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Regulatory role of suppressor T cells in the expression of delayed-type
hypersensitivity in mice
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Summary. Delayed footpad reaction (FPR) to lyso-
zyme (Lys) in mice was induced without antibody
responses by lipid-conjugated lysozyme (D.Lys). This
FPR was suppressed by priming s.c. with a high dose
(10 mg) of Lys 2 weeks previously (unresponsiveness).
Spleen cells from the unresponsive mice suppressed
antigen-specifically FPR in mice previously im-
munized with D.Lys, and also suppressed passive
transfer ofFPR by D.Lys-immune lymphoid cells into
normal mice. The suppressive activity of the spleen
cells was abolished by treatment with anti-0 anti-
serum and complement. The suppressor cells occurred
also in the thymus of unresponsive mice. Unresponsi-
veness was induced in mice immediately after priming
with Lys and persisted at least up to 7 weeks after the
induction. In contrast, suppressor cells appeared only
2 weeks after induction ofunresponsiveness in both the
spleen and the thymus but were no longer detectable
3-7 weeks later, although donor mice remained fully
unresponsive. These results suggest that antigen-speci-
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fic suppressor T cells are involved in the regulation of
the expression ofFPR only for a definite period of time
in unresponsive mice.

INTRODUCTION

In recent years increasing attention has been paid to
suppressor T cells which provide an important regula-
tory mechanism in many immune responses. Suppres-
sor T cells involved in contact sensitivity to picryl
chloride (Zembala & Asherson, 1973) and to dinitro-
fluorobenzene (DNFB) (Phanuphak, Moorhead &
Claman, 1974) have been described in mice. Delayed
footpad reaction (FPR), which is another manifes-
tation of delayed-type hypersensitivity (DTH) in mice
(Crowle, 1975), was also regulated by suppressor T
cells in mice injected i.v. with 109 horse red blood cells
(HRBC) (Ramshaw, Bretscher & Parish, 1976) and
109 sheep red blood cells (SRBC) (Liew, 1977). These
suppressor T cells may inhibit the induction of DTH
(Phanuphak et al., 1974), the expression of DTH
(Zembala & Asherson, 1973) or hoth (Ramshaw et al.,
1976; Liew, 1977). On the other hand, antibody or
antigen-antibody complexes were shown to inhibit
both the induction and the expression of FPR to
SRBC in mice (Mackaness, Lagrange, Miller & Ishi-
bashi, 1974). Under these circumstances, it may be
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preferable to investigate the regulatory mechanism of
DTH in a FPR system where no antibody responses
are induced.

In previous work, we prepared a derivative of lyso-
zyme (Lys), D.Lys, by conjugating Lys with dode-
canoic acid, which selectively induced FPR to Lys with
no antibody response in mice (Kojima, Sugimoto &
Egashira, 1976). The FPR induced with D.Lys was
enhanced by treatment with cyclophosphamide (CY),
suggesting the participation of suppressor cells in the
FPR, as CY had been shown to eliminate the precur-
sors of suppressor cells (Turk, Parker & Poulter, 1972;
Polak & Turk, 1974; Gill & Liew, 1978).

In the experiments presented here, the regulation of
the expression ofDTH was investigated in more detail
in the FPR system in the absence of antibody. The
cellular nature and transient appearance of suppressor
cells involved in the regulation of the FPR is described.

MATERIALS AND METHODS

Animals
Female ddY/S mice from 6 to 8 weeks old were used in
all experiments except those described in Fig. 2.

Antigens
Six-times crystallized hen egg white lysozyme (Lys)
was obtained from Seikagaku Kogyo Co., Tokyo.
Dodecanoic acid-conjugated lysozyme (D.Lys) was
prepared as described previously (Kojima et al., 1976)
according to the method of Coon & Hunter (1973).
Alpha-lactalbumin (LA) (Sigma Co., St Louis) was
dissolved in phosphate buffered saline (pH 7 5) and
then centrifuged at 100,000 g for 60 min to remove
insoluble materials.

