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ABSTRACT

At no stage of tumor growth are thymocytes from MOPC-315 tumor
bearers capable of bringing about the generation of enhanced antitumor
cytotoxicity when added to immunization cultures of syngeneic normal
spleen cells and "autochthonous" tumor cells. However, by Day 7 after
low-dose melphalan 11.-!'AM (L-phenylalanine mustard)] therapy of mice
bearing a large (>20 mm) s.c. MOPC-315 tumor, their thymocytes
exhibit such activity and it persists for at least 17 additional days. The
ability of thymocytes from L-PAM-treated MOPC-315 tumor bearers to
bring about the generation of enhanced antitumor cytotoxicity when added
to immunization cultures of normal spleen cells and MOPC-315 tumor
cells is evident over a 10-fold range of responder/stimulator cell ratios,
and requires the presence of the thymocytes within the first day after
initiation of the 5-day immunization cultures. In addition, immunization
cultures containing normal spleen cells and thymocytes from L-PAM-
treated MOPC-315 tumor bearers exhibit enhanced antitumor cytotox
icity by Day 4 after culture initiation that persists for at least 3 additional
days. Thymocytes from L-PAM-treated MOPC-315 tumor bearers are
able to bring about the generation of enhanced antitumor cytotoxicity
only in response to stimulation with autochthonous tumor cells but not
in response to stimulation with unrelated allogeneic EL4 tumor cells. The
apparent specificity of the enhanced antitumor immune reactivity of
thymocytes from L-PAM-treated MOPC-315 tumor bearers is not the
result of extensive metastasis of tumor cells to the thymus. In fact, no
tumor cells were found in the thymuses of MOPC-315 tumor bearers
with methods that can detect 1 x 10' tumor cells, indicating that if

MOPC-315 tumor cells metastasize at all into the thymus, the thymuses
of mice bearing a large MOPC-315 tumor contain fewer than 1 x Id'

tumor cells. Thus, thymocytes from mice which are engaged in the
eradication of a large MOPC-315 tumor display enhanced antitumor
immunity in response to stimulation with the autochthonous tumor cells.
Such thymocytes may prove important to the outcome of low-dose L-
PAM therapy for mice bearing a large MOPC-315 tumor, since the low-
dose chemotherapy requires the contribution of T-cell-dependent antitu-
mor immunity for its therapeutic effectiveness.

INTRODUCTION

Chemotherapeutic regimens that depend for their efficacy on
the contribution of host antitumor immunity were shown by
several laboratories to be effective in the therapy of tumor-
bearing rodents even at a stage of tumor growth when antitumor
immunity is suppressed (1-5). In these studies, the effectiveness
of the chemotherapy was attributed to the ability of the anti-
cancer drugs to shift the balance from immunosuppression to
potent antitumor immunity. For example, a low dose of L-
PAM4 was shown to be curative for most mice bearing a large
(>20 mm in diameter) s.c. MOPC-315 tumor but only if T-
cell-dependent antitumor immunity also aids in tumor eradi
cation (1). Still, as a result of the immunomodulatory activity
of L-PAM, the low dose of drug is curative for mice even at a
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stage of tumor growth when their antitumor immunity is de
pressed by the inhibitory activity of suppressor macrophages
(1,5).

In order to gain some insight into the mechanism(s) by which
the low dose of L-PAM modulates the antitumor immune
response to hitherto immunosuppressed MOPC-315 tumor-
bearing mice, we elected to dissect the modulatory effect of the
low dose of drug on the antitumor immune responsiveness of
tumor bearer spleen cells (6, 7). From these studies, it became
apparent that administration of a low dose of L-PAM to mice
bearing a large MOPC-315 tumor leads to the appearance of
potent antitumor immunity in their hitherto immunosup
pressed spleens as a result of drug-mediated elimination of
suppressor cell activity (6) as well as drug-induced appearance
of immunopotentiating activity in T-cells coexpressing the Lyt
2 and the L3T4 antigens (8). The question arises as to the
origin of the drug-induced immunopotentiating T-cells in the
spleens of MOPC-315 tumor bearers since under normal con

ditions cells coexpressing the Lyt 2 and the L3T4 antigens are
not found in secondary lymphoid organs (9,10). One possibility
is that splenic T-cells coexpressing the Lyt 2 and the L3T4
antigens represent an immature form of T-cells that have been
induced by the chemotherapy to migrate from the thymus
[wherein most cells express simultaneously the Lyt 2 and the
L3T4 antigens (11, 12)].

Limited studies were carried out to determine the effect of
low-dose L-PAM therapy on the immune status of thymocytes
from mice bearing a large MOPC-315 tumor (8). These studies
revealed that although thymocytes from mice bearing a 22-mm
MOPC-315 tumor are unable to bring about the generation of
enhanced antitumor cytotoxicity when added to immunization
cultures of normal spleen cells and the autochthonous tumor
cells, thymocytes obtained from these mice 12 days after cura
tive low-dose L-PAM therapy are able to do so. In addition,
this ability of L-PAM to render thymocytes from MOPC-315
tumor bearers immunologically reactive is not an inherent
property of the drug since the same dose of L-PAM adminis
tered to normal mice was unable to render their thymocytes
capable of bringing about the generation of enhanced antitumor
cytotoxicity when added to immunization cultures of normal
spleen cells.

In the current study we evaluated the antitumor immune
reactivity of thymocytes from mice at various stages of tumor
growth to determine whether the antitumor immune reactivity
of the thymocytes is evident at an early but not at a late stage
of tumor growth as is the case in the P815.X2 tumor system
(13). In addition, the studies presented herein focused on deter
mining the kinetics of L-PAM-induced appearance of immu
nologically reactive cells in the thymuses of MOPC-315 tumor-
bearing mice as well as the specificity of their activity. Finally,
the conditions under which thymocytes from L-PAM-treated
MOPC-315 tumor bearers bring about the generation of en
hanced antitumor cytotoxicity when added to immunization
cultures of normal spleen cells and MOPC-315 tumor cells
were elucidated.
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MATERIALS AND METHODS

Tumor. We have used primarily the weakly immunogenic (14)
MOPC-315 plasmacytoma that was maintained by serial s.c. inocula
tion in syngeneic female BALB/c mice (8 to 12 weeks old; Goodwin
Institute for Cancer Research, Plantation, FL). Routinely, mice were
inoculated with 1 x IO6viable MOPC-315 cells, a dose that is at least

300-fold the minimal lethal tumor dose and that kills the mice in 17 Â±
1 (SE) days. Single-cell suspensions were prepared by mechanical
disruption (IS) and the viability, as determined by trypan blue dye
exclusion (0.4%), always exceeded 85%. For the specificity experiments
we have used the allogeneic EL4 thymoma that was maintained in vivo
in ascitic form by weekly passage in C57BL/6 mice (8 to 12 weeks old;
The Jackson Laboratory, Bar Harbor, ME).

