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Abstract

To investigate the role of IL-6 in systemic lupus erythemato-
sus (SLE), we selectively inhibited IL-6 in lupus-prone NZB/
NZW F;(B/W) mice by chronic administration of a rat mAb
to mouse IL-6. Anti—IL-6 alone elicited an anti—rat response
that blocked its biologic effects. To circumvent this problem,
we rendered B/W mice tolerant to the rat mAb by adminis-
tration of anti-CD4 concurrent with the first dose of anti—
IL-6. Thereafter, the mice received weekly injections of
anti—IL-6 alone. There were two control groups: one group
received the tolerizing regimen of anti-CD4 along with a
control rat IgG1 mAb (GL113) instead of anti—IL-6; the
other control group received PBS. Mice that received anti-
CD4 were tolerant to the rat mAb for 6 mo. Throughout
this period, treatment with anti—IL-6 prevented production
of anti-dsDNA, significantly reduced proteinuria, and pro-
longed life. Mice that received anti—IL-6 without anti-CD4
developed an immune response to the rat mAb and then
developed anti-dsDNA antibodies, proteinuria, and mortal-
ity comparable with control mice. These findings establish
that IL-6 promotes autoimmunity in B/W mice. They fur-
ther indicate that, although mAb to IL-6 can suppress mu-
rine lupus, the development of host immunity to the mAb
abrogates its beneficial effects. Finally, this is the first study
to demonstrate that a brief course of anti-CD4 can induce
tolerance to another therapeutic mAb, in this case an anti-
cytokine mAb. (J. Clin. Invest. 1994. 94:585-591.) Key
words: systemic lupus erythematosus - interleukin 6 - anti-
CD4 - monoclonal antibody - cytokines

Introduction

Interleukin 6 (IL-6) is a multifunctional cytokine that was first
described as a B-cell differentiation factor (1-6). In addition
to its capacity to stimulate B-cell differentiation and Ig secre-
tion, IL-6 promotes differentiation of cytotoxic T cells (7, 8),
enhances production of hepatic ‘acute phase reactants (9, 10),
stimulates multipotential progenitors in the bone marrow (11,
12), and promotes growth of renal mesangial cells (13—15). IL-
6 is produced primarily by macrophages and monocytes (10,
16, 17), but it can also be produced by a wide variety of cells
including T cells and B cells (3, 9, 10, 18—22). The production
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of IL-6 by diverse cell types and its multiple activities suggest
that IL-6 contributes to a broad range of biological functions.

Recent indirect evidence has implicated IL-6 in the patho-
genesis of several human autoimmune diseases (15, 23-28),
including systemic lupus erythematosus (SLE) (29-36). For
example, IL-6 levels are elevated in the sera of patients with
active, but not inactive, SLE (29-32). Similarly, IL-6 is ele-
vated in the cerebrospinal fluid of patients with central nervous
system (CNS)' lupus, but not in patients without CNS involve-
ment (35, 36). Increased IL-6 has also been detected in the
urine and renal glomeruli of patients with lupus nephritis (15,
26). Analyses of peripheral blood mononuclear cells from pa-
tients with SLE are consistent with these clinical observations.
Specifically, several studies have shown increased production
of IL-6 by both T cells and B cells from patients with SLE
(37-41). Both mRNA for IL-6 and cytoplasmic IL-6 have been
detected in freshly isolated monocytes as well as lymphocytes
from SLE patients, but not from normal controls (29). B cells
from patients with SLE have been reported to be hypersensitive
to IL-6 (29, 38—40). Moreover, in vitro production of IgG anti-
dsDNA antibodies by SLE B cells is promoted by IL-6 and can
be blocked by monoclonal antibodies (mAb) to IL-6 (29, 38).
Finally, peripheral blood monocytes/macrophages from SLE pa-
tients, but not from patients with rheumatoid arthritis or from
atopic control subjects, produce IL-6 in response to UVA and
UVB wavelengths (41). These findings suggest that IL-6 may
contribute to disease activity in SLE, including flares provoked
by UV light.

IL-6 has also been implicated in a number of autoimmune
diseases in mice (42—45). In particular, murine lupus is charac-
terized by IL-6 abnormalities that closely parallel the IL-6 ab-
normalities in humans with SLE. In MRL/Ipr mice, for example,
serum IL-6 levels rise steadily as autoimmune disease prog-
resses (46). In lupus-prone NZB/NZW F, (B/W) mice, serum
IL-6 levels are elevated, and B cells are hyperresponsive to IL-
6 (17, 47-50).

The observations summarized above establish an association
between enhanced IL-6 activity and autoimmune phenomena,
including those seen in human and murine lupus, but they do
not establish a causal relationship. Therefore, in this study, we
treated B/W mice with mAb to IL-6 in order to test directly the
hypothesis that IL-6 promotes lupus-like autoimmune disease.

Methods

Mice. B/W mice were purchased from The Jackson Laboratories (Bar
Harbor, ME). Athymic BALB/c (nu/nu) mice were purchased from
Simonsen Laboratories (Gilroy, CA). The mice were housed in the

1. Abbreviations used in this paper: BGG, bovine gamma globulin; B/
W, NZB X NZW F, mice; CNS, central nervous system; HRP, horserad-
ish peroxidase.
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AAALAC-accredited animal care facility at the San Francisco Veterans
Administration Medical Center.

Production and purification of mAb. Rat IgG1 mAb to mouse IL-6
(hybridoma MP5-20F3.11) and control rat IgGl mAb to E. coli B-
galactosidase (hybridoma GL113) were derived from hybridomas that
were generously provided by Dr. John Abrams (DNAX, Palo Alto, CA).
Some mice also received rat IgG2b mAb to CD4 (hybridoma GK1.5).
The mAb were harvested as ascites from athymic BALB/c mice, par-
tially purified by ammonium sulfate precipitation, dialyzed in PBS, pH
7, and quantitated by cellulose acetate electrophoresis and measurement
of optical density, as described previously (51).

