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Abstract

Dormancy in the murine B( I , lymphoma can be induced by several
strategies including cytoreductive therapy of mice with large tumor
burdens and challenge of allogeneic chimeric mice or idiotype-immunized

mice with BCL, tumor. Dormant tumor cells were isolated from the
spleens of the chimeric mice and the majority were shown to be noncy-
cling. In idiotype-immunized mice that had lost dormancy, tumor growth
occurred at a relatively rapid rate. A proportion of idiotype-immunized

mice that had lost dormancy spontaneously regressed and then again
relapsed; in these mice, the serum antiidiotypic levels were inversely
related to the tumor burden.

Introduction

Tumor dormancy is an operational term used to describe a
prolonged quiescent state in which tumor growth is not clini
cally apparent (1-7). There is general agreement that in the
human, neoplastic cells escape from a primary tumor very early
in its development. The fate of these escaping neoplastic cells,
therefore, will determine whether the patient will die of cancer.
Dormancy represents a type of micrometastasis in which growth
does not occur for long periods of time. It is presumed, but not
proved, that the tumor cells do not grow at a rapid rate during
this interval. An alternative possibility is that rapidly growing
tumor cells are killed at the same rate at which they are
generated resulting in a lack of detectable growth. Clinical
examples of dormancy include melanoma and breast cancer
where the period of clinical latency can be a decade or more.
Indeed, recurrence of breast cancer at the site of surgical inci
sion has been observed after an interval of 50 years (1). Despite
the obvious clinical importance of tumor dormancy and the
fundamental insights that its study might give to the biology
and therapy of cancer, the topic has received surprisingly little
attention.

We have had a long term interest in dormancy emanating
from our studies of a murine lymphoma/leukemia (BCLi) in
which we encountered dormancy early in our investigations.
BCLi was the first B-cell lymphoma described in mice (8). It

arose spontaneously in an elderly BALB/c mouse and is char
acterized by early splenomegaly and later leukemia and infiltra
tion of the liver. Lymph nodes are not enlarged until late in the
disease. The clinical characteristics of BCL, resemble the pro-

lymphocytic form of chronic lymphocytic leukemia in humans
(9). In addition, the tumor cells express IgMA and IgDX; the
two isotypes share a common idiotype as defined serologically
and by sequence analysis (10).

The BCLi tumor offers a number of advantages for the study
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of dormancy: (a) the immunoglobulin Id4 is a clonal marker
and hence represents a tumor-specific antigen. Therefore, anti-
Id antibodies can be used to identify and isolate tumor cells; (b)
DNA VHregion gene rearrangements also represent a clonal
marker which should facilitate detection of minimal disease by
polymerase chain reaction (11); (c) since tumor grows rapidly
and primarily in the spleen (12), studies of tumor growth and
tumor-host interaction can focus on this organ. Furthermore,
even modest splenic enlargement (the term splenomegaly will
be used for simplicity) can be detected by palpation. Fig. 1
indicates that this noninvasive maneuver is highly effective at
quantifying BCL, cells in the spleen; (d) tumor cells in the
spleen can be quantified by both Id analysis and transfer of
graded numbers of splenocytes from tumor-bearing animals to
syngeneic recipient animals. Adoptive transfer of tumor is an
important advantage because a single BCL] cell can transfer
tumor to a naive animal (9).

Early in our studies of the BCLi lymphoma, we made several
observations suggesting that the tumor can exist in a dormant
state (summarized in Table 1).

Growth of BCLi Cells in Splenectomized Mice. In normal
mice, tumor growth can be detected in the spleen at 3 weeks;
growth plateaus by 6 weeks and by 3 months all mice succumb
to tumor. In both splenectomized and nonsplenectomized ani
mals, the lymph nodes contain a very small number of Id* cells

at 6 weeks. However, in the splenectomized animals, there is
an explosive increase in tumor cells in lymph nodes 3-4 months

after injection with tumor cells (Fig. 2). This long latency period
suggests that tumor cells remain dormant in the nodes until
this time.

Bone Marrow Purging. When BALB/c bone marrow contain
ing BCL, cells was treated with a tumor-reactive immunotoxin
and the "purged" marrow was then transplanted into lethally

irradiated syngeneic recipients, all the reconstituted mice sur
vived. Eighteen of 20 mice did not develop progressive growth
of BCLi tumor and their spleens did not transfer BCLi disease
to normal BALB/c mice. However, in one mouse, leukemia
occurred very late and in another mouse the spleen appeared
normal but tumor cells were present since splenocytes adop
tively transferred tumor to naive recipients in the usual period
of time.