Chemotherapy. A stock solution of melphalan (L-PAM; Burroughs
Wellcome Co., Triangle Park, NC) was prepared by dissolving the
powder in a solvent mixture composed of 1 volume acid-alcohol (95%
ethyl alcohol/2 N HC1, 5/1, and 1 volume propylene glycol (Sigma
Chemical Co., St. Louis, MO) buffer [45 ml propylene glycol was
brought to 100 ml by distilled water and subsequently K2HPO4 was
added to a final concentration of 2% (w/v)]. A stock solution of 10 mg/
ml L-PAM was freshly prepared just prior to injection and was further
diluted in Dulbecco's phosphate-buffered saline, pH 7.2 (Grand Island

Biological Co., Grand Island, NY) to the desired concentration. A dose
of 2.5 mg/kg L-PAM was immediately injected i.p. into mice bearing
a large (>20 mm) primary s.c. MOPC-315 tumor. This dose of drug is
the lowest dose of L-PAM that is curative for at least 90% of the
MOPC-315 tumor bearers and it leads to complete regression of the
primary tumor nodule within 10 days.

Lymphoid Cell Suspensions. Single cell suspensions were prepared
from the spleens or thymuses of normal mice as well as from the
thymuses of untreated or L-PAM-treated MOPC-315 tumor bearers.
In any individual experiment performed, the spleens or thymuses used
in each group were obtained from at least 3 mice. Single-cell suspen
sions were prepared by mechanical disruption between glass slides as
described previously (15), and the viability as determined by trypan
blue dye exclusion (0.4%) always exceeded 95%.

In Vitro Immunization. The in vitro immunization cultures were set
up according to the method we have described previously (6, 15).
Briefly, 40 x 10* BALB/c spleen cells were cocultured in vitro with
1.33 x IO6 mitomycin C-treated (50 ng/ml for 30 min) MOPC-315

stimulator tumor cells for 5 days unless otherwise specified. The incu
bation was carried out in 30 nil tissue culture flasks (Corning Glass
Works, Coming, NY) in RPMI-1640 medium supplemented with 5%
heat-inactivated fetal bovine serum, 1% nonessential amino acids, 50
units/ml penicillin, and 50 n%/m\ streptomycin (Grand Island Biologi
cal Co.). Fresh medium was prepared on the day of the experiment,
and 2-mercaptoethanol (Sigma Chemical Co.) was added to give a final
concentration of 5 x 10~5M prior to use. Essentially the same culture

conditions were used to immunize normal BALB/c spleen cells with
the allogeneic EL4 stimulator tumor cells. However, in each of these
experiments 4 different responder/stimulator cell ratios were used,
namely, 10/1, 30/1, 100/1, and 300/1. To assess the ability of thymo-
cytes to bring about the generation of enhanced antitumor cytotoxicity,
we determined the level of antitumor cytotoxicity generated when 10 x
IO6or 20 x IO6thymocytes were added to immunization cultures of 40
x IO6normal spleen cells and 1.33 x IO6tumor cells.

Antitumor Cytotoxicity Assay. Cell-mediated immune lysis was de
termined as described previously utilizing the 3.5-h "Cr release assay
(15). The percentage of specific "Cr release was calculated by the

following formula:

% of specific "Cr release
T-C

M- C x 100

where T is the percentage release with test lymphoid cells, C is the
percentage of spontaneous release which ranged between 17 and 25%,
and M is the percentage of maximal release obtained by 3 cycles of
freezing and thawing, which ranged between 85 and 92%. Each exper
iment was performed 3-5 times. We have observed (7) as have others
(17), that the level of antitumor cytotoxicity obtained with spleen cells

of individual mice immunized under the same culture conditions may
vary substantially from one experiment to another. Still, thymocytes
from L-PAM-treated MOPC-315 tumor-bearing mice consistently
brought about the generation of enhanced antitumor cytotoxicity when
added to immunization cultures of normal spleen cells and MOPC-315
tumor cells, but not when added to immunization cultures of normal
spleen cells and EL4 tumor cells. The level of antitumor cytotoxicity is
presented as the mean of 51Cr release of triplicate samples. Variations
in the "Cr release between individual samples rarely exceeded 5%. All
points that differ by 10% or more of "Cr release were found to be
significantly different by Student's t test (P < 0.05).

Enumeration of Cells That Form Rosettes with TNP-SRBC. To enu
merate tumor cells in thymuses and spleens of MOPC-315 tumor
bearers we took advantage of the fact that MOPC-315 tumor cells
possess surface immunoglobulin with high affinity for nitrophenyl
compounds, and therefore are able to form rosettes with TNP-SRBC
(18). TNP-SRBC were prepared by reacting 50 mg 2,4,6-trinitroben-
zenesulfonic acid (Eastman Kodak Co., Rochester, NY) with 1 ml
packed SRBC (Grand Island Biological Co.) according to the method
of Hannestand el al. (19). Subsequently, triplicate samples each con
taining 2.5 x IO6 thymic cells or splenic cells suspended in 0.25 ml

minimal essential medium (Grand Island Biological Co.) supplemented
with 10% fetal bovine serum were admixed with 0.25 ml of 1% TNP-
SRBC in modified barbital buffer, pH 7.3 to 7.4. To promote cell/cell
contact, the mixtures were centrifuged at 250 x g for 15s and then
allowed to stand at 4' ( ' for 30 min. At the end of the incubation period,

the pellets were resuspended, and the percentage of cells that formed
rosettes with TNP-SRBC was determined by counting a total of 350
thymic cells or splenic cells. As a positive control, 2.5 x IO6cells from

the primary tumor nodule were admixed with a different aliquot of the
same batch of TNP-SRBC.