Experimental design. Four groups of 3-mo-old female B/W mice
were studied. Groups of 10 mice received weekly injections of either
anti—-IL-6 (500 ug ip) or PBS (0.2 ml). Based on preliminary studies
indicating that weekly administration of rat mAb to IL-6 would elicit a
host immune response that could inhibit the biologic effects of the mAb,
we included two additional groups that were tolerized to either the rat
anti—IL-6 mAb or to a control rat mAb (GL113). This was accomplished
by administering the first dose of rat anti—IL-6 or control mAb concur-
rent with a brief course of rat mAb to CD4. This strategy was based
on previous studies indicating that anti-CD4 can induce tolerance to
some, but not all, antigens when they are administered concurrently
(52). Specifically, two groups of 10 mice received anti-CD4 (1 mg/d
on days —1, 0, and +1) surrounding the first dose of either anti—IL-6
or GL113 (500 ug on day 0). Thereafter, the mice received weekly
injections of either anti—IL-6 or GL113 (500 ug) alone.

Fluorescence analysis of lymphocyte subpopulations. Circulating
mononuclear cells from individual mice were analyzed by flow cytome-
try as described previously (53). Cells were stained with the following
mAbs: anti—Thy-1.2 (hybridoma 30-H12) to identify all T cells, anti-
CD4 (hybridoma GK1.5), and anti-CD8 (hybridoma 53-6) to identify the
major T cell subsets, and anti-B220 (hybridoma RA3.6B2) to identify B
cells.

Measurement of the immune response to rat IgG. Mouse antibodies
to rat IgG were measured by ELISA. Briefly, microtiter plates were
coated with chromatographically purified rat IgG (Cappel Laboratories,
Durham, NC) in 0.1 M Tris HCI (0.5 ug/well) at room temperature for
1 h. The plates were then washed with tap water and blocked with 2%
BSA for 30 min and then washed again. Serum samples were diluted
1:50 in 2% bovine gamma globulin (BGG) and 1% BSA, titered by
double dilution, and allowed to sit at room temperature for 1 h. The
plates were washed, blocked, and washed as above. Horseradish peroxi-
dase (HRP)-conjugated goat anti—mouse Ig (heavy and light chain)
absorbed with rat Ig (Jackson ImmunoResearch Laboratories, West
Grove, PA) was used as the second antibody at a 1:3,000 dilution in
2% BGG and 1% BSA (75 ul/well) and allowed to sit at room tempera-
ture for 1 h. The plates were washed and developed with o-phenylenedi-
amine in phosphate citrate buffer for 10 min. The reaction was stopped
with 2N H,SO, and plates were read on an ELISA reader (Bio-Tek,
Winooski, VT) at 490 nm. Monoclonal mouse anti-rat kappa chain
(MAR 18.5) and normal mouse serum served as positive and negative
controls, respectively.

To measure anti-idiotype as wéll as anti-isotype antibodies, the re-
sults obtained with the assay described above were confirmed using
plates coated with F(ab'), fragments of the rat anti—IL-6 mAb or the
control GL113 mAb. F(ab’), fragments of the rat IgGl mAb were
prepared by pepsin digestion as described (54). First, the mAb were
purified over a recombinant protein A—column (Clinetics, Tustin, CA)
and concentrated to 3 mg/ml using a Centriprep 30 spin column (Amicon
Corp., Beverly, MA). The purified mAbs were then dialyzed in sodium
acetate buffer, pH 4.0, for 4 h at 4°C, and concentration was determined
by optical density at 280 nm. Pepsin (0.1 mg/ml) in sodium acetate
buffer, pH 4.0, was added at a 1:20 ratio of mAb to pepsin, and the
mixture was heated to 37°C for 2 h. The reaction was stopped with 2N
Tris-base. Pepsin digestion of rat IgG1 frequently produces F(ab)-Fc
fragments as well as F(ab’), fragments, both having a MW of approxi-
mately 110-120 kD on nonreducing SDS-PAGE. Therefore, to remove
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F(ab)-Fc and Fc fragments, the digest was purified over a recombinant
protein A column. The F(ab’), fragments thus obtained were then used
to coat the plates in the ELISA to assess the mouse immune response
to the anti—IL-6 and GL113 mAb. HRP-conjugated goat anti—mouse
I1gG (Fc) (Cappel Laboratories) diluted 1:1,000 in 2% BGG and 1%
BSA was used as the second antibody.

Measurement of anti-dsDNA antibodies. Antibodies to dsDNA in
sera from individual mice were measured by ELISA as previously de-
scribed (51, 55). Briefly, microtiter plates were coated with 75 ul/well
poly-L-lysine (50 pg/ml) (Sigma Chemical Co., St. Louis, MO) and
allowed to sit overnight. The plates were washed and then coated with
poly (dA-dT)-poly (dA-dT) (Sigma Chemical Co.) 1.5 pg/well and
allowed to sit for 1 h. The plates were washed, blocked, and washed
as described above. Serum samples were diluted 1:50 and titered by
double dilution as described above. HRP-conjugated goat anti—mouse
IgG (Fc) (Cappel Laboratories) was used as the second antibody at a
concentration of 1:1,000 and allowed to sit for 1 h at room temperature.
The plates were washed and developed with o-phenylenediamine and
read as above. Serum from MRL/Ipr mice previously titered for anti-
dsDNA antibodies and normal mouse serum were used as positive and
negative controls, respectively.

Measurement of Ig concentration. Mouse IgM, IgG1, IgG2a, IgG2b,
and IgG3 levels were measured by ELISA. Microtiter plates were coated
with either goat mAb to mouse IgM, rat mAb to mouse IgG1, IgG2a,
IgG3 (Tagoimmunologics, Camarillo, CA), or purified rat polyclonal
antibody to mouse IgG2b (Sigma Chemical Co.) at 10 pg/ml in 0.1 M
Tris-HCI (75 pl/well) and incubated overnight at 4°C. The plates were
washed and blocked with 2% BSA between each step as above. Serum
samples were diluted 1:500 in 2% BGG and 1% BSA and then titered
by serial double dilution. Chromatographically purified mouse IgM,
IgG1, IgG2a, IgG2b (Caltag), and IgG3 (Pharmingen, San Diego, CA)
were used as standards. Human serum and rat IgG were used as negative
controls. The serum samples were allowed to sit for 1 h at room tempera-
ture. HRP-conjugated goat anti—mouse IgM (1:1,000 dilution) or HRP-
conjugated goat anti-mouse IgG (heavy and light chain specific)
(1:3,000 dilution) in 2% BGG and 1% BSA (75 ug/well) was added
for the IgM and IgG assays, respectively, and allowed to sit for 1 h at
room temperature. The plates were then washed, developed with o-
phenylenediamine, and read at 490 nm. A standard curve was generated
for each Ig isotype using Delta Soft IT 3.3.67B (BioMetallics, Princeton,
NJ). The concentration of IgM, IgG1, IgG2a, IgG2b, and IgG3 in each
serum sample was determined by interpolation on the standard curve.