Sensitization
Groups of six to eight mice were immunized subcu-
taneously (s.c.) with 100 pug D.Lys in saline, which
induced FPR to Lys without antibody responses
(Kojima et al., 1976). For the production of high levels
of FPR, mice were injected intraperitoneally with 300
mg/kg of cyclophosphamide (Endoxan, Shionogi Co.,
Osaka) 3 days befre thel immnizaikn.A state of
unresponsiveness for FPR was induced by priming s.c.
with 10 mg Lys 14 days previously.

Cell transfer
All cell suspensions were prepared in balanced salt

solution (BSS, pH 7 2) (Golub, Mishell, Weigle &
Dutton, 1968). Spleen cells were prepared by gently
teasing the spleen with forceps. The thymus was
scissored and disrupted to a single cell suspension by
pipetting gently with capillary pipette. The cells were
passed through a stainless mesh and washed three
times with minimum essential medium (MEM, Nissui
Co., Tokyo). Five to 10 x 107 spleen cells or 2 x 107
thymus cells were transferred intravenously into nor-
mal mice or immune mice which had been injected
with CY and immunized with D.Lys 7 days previously.
The recipient mice were challenged for DTH in the
footpad within 2 h after the cell transfer and their
footpad swelling was determined 24 h later.

Anti-O treatment ofspleen cells
Anti-brain-associated 0 antiserum was raised in rab-
bits according to the method of Golub (1971). The
anti-O antiserum was absorbed with liver cells, bone
marrow cells, and red blood cells. At a 1/32 dilution
the absorbed anti-O antiserum killed more than 90% of
thymus cells and about 30% of spleen cells by the
trypan blue exclusion test. For the depletion ofT cells
from spleen cell suspensions, cells (2 x 108 cells/ml)
were mixed with an equal volume of a 1/2 dilution of
anti-0 antiserum and incubated at 40 for 60 min. After
washing with BSS, the cells were suspended in a 1/3
dilution of agarose-absorbed guinea-pig serum
(Cohen & Schlesinger, 1970) and incubated at 370 for
30 min. They were washed with BSS and resuspended
in MEM for cell transfer.

Footpad testfor DTH
DTH was determined as footpad swelling as described
previously (Sugimoto, Kojima, Yaginuma & Egash-
ira, 1975). Seven days after immunization with D.Lys,
mice received eliciting injection with 2 5 /,g Lys emulsi-
fied in Freund's incomplete adjuvant into the right
footpad and with an emulsion without the antigen into
the left footpad as a control. Footpad thickness was
measured 24 h after the eliciting injection and specific
footpad swelling was determined by subtracting the
thickness of the left footpad from that of the right.
Normal mice were challenged only for the non-specific
footpad swelling as a negative control.

Serum antibody assay
Hyperimmune serum was raised in mice by three s.c.
injections of 100 pg Lys in Freund's complete adjuvant
(CFA) at 2-week intervals. The mice were bled 2 weeks
after the last injection. Serum from unresponsive mice
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were taken 2 weeks after priming with 10 mg Lys.
Antibody titres to Lys in the heat-inactivated sera

were determined by passive haemagglutination using
SRBC coupled with Lys by the method of Johnson,
Smith & Hall (1968).

RESULTS

Induction of antigen-specific suppression of FPR
Effect of priming dose of Lys on suppression of FPR
was investigated. Mice were primed s.c. with various
doses (10 pg to 10 mg) of Lys and 14 days later
immunized with 100 pg D.Lys in saline. FPR was

elicited with Lys 7 days after the immunization (Fig.
1). Priming with 10 pg and 100 pg Lys did not affect
FPR induced with D.Lys. With increased priming
doses of Lys, however, mice produced depressed FPR
(unresponsiveness) to a subsequent immunization
with D.Lys, and FPR was markedly reduced by prim-
ing with 10 mg Lys. Thus, in the following experi-
ments, mice primed s.c. with 10 mg Lys were used 14
days later as donors of Lys-primed suppressors for
FPR.
The unresponsiveness was antigen-specific (Table

1): Mice primed with 10 mg Lys were rendered unre-

sponsive to subsequent immunization with D.Lys or

Lys in CFA but responsive to the immunization with
LA in CFA, whereas mice primed with 10mg LA were

unresponsive to LA but not to Lys.