Treatment of Advanced BCLi Disease. The most definitive
observation concerning dormancy stemmed from the results of
treating mice with advanced BCL, tumors with total lymphoid
irradiation (with or without splenectomy) followed by the injec
tion of a tumor-reactive immunotoxin. In 3 of 4 experiments,
mice went into long-term remissions lasting 1 year (the period
of observation). Nevertheless, as late as 8 months after remis
sion, cells from virtually all organs adoptively transferred tumor
to syngeneic recipients. These findings suggested that a host

4The abbreviations used are: Id, idiotype; BSS, balanced salt solution; BM,
bone marrow; Raid, rabbit anti-BCL, Id; RAM-y, rabbit anti-mouse 7 serum;
FITC, fluorescein isothiocyanate; NRIg, normal rabbit IgG; RAMIg, rabbit anti-
mouse immunoglobulin; GARIg, goat anti-rabbit immunoglobulin; MARK-1,
monoclonal mouse anti-rat K; MoAb, monoclonal antibody; NRtlg, normal rat
IgG; FACS, fluorescence-activated cell sorter; PBS, phosphate-buffered saline;
KLH, keyhole limpet hemocyanin; Tc, cytotoxic T cells.
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Fig. 1. Time of onset of splenomegaly as determined by palpation correlates
with the number of BCLi cells previously injected. Groups of 5 animals each were
given injections of graded numbers of IK I , cells as determined by Id analysis.
Splenomegaly was determined by a single observer without knowledge of the
pretreatment of the mice as described in "Materials and Methods." Bars, SEM.

Table 1 Experimental strategies for inducing dormancy in BCL,-bearÂ¡ngmice

ExperimentaltreatmentSplenectomy

before BCL, injection
Transfer of BCL.-purged bone marrow into syngeneic

recipients
Treatment of advanced BCL, disease with total

lymphoid irradiation and anti-Id (or anti-Ã¤)ricin A
chain immunotoxin

Injection of BCL, into allogeneic chmieras
Injection of IH I , after Id immunizationRef.24

3156,5713,30

14

immune response, presumably anti-Id, was involved in main
taining a dormant state.

These early observations have led us to study two additional
models of tumor dormancy. The first involved the use of allo
geneic chimeric mice (13) and the second, utilized the immu
nization of mice with the BCL, Id IgM as described by George
et al. (14).

Materials and Methods

Mice. BALB/c and C57BL/6 mice were obtained from The Jackson
Laboratory, Bar Harbor, ME. BALB/c mice were also obtained from
our own colony.

Cells. The BCLi tumor was maintained in vivoby i.v. and i.p. passage
in BALB/c mice. Five weeks after tumor passage of 5-10 x 10* spleen
cells from a tumor-bearing animal, mice were sacrificed and their
splenocytes were used as a source of tumor cells.

Spleen cell suspensions were prepared in BSS, and the stromal tissue
and debris were removed by allowing the cell suspensions to stand for
5 min. The supernatants were then removed and the cells were purified
on Ficoll-Hypaque (/>-!.09). The fluid above the pellet was removed
and the pellet was washed with cold BSS. This cell pellet was resus-
pended in hemolytic Gey's solution to lyse any remaining erythrocytes
in the cell suspension. The cells were maintained at 4Â°Cfor 5 min and

then underlaid with 5 ml of 100% fetal calf serum (HyClone, Logan,
UT) and centrifuged. Cells were washed twice with BSS before use.

Peripheral blood was collected in heparinized tubes, separated on
Ficoll-Hypaque, and treated with hemolytic Gey's solution to remove

dead cells and erythrocytes as described above.
BM cells were prepared by flushing cold BSS through the cavities of

the hind limbs of healthy mice 10 to 12 weeks of age. Single cell
suspensions of BM cells were obtained by gently pipeting cells with
Pasteur pipets. Bone, stromal tissue, and debris were removed by
allowing the cells to stand at 4Â°Cfor 5 min. The supernatant was

removed and the cells were washed twice with BSS.
Antibodies. Raid was prepared and absorbed as described (15). The

anti-Id antibody was judged to be specific by the immunochemical and
immunofluorescence criteria described previously. RAM7 was prepared
(16) and its F(ab')2 fragments were coupled to FITC (17, 18). This

antibody reacts with rat and mouse IgG. NRIg and RAMIg were
prepared as described (19). GARIg was purified, and the IgG fraction
was coupled to FITC (Sigma, St. Louis, MO) (17).