Assessment of renal function. Proteinuria was measured monthly
using Uristix test strips (Miles Inc., Elkhart, IN). Significant proteinuria
was prospectively defined as proteinuria > 100 mg/dl.

Statistical analysis. Mean antibody titers and mean antibody concen-
trations were compared using the Student’s ¢ test. Proteinuria and sur-
vival were analyzed by chi-squared analysis.

Results

Anti—IL-6 alone elicited a brisk immune response, but anti-
CD4 given concurrently with the first dose of anti—IL-6 induced
sustained tolerance to the rat anti—IL-6 mAb. Weekly injections
of rat mAb to IL-6 without anti-CD4 elicited a brisk immune
response to the IL-6 mAb in B/W mice (Fig. 1). In these mice,
the mean titer of anti—rat antibodies rose to 1:800 within one
month after the first injection and remained elevated thereafter.
In contrast, mice that received anti-CD4 concurrent with the
first dose of anti—IL-6 or GL113 were tolerant to weekly injec-
tions of the rat mAb for 6 mo. Specifically, titers of anti—rat
antibodies in mice treated with anti-CD4 were identical to titers
in PBS-treated controls (mean titer < 1:50) whether the sera
were tested on ELISA plates coated with purified rat IgG (Fig.
1) or on ELISA plates coated with F(ab’), fragments of either
anti—IL-6 or GL113 (data not shown).
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Figure 1. Geometric mean titer of mouse antibodies to rat Ig (=SEM).
(Shaded portion) Mice that received weekly injections of anti—IL-6
alone (O) developed an immune response to the rat mAb. In contrast,
mice that received anti-CD4 concurrent with the first dose of either
anti—IL-6 (m) or an isotype-matched control mAb, GL113, (@) were
rendered tolerant to the rat mAb despite weekly injections of either
anti—IL-6 or GL113. Through the ensuing 6 months of therapy, the
titers of anti—rat Ig in these mice were indistinguishable from the titers
in control mice that were treated with PBS (0). (Unshaded portion) At
9 mo of age, tolerance was broken simultaneously in the two groups of
mice that had received anti-CD4 with the initial dose of anti—IL-6 (m)
or GL113 (e). Thereafter, continued weekly injections of rat mAb elic-
ited an immune response to rat Ig. Although this response was readily
detectable, the titer of anti—rat antibodies in these groups did not reach
the levels that were documented in mice that had received weekly injec-
tions of anti—IL-6 without prior tolerization (O). Control mice that re-
ceived weekly injections of PBS (O) did not make antibodies to rat Ig.

We have shown previously that tolerance induction by anti-
CD4 does not depend on sustained depletion of CD4+ T cells,
nor does it cause long-term generalized immune suppression
(51, 52). The results of the current study are consistent with
these observations. In this study, the percent of CD4+ T cells
was significantly reduced for 2 mo after the tolerizing dose of
anti-CD4 (P < 0.01 for groups that received anti-CD4 compared
to groups that did not receive anti-CD4). During this period,
there was a reciprocal increase in the percent of CD8+ T cells
and B cells (data not shown). However, by age 6 mo, the CD4
subset was fully reconstituted (Fig. 2), and the other lymphocyte
subsets had returned to baseline. Despite recovery of CD4+ T
cells by age 6 mo, unresponsiveness to the rat mAb was sus-
tained until age 9 mo (Fig. 1). This unresponsiveness cannot
be explained on the basis of generalized immune suppression
because, as demonstrated below (Fig. 3), autoantibody produc-
tion in the mice that received anti-CD4 plus GL113 was compa-
rable with autoantibody production in the untreated control B/
W mice.

Chronic administration of anti—IL-6 suppresses murine lu-
pus in B/W mice if, and only if, the mouse immune response to
therapy is blocked. Mice that received anti—IL-6 alone devel-
oped anti-dsDNA antibodies in titers that were comparable to
PBS-treated controls (Fig. 3). In contrast, mice that were toler-
ant to the anti—IL-6 mAb did not produce anti-dsDNA antibod-
ies. Suppression of autoantibody production was due to the
effects of anti—IL-6 and not anti-CD4, because the mice that
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Figure 2. Percentage of CD4+ T cells (=SEM). Mice that received
anti-CD4 concurrent with the first dose of anti—IL-6 (m) or GL113 (e)
had a significant reduction in the percentage of CD4+ T cells immedi-
ately after receiving anti-CD4. CD4+ T cells then gradually returned
to normal levels within 3 mo, so that by age 6 mo there was no difference
in the frequency of CD4+ T cells between these mice and mice that
had received either anti—IL-6 alone (O0) or PBS (0).

