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ABSTRACT

Spleen cells from mice treated with cyclophosphamide (100
to 200 mg/kg) were unable to generate effective cytotoxic
thymus-denived cells to allogeneic tumor cells in vitro. The
inability of lymphoid cells from cyclophosphamide-treated mice
to generate thymus-denived cytotoxic cells became more ap
parent as the number of responding cells became limited. This
depressed response was not due to the elimination of cytotoxic
precursor cells since normal response levels were restored by
the addition of thymus cells. The added thymus cells did not
provide cytotoxic cells in the culture. The thymus cells active
in restoring cytotoxic activity were sensitive to mitomycin C,
cyclophosphamide, and anti-Oserum and complement. In ad
dition, the active thymus cells were located in the cortisone
resistant pool and did not adhere to nylon wool columns.

INTRODUCTION

CY3 is a nonspecific alkylating agent used as a cytomeductive
drug in the control of neoplasia. The lethality of CV is primarily
a consequence of DNA alkylation; however, other cellular
processes may also be impaired (25, 48). Recently, it was
demonstrated that CV can act in vivo as an immune modulator
with the special property of inhibiting humomalantibody pro
duction while enhancing delayed-type hypersensitivity meac
tions (3, 15, 32, 42, 52). Using the criteria of lymphocyte
transformation, tissue morphology, and the primary response
to soluble antigen, it has been shown that CV affects B-cells
more severely than it affects T-cells (49). The inhibition of
antibody production in mice treated with high doses of CY
(>1 00 mg/kg) is explained in part by its lethal effects on B-
cells; however, lower doses of CY (20 mg/kg) are believed to
selectively remove cells active in suppressing antibody me
sponses, leaving the humoral response otherwise intact (13).

CY produces variable effects on cell-mediated immune me
actions in vitro and in vivo (5, 18, 19, 23, 28, 35, 43, 45, 47,
56). For the most part, CY has been shown to enhance cellular
immune responses through the inactivation of suppressor T
cells (4, 12, 37) and suppressor B-cells (31 , 39). RÃ¶llinghoffet
a!. (43) have reported that CY (50 to 100 mg/kg) enhances
the in vivo generation of cytotoxic T-cells in mice immunized to
allogeneic spleen cells on hapten-coated syngeneic spleen
cells. Ferguson and Simmons (17) reported that pretreatment
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of mice with CY (100 mg/kg) prior to culture abrogated non
specific culture-induced suppressor cells.

On the other hand, high doses of CY have been known to
invariably suppress the cytotoxic T-ceII response (18, 19, 35).
However, it is not knownwhetherCY directlyaffects cytotoxic
T-celI precursors in the same manner as it acts upon B-cells.
In this paper, we show that cytotoxic T-cell precursors are
resistant to CY. We present evidence suggesting that the
suppression of the cytotoxic T-cell response by CY results not
from the elimination of cytotoxic precursors but from the elim
ination of necessary accessory thymus cells.

MATERIALS AND METHODS

Mice. Male C57BL/6 (H-21'), female DBA/2 (H@2d),and
female BALB/c (H@2d)mice were obtained from The Jackson
Laboratory, Bar Harbor, Maine. Congenitally athymic male
BALB/c (H-2@')nu/nu mice were obtained from the breeding
facilities at Memorial Sloan-Kettering Cancer Center. Female
CBA/HT6T6 (H-2â€•)micewere kindlyprovidedby Dr. C. Paige;
female AKR (H@2k)mice were kindly provided by Dr. A. Kassel
(Sloan-Kettering Institute).

Cell Lines. P815-X2 (H-2@')mastocytomacells and EL-4 (H-
2â€•)lymphoma cells were maintained by weekly i.p. passage in
syngeneic DBA/2 and C57BL/6 mice, respectively. Cl 18 (H-
2â€•)myeloma cells of C3H origin were maintained by in vitro
passageinDulbecco'smodifiedEagle's mediumsupplemented
with I 0% heat-inactivatedhorseserum.

Preparation of Lymphoid Cells. Spleen cells, lymph node
cells, and thymus cells were prepared for in vitro culture in a
manner similar to that described by Mishell and Dutton (36).
Briefly, the Iymphoid tissue was removed aseptically, and the
cells were gently teased into suspension in BSS. The cells
were then dispersed by repeated aspiration with a Pasteur
pipet, and the larger debris was allowed to settle at O@for 5
mm. The cells remaining in the supennatant were aspirated,
washed 3 times in BSS, and adjusted to the appropriate con
centration in RPMI (Grand Island Biological Co., Grand Island,
N. Y.) containing 5 x 10@ M 2-mercaptoethanol and 20%
FCS. Penitonealexudate cells were obtained by injecting2 ml
BSS into the penitonealcavity and immediatelyaspiratingthe
fluid. The cells were then washed 3 times at 4Â°in BSS and
adjusted to the proper concentration in culture medium. Nylon
wool-adherent and -nonadherent lymphocytes w@neseparated
by the method described by Tnizio and Cudkowicz (51).