RESULTS

Evaluating Antitumor Immune Reactivity of Thymocytes from
Mice at Various Stages of MOPC-315 Tumor Growth. We have
recently shown that thymocytes from mice bearing a large (>20
mm) s.c. MOPC-315 tumor are unable to bring about the
generation of enhanced antitumor cytotoxicity when added to
immunization cultures of normal spleen cells and MOPC-315
tumor cells (8). Experiments were performed to determine
whether thymocytes from mice at earlier stages of MOPC-315
tumor growth are able to do so. For this purpose, thymocytes
were obtained from mice bearing either a nonpalpable tumor
or a tumor with a diameter of 7, 15, or 22 mm as a result of a
s.c. inoculation of 1 x IO6 MOPC-315 tumor cells 4, 7, 9, or

12 days earlier (Table 1). The thymocytes were added to im
munization cultures of normal spleen cells and MOPC-315
stimulator tumor cells and the level of antitumor cytotoxicity
generated was determined 5 days later by the 51Cr release assay
(Table 1). Thymocytes obtained from MOPC-315 tumor-bear
ing mice at either a late or an early stage of tumor growth were
unable to bring about the generation of enhanced antitumor
cytotoxicity when added to immunization cultures of normal
spleen cells and MOPC-315 tumor cells. However, following
curative low-dose L-PAM therapy of mice bearing a large
MOPC-315 tumor their thymocytes acquire the ability to do
so.

Kinetics of Appearance of Immunologically Reactive Cells in
Thymuses of MOPC-315 Tumor-bearing Mice following Cura
tive, Low-Dose L-PAM Therapy. We have recently observed
that thymocytes obtained on Day 12 after low-dose L-PAM
therapy of mice bearing a large MOPC-315 tumor have the
ability to bring about the generation of enhanced antitumor
cytotoxicity when added to immunization cultures of normal
spleen cells and MOPC-315 stimulator tumor cells (8). Exper
iments were performed to determine whether thymocytes ob
tained at shorter or longer time intervals after low-dose L-PAM
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ANTITUMOR IMMUNE REACTIVITY OF TUMOR BEARER THYMOCYTES

Table 1 Level of antitumor cytotoxicity generated when thymocy tes from mice at various stages ofMOPC-315 tumor growth were added to immunization cultures of
normal spleen cells and MOPC-315 stimulator tumor cells

Antitumor cytotoxicity (% of specific
"Cr release)

Source ofthymocytesNoneNormal

miceDay
4 of tumorbearersDay
7 tumorbearersDay
9 tumorbearersDay
12 tumorbearersL-PAM-treated

tumorbearers*Normal

miceDay
4 tumorbearersDay
7 tumorbearersDay
9 tumorbearersDay
12 tumorbearersL-PAM-treated

tumor bearersSize

of s.c. tumor on
thymocyte donors(mm)Nonpalpable715220Nonpalpable715220No.

of thymocytes
added(xlO6)202020202020101010101010100/149.7

Â±2.5Â°36.6

Â±1.356.3
Â±1.742.4
Â±4.641.3

Â±4.851.2
Â±1.575.4
Â±3.346.9

Â±3.552.5
Â±4.549.2
Â±3.955.3

Â±2.146.9
Â±3.571.4
Â±4.025/112.4

Â±0.19.8
Â±0.315.2
Â±1.5ll.2Â±

2.19.9
Â±0.913.6
Â±1.734.7
Â±1.115.3

Â±2.014.9
Â±2.916.2
Â±3.216.4
Â±1.911.3Â±

1.328.0
Â±2.9

â€¢Mean Â±SE.
4 Thymocytes were obtained 16 days after treatment of mice bearing a 22-mm MOPC-315 tumor with a low dose of L-PAM (2.5 mg/kg).

Table 2 Kinetics of appearance of enhanced thymic antitumor immune reactivity following L-PAM treatment ofMOPC-3 ÃŒ5 tumor bearers

Source of addedthymocytes"None

(control)
Normal mice
MOPC-315 tumor bearers'
L-PAM-treated tumor bearers''
L-PAM-treated tumor bearers
L-PAM-treated tumor bearers
L-PAM-treated tumor bearersTime

interval between drug
administration and thymus

excision(days)7

9
1624No.

of thymocytes
added(xlO6)20

20
0.75'

20
20
20Antitumor

cytotoxicity (% of specific
"Cr release)

at an effector/target cell ratioof100/137

.4 Â±1.7*

26.6 Â±5.8
23.6 Â±2.4
73.6 Â±2.2
81.8 Â±1.8
69.8 Â±5.2
73.8 Â±5.725/118.0

Â±1.8
13.4 Â±0.6
11.3 Â±0.5
19.3 Â±4.7
27.5 Â±1.8
25.9 Â±2.1
33.6 Â±4.7

" In all groups, pooled thymocytes from 3 mice were used.
* Mean Â±SE.
r Mice bearing a 22-mm tumor.
d Mice that had a 22-mm tumor at the time of therapy with 2.5 mg/kg L-PAM.
' A lower number of thymocytes were used since on Day 7 after the chemotherapy we recovered only 0.75 million cells from the 3 thymuses excised.