received the control GL113 mAb after tolerance induction by
anti-CD4 produced high titers of anti-dsDNA antibodies (Fig.
3). At age 9 mo, for example, the mean titer of anti-dsDNA Ab
was < 1:50 in the mice that were tolerant to the anti—IL-6
mAb, compared to 1:280 in tolerant mice that received GL113
(P < 0.01), 1:245 in mice that received anti—IL-6 alone
(P < 0.05), and 1:980 in mice that received PBS (P < 0.01).
In mice that were tolerant to chronic administration of anti—IL-
6, the reduction in autoantibody levels relative to the control
groups was statistically significant throughout the period from
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Figure 3. Effect of treatment with anti—IL-6 on the geometric mean
titer (:SEM) of anti-dsDNA antibodies. In mice that were tolerant to
the anti—IL-6 mAb (m), weekly administration of anti—IL-6 suppressed
production of anti-dsDNA antibodies. In contrast, tolerant mice that
received GL113 (@), mice that received anti—IL-6 without prior toleriza-
tion (0O), and mice that received PBS (0O) all produced anti-dsDNA
antibodies. The asterisks denote points at which the titer of anti-dsDNA
antibodies in tolerized mice treated with anti—IL-6 differed significantly
(P < 0.05) from each of the other groups.
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Figure 4. Effect of treatment with anti—IL-6 on renal disease. This
graph shows the frequency of significant proteinuria (> 100 mg/dl) in
mice that were tolerant to weekly administration of anti—IL-6 (m), con-
trol mice that received GL113 instead of anti—IL-6 (@), mice that re-
ceived anti—IL-6 without prior tolerization (0), and mice that received
PBS (0). To reflect accurately the development of renal disease in all
mice, each point reflects the current level of proteinuria in surviving
mice, as well as the last measurement of proteinuria in deceased mice.
By 9 mo of age, only 30% of mice that were tolerized and treated with
anti—IL-6 (m) had developed proteinuria, compared to 80% of mice in
each of the other groups.

age 6 to 9 mo, whereas none of the differences among the
other groups was statistically significant at any time during the
experiment.

Inhibition of autoantibody production in mice that were tol-
erant to chronic administration of anti—IL-6 was accompanied
by significant inhibition of renal disease (Fig. 4). By age 9
mo, proteinuria (> 100 mg/dl) had developed in only 30% of
tolerized mice treated with anti—IL-6, compared with 80-90%
in each of the other groups (P < 0.05 for each comparison).
At this time, 90% of the tolerant mice that had been treated
with anti—IL-6 were still alive, compared with 60% survival
among control mice treated with GL113 (P > 0.10, NS), 40%
survival among mice treated with anti—IL-6 alone (P < 0.02),
and 30% among PBS controls (P < 0.01) (Fig. 5).

Administration of anti—IL-6 did not significantly reduce se-
rum Ig concentrations. To examine whether the reduction in
anti-dsDNA antibodies and the amelioration of SLE reflected a
generalized reduction in Ig production, we measured serum Ig
levels (Table I). We found that treatment with anti—IL-6 did
not significantly reduce total IgM or IgG concentration, nor
did it significantly reduce the concentration of any of the IgG
isotypes.

Loss of tolerance to the anti—IL-6 mAb coincided with the
development of murine lupus. At age 9 mo, after 6 mo of weekly
injections of rat mAb, tolerance was broken simultaneously in
both the tolerized anti—IL-6 and GL113 treated mice (Fig. 1,
unshaded portion). Although the anti—rat IgG titers in these
groups did not reach the levels seen in mice that received anti—
IL-6 alone, the mean titer of anti—rat IgG antibodies rose from
< 1:50 before age 9 mo to 1:200 at age 10 mo. Coincident with
this loss of tolerance, anti-dsDNA antibodies appeared for the
first time in mice that had previously been tolerant to administra-

588 Finck, Chan, and Wofsy

100

80 1

40

PERCENT SURVIVAL

20 1

0 T v 1
3 5 7 9
AGE (MONTHS)

Figure 5. Effect of treatment on survival. Groups of 10 female B/W
mice were rendered tolerant to rat mAb therapy by administration of
anti-CD4 concurrent with the first dose of anti—IL-6 or GL113 at age
3 mo. These mice then received weekly injections of either anti—IL-6
(m) or GL113 (@). Control mice received weekly injections of anti—IL-
6 without prior tolerization (0) or PBS (0).

tion of anti—IL-6, although the mean titer remained consider-
ably lower than in any of the control groups (1:76 at 11 mo of
age, compared with = 1:250 in each of the other groups by 9 mo
of age). The percentage of mice in this group with proteinuria
increased from 30% at 9 mo of age to 70% at 11 mo of age,
and their survival rate declined from 90% at 9 mo to 50% by
11 mo. Thus, like the control mice that received anti—IL-6
alone, the mice that had been tolerized to the anti—IL-6 mAb
developed signs of lupus once tolerance was broken and they
developed an immune response to the rat mAb.

Discussion

Previous studies have provided circumstantial evidence that IL-
6 promotes SLE both in mice and in humans (17, 29-41, 46—
50). Our findings support these studies by establishing three
important points. First, by demonstrating that chronic adminis-
tration of anti—IL-6 suppresses autoantibody production and
retards autoimmune disease in lupus-prone B/W mice, our stud-
ies provide the first direct evidence that IL-6 promotes lupus in
a murine model for SLE. Second, our studies indicate that the
development of a host immune response to the anti—IL-6 mAb
abrogates its beneficial effects. Third, our studies demonstrate
that a short course of mAb to CD4 can be used to induce
tolerance to another mAb with potential therapeutic value. This
is the first demonstration that anti-CD4 can be used successfully
to accomplish this objective.

There are several mechanisms by which IL-6 might promote
autoimmunity. IL-6 was first described as a B-cell stimulatory
factor (1-6), and it has been shown to augment the secretion
of IgG by activated B cells (1, 29, 38, 44). Therefore, IL-6
may contribute to the polyclonal hypergammaglobulinemia that
occurs in SLE (56, 57). To evaluate this possibility, we mea-
sured Ig levels in sera from individual mice. These studies
showed that anti—IL-6 did not significantly reduce IgM or IgG
concentrations, suggesting that anti—IL-6 did not suppress auto-



Table 1. Analysis of Immunoglobulin Isotypes in Serum*

Immunoglobulin isotype®

Treatment group* igM IgG1 1gG2a IgG2b 1gG3
pg/ml
Tolerized anti~IL-6 2050450 560+90 1690380 560130 460x120
Tolerized GL113 1780+660 570160 1910+600 500+90 240=+70
Anti-IL-6 2660+1010 580220 1280+400 510170 340+100
Saline 860200 730+500 26201450 740+420 680+130

* Immunoglobulin isotype levels were determined in serum at age 8 mo at which time there was a significant difference in the mean-dsDNA titer

between tolerized anti—IL-6—treated mice and controls.
of mAb to CD4 concurrent with the first dose of anti—IL-6 or GL113.