Suppression of the expression of FPR by thymus-der-
ived cells from unresponsive mice

Suppressive activity of spleen or thymus cells from
unresponsive mice was assessed in cell transfer experi-
ments into immune mice. Mice injected with CY on

day -3 and immunized with D.Lys on day 0 produced
high levels of FPR to Lys on day 7 (D.Lys-immune
mice). These mice received the injection of spleen cells
(1 x 108) or thymus cells (2 x 107) from syngeneic un-

responsive donors which had been primed with 10 mg
Lys 14 days previously. The recipient mice were chal-
lenged with Lys into thefootpads within 2 h after the cell
transfer, and their FPR was determined 24 h later (Fig.
2). FPR in D.Lys-immune mice was not affected by the
transfer of spleen cells from normal mice; the transfer
of spleen cells from unresponsive mice suppressed
FPR in the immune recipients. Thymus cells (2 x 107)
from unresponsive mice were as effective as spleen cells
(1 x 108) from the same donors in suppression of FPR.

Primed
with
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.......................................
......................

-10mg1

wegure hallenge onyfori FPRes afn i ontrol.
primed s.c. with various doses (10 egto 10 mg) of Lys and 14
days later immunized s.c. with 100 jug D.Lys. FPR to Lys
were elicited 7 days after the immunization. Normal mice
were challenged only for FPR as a negative control.

Table 1. Antigen-specific suppression of FPR

Footpad swelling (+S.E.) (1/100 mm)

Primed with D.Lys Lys in CFA LA in CFA

None 624+ 12.1 84-9+ 11-6 70-3+9-6
Lys 12-7+ 9-8 26-6+ 8-9 72.3+5 3
LA 64-5+ 7-1 80-0+11-9 35-1+7-7

Negative cont.* 3-3 + 7-8

Mice were primed s.c. with 10 mg Lys or LA and 14
days later immunized with either 100 pg D.Lys in saline,
100 pg Lys in CFA, or 100 pg LA in CFA. FPR was
elicited 7 days later in mice immunized with D.Lys, and
14 days later in mice immunized with Lys in CFA or LA
in CFA.

* Normal mice received only eliciting injection into
footpad.

The T-cell dependence of the suppression of FPR is
shown in Fig. 3. Spleen cells from unresponsive mice
were treated with anti-O antiserum and complement
and then 1 x 108 viable cells were transferred into
D.Lys-immune mice. This treatment abolished the
ability of the spleen cells to suppress the expression of
FPR in the immune recipients.
These results suggest that thymus-derived cells (T

cells) are responsible for suppression of the expression
of FPR.

Antigen specificity of suppressor cells
The antigen specificity of the inhibition of expression
of FPR by suppressor cells was investigated (Fig. 4).
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Figure 2. Suppression of the expression of FPR in immune
recipients by the spleen and thymus cells from unresponsive
mice. Spleen cells (1 x 108) and thymus cells (2 x 107) from
DDY mice primed 14 days previously with 10 mg Lys were
transferred into syngeneic mice which had been injected with
CY (300 mg/kg) and immunized with D.Lys 7 days pre-
viously. The recipient mice were challenged for FPR
immediately after the cell transfer. SPC, spleen cells; THC,
thymus cells.
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Figure 3. Effect of treatment with anti-O antiserum and com-
plement on suppressive spleen cells. Suppressive spleen cells
from mice primed 14 days previously with 10 mg Lys were
treated with either rabbit anti-0 antiserum or normal rabbit
serum (NRS) plus complement (C), and then 1 x 108 viable
cells were transferred into CY-treated D.Lys-immune reci-
pients. The recipient mice were challenged for FPR
immediately after the cell transfer.