therapy also display enhanced antitumor immune reactivity.
For this purpose, thymocytes were obtained from 3 mice at
various intervals after low-dose chemotherapy of mice bearing
a large (>22 mm) MOPC-315 tumor. Subsequently, 20 x IO6

of the pooled thymocytes were added to immunization cultures
of normal spleen cells and MOPC-315 tumor cells (Table 2).
Enhanced antitumor cytotoxicity was observed in the presence
of 20 x IO6 thymocytes that had been obtained on Days 9
through 24 after low-dose L-PAM therapy (i.e., from 37 to
>70% 5lCr release). Due to the toxicity of the drug for thymo
cytes we were unable to recover 20 x IO6cells from the thymuses

of 3 donor mice that had been treated 7 days earlier with 2.5
mg/kg L-PAM and elected in the case of Day 7 treatment point
to add all of the pooled cells recovered from 3 thymuses (i.e.,
just 0.75 x IO6) to immunization cultures of normal spleen
cells and MOPC-315 tumor cells. Even with this low concen
tration of thymocytes, a greatly enhanced level of antitumor
cytotoxicity was generated. Thus, thymocytes obtained from
tumor-bearing mice between Day 7 and Day 24 after low-dose
L-PAM therapy are able to bring about the generation of
enhanced antitumor cytotoxicity when added to immunization
cultures of normal spleen cells and MOPC-315 stimulator

tumor cells.
Effect of Time of Addition of Thymocytes on Level of Antitu

mor Cytotoxicity Generated. Experiments were performed to
determine whether the ability of thymocytes from L-PAM-
treated MOPC-315 tumor bearers to bring about the generation
of enhanced anti-MOPC-315 cytotoxicity can be realized only
when the thymocytes are added to immunization cultures of

normal spleen cells and MOPC-315 tumor cells at the time of
culture initiation, or also when the thymocytes are added at
later days during the 5-day immunization culture. Specifically,
we determined the level of antitumor cytotoxicity generated
when thymocytes from L-PAM-treated MOPC-315 tumor-
bearing mice were added to immunization cultures of normal
spleen cells and MOPC-315 stimulator tumor cells on Days 0,
1, or 2 after culture initiation (Table 3). An equally enhanced
level of antitumor cytotoxicity was obtained when the thymo
cytes from L-PAM-treated MOPC-315 tumor bearers were
added to immunization cultures of normal spleen cells at the
time of culture initiation or 1 day later (i.e., from 30 to 51 %
versus 30 to 52% 51Cr release at an effector/target cell ratio of

25/1). However, when the addition of thymocytes from L-
PAM-treated MOPC-315 tumor bearers was delayed until the
second day after culture initiation, the thymocytes were no
longer able to bring about the generation of enhanced antitumor
cytotoxicity. Thus, thymocytes from L-PAM-treated MOPC-
315 tumor bearers can bring about the generation of enhanced
antitumor cytotoxicity when added to immunization cultures
of normal spleen cells and MOPC-315 tumor cells within the
first day after culture initiation.

Kinetics of Development of Enhanced Antitumor Cytotoxicity
in Presence of Thymocytes from L-PAM-treated MOPC-315
Tumor Bearers. Thymocytes from L-PAM-treated MOPC-315
tumor bearers were added to immunization cultures of normal
spleen cells and MOPC-315 stimulator tumor cells at the time
of culture initiation. The level of antitumor cytotoxicity exhib
ited by these cultures on Days 1 through 7 after culture initia-
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ANTITUMOR IMMUNE REACTIVITY OF TUMOR BEARER THYMOCYTES

Table 3 Level of antitumor cytotoxicity generated when thymocytes from L-PAM-treated MOPC-315 tumor bearers were added to immunization cultures of normal
spleen cells and MOPC-315 tumor cells on various days after culture initiation

Aniiiiinmi cytotoxicity (% ofspe-Source

ofthymocytesNone

(control)Normal
miceL-PAM-treated
TuB*-cNormal

miceL-PAM-treated
TuBNormal
miceL-PAM-treated
TuBNormal

miceL-PAM-treated
TuBNormal
miceL-PAM-treated
TuBNormal
miceL-PAM-treated

TuBThymocytes

added on
following dayspost-culture

initiation001122001122No.
ofthymocytesadded

(xlO4)0202020202020101010101010cific

"Cr release) at an effector/

target cell ratioof100/160.3

Â±0.2Â°57.6

Â±3.883.8
Â±0.952.3
Â±4.282.4

Â±4.162.6
Â±1.373.1

Â±0.963.2

Â±1.883.9
Â±0.964.1

Â±3.180.2
Â±1.862.3
Â±0.954.4
Â±5.625/129.6

Â±1.625.6
Â±1.350.5
Â±7.020.4
Â±3.852.4
Â±3.925.1

Â±4.033.4
Â±6.128.9

Â±3.255.2
Â±6.131.5
Â±3.246.6
Â±4.124.4

Â±4.621.0
Â±2.5

' Mean Â±SE.
* TuB, tumor bearers.
c Thymocytes were obtained 11-13 days after treatment of mice bearing a 22-mm MOPC-315 tumor with a low dose of L-PAM (2.5 mg/kg).

E/Tratto : 100/1

e
DAY AFTER CULTURE INITIATION

Fig. 1. Kinetics of development of enhanced antitumor cytotoxicity when
thymocytes from L-PAM-treated MOPC-315 tumor bearers are added to immu
nization cultures of normal spleen cells. Normal spleen cells alone (â€¢)or in a
mixture with 20 x 10* thymocytes (top) or 10 x IO6thymocytes (bottom) derived
from either normal mice (O) or L-PAM-treated MOPC-315 tumor-bearing mice
(â€¢)were immunized in vitro with MOPC-315 tumor cells.

tion was determined and compared to that exhibited by normal
spleen cells immunized in vitro for the same length of time with
MOPC-315 tumor cells in the presence or absence of normal
thymocytes (Fig. 1). When normal spleen cells were immunized
in vitro in the absence of additional thymocytes, a significant
level of antitumor cytotoxicity was first observed on Day 5 after
culture initiation, with the peak response on Day 6. Essentially
the same kinetics as well as the same level of antitumor cyto
toxicity was observed when normal thymocytes were added to
immunization cultures of normal spleen cells. On the other
hand, when thymocytes from L-PAM-treated MOPC-315 tu
mor bearers were added to immunization cultures of normal
spleen cells, antitumor cytotoxicity developed earlier and
reached much higher levels than was observed when normal
spleen cells were immunized in the presence or absence of
normal thymocytes. In fact, the level of antitumor cytotoxicity
generated in the presence of thymocytes from L-PAM-treated
MOPC-315 tumor bearers on Days 5 through 7 after culture
initiation exceeded that exhibited by normal spleen cells ini