* Mice were tolerized to the anti—IL-6 mAb or the control mAb, GL113, by administration
$ Immunoglobulin isotype levels were determined by ELISA. A standard

curve was generated for each isotype and concentrations were determined for each sample by comparison of the optical density in the linear range.

immunity simply by inhibiting polyclonal B-cell activation. De-
spite this finding, anti—IL-6 might selectively suppress certain
isotypes that are strongly represented among autoantibodies.
In female B/W mice, for example, anti-dsDNA antibodies are
predominantly IgG2a or IgG2b antibodies (58). However, our
studies showed that there was no selective reduction in any
isotype. Alternatively, IL-6 may preferentially stimulate autoan-
tibody-producing cells. This possibility is consistent with previ-
ous studies indicating that anti-DNA producing B cells may
have increased IL-6R (38). Specifically, Kitani et al. (38) found
that IL-6R were preferentially expressed on low density B cells
from patients with active SLE. These cells produced high levels
of IgG anti-DNA antibodies, and their production of autoanti-
bodies could be inhibited by either anti—IL-6 or anti—IL-6R
mAb (38). Thus, anti—IL-6 may preferentially effect autoanti-
body-producing B cells, without significantly altering the total
Ig or isotype levels. This may simply reflect the activated state
of autoreactive B cells in B/W mice.

Finally, IL-6 affects many cell types, including T cells and
multipotential progenitor cells as well as B cells (11, 12). Thus,
anti—IL-6 could conceivably have had an immunosuppressive
effect by changing the relative proportions of distinct lympho-
cyte subsets. However, in this study we found that administra-
tion of anti—IL-6 did not alter lymphocyte subsets. Specifically,
there was no alteration of B cells or CD8+ T cells at any point
during the study. Mice that received anti-CD4 had significant
depletion of CD4+ T cells for several months, but the percent-
age of CD4+ T cells returned to normal levels by 6 mo of age
even though the mice continued to receive anti—IL-6.

We have shown previously that chronic therapy with anti-
CD4 retards murine lupus in B/W mice (51, 55). However, brief
therapy caused only a brief delay in the development of lupus
nephritis (59). The results of the current study are consistent
with this observation, in that the control mice that received a
tolerizing dose of anti-CD4 along with GL113 at age 3 mo had
a slight, albeit statistically insignificant, delay in the onset of
proteinuria and mortality relative to the other two control groups
(see Figs. 4 and 5).

Our studies do not establish whether chronic administration
of anti—IL-6 suppresses normal immune function as profoundly
as it suppresses autoimmunity. However, the development of a
brisk host immune response to the anti—IL-6 mAb suggests that
anti—IL-6 alone does not completely abrogate normal immune

function. It should be emphasized, however, that the develop-
ment of an immune response to anti—IL-6 may inhibit its
biologic effects. Thus, no conclusions can be drawn regard-
ing the long-term effects of IL-6 suppression on normal im-
mune function. Studies are currently underway in our labora-
tory to delineate the extent of immune suppression caused by
anti—IL-6.

In our experiments, the development of an immune response
to the anti—IL-6 mADb abrogated its effectiveness. Although our
study did not address the mechanism by which the immune
response to the mAb abrogated its effect, previous studies sug-
gest that this may be due either to the formation of blocking
antibodies or to the development of associated immune-complex
disease (60). In order to circumvent these problems, we toler-
ized the mice to the rat mAb by giving anti-CD4 concurrent
with the first dose of anti—IL-6 or the control mAb, GL113. In
previous studies, anti-CD4 has been used to induce tolerance
to classic laboratory antigens, such as HGG, but attempts to
induce tolerance to mAb directed against mouse cell surface
molecules have been unsuccessful (61, 62). Thus, the induction
of tolerance to an anti-cytokine mAb represents the first success-
ful use of anti-CD4 to facilitate therapy with another mAb.

Loss of tolerance to the rat mAb at age 9 mo occurred
simultaneously in mice that were receiving anti—IL-6 and in
mice that were receiving GL113. Previous studies in non-auto-
immune mice indicate that the duration of tolerance induced by
anti-CD4 is limited, although it can be prolonged by repeated
antigen challenge as was done in our experiment (63). There-
fore, the eventual loss of tolerance may simply reflect the finite
duration of the effects of anti-CD4. However, it is also possible
that the loss of tolerance was due in part to underlying defects
in the B/W strain. This possibility is consistent with previous
studies indicating that B/W mice are relatively resistant to toler-
ance induction and that this resistance increases with age (64—
66). It is unlikely that the loss of tolerance was due to progres-
sive disease, since tolerance was broken simultaneously in both
the anti—IL-6 and GL113 groups even though the GL113 group
had evidence of SLE several months before the loss of tolerance
to the rat mAb.

Previous studies in mice have shown that selective inhibition
of IL-6 can prevent autoimmune diabetes (43) and protect
against lethal bacterial sepsis (67). Based in part on these obser-
vations, preliminary trials of anti—IL-6 have recently been initi-
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ated in humans (68). Our demonstration that IL-6 is involved
in the pathogenesis of murine lupus suggests an even broader
range of potential clinical applications of such therapy, although
it remains to be determined whether practical therapeutic strate-
gies can be developed.

Acknowledgments

The authors thank Dr. John Abrams (DNAX, Palo Alto, CA) for gener-

ously providing the rat mAb to IL-6 and the isotype-matched control rat

mADb, and Dr. William E. Seaman for critical review of the manuscript.
This work was supported by the Department of Veterans Affairs.

References

1. Teranishi, T., T. Hirano, A. Naomichi, and K. Onoue. 1982. Human helper
T cell factor(s) (ThF) II. Induction of IgG production in B lymphoblastoid cell
lines and identification of T cell-replacing factor-(TRF) like factor(s). J. Immunol.
128:193-198.

2. Hirano, T., T. Teranishi, B. Lin, and K. Onoue. 1984. Human helper T cell
factor(s). IV. Demonstration of a human late-acting B cell differentiation factor
acting on Staphylococcus aureus Cowan I-stimulated B cells. J. Immunol.
133:798-802.

