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ABSTRACT The concept of using cell-bound antigens as
tolerogen was applied to nucleic acid. Nucleoside was linked
directv to s leen cell suspensions. Intravenous administration
of nucleoside coupled to isogeneic spleen cells into mice gen-
erated suppressor cells that diminished the formation of anti-
body-forming cells either to a T-dependent antigen in vivo or
to a T-independent antigen in vitro. Suppressor cells were nu-
cleoside specific, but the specificity of immune suppression
seems to be somewhat broader than that of tolerance to a single
nucleoside. The ability to raise nucleic acid-specific suppressor
T cells may have implications for both the pathogenesis and
treatment of systemic lupus erythematosus.

The modification of lymphoid cell surfaces by haptens (1, 2)
has been used to elicit hapten-specific suppressor T cells (3) or
cytotoxic T cells (4). This principle could be applied to au-
toantigens, such as nucleic acids. A means of inducing sup-
pressor T cells specific for nucleic acid antigens would have
particular significance for systemic lupus erythematosus (5-7),
a disease in which tissue damage is mainly due to complexes of
anti-nucleic acid antibodies with nucleic acid antigens (8, 9).
We have already shown that the induction of immunologic
tolerance to nucleic acids by nucleosides conjugated to isologous
IgG impaired the development of lupus nephritis in (NZB X
NZW)F1 mice (10, 11). Here we show that nucleoside coupled
to isogeneic spleen cells elicits suppressor T cells that are nu-
cleoside specific.

MATERIALS AND METHODS
Animals. Six- to eight-week-old male C57BL/6 or (C57BL/6

X DBA/2)F1 (referred to as BDF1) mice were purchased from
Jackson Laboratory.

Preparation of Antigens and Tolerogen. The nucleosides
adenosine (A), guanosine (G), cytosine (C), and thymine ribo-
nucleoside (T) were purchased from Sigma. Keyhole limpet
haemocyanin (KLH) (Pacific Biomarine, Venice, CA) was
prepared as described (12). Murine IgG2. was obtained through
starch block electrophoresis from sera of BALB/c mice bearing
the RPC5 tumor, as described (12). Aminoethylcarboxy-
methyl-Ficoll (AECM-Ficoll) was prepared according to Inman
(13). G was linked to KLH, IgG2, or AECM-Ficoll, and all four
nucleosides (A, G, C, and T, termed AGCT) were linked to
KLH by the method of Erlanger and Beiser (14). The following
hapten-protein conjugates were used: G176-KLH (G-KLH),
Gw-IgG2a (G-IgG), G58-AECM-Ficoll (G-Ficoll), and
AGCT21rKLH (AGCT-KLH). In each case, subscripts indicate
the total molar ratio of hapten substitution on the carrier pro-
tein.
G or AGCT were coupled to spleen cells by the method

previously described (14) but slightly modified to prevent
lymphoid cell lysis. The procedure was as follows: spleen cells
from 10 C57BL/6 mice were prepared in 15 ml of minimal
Eagle's medium by using a tissue grinder. The cells were
washed three times in minimal Eagle's medium and once in 50
ml of a 50% solution of the Eagle's medium and 0.15 M
NaHCO3 at pH 8; the cells were resuspended in 2 ml of 50%
minimal Eagle's medium/NaHCO3 solution and cell concen-
tration was determined in a hemocytometer. For every 109
spleen cells, 20 mg of G or 20 mg of AGCT (5 mg of each nu-
cleoside) was used. Twenty milligrams of G or 20mg of AGCT
was suspended in 3 ml of 0.15 M NaHCO3, then oxidized with
1.5 ml 0.1 M sodium periodate in saline for 20 min at room
temperature; the reaction was stopped with 15 ,ul of ethylene
glycol. The spleen cell suspensions were added dropwise to the
oxidized nucleoside solutions and the mixture was stirred gently
at room temperature. After 15 min the binding was stopped
with 100 mg of t-butylamine borane in 5 ml 0.15 M NaHCO3.
After 3 min at room temperature, the reaction tube was filled
to 50 ml with minimal Eagle's medium and centrifuged for 15
min at 175 X g. The G- or AGCT-conjugated cells were washed
with minimal Eagle's medium three more times, after which
appropriate adjustments in cell concentration were made. G-
or AGCT-coupled cells were then ready for intravenous in-
jection via tail vein. Sham-treated cells were prepared in an
identical manner except for the addition of 1.5 ml of sodium
periodate solution without nucleoside. Subsequent treatment
with ethylene glycol and t-butylamine borane and washings
were unchanged.

Detection of Antibody-Forming Cells. Nucleoside-specific
plaque-forming cells were revealed as described (15).

Separation of T Cells. Thymus-derived lymphocytes were
separated from spleen cell suspensions after passage through
a nylon wool column as described by Julius et al. (16).

In Vitro Culture. The Marbrook-Diener method (17) was
used to culture spleen cell suspensions in vitro.

Statistical Analysis. Experimental results were analyzed
according to Student's t test.