30/1 10/1

RESPONDER / STIMULATOR CELL RATIO
Fig. 2. Effect of responder/stimulator cell ratio used during the immunization

cultures of normal spleen cells and MOPC-315 tumor cells on the ability of
thymocytes from L-PAM-treated MOPC-315 tumor bearers to bring about the
generation of enhanced antitumor cytotoxicity. Normal spleen cells were immu
nized in vitro with MOPC-315 tumor cells either alone (0) or in the presence of
thymocytes from normal mice (â€¢)or L-PAM-treated MOPC-315 tumor bearers
(O). The in vitro immunized cells were evaluated for their lytic activity at effector/
target cell (E/T) ratios of 100/1 and 25/1.

munized in vitro in the presence or absence of normal thymo
cytes at the peak of their response (i.e., Day 6 after culture
initiation). Thus, the ability of thymocytes from L-PAM-treated
MOPC-315 tumor bearers to bring about the generation of an

enhanced antitumor cytotoxicity when added to immunization
cultures of normal spleen cells and MOPC-315 tumor cells is
evident on Days 4 through 7 of the immunization cultures.
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ANTITUMOR IMMUNE REACTIVITY OF TUMOR BEARER THYMOCYTES

Table 4 Inability of thymocytes from L-PAM-cured MOPC-ÃŒ15tumor bearers to bring about generation of an enhanced lytic activity when added to immunization
cultures of normal BALB/c spleen cells and allogeneic (EL4) stimulator tumor cells

Antitumor cytotoxicity (% of spe
cific "Cr release) at an effector/

Source of addedthymocytesNone

(control)None
(control)None
(control)None
(control)Normal
miceL-PAM-cured

MOPC-315TuB*cNone

(control)Normal
miceL-PAM-cured

MOPC-315 TuBStimulator

tu
mor cellsusedEL4EL4EL4EL4EL4EL4MOPC-315MOPC-315MOPC-315Responder/stimulatorcellratio10/130/1100/1300/1300/1300/130/130/130/1100/188.7

Â±0.1Â°75.4

Â±0.745.0
Â±1.842.7
Â±0.821.6
Â±1.232.7
Â±2.818.9

Â±0.223.5
Â±1.686.1
Â±1.525/175.7

Â±1.232.7
Â±4.611.6

Â±2.96.4
Â±2.8-1.9
Â±1.06.6
Â±1.32.1

Â±0.74.3
Â±0.953.0
Â±2.7

Â°Mean Â±SE.
* TuB, tumor bearers.
' Thymocytes were obtained 15 days after treatment of mice bearing a 22-mm MOPC-315 tumor with a curative low dose of L-PAM (2.5 mg/kg).

Table 5 Percentage of cells bearing MOPC-315 myeloma protein among thymic
and splenic cells from mice bearing a large MOPC-315 tumor'

Source of cells
No. of organs

examined
No. of cells ex
amined/organ

%ofTNP-
rosettable cells

Thymus
Spleen
Tumor nodule (s.c.)

IÃœ
5
5

350
350
350

14.8 Â±2.4*

78.1 Â±1.7
* Cells were derived from mice bearing a s.c. MOPC-315 tumor with a diameter

of approximately 20 mm (Day 9-12 tumor bearers).
* Mean Â±SE.

Determining Ratio of Responder Lymphoid Cells to Stimulator
Tumor Cells Required for Manifestation of Ability of Thymo
cytes from L-PAM-treated MOPC-315 Tumor Bearers to Bring
About Generation of Enhanced Antitumor Cytotoxicity. Thy
mocytes (10 or 20 x IO6) from either normal mice or L-PAM-
treated MOPC-315 tumor bearers were added to immunization
cultures of normal spleen cells (40 x 10") and various numbers

of stimulator tumor cells. The R/S ratios used were calculated
only for the responder spleen cells and ranged from 300/1 to
10/1. The results presented in Fig. 2 illustrate the effect of 20
x 106 thymocytes on the generation of antitumor cytotoxicity
in a 5-day immunization culture; however, we would like to
point out that the same pattern of results was obtained with 10
x IO6 thymocytes (data not shown). As can be seen from Fig.
2, normal spleen cells immunized in vitro with MOPC-315
tumor cells at an R/S ratio of 10/1, 30/1, or 100/1 developed
a significant level of antitumor cytotoxicity, while those im
munized in vitro at an R/S ratio of 300/1 developed very little,
if any, antitumor cytotoxicity. Addition of normal thymocytes
to immunization cultures of normal spleen cells and MOPC-
315 tumor cells did not enhance the generation of antitumor
cytotoxicity at any of the R/S ratios used. On the other hand,
addition of thymocytes from L-PAM-treated MOPC-315 tu
mor bearers to normal spleen cells immunized in vitro with
MOPC-315 tumor cells at an R/S ratio of 10/1, 30/1, or 100/
1 brought about the generation of a greatly enhanced level of

antitumor cytotoxicity. However, thymocytes from L-PAM-
treated MOPC-315 tumor bearers failed to bring about the
generation of an enhanced level of antitumor cytotoxicity, when
added to immunization cultures in which the spleen cell/
MOPC-315 tumor cell ratio was 300/1. Thus, the ability of
thymocytes from L-PAM-treated MOPC-315 tumor bearers to
bring about the generation of enhanced antitumor cytotoxicity
is manifested over an R/S ratio ranging from 10/1 to 100/1.

Evaluating Ability of Thymocytes from L-PAM-treated
MOPC-315 Tumor Bearers to Bring About Generation of En
hanced Lytic Activity against an Allogeneic Tumor. Thymocytes
from L-PAM-treated MOPC-315 tumor bearers were added to
immunization cultures of normal BALB/c spleen cells and
allogeneic EL4 tumor cells in which the BALB/c spleen cell/
EL4 tumor cell ratio ranged from 10/1 to 300/1. On Day 5
after culture initiation, the level of antitumor cytotoxicity gen
erated was determined and compared to that generated by
normal BALB/c spleen cells immunized in vitro against the
same number of EL4 tumor cells in the presence or absence of
normal thymocytes. In Table 4 we present only the results
obtained at an R/S ratio of 300/1 since at this R/S ratio the
normal spleen cells immunized in the absence of thymocytes
developed a suboptimal level of antitumor cytotoxicity which
could be enhanced if the thymocytes from L-PAM-treated
MOPC-315 tumor bearers have the ability to do so. As a
control, we illustrate that a different aliquot of the same batch
of thymocytes from L-PAM-treated MOPC-315 tumor bearers
was capable of bringing about the generation of enhanced
antitumor cytotoxicity when added to immunization cultures
of normal spleen cells and autochthonous tumor cells (Table
4). As can be seen from Table 4, addition of thymocytes from
L-PAM-treated MOPC-315 tumor bearers did not result in the
generation of a higher level of anti-EL4 cytotoxicity than was
generated by normal spleen cells immunized in vitro in the
absence of thymocytes. We would like to point out that at the
other 3 R/S ratios used, thymocytes from L-PAM-treated