Spleen cells (1 x 108) from mice primed 14 days pre-
viously with 10 mg Lys or LA were transferred into
D.Lys-immune mice (Fig. 4A), or LA-immune mice
(Fig. 4B). FPR in the D.Lys-immune mice was
depressed by the transfer of Lys-primed spleen cells
but not of LA-primed spleen cells. In contrast, FPR in
LA-immune mice was not affected by the transfer of
Lys-primed spleen cells but suppressed by LA-primed
spleen cells. These results suggest that suppressor cells

Spleen cells
tran sferred

Footpad swelling ( 1/loo mm)

0 40 80 120

None ..............................

Normal :1:--:.::. :.......I
Lys- pr rmed

.............................. .. ..
LA primed ....................-

Negative cont. _ AA

None

Lys-primed

LA-primed

Negative cont.
B

Figure 4. Antigen specificity of suppressor cells. Suppressive
spleen cells (1 x 108) taken 14 days after priming with 10 mg
Lys or LA were transferred into CY-treated D.Lys-immune
mice (A), or LA-immune mice injected with 100 uig LA in
CFA 14 days previously (B). FPR was elicited immediately
after the cell transfer.

in the expression of FPR express their function anti-
gen-specifically.

Inability of antibody to suppress the expression of FPR

The role of serum antibody in suppression of the
expression of FPR was investigated. D.Lys-immune
mice were given either normal serum, hyperimmune
serum, or serum from unresponsive mice immediately
before elicitation of FPR (Table 2). Serum from unre-
sponsive mice (anti-Lys titre: 22, in this experiment)
did not affect the levels of FPR in the immune mice.
Furthermore, hyperimmune serum (anti-Lys titre: 29)
failed to affect the levels of FPR, although the serum
could transfer high anti-Lys antibody titres into the
recipient mice. This shows that serum antibody does
not play any role in suppression of the expression of
FPR.

Depression of passive transfer of FPR

In the following experiment, whether the suppressor
cells can inhibit the function of immune cells respon-
sible for FPR was investigated in a passive transfer
system of FPR into normal mice. Spleen cells were
taken from D.Lys-immune mice 7 days after immuni-

Cells transferred

Non e

Normal SPC x108

Primed SPC x 108

Primed THC 2x107

Negative cont.

:.:.:.:.:.:.:.:.:.:.:.:.:.:.: :.:.:.:.:.:.:.:.:.:.;..................:

................................. -........
.............. ..............................
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Table 2. Inability of serum to suppress the expression of FPR in
D.Lys-immune mice

Serum transferred Footpad swelling (± S.E.) Anti-Lys titre*
(0 2 ml) (1/100 mm) (log2)

None 169-0 +17 8 0
Normal serum 156-1 + 18-3 0
Serum from
unresponsive mice 1677 + 26-1 02 +0 1
Hyperimmune serum 159 8 + 27-9 4.7 +0 4
Negative controlt 6.6 + 6-6 0

Mice injected with CY and immunized with D.Lys 7 days pre-
viously were given either normal serum, hyperimmune serum, or
serum from mice primed 14 days previously with 10 mg Lys. FPR
was immediately elicited in recipient mice.

* Anti-Lys antibody titres in recipient mice.
t Normal mice received only eliciting injection into footpad.

zation. The D.Lys-immune spleen cells (5 x 107) were

transferred alone or in combination with Lys-primed
spleen cells (5 x 107) from unresponsive mice into nor-

mal mice. The normal recipients were immediately
challenged for DTH into footpad (Table 3). The
D.Lys-immune spleen cells alone could passively
transfer FPR into normal mice although their ability
to transfer FPR was depressed by the addition of
Lys-primed spleen cells from unresponsive mice.

Persistence of unresponsiveness and transient appear-

ance of suppressor cells
The kinetics of unresponsiveness was compared with
that of development of suppressor cells in the thymus
and spleen in unresponsive mice.