RESULTS AND DISCUSSION
In the initial experiments, only guanosine was used. This nu-
cleoside is immunodominant in the immune response to the four
nucleosides of DNA (adenosine, thymine ribonucleoside, cy-
tosine, and guanosine) (18). Preliminary experiments were done
in C57BL/6 mice to determine the dose of G-coupled isogeneic
spleen cells that suppresses the immune response to G. Groups
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Abbreviations: AGCT, a mixture of the four nucleosides adenosine,
guanosine, cytosine, and thymine ribonucleoside; G-AECM-Ficoll or
G-Ficoll, guanosine-aminoethylcarboxymethyl-Ficoll; KLH, keyhole
limpet haemocyanin; PFC, plaque-forming cells; SRBC, sheep
erythrocytes.
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FIG. 1. The dose-response of suppression of the immune response
to G-KLH induced by intravenous injection of G-modified spleen
cells. Groups of C57BL/6 male mice, ages 6-8 weeks, were injected
with various doses of G-spleen cells. Control groups received either
no injection or 80 X 106 sham-treated cells. All mice were immunized
intraperitoneally 5 days later with 0.2 mg of G-KLH in complete
Freund's adjuvant. On day 10, individual spleen cell suspensions were
made of each spleen; these were assayed for direct plaque-forming
cell (PFC) activity to G-conjugated sheep erythrocytes (SRBC). Each
point represents the geometric mean PFC per spleen (+SEM) of each
group of five mice. The broken bar represents the SEM of the group
of five mice injected intravenously with 80 X 106 sham-treated spleen
cells.

of C57BL/6 mice were injected intravenously with various
doses of G-coupled spleen cells. Untreated animals or animals
similarly injected with sham-treated spleen cells served as
controls. Five days later, all animals were immunized intra-
peritoneally with G-KLH in complete Freund's adjuvant (18).
Suppression of the immune response to G as detected by direct
plaque-forming cells was dose dependent (Fig. 1). The optimal
dose was 80 X 106 of G-coupled isogeneic spleen cells; 100 X
106 such cells caused no further suppression. In contrast, in-
travenous injection of 80 X 106 sham-treated cells failed to in-
fluence the immune response to G.
The time course of suppression was then determined by

varying the day of immunization with G-KLH in relation to the
injection of 80 X 106 G-coupled spleen cells. We found that the
suppression required time to develop and was transient. For
example, if immunization with G-KLH was done on the same
day as the intravenous injection of G-coupled spleen cells, there
was no diminution in the number of anti-guanosine PFC. In
contrast, when the immunization was done 2 days after treat-
ment with 80 X 106 G-coupled spleen cells, the number of G-
specific antibody-forming cells was reduced by 50%. Maximum
suppression (85%) was observed when the immunization fol-
lowed the treatment by 5 days. When the immunization was

Table 1. Specific suppression of guanosine immune response to a
T-independent antigen in vitro

PFC/culture + SEM
Treatment G-Ficoll P* SRBC

None 550 + 176 5688 ± 1216
80 X 106 G-spleen cells

intravenous 56 + 129 <0.05 5557 ± 1004

None 558 + 165
T cells from animals injected

intravenously with 80 X 106
G-spleen cells mixed in
vitro 1:1 with normal
spleen cellst 56 + 26 <0.05

* P, probability that difference in response between treated and
control cells is due to chance.

t The immune response to G-Ficoll of normal T cells mixed in vitro
1:1 with normal spleen cells was 593 ± 121.

given 7 days after the treatment, the immune response was
reduced by 45%; but if the delay was 14 days there was no effect
on the immune response.
The transient nature of this phenomenon is consistent with

the results of others in different systems (19, 20) and suggests
that we are dealing with suppressor T cells. To substantiate this
interpretation, we determined whether spleen cell suspensions
obtained from animals injected intravenously with G-coupled
spleen cells 5 days previously could suppress the B cell response
to the T-independent antigen G-AECM-Ficoll in vitro. The
results (Table 1) show that such is the case. Similarly, nonad-
herent T cells obtained by passing spleen cell suspensions from
suppressed animals through a nylon wool column were able to
diminish the immune response of normal spleen cells. The
spleen cell suspensions that diminished the response to G-
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FIG. 2. Comparative suppression of the immune response to
AGCT-KLH induced by isogeneic AGCT-modified spleen cells in
C57BL/6 and BDF1 mice. Groups of five mice of either C57BL/6 or
BDF1 strain were given intravenous injections of 40 X 106 and 80 X
106 isogeneic AGCT-modified spleen cells. All mice (including un-
treated controls) were immunized intraperitoneally 5 days later with
AGCT-KLH in complete Freund's adjuvant. Individual spleen cell
suspensions were assayed on day 10 for direct PFC to AGCT-SRBC
targets. Values are geometric means ± SEM.
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Table 2. Nucleoside specificity of suppression in vivo
PFC/spleen ± SEM