Table 6 Inability of cells obtained from thymuses of BALB/c mice bearing a large s.c. MOPC-315 tumor to establish tumors in normal BALB/c mice

Source of tumor bearer cells
inoculated"

Av. no. of cells inoculated
into new recipients

No. of mice showing tumor/total
mice inoculated

Time of appearance of a
palapable tumor nodule

(days)

ThymusSpleenTumor

nodule(s.c.)Tumor
nodule (s.c.)38.1

xIO6*10.0
x10"1
xIO41
x IO30/105/510/106/10>7015.4

Â±2.3'15.4

Â±0.618.5
Â±0.7'

* Cells were derived from mice bearing a s.c. MOPC-315 tumor with diameter of approximately 20 mm (Day 9-12 tumor bearers).
* Thymic cell inoculum consisted of 38.1 Â±13.0 - 111"cells which represented one thymus equivalent.
1Spleen cell inoculum consisted of approximately 5% of the cells recovered from each tumor bearer spleen.
d Mean Â±SE.
' Calculated only for the mice that developed tumors during the 70 il:i> observation period.
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MOPC-315 tumor bearers were also unable to bring about the
generation of enhanced anti-EL4 cytotoxicity (data not shown).
Thus, thymocytes from L-PAM-treated MOPC-315 tumor
bearers which were capable of bringing about the generation of
enhanced antitumor cytotoxicity in response to stimulation
with the autochthonous tumor cells were unable to do so in
response to stimulation with an allogeneic tumor.

Evaluating Extent of Tumor Metastasis into Thymuses of
MOPC-315 Tumor Bearers. The apparent specificity of the
enhanced antitumor immune reactivity of thymocytes from L-
PAM-treated MOPC-315 tumor bearers prompted us to eval
uate the extent of tumor metastasis into the thymuses of mice
bearing a large tumor. Our initial approach took advantage of
the fact that most MOPC-315 tumor cells possess surface
immunoglobulin with high affinity for TNP and therefore are
capable of forming rosettes with TNP-SRBC (18). Specifically,
we determined the percentage of TNP-rosettable cells within
the thymuses of mice bearing a large (>20 mm) s.c. MOPC-
315 tumor. We have examined a total of 10 different thymuses
for their content of TNP-rosettable cells by counting a total of
350 cells from each thymus (Table 5). As a positive control we
evaluated the percentage of TNP-rosettable cells among the
cells obtained from the primary tumor nodules or the spleens
of 5 of the thymic cell donors (Table 5). As expected, approxi
mately 80% of the cells obtained from the primary tumor
nodules formed rosettes with TNP-SRBC (18, 20). A substan
tial percentage of TNP-rosettable cells was found in the spleens
from all MOPC-315 tumor-bearing mice. In contrast, no TNP-
rosettable cells were found in any of the 10 different tumor
bearer thymuses examined. Thus, if tumor cells bearing surface
immunoglobulin are present in the thymuses of MOPC-315
tumor bearers, they have to constitute fewer than 1 in 3500
cells.

The apparent absence of cells bearing the MOPC-315 mye
loma protein from the thymuses of MOPC-315 tumor bearers
does not necessarily mean that tumor cells are absent from the
thymus. The possibility exists that tumor cells that lack surface
myeloma protein metastasized into the thymuses of MOPC-
315 tumor bearers. Therefore, to determine the presence of
metastatic tumor cells in the thymuses of MOPC-315 tumor
bearers, we evaluated the ability of cells obtained from tumor
bearer thymuses to induce a tumor upon inoculation into sus
ceptible recipients. Ten thymuses from untreated MOPC-315
tumor bearers were handled separately and the total cells re
covered from each thymus were inoculated into a normal recip
ient (Table 6). As a reference point, we evaluated the tumori-
genicity of cells obtained from the primary tumor nodules and
from the spleens of the thymus cell donors (Table 6). As few as
IO4 cells from the primary tumor nodules of mice bearing a
large MOPC-315 tumor were sufficient to induce the appear
ance of a lethal tumor in all inoculated recipients, while 10'

cells induced the appearance of a lethal tumor in approximately
60% of the mice. All tumors appeared within 20 days after
tumor cell inoculation. In addition, spleens from all donors of
thymocytes demonstrated the presence of a substantial number
of metastatic tumor cells as evidenced by the appearance within
15.4 Â±2.3 days of a lethal tumor in all mice inoculated with
10 x IO6 splenic cells. This cell inoculum represented approx

imately 5% of the cells recovered from each spleen. In contrast,
no tumor appeared in any of the 10 mice inoculated with a
thymus equivalent (i.e., on the average, 38.1 x IO6cells) during

an observation period of more than 70 days. Thus, if the
thymuses of untreated tumor-bearing mice contain metastatic

tumor cells, they represent less than 103 cells, i.e., fewer than 1

of 38,100 thymic cells.