Hybridoma cells secreting 6A5 rat IgG2a anti-BCLi were obtained
from Dr. F. Stevenson, Southampton, England. C5D5 (BCL, Id* IgM

A3) was obtained by fusing BCL, cells with SP2/0 myeloma cells and
purifying the Id* IgM. B.I.I rat anti-mouse X was generated and
characterized as described (20). MARK-1 was obtained from Zymed
Laboratories, Inc., San Francisco, CA. MoAb directed against H-2Kb
and H-2Db (28-8-6S), H-2D" (34-5-8S), and H-2K" and H-2D" (15-3-

1S) were purchased from Litton Bionetics, Charleston, SC. All three
MoAb are of the IgG2a isotype, and there is no haplotypic cross-
reactivity (21-23). MoAb anti-Thy-1.2 (murine IgM) was isolated from
the HO-13.4 hybridoma (24) obtained from the American Type Culture
Collection. MoAb anti-Thy-1.2 (rat IgG2b) was obtained and purified
from 30-H12 hybridoma cells (25) (American Type Culture Collection).
NRtlg was prepared from pooled rat serum by chromatography on
DEAE-Sephadex A-50.

Irradiation of Animals. Five-month-old female BALB/c mice were
used, since younger mice were unable to tolerate whole body X-irradia-
tion as well as 5-month-old mice. Lethal whole body irradiation (850
to 950 rads) was administered with a l37Cs source (Gammacell 40;

Atomic Energy of Canada, Ottawa, Ontario, Canada). All irradiated
animals were maintained in a sterile facility.

Treatment of BM Cells and Reconstitution of Irradiated Animals.
Washed BM cells were resuspended in BSS and incubated at 4Â°Cwith
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Fig. 2. Lymph node enlargement in spleen-bearing versus splenectomized
BALB/c mice that received 2.5 x 10* BCL, cells i.v. at the beginning of week 1.

The values shown represent the mean Â±SEM (bars) of determinations in 3 mice,
except those for spleen-bearing animals at week 15. which are the average of
results for 2 mice only. Spleen-bearing animals did not survive beyond week 15
(24). A, spleen; O, lymph node; â€¢.lymph nodes from splenectomized animals.
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MoAb anti-Thy-1.2 (HO-13.4). Cells were then centrifugea, resus-
pended, and treated for 30 min at 37Â°Cwith baby rabbit complement.

Cells were then washed three times in BSS and filtered through nylon
mesh to remove any aggregated cells or debris. T-depleted BM cells
(IO7) from synergeneic (BALB/c) or allogeneic (C57BL/6) donors were

resuspended immediately before use in 0.2 ml of BSS containing 1 mg
of cephalothin, 1 mg of ampicillin, and 1 mg of carbenicillin per ml
and injected into the tail vein of each of the mice that had been lethally
irradiated 1 day before reconstitution with BM.

Indirect Immunofluorescence and Analysis of Cells by FACS (26).
Cells were suspended in BSS containing 10 mM sodium azide and were
incubated with optimal concentrations of the primary antibodies (Raid,
RAMIg, NRIg, MoAb Â«Thy-1.2,NRtlgG, MoAb aH-2b, MoAb aH-
2Dd, or MoAb aH-2k) at 4Â°Cfor 30 min. Cells were then washed,

resuspended in BSS containing 10 mM sodium azide, and incubated
with optimal concentrations of the appropriate secondary antibodies
[FITC-GARIg or FITC-F(ab')2-RAM7] at 4Â°Cfor 15 min. Cells were

subsequently washed and analyzed on the FACStar (B-D FACS Sys
tems; Becton-Dickinson Co., Sunnyvale, CA). Alternatively, cells (IO6)

were resuspended in PBS containing 0.02% sodium azide and incubated
with optimal concentrations (10 Mg)of antibodies (6AS, B.I.I, 30H12,
and NRtlg) at 4Â°Cfor 15 min. Cells were washed and resuspended in

PBS-azide, 0.32 Mg of FITC-MARK-1 was added, and cells were
incubated at 4Â°Cfor 15 min. Cells were washed, resuspended in 1%

paraformaldehyde, and analyzed on the FACStar. Control staining
values were subtracted.

Growth of BCLi Cells in Chimeric Mice. Three to 4 months after
irradiation and BM reconstitution, individual mice were assayed for
chimcrism by indirect immunofluorescence and FACS analysis (see
above) of erythrocyte-free peripheral blood cells. Viable BCL, cells (5
x IO5, 5 x IO6, or 5 x 10') were then inoculated i.v. into groups of

chimeric animals.
Detection of Dormant Tumor Cells. At various times after injection

with BCLi cells, spleen cells were obtained from the chimeric recipients
or from Id-immunized BALB/c mice. Graded numbers of viable cells
from these spleens were inoculated i.v. or i.p. into groups of normal
BALB/c animals. Normal BALB/c spleen cells were added as "filler
cells" to the inoculum from chimeric mice such that a total of IO6cells

were injected into each recipient.
Determination of Splenomegaly by Physical Palpation. To determine