Treat-
Group mentt AGCT-SRBC P* A-SRBC P* G-SRBC P* C-SRBC P* T-SRBC P*

I None 21,824 + 8382 6428 + 2160 18,808 + 8908 10,108 + 3744 8502 ± 3309
II Sham-

treated
spleen
cellst 20,328 + 4272 6009 + 1514 17,178 + 4657 7,757 + 1892 8555 + 2497

III G-IgG2. 11,454 + 2250 <0.05 4569 + 1172 <0.2 4,821 ± 2893 <0.01 9,943 + 2306 <0.5 7853 ± 2968 <0.5
IV G-spleen

cellst 11,501 ± 2849 <0.05 2868 ± 713 <0.005 5,789 ± 1797 <0.025 4,484 + 790 <0.005 6844± 1482 <0.2
* P, probability that difference in response between treated and control (group 1) animals is due to chance.
t Administered 5 days before immunization.
I There were 80 X 106 of the appropriately treated spleen cells.

AECM-Ficoll did not affect the immune response to SRBC in
vitro, suggesting that the suppression was antigen specific.
The above data suggest that suppressor T cells to guanosine

reduce either the T-dependent immune response in vvo' or the
T-independent response in vitro. We next examined whether
an immune response to the four nucleosides AGCT can be
suppressed in vivo. Groups of C57BL/6 or BDF1 mice were
injected intravenously with either 40 X 106 or 80 X 106 isoge-
neic spleen cells coupled to AGCT. Five days later, these mice,
together with untreated mice of the same strain, were chal-
lenged with the four nucleosides bound to KLH (AGCT-KLH).
Fig. 2 shows that the immune response to the nucleosides was
suppressed in both strains by either dose of AGCT-coupled
spleen cells.

In view of the potential therapeutic application of this model
to the treatment of systemic lupus, we asked if G-coupled spleen
cells could inhibit an immune response to the four nucleosides.
For comparison, we included C57BL/6 mice made tolerant by
a single intravenous injection of G coupled to mouse IgG, be-
cause the hapten specificity of tolerance induced by isologous
IgG is known (15). In all instances, antibody-forming cells to
either AGCT or to the individual nucleosides were assayed in
the same spleen cell suspension. We also examined the immune
response to SRBC in animals treated with G-coupled spleen cells
to further study the specificity of the system. The results of these
experiments (Table 2) show that treatment with G-coupled
spleen cells appears to affect not only the immune response to
the ligand present on the modified lymphoid cell (i.e., G), but
also the immune responses to A and C. In contrast, as expected,
tolerance induced by isologous IgG was G specific. (In both
instances, the number of PFC revealed by AGCT-SRBC targets
was reduced due to the immunodominant role of G.) Thus,
immune suppression induced by G-coupled spleen cells appears
to have a specificity that is somewhat broader than tolerance
to G induced by isologous IgG. The suppression was, however,
specific for nucleosides, because there was no effect on the
immune response to an unrelated antigen, SRBC, in vvo (PFC
to SRBC = 158,700 ± 30,200 in animals treated with 80 X 106
G-coupled spleen cells 5 days before challenge with 0.1 ml of
20% SRBC suspension; cf. 158,600 ± 21,500 in untreated ani-
mals similarly challenged).
We have shown that the concept of using cell-bound antigens

as tolerogens applies to nucleic acids. It should be emphasized
that immune suppression generated by nucleoside-modified
lymphoid cells suppresses not only the immune response to a
T-dependent antigen. in vivo but also the immune response to
a T-independent antigen in vitro. This suggests that suppressor
T cells affect either helper T cells or B cells directly.

Several areas of investigation appear to be opened by the

demonstration of nucleoside-dependent suppressor T cells. For
example, not only suppressor T cells but also T cells cytotoxic
for nucleoside might be elicited by this technique, thus pro-
viding a model for the study of cell-mediated immunity to
nucleic acid antigens, an unexplored field. Second, the role
played by the major histocompatibility antigen on the carrier
lymphoid cell of the donor animal in eliciting either suppressor
or cytotoxic T cells can be examined in a model relevant to
autoimmune diseases. Third, the finding that the specificity of
immune suppression induced by G-coupled IgG is somewhat
broader than the specificity of tolerance induced by G-coupled
IgG is perhaps of greatest biological importance in determining
the therapeutic value of raising nucleic acid-specific suppressor
T cells to treat murine systemic lupus. Perhaps the specificity
of the suppressor T cell product is broader than that of the
immunoglobulin B cell receptor. Conceivably, oligonucleotide
linked to cell surfaces might suppress antibodies to either single-
or double-stranded DNA, which are of critical importance in
lupus nephritis. In any event, it appears that the suppression of
antibody to nucleic acid antigens can now be achieved by two
different means: either through inducing tolerance with nucleic
acid antigen linked to gamma globulin or by eliciting sup-
pression with nucleic acid linked to cells. The relative contri-
bution of either or both applications of immunologic tolerance
can be assessed for treating an autoimmune disease.
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