DISCUSSION

The studies presented herein illustrate that thymocytes from
mice bearing either an early or a late stage MOPC-315 tumor
are unable to bring about the generation of an enhanced anti-
tumor cytotoxic response when added to immunization cultures
of normal BALB/c spleen cells and MOPC-315 stimulator
tumor cells. However, this ability is evident in the thymus by
the seventh day after low-dose L-PAM therapy of mice bearing
a large tumor and it persists for at least 17 additional days. The
ability of thymocytes from L-PAM-treated MOPC-315 tumor
bearers to bring about the generation of enhanced antitumor
immunity when added to immunization cultures of normal
spleen cells can be realized over a wide range of R/S ratios, and
it requires the presence of the thymocytes within the first day
of culture initiation. Thymocytes from L-PAM-treated MOPC-
315 tumor bearers can bring about the generation of enhanced
antitumor immune activity in response to stimulation with the
autochthonous tumor cells but not in response to stimulation
with unrelated allogeneic tumor cells. This apparent specificity
of the enhanced antitumor immune reactivity of thymocytes
from L-PAM-treated MOPC-315 tumor bearers is not due to
extensive metastasis of tumor cells into the thymus. In fact, no
tumor cells were found in the thymuses of MOPC-315 tumor
bearers by methods used that can detect 10' tumor cells, indi

cating that if tumor cells metastasize at all into the thymuses
of MOPC-315 tumor bearers they represent fewer than IO3

cells per thymus.
Hancock et al. (13) have shown that thymocytes from DBA/

2 mice bearing the P815.X2 mastocytoma are capable of bring
ing about the generation of enhanced antitumor cytotoxicity
when added to immunization cultures of normal spleen cells
and P815.X2 tumor cells. This activity was present in the
thymuses of the tumor-bearing mice at early stages of tumor
growth (i.e.. Days 4 through 7 after tumor inoculation) but
disappeared or was masked at later stages of tumor growth (i.e.,
from Day 8 on). Although we have recently observed that
thymocytes from mice bearing a large (>22 mm) s.c. tumor
(i.e., Day 10 tumor bearers) are incapable of bringing about the
generation of enhanced antitumor cytotoxicity (8), in light of
the above studies by Hancock et al. (13), the question arose
whether thymocytes obtained from mice at earlier stages of
MOPC-315 tumor growth exhibit an enhanced antitumor im
mune reactivity. The studies presented here illustrate that thy
mocytes obtained from MOPC-315 tumor bearers at early
stages of tumor growth (i.e., on Day 4 or Day 7 after tumor
inoculation) are incapable of bringing about the generation of
enhanced antitumor cytotoxicity when added to immunization
cultures of normal spleen cells and MOPC-315 tumor cells.
This discrepancy between the observations of Hancock et al.
and ours might be a function of the assay method used. Neither
of these studies measured the absolute level of enhancing or
suppressive activity of tumor bearer thymocytes but rather the
net effect resulting from the balance between these two activi
ties. Therefore, the inability of thymocytes from mice bearing
early stage MOPC-315 tumors to bring about the generation
of enhanced antitumor immunity does not necessarily mean
that the thymocytes lack such activity but might instead be the
result of an early appearance of suppressor cell activity which
masks or blocks the "immunoenhancing" activity of the thy

mocytes.
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We have recently evaluated, under limited experimental con
ditions, the ability of thymocytes from L-PAM-cured MOPC-
315 tumor bearers to bring about the generation of enhanced
antitumor cytotoxicity when added to immunization cultures
of normal spleen cells and MOPC-315 tumor cells (8). In this
study, the thymocytes were added to normal spleen cells and
MOPC-315 tumor cells at the initiation of the 5-day immuni
zation cultures at an R/S ratio of 30/1. Although our previous
results illustrated that thymocytes from L-PAM-cured MOPC-
315 tumor bearers, but not thymocytes from normal mice, are
capable of bringing about the generation of enhanced antitumor
cytotoxicity, the possibility existed that the experimental con
ditions selected favor the expression of enhanced antitumor
immune activity by thymocytes from L-PAM-treated MOPC-
315 tumor bearers over that by thymocytes from normal mice.
The results presented here illustrate that the ability of thymo
cytes from L-PAM-treated MOPC-315 tumor bearers to bring
about the generation of enhanced antitumor cytotoxicity when
added to immunization cultures of normal spleen cells and
MOPC-315 tumor cells can be realized over a wide range of
different experimental conditions, and at the same time thy
mocytes from normal mice do not display this ability. Specifi
cally, enhanced antitumor cytotoxicity is observed from the
fourth through the seventh day after culture initiation wherein
the R/S ratio used ranges between 10/1 and 100/1 and the
addition of thymocytes from L-PAM-treated MOPC-315 tu
mor bearers occurs within the first day of culture initiation.

The mechanism(s) by which thymocytes from L-PAM-treated
MOPC-315 tumor bearers bring about the generation of en
hanced antitumor cytotoxicity when added to immunization
cultures of normal spleen cells and the autochthonous tumor
cells is unknown. Thymocytes from L-PAM-treated MOPC-
315 tumor bearers might enhance the generation of antitumor
cytotoxicity by normal spleen cells and/or might supply anti
gen-primed precursors of cytotoxic T-lymphocytes that develop
into cytotoxic T-lymphocytes upon addition to immunization
cultures of normal spleen cells. In the first situation, the thy
mocytes would be expected to produce, upon stimulation with
the specific tumor antigens, helper-like factors which in turn
will amplify the response of normal spleen cells to the MOPC-

315 tumor antigens. In the second situation, the thymocytes
would be expected to develop an antitumor cytotoxic response
when added to immunization cultures of normal spleen cells,
even though such thymocytes are unable to generate an antitu-
mor cytotoxic response when immunized in vitro with MOPC-
315 tumor cells in the absence of normal spleen cells (8). This
could happen if the normal spleen cells produce, upon antigenic
stimulation, factors (e.g., interleukin 2) sufficient to enable
thymocytes from L-PAM-treated MOPC-315 tumor bearers,
but not from normal mice, to develop (upon stimulation with
MOPC-315 tumor cells) an anti-MOPC-315 cytotoxic response

of their own.
The spleens of MOPC-315 tumor-bearing mice contain ap

proximately 14% TNP-rosettable cells. However, many of the
TNP-rosettable cells in the spleen may not be tumor cells. In
fact, the tumorigenic cells represent only approximately 0.1%
of the nucleated cells in the spleen as judged by the time of
appearance of a palpable tumor nodule following the inocula
tion of 10 x IO6splenic cells into normal recipients. The other
TNP-rosettable cells are most likely T-cells that have been
induced by the MOPC-315 myeloma proteins to express Fca
receptors through which they bind the MOPC-315 myeloma
proteins and consequently are able to bind TNP-SRBC (21). In
fact, progression of MOPC-315 tumor growth was shown to be