In Vitro Generation and Assay of Cytotoxic T-CeIIs. Splenic
lymphocytes were mixed at various concentrations (5 x 1O@to
2.5 x 106/ml) with Mit C-treated (107/mI plus Mit C, 25 @g/
ml) stimulator cells (5@ 105/ml) in RPMI medium containing
20% FCS. The cell mixtures (0.2 ml) were cultured in round
bottom microculture plates (Linbro Scientific, Hamden, Conn.;
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IS-MRC-96-TC) for 5 days at 37Â°in a humidified atmosphere
with 5% CO2.

CMC was measured by a modification of the 51Cr release
assay as described by Hinschberg et a!. (26). Briefly, 2 to 4 x
106 target cells harvested from passage animals were mixed
with 200 @iCi51Cn(New England Nuclear, Boston, Mabs.) in a
volume of 0.8 ml RPMI-FCS and incubated at 37Â°for 1 hr. The
51Cr-Iabeledcells were washed and suspended in RPMI-FCS
to a concentration of 2.5 x 105/mI. Twenty ,sIcontaining 5 x
1O@51Cr-labeled cells were added to each culture well. The
cultures were mixed individually with a Pasteur pipet, centni
fuged for 3 mm at 30 x g and then incubated at 37Â°in a
humidified atmosphere with 5% CO2. At the end of the 5-hr
incubation, the plates were centrifuged at 400 x g for 5 mm,
and the amount of radioactivity released into the supernatant
of each culture was determined by analyzing 0.1 ml of each
culture supennatant in a Nuclear Chicago gamma counter.
Percentage of specific 51Crrelease on quadnuplicate cultures
was calculated in the following manner:

Experimental releaseâ€” spontaneous release@@

Totalreleaseâ€”spontaneousrelease

Total releasable counts were determined by diluting the 51Cr
labeled target cells in distilled water. Spontaneous release for
the 5-hr assay was always less than 15%.

Cv. CY (Mead Johnson, Evansville,Ind.) was dissolvedin
sterile 0.9% NaCI solution at a concentration of 20 mg/mI.
Individual mice were weighed and given i.p. injections of CY.
There was a 40 to 60% reduction in splenic cellularity after CY
treatment (100 to 200 mg/kg). The spleen cells of treated mice
and normal littenmate control mice were greaten than 80%
viable as determined by trypan blue exclusion.

Cortisone. Hydrocortisone acetate (Merck Sharp and
Dohme, West Point, Pa.' was suspended in BSS and injected
i.p. at a dose of 50 mg/kg 48 hr before harvesting thymus
cells.

Antl-O Treatment. Spleen cells or thymus cells were treated
with AKR anti-C3H antiserum (anti-Thy 1.2; Bionetics Labora
tories, Kensington, Md.) or normal mouse serum for 30 mm at
room temperature, and then previously absorbed guinea pig
complement (BBL; Fisher Scientific Co., Pittsburgh, Pa.) was
added. After incubation at 37Â°for 30 mm, the cells were
washed and resuspended in culture medium. The preparation
of anti-Thy 1.2 serum was effective in killing 90% thymus cells
and 25% spleen cells at a titer of 1/20. The guinea pig
complement was used at a dilution of 1/1 0. The anti-Thy 1.2
serum (1/20) or the guinea pig complement (1/1 0) alone was
less than 5% cytotoxic for AKR thymus and spleen cells.

RESULTS

Effect of CV on the Generation of Cytotoxic T-CeIIs. To
study the effect of CY on CMC, BALB/c mice were given
injections of several doses of CV at 24 or 48 hr before removing
the spleen cells for culture. The capacity of the spleen cells to
develop a cytotoxic T-ceIl response to allogeneic tumor cells
was then measured in vitro. As shown in Chart 1, A and B,
spleen cells from mice given injections of CY 24 hr prior to
culture were defective in generating cytotoxic T-cells to Mit C-
treated EL-4 stimulator cells. The 100-mg/kg dose marginally
affected cytotoxic T-ceIl induction when a high number of

responder cells was used. However, as the concentration of
responder cells was lowered 5-fold, the response was lost
(Chart 1B). This was not a result of cell dilution, because
untreated spleen cells responded very well through the dilution
curve. The response of mice treated with CY 48 hr before
culture was similar to that of mice treated 24 hr before culture
(Chart 1, C and D).

Several hypotheses for this reduced in vitro T-cell response
were considered: (a) increasing doses of CY eliminated pre
cursor cytotoxic cells; (b) CY induced suppressor cells which
actively suppress in vitro cytotoxic T-cell generation; or (c) CY
eliminated or inactivated a helper or accessory cell needed for
cytotoxic T-celI generation.