Mice were primed with 10 mg Lys and immunized
with D.Lys 0, 1, 2, 3, 5 and 7 weeks after the priming.
FPR was elicited 7 days after the immunization (Fig.
5). Mice primed with 10mg Lys at the same time ofthe
immunization were rendered unresponsive for FPR on

day 7. This unresponsiveness was also observed in
mice primed with 10 mg Lys 1-7 weeks earlier.
The kinetics of development of suppressor cells in

both the spleen and the thymus in unresponsive mice
were investigated in the following experiments. Spleen
cells (1 x 108) and thymus cells (2 x 107) were taken
from unresponsive mice 1-7 weeks after unresponsive-
ness induction and transferred into D.Lys-immune
mice. The immune recipients were challenged forDTH
into the footpads immediately after the cell transfer
(Fig. 6). Suppressor cells appeared 2 weeks after unre-

Table 3. Depression of transfer of FPR by immune spleen
cells into normal recipient mice

Spleen cells transferred
Footpad swelling (± S.E.)

D.Lys-immune Lys-primed (1/100 mm)

5x107 None 407+82
5x107 5X107 11.1+89
None None 6-3+ 6-7

D.Lys-immune spleen cells were taken 7 days after im-
munization from mice injected with CY and immunized with
D.Lys. Suppressive spleen cells were taken from mice
primed 14 days previously with 10 mg Lys. The immune
spleen cells were transferred alone or in combination with
suppressive spleen cells into normal mice. The recipient mice
were immediately challenged into the footpads and their 24
h footpad swelling was determined.

sponsiveness induction in both the spleen and the
thymus. Both spleen and thymus cells, however, from
mice 3-7 weeks after unresponsiveness induction lost
their ability to suppress FPR, although donor mice
remained fully unresponsive.
These results show that thymus and spleen cells of

unresponsive mice are active in suppressing the expres-
sion of FPR only for a definite period of the long-
lasting unresponsiveness phase.

DISCUSSION

In the present experiments, the properties of suppres-
sor cells in the expression ofDTH in mice were investi-
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Figure 5. Kinetics of unresponsiveness induction. Mice were primed s.c. with 10 mg Lys and various times later immunized with
D.Lys. FPR was elicited 7 days after the immunization. Control mice were not primed with 10 mg Lys but immunized with
D.Lys.
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Figure 6. Kinetics ofthe development of suppressor cells in the spleen and thymus. Mice were primed s.c. with 10 mg Lys. Various
times after the priming, spleen (1 x 1 08) and thymus cells (2 x 107) were taken and transferred into mice which had been injected
with CY and immunized with D. Lys 7 days previously. FPR was elicited immediately after cell transfer. Control mice received no
cells. Week 'O' indicates mice receiving transfer of normal cells. Stippled column, control mice; hatched column, spleen cell
recipients; open column, thymus cell recipients.

gated in a FPR system where no antibody responses
were produced with use of a chemically modified deri-
vative of Lys, D.Lys, as an immunizing antigen
(Kojima et al., 1976). The results show that mice ren-
dered unresponsive by priming s.c. with a single dose
of Lys, produced suppressor cells which suppressed
the expression ofFPR in D.Lys-immune mice and also
inhibited the transfer ofFPR by the immune lymphoid
cells into normal mice (Fig. 2, Table 3). These suppres-

sor cells are antigen-specific as suppressor cells in-
duced with Lys inhibited FPR in D.Lys-immune mice
but not FPR in LA-immune mice and vice versa (Fig.
4). The suppressor cells are T cell in nature, as they
were sensitive to the treatment with anti-O and comple-
ment (Fig. 3), and this was supported by experiments
where 2 x 107 thymus cells displayed similar extents of
suppressive effects as did I x 108 spleen cells (Fig. 2).
The presence of suppressor T cells in the thymus is in
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keeping with the earlier observations on suppressor T
cells in the induction of skin reaction in rat (Ha &
Waksman, 1973) and FPR in mice (Liew, 1977). This
is not consistent, however, with the reports by Asher-
son & Zembala (1974) and Claman, Miller & Moor-
head (1976) who have described that tolerance of con-
tact sensitivity could not be transferred by thymus cells
from tolerant donors, suggesting the suppressor T cells
have to be peripheral T lymphocytes. Suppressive role
of thymus cells in the expression of FPR to D.Lys is
described in Kojima, Tamura & Egashira (1979).