associated with the expression of Fca receptors on up to '/a of
the splenic T-cells (21). Although the thymus is absolutely
essential for the expression of the Fca receptors by the splenic
T-cells, and upon adult thymectomy T-cells with Fca receptors

are completely eliminated from the spleen (21), the thymuses
of MOPC-315 tumor bearers are virtually free of TNP-rosett
able cells (i.e., if TNP-rosettable cells are present in the thy
muses of MOPC-315 tumor bearers they represent fewer than
1 of 3500 cells). Since the induction of Fca receptors on splenic
T-cells requires a high concentration of the myeloma proteins
(22), one reason for the apparent absence of TNP-rosettable
cells from the thymuses of MOPC-315 tumor bearers might be
the lack of a sufficient concentration of myeloma proteins in
the thymus. This is expected to happen since the thymus is not
very accessible for myeloma proteins secreted at other sites (23)
and at the same time the thymus lacks any significant tumor
metastasis. It should be emphasized, however, that other pos
sibilities such as the maturity of the cells within the thymus,
the suppressive environment of the thymus, or the need for a
non-T-cell factor absent from the thymus to induce the expres
sion of Fca on T-cells might also account for the absence of
TNP-rosettable cells from the thymuses of MOPC-315 tumor
bearers.

The mechanism(s) through which low-dose L-PAM therapy
renders thymocytes from MOPC-315 tumor bearers immuno
logically reactive is unknown. However, in light of reports by
several investigators that the thymus harbors cells with immu-
nosuppressive activity which are sensitive to the toxic effects of
low concentrations of alkylating agents (24, 25), the possibility
exists that low-dose L-PAM therapy administered to MOPC-
315 tumor bearers eliminates the immunosuppressive activity
of such thymocytes, thereby allowing the expression of existing
enhanced thymic antitumor immune activity and/or the gener
ation of de novo enhanced thymic antitumor immune activity.
The apparent ability of thymocytes from L-PAM-treated
MOPC-315 tumor bearers to bring about the generation of
enhanced antitumor cytotoxicity in response to stimulation
with the autochthonous plasma cell tumor but not in response
to stimulation with an unrelated allogeneic thymoma raises the
question as to how the thymic cells acquire their enhanced
antigen-specific immune activity. One possibility is that some
MOPC-315 tumor antigens get into the thymus and cause in
situ stimulation of the thymocytes. If MOPC-315 tumor anti

gens indeed get into the thymus, it does not happen as a result
of extensive mÃ©tastasesof tumor cells into the thymus as
evidenced by the failure of one thymus equivalent to induce a
tumor in normal mice under conditions in which I x 10'

MOPC-315 cells are sufficient. Still, even a few metastatic
tumor cells, below the detection level of the methods used, may
be sufficient to introduce enough tumor antigen into the thymus
to provide adequate antigenic stimulation. It should be pointed
out, however, that metastasis of tumor cells into the thymus is
not the only mechanism to induce //; situ antigenic stimulation
of thymocytes. Moreover, the ability of antigens to stimulate
thymocytes /'// situ is not limited to tumor models as evident

from the studies by Fink et al. (26) wherein thymocytes, includ
ing recent immigrants from the bone marrow, were stimulated
in situ as a result of inoculating mice i.p. with spleen cells that
differ in minor histocompatibility antigens (minor H antigens).
Thus, although low level metastasis of tumor cells into the
thymus might be an important factor in priming thymocytes
from L-PAM-treated MOPC-315 tumor bearers to MOPC-315
antigens, in light of the above reports by Fink et al. (26), the
possibility exists that some MOPC-315 tumor antigens get into
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the thymus by a mechanism other than tumor metastasis.
The traffic of T-lymphocytes between the thymus and the

periphery is apparently not unidirectional (i.e., not only from
the thymus into the periphery). Several investigators provided
evidence that antigen-activated T-cells are capable of returning
to the thymus. For example, Naparstek et al. (27) demonstrated
that upon inoculation into normal rats of T-lymphocyte lines
reactive to myelin basic protein or to purified protein derivative,
a small percentage of the cells migrate into the thymus. Simi
larly, Fink et al. (26) demonstrated that upon administration
of lymph node cells activated against minor H antigens to
normal mice, some of the adoptively transferred T-cells end up
in the thymus wherein they endow the thymus with reactivity
against minor H antigens. Although only a small percentage of
the mature antigen primed T-cells end up in the thymus, their
activity persists for a relatively long period of time which led
to the proposal that the thymus may function as a repository
of immunological memory (27). In light of the above reports,
it is possible that the antigen-specific reactive cells in the
thymuses of L-PAM-treated MOPC-315 tumor bearers repre
sent mature T-cells that have been exposed to the antigen in
the periphery and then returned to the thymus wherein they
retained their activity for at least 2 weeks and possibly even for
10 weeks as suggested by results of one experiment (data not
shown). Moreover, the return of antigen-primed mature T-
lymphocytes from the periphery into the thymus might have
been facilitated in the MOPC-315 tumor bearers by the L-PAM
therapy. Such a possibility is likely in light of reports by
Stutman (28) that irradiation can cause reentry of T-lympho

cytes into the thymus.
Enhanced thymic antitumor immunity is evident by the sev

enth day after low-dose L-PAM therapy of mice bearing a large
MOPC-315 tumor when the mice are still engaged in the active
eradication of a large tumor burden remaining after clearance
of the drug from the circulation (1). The potency of the antitu-
mor immune activity of such thymocytes is quite remarkable as
evidenced by the ability of as few as 0.75 x IO6 thymocytes to
bring about the generation of a greatly enhanced level of anti-
tumor cytotoxicity when added to immunization cultures of 40
x IO6 normal spleen cells. In light of the early appearance of

the greatly enhanced antitumor immune reactivity in the thy
muses of L-PAM-treated MOPC-315 tumor bearers, it is pos
sible that the developments in the thymus are important for the
outcome of the low-dose chemotherapy for mice bearing a large
MOPC-315 tumor, since the therapeutic effectiveness of this
protocol depends on the ability of T-cell-dependent antitumor
immunity to eradicate a large tumorigenic load (1).
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