the degree of splenomegaly, the ventral surface of the mouse was divided
into 4 quadrants progressing from the left rib cage to the right rib cage
and each quadrant line was assigned a splenic index with values of 1,
2, 3, and 4 with the median line assigned the value of 2. The spleen of
a normal 12-week-old BALB/c mouse has a value of 0.5; i.e., it extends
halfway between the left rib cage and the first quadrant line given the
value of 1. A spleen that extends to the median line was given a value
of 2 and one that extends to the right rib cage a value of 4. Spleen size
was determined in increments of eighths. Since infection or immuni
zation can cause splenomegaly with a spleen index of 1.75, we consid
ered a spleen index of Â»2as indicative of tumor growth. Reproducibility
of spleen palpation was demonstrated by the close correlation of re
peated "blind" determinations of the same animals by a single individual

and the close correlation of the independent determination of spleno
megaly by separate individuals. All determinations of splenomegaly
were performed in a "blind" manner.

Radioimmunoassay. Polyclonal goat anti-mouse IgG and rabbit anti-
rat IgG were purified as described previously (15) and then absorbed
twice with MOPC-104E-Sepharose and iodinated by the lodo-Gen
method (27). Microtiter plates (Dynatech Laboratories, Inc., Chantilly,
VA) were coated with 1 Â¿Â¿gof C5D5 in PBS containing 0.02% sodium
azide per well at room temperature for 3 h. Plates were washed and
blocked at 4Â°Covernight with 200 M!of 2% fetal calf serum in PBS-

azide. Plates were then washed, 200 n\ PBS-azide were added to each
well, and plates were sealed with parafilm and stored at 4Â°Cuntil used.

Monoclonal antibody 6A5 (rat anti-BCL, Id) (100 M')at concentrations
of 10, 5.0, 1.0, 0.5, 0.1, 0.05, and 0.01 Mg/ml were added in triplicate
to coated radioimmunoassay plates, incubated for 3 h at room temper
ature, and washed 5 times with deionized water; 1 x IO5 cpm of

iodinated rabbit anti-rat IgG was added. After 3 h at room temperature
the plates were washed 5 times and the radioactivity bound per well
was determined. These values were used to construct a standard curve
from which levels of anti-BCL, Id in sera from mice were estimated.
Briefly, test serum was serially diluted from 1:50 to 1:5000 and incu
bated as described above except that iodinated goat anti-mouse IgG (1
x IO5cpm) was used as the secondary antibody.

Conjugation of IgM to KLH. BCLi IgMX (prepared as described
above), and MOPC-104E IgMX (obtained from Litton Bionetics, Ken

sington, MD) were coupled to KLH in a one step procedure using
glutaraldehyde. Equal volumes of a 1-mg/ml solution of IgM and KLH
(Calbiochem, La Jolla, CA) in PBS were combined with sufficient 8%
glutaraldehyde (Electron Microscopy Sciences, Ft. Washington, PA)
added dropwise with stirring to yield a final concentration of 0.1%
glutaraldehyde in the conjugation mixture. The reaction mixture was
incubated with rocking for 4 h at room temperature. The conjugate was
dialyzed against PBS to remove excess glutaraldehyde.

Immunization. The IgM-KLH conjugate was emulsified in an equal
volume of complete Freund's adjuvant (Difco Laboratories, Detroit,

MI) and 100 Mgof IgM-KLH containing 50 Mgof IgM were adminis
tered s.c. in two locations on days 0, 7, and 17 for a total of 150 jig of
IgM. BCL, tumor cells were then injected on day 24.

Acridine Orange Staining for Analysis of Cell Cycle Status (28).
Freshly prepared cells were suspended at 2 x 105/ml in BSS, to which
was added 0.5 ml of a solution containing 0.1% Triton X-100, 0.2 M
sucrose, 10~4 M EDTA, and 2 x 10~2M citrate-phosphate buffer, pH
3.0. After 1 min, a solution containing 0.1 M NaCl, IO"2 M citrate-

phosphate buffer (pH 3.8), and fresh acridine orange (20 Mg/ml) was
added to the cells. Cells were mixed and immediately analyzed on an
Ortho 50H flow cytometer (Ortho Diagnostic System, Westwood, MA).

Assay for Cytotoxic T-Lymphocytes against BCLi Tumor. Spleen
cells in which approximately 80% were BCLi Id* were prepared from
mice bearing BCL! tumors. The cells were resuspended at 4 x 105/ml

in RPMI medium and washed twice. Cells were resuspended in 0.2
ml of RPMI containing 1% fetal calf serum and 200 Â¿iCiof sodium
[51Cr]-chromate in a volume of 0.2 ml and were incubated at 37Â°Cfor
1.5 h, washed 3 times in BSS, and resuspended at 105/ml in medium.