3. Van Snick, J., S. Cayphas, A. Vink, C. Uyttenhove, P. Coulie, and R.
Simpson. 1986. Purification and NH2-terminal amino acid sequence of a new T
cell-derived lymphokine with growth factor activity for B cell hybridomas. Proc.
Natl. Acad. Sci. USA. 83:9679-9683.

4. Hirano, T., K. Yasukawa, H. Harada, T. Taga, Y. Watanabe, T. Matsuda,
S.-I. Kashiwamura, K. Nakajima, K. Koyama, A. Iwamatsu, S. Tsunasawa, F.
Sakiyama, H. Matsui, Y. Takahara, T. Taniguchi, and T. Kishimoto. 1986. Com-
plementary DNA for a novel human interleukin (BSF-2) that induces B lympho-
cytes to produce immunoglobulin. Nature (Lond.). 324:73-76.

S. Hirano, T., T. Taga, N. Nakano, K. Yasukawa, S. Kashiwamura, K. Shimizu,
K. Nakajima, K. H. Pyun, and T. Kishimoto. 1985. Purification to homogeneity
and characterization of human B-cell differentiation factor (BCDF or BSFp-2).
Proc. Natl. Acad. Sci. USA. 85:5490-5494.

6. Muraguchi, A., T. Hirano, B. Tang, T. Matsuda, Y. Horii, K. Nakajima,
and T. Kishimoto. 1988. The essential role of B cell stimulatory factor 2 (BSF-
2/IL-6) for the terminal differentiation of B cells. J. Exp. Med. 167:332-344.

7. Takai, Y., G. G. Wong, S. Clark, S. Burakoff, and S. Herrmann. 1988. B
cell stimulatory factor-2 is involved in differentiation of cytotoxic T lymphocytes.
J. Immunol. 140:508-512.

8. Okada, M., M. Kitahara, S. Kishimoto, T. Matsuda, T. Hirano, and T.
Kishimoto. 1988. BSF-2/IL-6 functions as killer helper factor in the in vitro
induction of cytotoxic T cells. J. Immunol. 141:1543—-1549.

9. Gauldie, J., C. Richards, D. Harnish, P. Landsdorp, and H. Baumann. 1987.
Interferon-B2/BSF-2 shares identity with monocyte-derived hepatocyte stimulat-
ing factor (HSF) and regulates the major acute phase protein response in liver
cells. Proc. Natl. Acad. Sci. USA. 84:7251-7255.

10. Baumann, H., G. Jahreis, D. N. Sauder, and A. Koj. 1984. Human keratino-
cytes and monocytes release factors which regulate the synthesis of major acute
phase plasma proteins in hepatic cells from man, rat and mouse. J. Biol. Chem.
259:7331-7342.

11. Ikebuchi, K., G. G. Wong, S. C. Clark, J. N. Ihle, Y. Hirai, and M. Ogawa.
1987. Interleukin-6 enhancement of interleukin-3-dependent proliferation of
multipotential hemopoietic progenitors. Proc. Natl. Acad. Sci. USA. 84:9035-
9039.

12. Wong, G. G., J. Witek-Giannotti, R. Hewick, S. C. Clark, K. Ikebuchi,
and M. Ogawa. 1988. Stimulation of murine hemopoietic colony formation by
t IL-6. J. I I. 140:3040-3044.

13. MacCarthy, E. P., A. Hsu, Y. M. Ooi, and B. S. Ooi. 1985. Modulation
of mouse mesangial cell proliferation by macrophage products. Immunology.
56:695-699.

14. Horii, Y., A. Muraguchi, M. Iwano, T. Matsuda, H. Toshihide, H. Yamada,
Y. Fujii, K. Dohi, H. Ishikawa, Y. Ohmoto, K. Yoshizaki, T. Hirano, and T.
Kishimoto. 1989. Involvement of IL-6 in mesangial proliferative glomerulonephri-
tis. J. Immunol. 143:3949-3955.

15. Horii, Y., M. Iwano, E. Hirata, H. Shiiki, Y. Fujii, D. Kazuhiro, and H.
Ishikawa. 1993. Role of interleukin-6 in the progression of mesangial proliferative
glomerulonephritis. Kidney Int. (Suppl 39):S71-75.

16. Aarden, L. A., E. R. DeGroot, O. L. Schaap, and P. M. Lasdorp. 1987.
Production of hybridoma growth factor by monocytes. Eur. J. Immunol. 17:1411—
1416.

17. Alarcon-Riquelme, M. E., G. Moller, and C. Fernandez. 1993. Macrophage

590 Finck, Chan, and Wofsy

depletion decreases IgG anti-DNA in cultures from (NZBxNZW) F, spleen cells
by eliminating the main source of IL-6. Clin. Exp. Immunol. 91:220-225.

18. Weissenbach, J., Y. Chernajobsky, M. Zeevi, L. Shulman, H. Sorecq, U.
Nir, D. Wallach, M. Perricaudet, P. Tiollais, and M. Revel. 1980. Two interferon
mRNAs in human fibroblasts: in vitro translation and Escherichia coli cloning
studies. Proc. Natl. Acad. Sci. USA. 77:7152-7156.

19. Hultner, L., H. Szots, M. Welle, J. Van Snick, J. Moeller, and P. Dormer.
1989. Mouse bone marrow-derived interleukin-3-dependent mast cells and autono-
mous sublines produce interleukin-6. Immunology. 67:408-413.

20. Horii, Y., A. Muraguchi, S. Suematsu, T. Matsuda, K. Yoshizaki, T.
Hirano, and T. Kishimoto. 1988. Regulation of BSF-2/IL-6 production by human
mononuclear cells. Macrophage-dependent synthesis of BSF-2/IL-6 by T cells. J.
Immunol. 141:1529-1535.

21. Freeman, G. J,, A. S. Freedman, S. N. Rabinowe, J. M. Segil, J. Horowitz,
K. Rosen, and J. F. Whitman. 1989. Interleukin-6 gene expression in normal and
neoplastic B cells. J. Clin. Invest. 83:1512-1518.

22. Corbel, C., and F. Melchers. 1984. The synergism of accessory cells and
of soluble a-factors derived from them in the activation of B cells to proliferation.
Immunol. Rev. 78:51-74.