The suppression of the expression ofFPR to D.Lys
is not likely to be due to serum antibody, as has been
reported by Mackaness et al. (1974). First, only low
levels of serum antibody were produced in unrespon-
sive mice, and in many cases antibody levels were very
low or not detectable. Secondly, the transfer of serum
from unresponsive mice or hyperimmune serum failed
to suppress the FPR, although the hyperimmune
serum could transfer significant levels ofantibody into
recipient mice (Table 2). This is consistent with the
results by Easmon & Glynn (1977) who have found
that immune serum had no effect on the expression of
FPR to staphylococci. The possibility may be argued,
however, that suppressor T cells were effective in the
influence of excess antigen or antigen-antibody com-
plexes, because unresponsiveness of donor mice was
induced by the injection with a high dose of antigen.
This seems not to be the case. Transfer of suppressive
activity in both the spleen and the thymus was not
detected I week after the injection but detected 2 weeks
after the injection (Fig. 6). The transferred cells were
washed well. Moreover, D.Lys induced no detectable
antibody in recipient mice (Kojima et al., 1976), and
antigen-antibody complexes could not be formed in
them even if antigen was transferred. Furthermore,
extract from the thymus and spleen of unresponsive
mice had no suppressive effect (Kojima et al., 1979).
Nevertheless, it is not ruled out that the suppressive
activity in the serum, as has been reported by Macka-
ness et al. (1974), may be mediated by factor(s)
released by suppressor T cells. The role of a soluble
suppressor T cells factor for the expression of FPR in
the present system is described in Kojima et al. (1979).

Kinetics of unresponsiveness showed discrepancy
between the persistence of unresponsiveness and the
transient appearance of suppressor cells. Unresponsi-
veness induced by priming s.c. with Lys persisted at
least up to 7 weeks after the priming (Fig. 5). In
contrast, suppressor cells appeared in the thymus only
2 weeks after unresponsiveness induction and were no

longer detectable 3-7 weeks later in mice which
remained fully unresponsive to a subsequent immuni-
zation with D. Lys (Fig. 6). This loss of suppressor cells
in the thymus is not likely to be due to their migration
out from the thymus toward the spleen; in the spleen
suppressor cells were also detected 2 weeks after unres-
ponsiveness induction and disappeared thereafter
(Fig. 6). The transient appearance ofsuppressor T cells
in our system is consistent with that of suppressor T
cells involved in the induction of DNFB contact
sensitivity (Miller, Sy & Claman, 1977), FPR to SRBC
(Liew, 1977), and skin reaction to bovine y-globulin in
rats (Ha & Waksman, 1973). These reports have
shown that suppressive activity in spleen and lymph
node cells of unresponsive mice was detectable only
for a definite period of time after unresponsiveness
induction, while unresponsiveness in donor mice per-
sisted for a much longer time. Although it is difficult to
understand why detectable suppressive activity disap-
pears entirely, one explanation is inhibition of effector
T cell clones as has been suggested by Miller et al.
(1977). Another is that a further type of cell maintains
suppression in unresponsive mice. In support of this
view is the finding by Zembala & Asherson (1974) who
have shown that suppressive activity of suppressor T
cells was mediated by macrophages. It may be also
possible that suppressor T cells are active only for a
short period of time but retain a long-lasting immuno-
logical memory such as memory suppressor T cells in
antibody responses recently described by Loblay, Prit-
chard-Brisco & Basten (1978). Further experiments
are required to examine these possibilities.
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