Of this target cell suspension 0.1 /<!was added to Petri dishes containing
the effector cells to be assayed. The effectontarget cell ratios used were
100:1, 50:1, 25:1, and 10:1, each with triplicate samples. Effector cells
were cultured at 106/ml and after 4 h at 37Â°C,the cells were harvested

and transferred to 12- x 75-mm tubes. The cells were centrifuged at
1000 rpm for 10 min and one-half of the supernatant was removed to
determine radioactivity. The percentage of radioactivity released was
calculated as

(cpm supernatant - blank) x 2

(cpm supernatant + pellet) x 2 x blank
x 100

Normal lymphoblasts from BALB/c animals were used as the control
target cells and were prepared by culturing normal spleen cells for 2
days with 50 Mg/ml of LPS.

Results

Allogeneic Chimera. Weiss et al. (29) and Slavin et al. (30)
have demonstrated that transplantation of allogeneic bone mar
row into lethally irradiated BALB/c mice bearing BCL, tumors
results in prolonged remissions despite the presence of large
numbers of BCLi cells in the recipient spleen. These results
suggested that a graft versus leukemia reaction induces a dor
mant state. Siu et al. (13) studied the growth of BCLi in
chimeric mice to assess the induction of dormancy. At 90-120
days after transplantation of T-cell-depleted H-2b bone marrow

cells into lethally irradiated BALB/c recipients, all animals
were chimeric (85-92% of their blood mononuclear cells were
of donor type). The growth of Id+ BCL[ tumor cells in estab-
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lished chimeras was determined by FACS analysis.
As shown in Fig. 3 in BALB/c mice, 5 x 10s BCL, cells

injected i.v. grew rapidly, reaching a plateau after 40 days and
causing death by 90 days. Animals contained up to 5 x IO8
cells/spleen of which 70-80% expressed the BCL,-Id. In con
trast, identically injected groups of chimeric animals demon
strated a different growth pattern characterized by an initial
rate of growth that was similar in slope for 6 weeks after
inoculation. However, the maximum tumor burden was 10
times smaller than in the control mice. After 6 weeks, there
was a rapid decrease in number of Id+ cells in the spleens and
by 12 weeks, chimeric animals had small spleens; Id* cells were

no longer detectable. Fig. 3 also shows that larger doses of
BCLi cells did not change the growth pattern even though very
large tumor burdens were achieved. Thus, although the initial
growth of the tumor was similar in BALB/c and chimeric mice,
the majority of tumor cells were subsequently eliminated from
the spleens of the chimeric mice.

To determine whether BCLi tumor cells were present in the
spleens of such chimeric animals, graded numbers of spleen
cells from these mice were injected into normal BALB/c ani
mals. A single viable BCLi cell in these spleens causes tumor
in BALB/c animals by 12 weeks after inoculation (31). As
shown in Table 2, these mice harbored dormant BCLi tumor
cells in their spleens since all 7 recipients of 100 splenocytes
from chimeric animals (inoculated 84-100 days previously with
BCLi cells) developed tumor whereas none of the 8 recipients
of 10 splenocytes from similar donors developed BCLi tumor.
Hence, we estimate that 1-10% of splenocytes in the chimeric
mice were BCLi tumor cells. Since analysis of cells with anti-
Id showed no positive cells and since the limit of detection of
the staining assay is 1-2%, we estimate that the tumor burden
was no more than 2%. These results suggest that an anti-BCL,
immune response resulted in a state of dormancy. Clinical
studies in the human (32) as well as experimental (13, 29, 30)
studies discussed above indicate that an allogeneic bone marrow
graft has antileukemic effects and this has been attributed to
cellular immunity. Experimentally, such immunity has been
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Table 2 Quantification of dormant tumor cells in the spleens of chimeric animals
given injections of BCL, cells 4 months earlier"

i 1 1 1 1 J
O 20 40 60 80 100 120

DAYS AFTER INJECTION
Fig. 3. Growth of BCL, tumor in spleens of chimeric recipients. Viable BCL,

cells [5 x 10* (O), 5 x 10' (Ãœ),or 5 x IO7(A)) were injected i.v. into established
chimeric recipients. Controls (BALB/c mice) (â€¢)were given injections of 5 x 10*
viable BCL, cells. Assays were performed by anti-Id staining and FACS analysis.
Each point represents the average of values obtained from two experiments in
which one spleen was assayed for each time point in each experiment; the 5 x
10* dose was used in only one experiment. Computer-generated lines were
obtained by least squares fitting through experimental data points (13). Bars,
SEM.

No. of splenocytes
from chimeric

mice transferred
into normal

BALB/c mice*

(log10)65421Days

after transfer
when BALB/c

adoptive recipients
were sacrificed394242

84848498Analysis

of
BALB/c adoptive

recipients
(av. no. of

BCL,-Id* cells'- "
xlO'/spleen1.98

Â±0.2'0.43

Â±0.3</

1.29Â±0.30.32

+0.1of</

" Confirmed chimeric mice were given 5x10* BCL, i.v. Four months later,

graded numbers of spleen cells from these animals were adoptively transferred to
normal BALB/c mice.