23. Hirano, T., T. Taga, K. Yasukawa, K. Nakajima, N. Nakano, F. Takatsuki,
M. Shimizu, A. Murashima, S. Tsunasawa, F. Sakiyama, and T. Kishimoto. 1987.
Human B cell differentiation factor defined by an anti-peptide antibody and its
possible role in autoantibody production. Proc. Natl. Acad. Sci. USA. 84:228—-
231.

24. Hirano, T., T. Matsuda, M. Turner, N. Miyasaka, G. Buchan, B. Tank, K.
Sato, M. Shimizu, R. Maini, M. Felmann, and T. Kishimoto. 1988. Excessive
production of interleukin-6/B cell stimulatory factor-2 in rheumatoid arthritis.
Eur. J. Immunol. 18:1797-1801.

25. Houssiau, F., J. P. Devogelaer, J. Van Damme, C. Nagant de Deuxchaisnes,
and J. Van Snick. 1988. Interleukin 6 in synovial fluid and serum of patients with
rheumatoid arthritis and other inflammatory arthritides. Arthritis Rheum. 31:784—
788.

26. Gordon, C., N. Richards, A. J. Howie, K. Richardson, J. Michael, D.
Adu, and P. Emery. 1991. Urinary IL-6: a marker for mesangial proliferative
glomerulonephritis? Clin. Exp. Immunol. 86:145-149.

27. Campbell, I. L., and L. C. Harrison. 1990. A new view of the beta cell
as an antigen-presenting cell and immunogenic target. J. Autoimmun. 3(Suppl
1):53-62.

28. Campbell, I. L., and L. C. Harrison. 1990. Molecular pathology of type
1 diabetes. Mol. Biol. Med. 7:299-309.

29. Linker-Israeli, M., R. J. Deans, D. J. Wallace, J. Prehn, T. Ozeri-Chen,
and J. R. Klinenberg. 1991. Elevated levels of endogenous IL-6 in systemic lupus
erythematosus. A putative role in pathogenesis. J. Immunol. 147:117-123.

30. Linker-Israeli, M. 1992. Cytokine abnormalities in human lupus. Clin.
I L1 hol. 63:10-12.

31. Metsarinne, K. P., D. C. Nordstrom, Y. T. Konttinen, A. M. Teppo, and
F. Y. Fyhrquist. 1992. Plasma interleukin-6 and renin substrate in reactive arthritis,
rheumatoid arthritis, and systemic lupus erythematosus. Rheumatol. Int. 12:93—
96.

32. Spronk, P. E., E. I. ter Borg, P. C. Limburg, and C. G. Kallenberg. 1992.
Plasma concentration of IL-6 in systemic lupus erythematosus; an indicator of
disease activity? Clin. Exp. Immunol. 90:106-110.

33. Swaak, A. J. G., A. van Rooyen, and L. A. Aarden. 1989. Interleukin-6
(IL-6) and acute phase proteins in the disease course of patients with systemic
lupus erythematosus. Rheumatol. Int. 8:263-268.

34. al-Janadi, M., S. al-Balla, A. al-Dalaan, and S. Raziuddin. 1993. Cytokine
profile in systemic lupus erythematosus, rheumatoid arthritis, and other rheumatic
diseases. J. Clin. I l. 13:58-67.

35. Hirohata, S., and T. Miyamoto. 1990. Elevated levels of interleukin-6 in
cerebrospinal fluid from patients with syst lupus eryth »sus and central
nervous system involvement. Arthritis Rheum. 33:644—-649.

36. Alcocer-Vaiela, J., D. Aleman-Hoey, and D. Alarcon-Segovia. 1992. In-
terleukin-1 and interleukin-6 activities are increased in the cerebrospinal fluid of
patients with CNS lupus erythematosus and correlate with local late T-cell activa-
tion markers. Lupus. 1:111-117.

37. Hirose, T., M. Hara, A. Kitani, W. Hirose, K. Norioka, M. Kawagoe, and
H. Nakamura. 1985. Abnormal production of and response to B-cell growth factor
and B-cell differentiation factor in patients with systemic lupus erythematosus.
Scand. J. Immunol. 21:141-150.

38. Kitani, A., M. Hara, T. Hirose, M. Harigai, K. Suzuki, M. Kawakami, Y.
Kawaguchi, T. Hidaka, M. Kawagoe, and H. Nakamura. 1992. Autostimulatory
effects of IL-6 on excessive B cell differentiation in patients with systemic lupus
erythematosus: analysis of IL-6 production and IL-6R expression. Clin. Exp.
Immunol. 88:75-83.

39. Kitani, A., M. Hara, T. Hirose, K. Norioka, M. Harigai, W. Hirose, K.
Suzuki, M. Kawakami, M. Kawagoe, and H. Nakamura. 1989. Heterogeneity of
B cell responsiveness to interleukin 4, interleukin 6 and low molecular weight B




cell growth factor in discrete stages of B cell activation in patients with systemic
lupus erythematosus. Clin. Exp. Immunol. 77:31-36.

40. Tanaka, Y., K. Saito, F. Shirakawa, T. Ota, H. Suzuki, S. Eto, and U.
Yamashita. 1988. Production of B-cell stimulating factors by B cells in patients
with systemic lupus erythematosus. J. Immunol. 141:3043-3049.

41. Pelton, B. K., W. Hylton, and A. M. Denman. 1992. Activation of IL-6
by UV irradiation of blood mononuclear cells from patients with systemic lupus
erythematosus. Clin. Exp. Immunol. 89:251-254.

42. Vandenabeele, P., D. Abramowicz, D. Berus, J. Van der Heyden, J.
Grooten, V. Donckier, E. L. Hooghe-Peters, M. Goldman, and W. Fiers. 1993.
Increased IL-6 production and IL-6 mediated Ig secretion in murine host-vs graft
disease. J. Immunol. 150:4179-4187.

43. Campbell, I. L., T. W. Kay, L. Oxbrow, and L. C. Harrison. 1991. Essential
role for interferon-gamma and interleukin-6 in autoimmune insulin-dependent
diabetes in NOD/Wehi mice. J. Clin. Invest. 87:739-742.

