Ig-treated mice to mount a T-
dependent humoral immune response to either the non-
replicating adenoviral vector or, in experiments not
shown, to the hapten oxazolone, is consistent with the
results just described and shows that continuous treat-
ment with CTLA4Ig is immunosuppressive. We did not
challenge the mice with a replicating virus; however, it
has previously been reported that CTLA4Ig transgenic
mice are able to mount an effective immune response to
replicating but not to nonreplicating viruses (39). It
remains to be determined whether a there is an optimal
dose of CTLA4Ig that will have beneficial effects on
autoreactive T and B cells without compromising
immunity to foreign antigens.

Suppression of anti-DNA antibody production and
glomerular disease in the Ad-CTLA4Ig-treated mice
appeared to be related to persistence of expression of
CTLAA4Ig in the serum, as similar effects on both B and
T cells were observed both in the low-dose and high-
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dose groups at age 30-36 weeks, but disease became
manifest within 2-8 weeks after CTLA4Ig was no longer
detected in the serum. Despite the observation that
CTLA4Ig can induce tolerance in some transplant mod-
els (40), it is striking that CTLA4Ig, even in high dose,
did not induce a permanent state of tolerance in
NZB/NZW F1 mice.

Our findings are of direct relevance in assessing the
potential role of CTLA4Ig in the treatment of B cell-medi-
ated autoimmune diseases in humans. It is likely that in
clinical practice, CTLA4Ig will be most effective when itis
used in short-term combination with other immunosup-
pressive reagents (41). It will be of great interest to analyze
the safety profile and mechanism of action of CTLA4Ig
when used synergistically with anti-CD40L or cyclophos-
phamide (42) and to determine whether CTLA4Ig will
have a steroid-sparing effect. Animal studies in appropri-
ate disease models that lead to better understanding of the
specific effects of costimulatory blockade alone or in com-
bination with other immunomodulatory drugs should
point the way to more effective and safe treatment for
human autoimmune disease.
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