Cytotoxic T-CeII5 Are Not Eliminated by CV. It has been
reported that proliferation is not a strict prerequisite for sec
ondany cytotoxic T-ceII responses (44, 54). If CY does not
directly affect cytotoxic T-cells but rather proliferating helper
cells, a significant reduction of the CMC response of primed
spleen cells from CY-pretreated mice should not occur. The
experimental results described below validated this prediction.
BALB/c were primed to EL-4 tumor cells in vivo for 20 days
(10@EL-4 cells i.p. for spleen cells or 5 x 106 EL-4 cells s.c.
for lymph node cells) and treated with CY (150 mg/kg) 48 hr
before the experiment. Under these priming conditions, we
obtained reproducibly less than 6% residual cytotoxic activity
in lymphoid cultures incubated without additional antigenic
stimulus. The secondary reponse in the primed spleen cells
was not significantly affected by CY (Chart 2), whereas the
primary response was inhibited by CY as shown previously in
Chart 1. In this experiment, we utilized a high responder cell
concentration (2.5 x 106/ml) and a high dose of CY (150 mgI
kg). In a similar experiment, primed mice were either untreated
or given 100 mg-kg injections of CY. Forty-eight hr later, the
spleen cells were cultured at a low responder cell concentration
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Chart 1. Effect of CY on the generation of cytotoxic T-celIs in vitro. Normal
BALB/c spleen cells (horizontally striped columns) or spleen cells from CY
treated mice (C) were cultured for 5 days with Mit C-treated EL-4 lymphoma cells
(2.5 x 105/ml). Points, mean; bars, SE. A, CY injected 24 hr before culture and
responder cells cultured at high density (2.5 x 106/mI); B, CY injected 24 hr
before culture and responder cells cultured at low density (5 x 105/ml); C, CY
injected 48 hr before culture and responder cells cultured at high density (2.5
x 106/mI); D, CY injected 48 hr before culture and responder cells cultured at
low density (5 x 105/ml).
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Effect of the addition of athymic spleen and peritoneal exudate cellsonrestoration
of CY-induced inhibition of cytotoxic T-cell generation invitroResponder

cells5 Added cells CytotoxicactivitybBALB/c

None 41Â±BALB/c-CY
None 1 Â±0.1BALB/c
nu/nu spleen (5 x 104/mI) 37 Â±6.8BALB/c
nu/nu spleen (5 x i08/mI) 44 Â±5.0BALB/c-CY
nu/nu spleen (5 x 104/mI) 1 Â±0.4BALB/c-CY
nu/nu spleen (5 x 105/mI) 2 Â±0.9

BALB/c nu/nu PECd(5 x 102/mI) 51 Â±4.0BALB/c
nu/nu PEC (5 x 103/ml) 32 Â±3.7BALB/c
nu/nu PEC (5 x 104/ml) 33 Â±5.7BALB/c-CY
nu/nu PEC (5 x 102/mi) 2 Â±0.8BALB/c-CY
nu/nu PEC (5 X 10'/mI) 4 Â±1.0BALB/c-CY
nu/nu PEC (5 x 104/ml) 2 Â±0.8

Accessory T-Ce!!s

nu/nu spleen cells were cultured with Mit C-treated EL-4
stimulator cells, induction of cytotoxic activity was not detect
able, indicating that the culture system truly measured a T-cell
response.

Since culturing responder cells at suboptimal concentrations
limits the recovery of effector cells to be harvested and thus
the number of group variables to be tested in each experiment,
we usedan indirect51Crreleaseassay(26). The indirectassay
was advantageous, since it prevented the dilution of cytotoxic
effecton cells when thymocytes were added in each culture. In
order to assess whether thymocytes would restore cytotoxic
activity in a direct 51Cnassay (10), the following experiment
was carried out. Spleen cells from control DBA/2 mice on CY
treated DBA mice (42.6% cell recovery) were cultured in 1-ml
cultures at 10@nucleated cells per ml and stimulated with Mit
C-treated EL-4 lymphoma cells (5 x 105/mI) for 5 days. On
the fifth day, the effecton cells were harvested, counted, and
incubated with 51Cr-Iabeled EL-4 target cells for 5 hr at a
lymphocyte/target cell ratio of 20/ 1. It can be seen in Table 3
that, while added thymocytes (2 x 106/ml) had no effect on
control responder cells, themewas a restorative effect of cyto
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Chart 3. Effect of CY on nonspecific suppressor cell generation. Normal
BALB/c spleen cells or spleen cells from CY-treated mice were cultured for 5
days with Mit C-treated EL-4 lymphoma cells (2.5 x 105/mI). CY (150 mg/kg)
was administered 48 hr prior to in vitro culture. Responder cells were cultured at
2.5 x 106/ml. Points, mean: bars, SE. Open column, 100% control spleen cells:
solid column, 100% CY-treated spleen cells; hatched column, 90% control plus
10% CY spleen cells: horizontally striped column, 75% control plus 25% CY
spleen cells; cross-hatched column, 50% control plus 50% CV spleen cells.
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Chart 2. Effect of CY on primary and secondary cytotoxic T-cell generation in
vitro. Normal BALB/c lymphoid cells (striped columns) or lymphoid cells from
CY-treated mice (cross-hatchedcolumns)were cultured 5 days with Mit C-treated
EL-4 lymphoma cells (2.5 x 105/mI). CY (150 mg/kg) was administered 48 hr
prior to assay. Responder cells were cultured at 2.5 x 106/mi. Secondary
cytotoxic effector activity was determined after 1 hr. Points, mean; bars, SE.

(5 x 105/mI) with Mit C-treated EL-4 tumor cells. The untreated
primed mice responded with a 52 Â±4.5% (S.E.) cytotoxic
activity while the CY-treated primed mice gave a cytotoxic
response of 46 Â±3.4%, indicating that neither high nor low
responder cell concentrations of primed mice were inhibited by
CY treatment.