44. Suematsu, S., T. Matsuda, K. Aozasa, S. Akira, N. Nakano, S. Ohno,
J.-I. Miyazaki, K.-I. Yamamura, T. Hirano, and T. Kishimoto. 1989. IgG1 plas-
macytosis in interleukin 6 transgenic mice. Proc. Natl. Acad. Sci. USA. 86:7547—
7551.

45. Woodroofe, C., W. Muller, and U. Ruther. 1992. Long-term consequences
of interleukin-6 overexpression in transgenic mice. DNA Cell Biol. 11:587-592.

46. Tang, B., T. Matsuda, S. Akira, N. Nagata, S. Ikehara, T. Hirano, and T.
Kishimoto. 1991. Age-associated increase in interleukin-6 in MRL-lpr mice. Int.
Immunol. 3:273-278.

47. Emmendorffer, A., M. Muller, D. Wedekind, K. Hartung, and M. L.
Lohmann-Matthes. 1993. Expansion of the liver-associated macrophage system
in systemic lupus erythematosus-prone NZB/W mice. J. Leukocyte Biol. 53:294—
300.

48. Alarcon-Riquelme, M. E., G. Moller, and C. Fernandez. 1992. Age-depen-
dent responsiveness to interleukin-6 in B lymphocytes from a systemic lupus
erythematosus prone (NZB X NZW) F, hybrid. Clin. I L1 pathol.
62:264-269.

49. Mihara, M., H. Fukui, Y. Koishihara, M. Saito, and Y. Ohsugi. 1990.
Immunologic abnormality in NZB/W F, mice. Thymus-independent expansion of
B cells responding to interleukin-6. Clin. Exp. Immunol. 82:533-537.

50. Herron, L. R., R. L. Coffman, and B. L. Kotzin. 1988. Enhanced response
of autoantibody-secreting B cells from young NZB/NZW mice to T cell derived
differentiation signals. Clin. I LI pathol. 46:314-327.

51. Wofsy, D., and W. E. Seaman. 1985. Successful treatment of autoimmunity
in NZB/NZW F, mice with monoclonal antibody to L3T4. J. Exp. Med. 161:378—
391.

52. Gutstein, N. L., and D. Wofsy. 1986. Administration of F(ab’), fragments
of monoclonal antibody to L3T4 inhibits humoral immunity in mice without
depleting L3T4+ cells. J. Immunol. 137:3414-3419.

53. Seaman, W. E., D. Wofsy, J. S. Greenspan, and J. A. Ledbetter. 1983.

Treatment of autoimmune MRL/lpr mice with monoclonal antibody to Thy-1.2:
a single injection has sustained effects on lymphoproliferation and renal disease.
J. Immunol. 130:1713-1718.

54. Parham, P. 1983. On the fragmentation of monoclonal IgG1, IgG2a and
IgG2b from BALB/c mice. J. Immunol. 131:2895-2902.

55. Wofsy, D., and W. E. Seaman. 1987. Reversal of advanced murine lupus in
NZB/NZW F, mice by treatment with monoclonal antibody to L3T4. J. Immunol.
138:3247-3253.

56. Izui, S., P. J. McConahey, and F. J. Dixon. 1978. Increased spontaneous
polyclonal activation of B lymphocytes in mice with spontaneous autoimmune
disease. J. Immunol. 121:2213-2219.

57. Klinman, D. M,, and A. D. Steinberg. 1987. Systemic autoimmune disease
arises from polyclonal B cell activation. J. Exp. Med. 165:1755-1760.

58. Steward, M. W., and F. C. Hay. 1976. Changes in immunoglobulin class
and subclass of anti-DNA antibodies with increasing age in N/ZBW F, hybrid
mice. Clin. Exp. Immunol. 26:363-370.

59. Carteron, N. L., C. L. Schimenti, and D. Wofsy. 1989. Treatment of
murine lupus with F(ab’), fragments of monoclonal antibody to L3T4: suppression
of autoimmunity does not depend on T helper cell depletion. J. Immunol.
142:1470-1475.

60. Isaacs, J. D. 1990. The antiglobulin response to therapeutic antibodies.
Semin. Immunol. 2:449-456.

61. Gutstein, N. L., W. E. Seaman, J. H. Scott, and D. Wofsy. 1986. Induction
of immune tolerance by administration of monoclonal antibody to L3T4. J. Immu-
nol. 137:1127-1132.

62. Benjamin, R. J,, S. P. Cobbold, M. R. Clark, and H. Waldmann. 1986.
Tolerance to rat monoclonal antibodies: implications for serotherapy. J. Exp. Med.
163:1539-1552.

63. Benjamin, R. J., S. Qin, M. P. Wise, S. P. Cobbold, and H. Waldmann.
1988. Mechanisms of monoclonal antibody-facilitated tolerance induction: a pos-
sible role for the CD4 (L3T4) and CD11a (LFA-1) molecules in self-non-self
discrimination. Eur. J. Immunol. 18:1079-1088.

64. Staples, P. J., and N. Talal. 1969. Rapid loss of tolerance induced in
weanling NZB and B/W F, mice. Science (Wash. DC). 163:1215-1216.

65. Staples, P. J., A. D. Steinberg, and N. Talal. 1970. Induction of immuno-
logic tolerance in older New Zealand mice repopulated with young spleen, bone
marrow, or thymus. J. Exp. Med. 131:1223-1238.

66. Staples, P. J., and N. Talal. 1969. Relative inability to induce tolerance
in adult NZB and NZB-NZW F, mice. J. Exp. Med. 129:123-139.

67. Starnes, H. F., Jr., M. K. Pearce, A. Tewari, J. H. Yim, J-C. Zou, and
J. S. Abrams. 1990. Anti-IL-6 monoclonal antibodies protect against lethal Esche-
richia coli infection and lethal tumor necrosis factor-a challenge in mice. J.
Immunol. 145:4185-4191.

68. Wendling, D., E. Racadot, and J. Wijdenes. 1993. Treatment of severe
rheumatoid arthritis by anti-interleukin 6 monoclonal antibody. J. Rheumatol.
20:259-262.

IL-6 Promotes Murine Lupus 591