* All inocula were initially made up to a concentration of 5 x 10' total cells/

ml. Tenfold dilutions were performed in the presence of normal BALB/c spleen
cells, and 0.2 ml (10* total cells) were injected i.v.

c These data represent a composite of results from two experiments. The values

shown are the averages obtained from two to four mice followed by the range.
dCells (IO6) were stained with Raid or NRIg (negative control subtracted as

background) and FITC-GARIg and were analyzed on the FACS to determine the
percentage of BCL, Id+ cells.

' Mean Â±SD.
^Id* cells below \% are below the sensitivity of the assay and are considered

negative.

transferred by spleen cells. We, therefore, determined whether
Tc lymphocytes specific for BCL, tumor cells could be detected
in the spleens of these mice.

Tc Cells in Chimeric Mice. The results of an experiment to
determine whether Tc cells are present in chimeric mice are
shown in Table 3. Spleens from normal C57BL/6 (B6) mice
stimulated in vitro with mitomycin C-treated BCL, cells gen
erated Tc cells with specificity to concanavalin A-stimulated
BALB/c splenocytes and BCLi cells. In contrast, it was difficult
to demonstrate Tc cells specific for BCLi cells in spleens of
chimeric mice. The failure to demonstrate Tc cell immunity in
the allogeneic chimeras may be a quantitative phenomenon;
i.e., such cells may play a role in vivo but may not be detectable
by in vitro assays.

Cell Cycle Analysis of Dormant BCLi Cells. An important
goal in understanding tumor dormancy is to determine the
proportion of dormant tumor cells that are replicating and their
rate of replication. Spleens of chimeric animals contain about
2% dormant BCLi cells. If these cells could be purified, their
cell cycle status could be determined. As a first step toward this
objective, we developed a method of purifying dormant BCLi
cells from the spleens of these mice (Fig. 4). We first removed
RBC and then mixed BCLi cells and normal B6 splenocytes at
a ratio that mimicked the low frequency of dormant BCLi cells
in chimeras. The tumor cells were then purified by negative
selection (against H-2b donor lymphocytes) followed by positive
selection (Id+ cells) using the fluorescence-activated cell sorter.
Purity could be assessed by anti-Id or anti-X analysis of the
final cell preparation since BCLi immunoglobulin contains a
type of Xlight chain present on less than 2% of normal murine
B-cells. The results of a representative experiment to test this
method are shown in Table 4. As can be seen, negative selection
resulted in a 10-fold enrichment of Id+ cells. After positive
selection with anti-Id, the cell population was 98-99% pure.
These results indicate that it should be possible to purify
dormant BCL, cells from chimeric spleens provided that the
dormant cells express Id and that the Id is not saturated with
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Table 3 In vitro cell-mediated cytotoxicity of splenocytes from chimeric mice with dormant tumor

Responder"Chimeric

splenocytesC57BL/6

splenocytesStimulator*C-treatedBCL,

cells(X
IO6)52.552.5%

of "Cr released by target cells' at the following respondertargetratiosBCL,100:16.7

Â±3.3"1.3

Â±3.935.0

Â±4.044.0
Â±2.050:15.7

Â±4.19.7
Â±4.930.5

Â±1.538.5
Â±1.525:15.3

Â±4.85.3
Â±3.724.0

Â±4.030.0
Â±4.010:12.3

Â±1.83.0
Â±1.617.5

Â±2.520.0
Â±7.0Concanavalin

A-stimulatedBALB/c100:14.0

Â±0.85.7
Â±1.236.5

Â±5.549.0
Â±2.050:13.7

Â±3.12.7
Â±1.232.5

Â±5.540.5
Â±1.525:13.3

Â±2.13.0
Â±0.819.5

Â±6.529.5
Â±2.510:10.8

Â±0.32.0
Â±0.819.0

Â±1.019.5
Â±0.5

" Responder animals were chimeric mice given injections of 5 x 10' BCL, cells 4 months before in vitro rechallenge with stimulator cells. Splenocytes (5 x 10')
from these animals were cultured in a one-way mixed lymphocyte reaction with BCL, stimulators in 24-well plates for 5 days before harvest for 51Cr release assay.

* Stimulator cells were obtained from BCL,-bearing BALB/c animals. Splenocytes from these animals contained more than 70% BCL, cells. Before culturing with
responder cells, stimulator cells were adjusted for IO7cells/ml of culture medium containing 40 ng of mitomycin C and cultured for l h at 37Â°C.Treated cells were

thoroughly washed and further cultured with responder cells.
c "Cr release assay was performed in 96-well plates with a 4-h incubation. To obtain percentage of spontaneous lysis, labeled targets were incubated with me

dium only. Total lysis of the target cells was carried out using 5% Nonidet P-40, a non-ionic detergent. The percentage was represented as an average from triplicate
wells.

d Mean Â±SD.