Effect of CV on Suppressor Cell Generation. To test the
possibility that CY pretreatment of mice might induce an active
suppressor cell as reported by Poupon et a!. (40), BALB/c
mice were given 150-mg/kg injections of CY 48 hr before
removing their spleen cells for culture. Chart 3 shows that
untreated BALB/c spleen cells responded to Mit C-treated EL
4 stimulator cells, whereas spleen cells from mice pretmeated
with CV were unable to generate an effective response. When
increasing numbers of CY-treated spleen cells were added to
the culture for the CMC response, themewas no active sup
pression of the normal BALB/c spleen cell response. This
result confirms an earlier report that administration of CV in the
absence of antigen does not induce generation of suppressor
cells (7).

Role of Accessory T-Cells. Miller et a!. (33, 34) have shown
that accessory cells from nude mouse spleen restored cyto
toxic T-cell generation when the responding cells were cultured
under limiting conditions. In the following experiments, at
tempts were made to restore CY-induced unresponsiveness by
adding various types of lymphoid cells to the CMC induction
system. As shown in Table 1, the low response of the CY
pretreated spleen cells was not restored by the addition of
BALB/c nu/nu spleen cells or penitoneal exudate cells.

Recently, several investigators (1 1, 21 , 24, 53, 55) de
scnibed synergy between mouse thymus cells and peripheral
lymphocytes in in vitro allograft responses. Both the mixed
lymphocyte reaction and CMC of lymph node responding cells,
when cultured at suboptimal concentrations, were enhanced
by the addition of normal thymus cells to the culture system.
When spleen cells from CY-treated mice were cultured with
various numbers of normal syngeneic thymus cells (Table 2),
the syngeneic BALB/c thymus cells restored the response of
CY-tmeatedspleen cells to normal control levels. The addition
of thymus cells to control responder cells, however, did not
alter the level of cytotoxic T-ceIl development. When BALB/c

Primary Secondary
Time in Mm240 Time in Mm60

0 25 50
Cont. CY % CY Treated Cells

a Normal BALB/c or CY-treated BALB/c (1 00 mg/kg 24 hr before cul
ture) spleen cells were cultured at 5 x 105/ml and stimulated with Mit C-treated
EL-4 lymphoma cells (2.5 x 105/mI).

b Percentage of specific 5tCr release of EL-4 target cells at 5 hr.
C Mean Â± SE.

d PEC, peritoneal exudate cells.
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Responder cellsAdded cellsCytotoxic
ac

tivitybBALB/cNone72

Â±BALT/c-CYNone10
Â±2.5BALB/cThymocytes

(5 x I 0'/ml)58 Â±5.8BALB/cThymocytes
(5 x 104/ml)59 Â±2.5BALB/cThymocytes
(5 x 105/ml)60 Â±2.1BALB/c-CYThymocytes
(5 x 103/mi)1 4 Â±2.3BALB/c-CYThymocytes
(5 x i04/mi)52 Â±2.4BALB/c-CYThymocytes
(5 x 105/mI)50 Â±6.3BALB/c

nu/nu (5 x 10@/None4 Â±0.9ml)BALB/c

thymocytes (5 xNone3 Â±1.31

Specificity of cytotoxic T-celIgenerationResponder

cellsAdded cellsCytotoxic

activityaEL-4Ci

18Experiment

1b
BALB/cNone52 Â±2.S@0.2 Â±1.2BALB/c-CYNoneii

Â±2.01.2Â±0.5BALB/cThymocytes
(5 x 105/mI)59 Â±2.90.3 Â±1.7BALB/c-CYThymocytes
(5 x 105/ml)53 Â±5.40.7 Â±1.5ThymocytesNone1

Â±1.21 .0 Â±1.2Experiment

2'@BALB/cNone3
Â±1.629 Â±2.8BALB/c-CYNone4
Â±1.76 Â±0.8BALB/cThymocytes

(5 x 105/ml)6 Â±1.532 Â±2.2BALB/c-CYThymocytes
(5 x 105/ml)5 Â±2.020 Â±2.9ThymocytesNone6

Â±0.93 Â±1.0

Restoration of CY-induced inhibition of cytotoxic T-cell generation in vitrobynormal
thymocytes using a direct 5Cr release assay%

of specific
Responder ceilsa Added cellscytotoxicity@'DBA/2

None 59 Â±10CDBA/2-CY
None 3 Â±0.5DBA/2
DBA thymocytes (2 x 106/mI) 54 Â±0.5DBA/2-CY
DBA thymocytes (2 x 106/mi) 21 Â±1.0DBA/2

thymocytes None 1 Â±0.5

Effect of anti Thy 1.2 serum and complement on CBA and AKR effectorcellsCytotoxic

activity of effectorceIlsCNormalmouse

Anti-Thysera+
1.2+Responder

celisaAdded ceIlsbcompie-
comple

Untreated mentmentCBANone53

Â± 35d@@ 6.3 2 Â±0.6CBA-CYNone24
Â± 2.1 2 Â±0.8 2 Â±0.6CBA-CYCBA

thymocytes61 Â± 1.4 51 Â±1.7 6 Â±2.9CBA-CYAKR
thymocytes55 Â± 2.5 53 Â±2.6 6 Â±1.1AKRNone58

Â± 1.7 57 Â±2.9 59 Â±3.0AKR-CYNone25
Â±10.5 6 Â±1.3 3 Â±1.4AKR-CYCBA

thymocytes54 Â± 7.6 54 Â±2.0 48 Â±4.7AKR-CYAKR
thymocytes50 Â± 2.3 53 Â±5.0 52 Â±2.4

V. J. Merluzzi et a!.

beled EL-4 target cells. Table 5 shows the results of the 5-hr
51Cr release assay. The AKR CY-treated spleen cells which
gave a poor cytotoxic response were restored by the addition
of AKR thymus cells as well as CBA thymus cells. Treatment of
the AKR responder cells with AKR anti-Thy 1.2 serum and
complement did not affect cytotoxic activity. However, when
cultures containing CBA responder cells were treated with AKR
anti-Thy 1.2 and complement, cytotoxic T-cell activity was
destroyed. Since anti-Thy 1.2 semaeliminated T-cells from CBA
spleen, this result clearly shows that the cytotoxic effector cells
originated from the CY-tmeatedAKR responder cells but not
from the CBA thymus cells added for restoration. This expemi
ment confirms reports by Wagner (53) and Glasem(21) that
thymus cells act as synergistic helper or amplifier cells rather
than providing significant numbers of cytotoxic precursor cells.

Proliferation of Thymus Cells Is Required for Restoration.
CV administration has been shown to eliminate some, but not
all, thymus cells (14). It was possible that the thymus cell(s)

Table4

Table 2
Restoration of CY-induced inhibition of cytotoxic T-cell generation in vitro by

normal thymocytes

aNormalBALB/corcY-treatedBALB/c(100mg/kg24hrbeforecul
ture) spleen cells were cultured at 5 x 105/ml and stimulated with Mit C-treated
EL-4 lymphoma cells (2.5 x 105/mI).

b Percentage of specific 5'Cr release of EL-4 target cells at 5 hr.
C Mean Â± SE.

Table 3

a Normal DBA/2 or CY-treated DBA/2 (1 50 mg/kg 48 hr before culture)

spleen cells were cultured at 10@nucleated cells per ml and stimulated with Mit
C-treated EL-4 lymphoma cells (5 x 105/mI).

b Cell recovery on the 5th day of culture was 32.8% for control DBA/2 spleen

cells and 21.8% for CY-treated DBA/2 spleen cells. Lymphocyte target cell ratio,
20/i.

C Mean Â± SE.

toxic activity in the CY-treated spleen cell cultures.
The restoration of the cytotoxic activity was specific to the

stimulator cells in the culture. As shown in Table 4, Experiment
1, BALB/c spleen cells stimulated with Mit C-treated EL-4 cells
(H-2â€•) generated killer cells against EL-4 cells. Since the killer

cells alone or in combination with thymus cells did not lyse
Cl 18 (H@2k)myeloma cells, the T killer cells generated in this
system were specific to the H-2 haplotype used for stimulation.
In Experiment 2, BALB/c spleen cells stimulated with Mit C-
treated Cl 18 cells (H@2k)generated killer cells specific for the
Cl 18 target cells.

It could be argued that CY-treated spleen cells provided an
optimal condition for cytotoxic T-cell generation from the added
normal thymus cells. Consequently, the cytotoxic T-cells meas
ured might have been derived from the added thymus cells and
not from the CY-treated spleens.

Since both AKR and CBA mice are syngeneic at the H-2
locus (H-2â€•)but differ at the Thy 1 locus (CBA, Thy 1.2; AKR,
Thy 1.1), this genetic difference provided a means to test
conclusively whether the added thymus cells were providing
effector killer cells in this culture system. Both CBA and AKR
mice were treated with CY 48 hr before culture. The spleen
cells from these animals were cultured alone or with added
AKR or CBA thymus cells and stimulated with allogeneic Mit C-
treated EL-4 lymphoma cells. After 5 days, the lymphoid cells
from each CMC culture were incubated with anti-Thy 1.2 serum
and complement or normal mouse sera and complement. The
effector cells were then washed and incubated with 51Cr-Ia

a Percentage of specific 5'Cr release of EL-4 (H-2Â°) or Ci 18 (H-25) target

cells at 5 hr.
b Normal BALB/c or cY-treated BALC c (1 00 mg/kg 24 hr before culture)

spleen cells were cultured at 5 x 105/ml 2'adstimulated with Mit C-treated EL-4
Iym,@homacells (2.5 x 105/ml).

Mean Â±SE.
d BALB/c and BALB/c-CY responder cells were stimulated with Mit C-treated

Cl 18 myeloma cells.

Table5

a Normal CBA or AKR and CY-treated CBA or AKR (1 50 mg/kg 48 hr before

culture) spleen cells were cultured at 2.5 x 106/ml and stimulated with Mit C-
treated EL-4 lymphoma cells.

b Normal CBA or AKR thymocytes were added to the culture system at a

concentration of 1 x 106/mi.
C Effector cells were either untreated or treated with normal mouse sera or

anti-Thy 1.2 serum and guinea pig complement on Day 5 as outlined in â€˜Materials
and Methods.â€˜â€˜Percentage of specific 5tCr release of EL-4 target cells at 5 hr.

d Mean Â± SE.
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Responder celisaAdded cellsCytotoxic
activ

ity@'C57BL/6

CS7BL/6-CYNone None40
Â±

5 Â±1.2C57BL/6

C57BL/6-CYThymocytes
(2.5 x 106/mI)

Thymocytes (2.5 x 106/mI)32
Â± 8.0

36 Â±14.3C57BL/6

C57BL/6-CYThymocytee-CY'@(2.5
x i06/mI)