PREPARATION OF DORMANT BCL, CELLS

CENTRIFUGE THRU FICOLL-HYPAQUE TO REMOVE RBC'S/DEADCELLS

LYSE RESIDUAL RBC'S

I
CELL COUNT AND VIABILITY

MIX BCL-,SPLENOCYTES AND NORMAL B6 SPLENOCYTES 1:20 TO MIMIC THE
LOW FREQUENCY OF DORMANT BCL, CELLS IN CHIMERAS

i
TREATMENT WITH ANTI-H-2b AND C TO ENRICH Id* CELLS

I
REMOVE DEAD CELLS

SORT Id* (BCL,) CELLS

DETERMINE %ld+ AND t CELLS

Fig. 4. Protocol for purification of dormant BCL, cells from chimeric spleens.

endogenous anti-Id produced by the C57BL/6 donor lympho
cytes in vivo.

We used this protocol to isolate Id* cells from chimeric

spleens. As shown in Table 5, highly purified populations of
dormant BCL, cells were obtained. Results of a cell cycle
analysis of purified BCL! cells obtained from the spleens of 6
chimeric mice and 2 BALB/c mice that received BCL, cells are
shown.

It should be noted that when the 6 animals were sacrificed
130 days after BCL! challenge, 4 of the mice still had enlarged
spleens by palpation (average weight, 1.0 g) and 2 had normal
sized spleens (average weight, 0.23 g). The results of cell cycle
analysis indicate that about 80% of the dormant cells in the
spleens of both groups of mice were in G0 or G!A. B-cells in

GIÃ€can be considered noncycling because there is a block
between G,A and G,B in normal B-cells that are activated by
anti-Ig (33, 34). The distinction between G0 and G1A noted
between the 2 chimeric groups may be artificial because 16%
of Id~ cells in the group with normal sized spleens could be

normal B-cells in G0. In contrast to the chimeric mice, BCLi
cells growing in BALB/c mice had a higher percentage of cells
that were cycling. Although these results await confirmation
with further studies, they have important implications. Thus, if
a large proportion of dormant cells are not in cycle in this
model, it implies that an immune response can maintain a
specific cell cycle blockade in this subset of BCLi cells. In
addition, it has often been suggested that the loss of dormancy
involves the generation of tumor variants. Since genetic changes
occur during cell division, it should be possible to separate the
quiescent from the cycling dormant cells and determine if there
are genetic changes in the latter.

Immunization with Idiotype. George et al. (14) have shown
that immunization of BALB/c mice with BCLrId before injec
tion of BCLi tumor cells can induce tumor dormancy. To
confirm these observations, 60 mice were immunized with 150
/Hgof Id coupled to KLH, emulsified in complete Freund's

adjuvant, and administered in 3 fractionated doses given on

Table 4 Purification of BCL, cells from a 1:20 mixture ofBCL,:B6 splenocytes

Cell population
analyzedC57BL/6

(B6) spleen
BCL, spleen
BCL, and B6 splenocytes

(1:20)
After anti-H-2b + complement
Post-sorting with anti-Id%

of cells staining
positivelyforId0.2

91
4.44399X1.0

92
6.04698H-2"1.1964.448H-2"92

1.9a48

1â€”,not done.

Table 5 Cell cycle status of purified dormant BCL, cells

Source of splenocytes

Purified
cells

(% Id*)

Cell cycle status of BCL,
cells (% of total cells)

G,A GIB S, G2, M
BCL, in BALB/c (5-6

wk (2 mice))

BCL, in chimeras
Normal size spleen (2

mice)
Enlarged spleen (4

mice)

96 8.6 11.4 57.2 22.8

84 46.2 31.5 14.7 7.6

99 21.5 56.4 15.2 6.9
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Table 6 Effect of Id immunization on growth of BCL, tumor' Table 7 Analysis of Id-immunized mice with dormant BCL,

Interval between
injection with

BCL, cells and onset
of splenomegaly

(days)

No. of mice
analyzed

(% of total)
0-60

60-100
>100

6(30)
5(25)
9*(45)

Â°Animals were given s.c. injections on days 0, 7, and 17 of 50 ^g of BCL, Id
coupled to 50 ng KLH and emulsified in complete Freund's adjuvant. On day 24,
1 x 10' BCL! tumor cells were injected i.p. Spleens were palpated twice weekly

and size was recorded.
* Seven of the mice have not developed splenomegaly at day 115.