Thymocytes-CY (2.5 x 10Â°/mI)48
Â± 8.4

6 Â±1.0Thymocytes

Thymocytes-CYNone None3
Â± 0.8

9 Â± 3.6

Effect of Mit C on thymus accessorycellsResponder

ceilsaAdded cellsCytotoxi@
ac

tivityBALB/cNone50

Â±SicBALB/c-CYNone5
Â±1.0BALB/cThymocytes

(5 x i04/mI)61 Â±2.7BALB/cThymocytes
(5 x i 05/mi)57 Â±2.9BALB/c-CYThymocytes
(5 x 104/ml)46 Â±7.4BALB/c-CYThymocytes
(5 x i 05/mI)50 Â±@.1BALB/cThymocytes
(5 x 105/mI) (Mit C)51 Â±2.8BALB/c-CYThymocytes
(5 x 105/ml)(Mit C)9 Â±1.7BALB/c

thymocytes1 Â±0.3(5
x i05/ml)

Effect of anti-Thy 1.2 and complement beforecultureResponder

celisaAdded cellsCytotoxi@
activ

ityBALB/cNone41

Â±43CBALB/c-CYNone8
Â±1.9BALB/c-CYThymocytes25

Â±4.8BALB/c-CYThymocytes
(normal mouse serum +

complement)d22
Â±7.0BALB/c-CYThymoc@tes

(anti-Thy i .2 + comple
ment)7

Â±3.1

Responder cellsaAdded cellsCytotoxicactivity1'DBA/2None28

Â±6.8cDBA/2-CYNone3
Â±0.4DBA/2Whole

thymocytes (2.5 x 106/mI)26 Â±8.5DBA/2-CYWhole
thymocytes (2.5 x 106/ml)29 Â±1.0DBA/2CRTâ€•(l

x i06/ml)21 Â±4.7DBA/2-CYCRT
(1 x i06/ml)24 Â±4.6DBA/2Nylon

nonadherent (1 x 106/mI)25 Â±8.2DBA/2-CYNylon
nonadherent (1 x 106/mI)29 Â±6.9DBA/2Nylon

adherent (2.5 x i06/mi)NDDBA/2-CYNylon
adherent (2.5 x 106/ml)3 Â±1.0Whole

thymocytesNone2 Â±1.9Cortisone-resistant
thy Noneâ€” 1 Â±0.3mocytesNylon-nonadherent

thy None2 Â±2.0mocytesNylon-adherent

thyme Noneâ€” 2 Â±1.9cytes

Accessory T-Cells

Table 6
Effect of CY on thymus accessory cells

its sensitivity to cortisone. It has been shown that cortisone
resistant thymus cells are a more mature and immunocompe
tent cell population (1, 6). DBA/2 mice were treated with
cortisone acetate (50 mg/kg) 48 hr before removing thymus
cells for culture. The cortisone-resistant thymus cells (6.5%
recovery) were able to provide restoration of the in vitro cyto
toxic response (Table 9). The cortisone-resistant thymus cells,
when cultured alone, did not provide cytotoxic activity. This
experiment does not exclude the possibility that the accessory
cell is also located in the cortisone-sensitive thymus pool.

The active thymus cells were shown to be nonadherent to
nylon wool columns (Table 9). In this experiment, DBA/2
thymus cells were adsorbed to a nylon wool column and
incubated for 45 mm at 37Â°.Both the nonadhementcells (54%
recovery) and the adherent cells (12% recovery) were tested
for accessory cell activity. Only the nonadherent thymus cells
were active in restoring the response.

Table 8

a Normal C57BL/6 or CY-treated C57BL/6 (1 50 mg/kg 48 hr before culture)
spleen cells were cultured at 2.5 x 10Â°/mIand stimulated with Mit C-treated
P815 mastocytoma cells.

b Percentage of specific 5Cr release of P81 5 target cells at 5 hr.

C Mean Â± SE.

d C57BL/6 mice were given injections of CY (1 00 mg/kg) 48 hr before
removing thymus cells. Thymus cell recovery was 52% that of the control.

Table 7

a Normal BALB/c or CY-treated BALB/c (1 50 mg/kg 48 hr before culture)

spleen cells were cultured at 3.75 x i 06/mI and stimulated with Mit C-treated
EL-4 lymphoma cells.

b Percentage of specific 51Cr release of EL-4 lymphoma cells at 5 hr.

C Mean Â± SE.

d BALB/c thymocytes were treated with normal mouse serum or anti-Thy 1.2

serum and guinea pig complement (C) before culture. Thymocytes (1 x 1O@
nucleated cells per ml) were added to the culture system as a source of accessory
cells.

Table9

Effect of cortisone-resistant thymocytes and nylon wool-fractionated
thymocytes

a Normal BALB/c or CY-treated BALB/c (1 00 mg/kg 24 hr before culture)
spleen cells were cultured at 5 x i 05/mi and stimulated with Mit C-treated EL-4
lymphoma cells (2.5 x 105/mI).

b Percentage of specific 5Cr release of EL-4 target cells at 5 hr.

C Mean Â± SE.

responsible for restoration of the depressed CMC response
acted as a feeder cell to aid CY-damaged cells in culture. It
has been shown previously that thymus cells act as feeder
cells for the development of murine B-cells in culture (2). If this
were true in this system,CY-nesistantthymuscells mightalso
provide a feeder effect. When CY-resistant thymus cells were
obtained from CY-treated mice and tested for restoration, they
failed to restore cytotoxic activity in cultures of CY-treated
spleen cells (Table 6). This result not only argues against the
possibility that thymus cells provide a feeder cell to the CMC
generating culture but also indicates that thymus accessory
cells are sensitive to CY.

To test whether cellular proliferation by the thymus cells was
necessary to restore the CY-inhibited response, thymus cells
were pretreated with Mit C before addition to the culture system
(Table 7). While normal thymus cells restore the CMC response
of CY-treated spleen cells, Mit C-treated thymus cells were not
able to do so. Proliferation of the thymus cells seems to be
necessary for restoring the response of CY-treated spleen
cells. In this experiment, neither thymus cells nor Mit C-treated
thymus cells enhanced the control responder population.

Characterization of Accessory Thymus Cells. The acces
sony thymus cell(s) capable of restoring the reduced cytotoxic
response in vitro was shown to be sensitive to anti-Thy 1 serum
and complement when treated before culture (Table 8). The
thymus cell active in restoration was further characterized by

a Normal DBA/2 or CY-treated DBA/2 (1 50 mg/kg 48 hr before culture)

spleen cells were cultured at 2.5 x 106/mI and stimulated with Mit C-treated EL
4 lymphoma cells.

1' Percentage specific 5tCr release of EL-4 target cells at 5 hr.
C Mean Â± SE.

d CRT, cortisone-resistant thymocytes (6.5 % recovery): ND, not done.
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kg) are sufficient to remove suppressor cell activity for delayed
type hypersensitivity reactions in vivo (4, 46). We have shown
that much higher doses (>1 00 mg/kg) are needed to remove
accessory cell activity and that the suppressive phenomenon
is most apparent when responder cells are cultured at limiting
concentrations. Very high doses of CY (>200 mg/kg) become
toxic for effecton cells.

Recently, Dumont (14) has shown that subpopulations of
thymus cells from C3H mice have a differential susceptibility to
high doses of CY. In this study, thymus cells were fractionated
on the basis of electnophoretic mobility and size distribution.
Four thymus cell populations with distinct physical properties
were characterized and shown to differ in their sensitivity to
CV. Two populations were sensitive to CY, while the remaining
2 fractions were resistant. One population (TH3) which was
sensitive to CY was shown to be a rapidly proliferating subset.
Preliminary experiments in our laboratory (data not shown)
have indicated that the accessory thymus cells reappear 72 to
96 hr after CY treatment. The CY-sensitive cells are rapidly
turning over in vivo and repopulate the lymphoid system within
3 to 4 days. Hence, 3 to 4 days following in vivo CY treatment,
the CMC response may be enhanced rather than suppressed
after antigenic stimulation. The enhancement of CMC may be
further helped by the elimination of suppressor cells. Therefore,
depending upon the dosage of CY as well as the culture
conditions for in vitro CMC assay, variable effects of CY on
CMC responses may be observed. Canton and Boyse (8) have
reported that cytotoxic T-cell precursors bear the Ly2, @+phe
notype but Ly1+ cells are required for the maximum develop
ment of the Ly2.3@killer cells. Stutman et a!. (50) have pre
sented evidence which suggests that the Ly1,2.3@subset is also
necessary for maximum expression of specific CMC against
syngeneic tumor cells. Hence, the accessory thymus cells
which restore the cytotoxic T-ceIl response of CY-treated mice
may be either Ly1+on 2,@ or both. Although the serological
phenotype of the thymus-derived accessory cell(s) is not yet
known, these cells are found in the nylon-nonadherent cell
population and are sensitive to anti-Thy 1 serum and comple
ment. In addition, the active accessory cell is found in the
cortisone-resistant pool of thymus cells. This does not rule out
the possibility that the cell is also located in the cortisone
sensitive pool. We found that thymocytes prepared from ani
mals treated with cortisone did not significantly enrich acces
sony cell activity (data not shown). Since cortisone treatment
removes more than 90% of the thymus cells, we expected at
least a 10-fold enrichment of accessory cell activity if the
accessory cells were resistant to cortisone. It is known that
Ly1@ and Ly2.@ thymocytes are enriched after cortisone treat
ment, but not Ly1.2.3 thymocytes (9). Lack of enrichment in
accessory cells after cortisone treatment suggests that the
accessory cells may belong to the thymocyte subpopulation
with Ly,. 2.3 phenotype. Experiments to delineate the Ly phe
notype of the thymic accessory cells are now in progress.

The CY-sensitive accessory cell described here was found
in the thymus and therefore was thought to be different from
that accessory cell described previously by Miller et a!. (33,
34), who reported that a non-T-ceII restores cytotoxic T-cell
development in vitro when responder cells were cultured at
limiting concentrations. The thymus accessory cells which me
store cytotoxic T-ceIl responses in CY-treated spleens were
thought to be distinct from those of non-T-cell origin because
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DISCUSSION

High doses of CY inhibited the generation of a primary
cytotoxic T-cell response (Chart 1). This confirms earlier re
ports which have shown that pretreatment of mice with high
doses of CV reduces the primary CMC response both in vivo
and in vitro (18, 19, 27, 35). We have shown that this reduced
response is not due to the nonspecific activation of suppressor
cells (Chart 3). This result confirms the report by Bonavida
which showed that in the absence of antigen, CV does not
induce suppressor cells (7). Poupon et a!. (40), however, have
shown that very high doses of CY (300 mg/kg) induce non
specific suppressor cells which actively inhibit both T- and B-
cell mitogenic responses in vitro. These suppressor cells are
of non-T-cell origin and appear late (>7 days) after CY treat
ment. Since they measured suppressor cell activity in a mito
genic response but not in CMC induction, it is difficult to assess
their results as related to the CMC system described here. The
suppressor cells of mitogenesis do not appear before 6 days
and would not have been active at 24 to 28 hr after CY
treatment.

Our results show that the inhibition of CMC development by
CY did not result from a reduction of cytotoxic T-cell precursors
in the spleen of CY-treated mice. It appeared to result from the
elimination of a thymus cell(s) that helps (amplifies) the devel
opment of cytotoxic T-cells, because the addition of normal
thymus cells restored the cytotoxic T-cell response of CY
treated mice (Table 2). Since we used an in vitro culture system
to induce cytotoxic T-cells, it was possible that the added
thymus cells developed into killer cells in the presence of CY
treated spleen cells. The experimental evidence described as
follows excluded this possibility: (a) thymus cells by themselves
did not develop into cytotoxic T-cells (Table 2); and (b) cyto
toxic T-cells have the Thy 1 surface marker of the CY-treated
responder spleen cells and not that of the donor thymus (Table
5). It was shown by several investigators (1 1, 21 , 24, 53) that
thymus cells act synergistically with normal lymphocytes in the
generation of cytotoxic T-ceIl responses in vitro. The added
thymus cells in these studies did not contribute cytotoxic
precursors to the reactions but acted instead as synergistic
helper cells (21 , 53, 55).

Although we have suggested that thymus cells may be acting
as nonspecific feeder cells, we believe that this is an unlikely
possibility for the following reasons: (a) CY-resistant thymus
cells do not restore CMC activity; (b) using kinetic and dose
response studies, cell synergy of thymus cells with lymph node
cells in the mixed lymphocyte culture response to alloantigen
could not be explained as an artifact of culture conditions (55);
(c) preliminary evidence (data not shown) has shown that
thymus cells can restore CMC reactivity in vivo in mice made
unresponsive with high doses of CY; and (d) Glasen and Law
have shown that thymus cells and lymph node cells cooperate
in cytotoxic responses in vivo against a syngeneic SV4O-in
duced sarcoma tumor in mice (22). In our studies, restoration
of the cytotoxic T-ceII response by thymus cells occurred only
in CY-treated spleen cell cultures where accessory cells were
limiting. This result suggested that accessory thymus cells
were more sensitive to CY than precursors of cytotoxic T-cells.

In addition to suppressing CMC (18, 19, 27, 35), CY has
been shown to enhance CMC by eliminating suppressor cells
(1 7, 20, 43). It has been shown that low doses of CY (20 mgI
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nu/nu spleen cells were not able to restore the cytotoxic T-ceIl
response of CY-tneated mice. Recently, however, it has been
shown by Jacobs and Miller (29) that this nu/nu splenic ac
cessory cell acquires T-cell characteristics (0-antigen) when
cloned under special culture conditions. Our culture system
differs from Miller et a!. in that it lacks the necessary conditions
for culturing responder cells below 2.5 x 1o@cells/mI. Our
system may not be suitable for analyzing whether nu/nu spleen
cells with inducible thymocyte characteristics will restore CMC
responses to normal in CY-treated spleen cells cultured at
suboptimal concentrations.

In clinically related experiments, Moore and Williams (38)
have reported that pmeimmunizationof mice to a chemically
induced muninesarcoma significantly augments the therapeutic
action of CY. These investigators have hypothesized that there
is a synergistic activity of CY and host immune factors. More
recently, Putman et a!. (41) used adoptive immunotherapy with
a transplantable AKR leukemia as an adjunct to CY therapy. It
was found that significant therapeutic effects were obtained if
CY and allogeneic spleen cells were injected into the hosts.
Other reports (16) have shown that mice inoculated with Mo
loney sarcoma virus develop tumors that eventually regress.
Administration of CY to adult mice caused a decrease in tumor
growth but also prevented tumor regression due to immuno
suppression, and the mice eventually died of progressive tumor
growth. If the tumor-bearing mice were treated with CY and
injected with Moloney sarcoma virus-immune spleen cells from
syngeneic or hemisyngeneic mice, the tumors regressed.

Our results may provide a tool for enhancing specific cyto
toxic T-ceIl responses againsttumomcells during chemotherapy
with CY. Since CY is known to remove suppressor cells for
cytotoxic T-ceII development (17, 43), this drug may provide a
means for obtaining an enriched population of precursor cy
totoxic T-cells devoid of B-cells, suppressor T-cells, and helper
T-cells. Since we are presently undertaking studies to define
and isolate the accessory T-cells that restore the cytotoxic T
cell response of CY-treated mice, attempts will be undertaken
to use these isolated accessory T-cells as an adjunct immu
notherapy to CY treatment in several tumor systems.
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