days 0, 7, and 17. Twenty-four days after the first injection, the
mice were challenged with different doses of BCL, tumor cells.
As shown in Table 6, 20 of the mice were followed for a period
of 115 days. Since splenomegaly occurs from 19 to 43 days
after injection of BCLi cells into BALB/c mice, we chose 60
days as an operational cutoff for the designation of dormancy;
i.e., the spleens that did not enlarge by 60 days were considered
to harbor dormant BCL,. From preliminary experiments, we
had determined that virtually all mice receiving these doses of
BCL! cells have tumor cells, either dormant or growing. In
these experiments, 30% of the animals had progressively grow
ing tumor; 90-95% of the remainder had dormant tumor. Of the
mice with dormant tumor, 50% remained dormant at 115 days.

Table 7 summarizes parameters relevant to dormancy. Nor
mal mice have small spleens, lack serum anti-Id, and have no
detectable Id+ cells in their spleens. Id-immunized mice were

identical to normal mice except for slightly enlarged spleens
and a high level of anti-Id in their sera. Nonimmunized mice
given injections of BCLi develop large spleens containing a
high percentage of Id+ cells and their spleen cells adoptively
transfer tumor to normal mice. When Id-immune mice were
challenged with IO7 BCL, tumor cells, 7 of 10 of these mice

developed dormancy; 6 that were analyzed are shown in Table
7. The mice with dormant tumor lacked detectable Id+ cells and
had relatively small spleens although their weights averaged 2-
fold greater than normal spleens. All the spleens contained
BCL, cells as shown by adoptive transfer. About one-half of
these animals had significant levels of anti-Id antibodies
whereas one-half had less than 10 ng/ml. When IO6tumor cells

were injected, all 7 mice developed dormancy. Four mice were
sacrificed and dormancy was proved by adoptive transfer of
graded numbers of spleen cells (Table 7). In BCL,-bearing (non-
Id-immunized) mice, this assay gives an accurate estimate of
the number of BCL! cells that were transferred. However, in
Id-immunized animals, anti-BCLi immunity was transferred
with the cells and this obscured precise quantification. Thus, 8
of 11 recipients receiving IO6 splenocytes from donor mice
challenged with 106-107 BCLi cells developed tumor at an
earlier stage than those receiving IO7 splenocytes suggesting

that adoptive immunity was present. This tentative conclusion
was confirmed by demonstrating that a mixture of IO4 BCLi
cells and IO7 splenocytes from Id-immunized mice resulted in

inhibition of tumor growth in recipient mice compared to
transfer of IO4BCL! cells by themselves. Hence, the number of
BCL, cells transferred by IO6 spleen cells was used in Table 7

and represents a minimal estimate. The percentage of BCLi
cells in the spleens of several mice appeared greater than 2% as
judged by cell transfers yet Id* cells were not detected. This is
probably caused by endogenous anti-Id inducing modulation of
the BCL, Id (35).

These studies confirm and extend the observations of George

ControlsNormal
(4)*Id-immunized
(4)*BCLi

intonormal(4)*Dormant

(IO7BCL,injected)Dormant

BCL,(10*BCL,

injected)Daysacrificedpost-BCL,injection37.8

Â±5.45728512012012017672120120120Av.

spleenwt.
(g)0.09

Â±0.03r0.17

Â±0.052.12
Â±0.190.230.470.250.380.250.340.210.100.470.15Av.

levelsanti-Idin

sera(ng/ml)0230

Â±1070"26.35.260.000043.555.0063.0Minimumno.

ofBCL,
cellsin

donorspleen"009.4

Â±3.0 X10'X

10'31312232,00012,300112458473

" Spleen cells (10') from each animal were transferred into naive mice and the

average day of onset of splenomegaly was determined. This value was used to
estimate the number of BCL, cells in the donor spleen. Spleen cells (IO7) were
also transferred and in 8 of 11 animals the average day of onset of splenomegaly
was greater than when 10' cells were transferred. This resulted in estimations of
BCL, cells in donor spleens 3.5-45 times lower than estimates obtained from
transferor 10'cells.

* Number of mice in the group.
c Mean Â±SD.
* One animal in this group had antibodies at the lower sensitivity level of the

assay.

Table 8 Comparison of the kinetics of BCL, tumor growth in normal and
previously dormant animals

Experiment 1
NormalmiceId-immunized

miceExperiment

2
Normal mice
Id-immunized miceNo.

of BCL,
cells

injected107(5)"

lO'fS)
107(3)
10'(2)10'

(16)
10' (7)Interval

between
BCL, injection

and onset of
splenomegaly
(days)20.8

Â±1.6*24.6

Â±1.2
138 Â±29
156Â±5020.5

Â±1.8
83.0 Â±7.9Av.

slope of
tumor growth
curve(spleen)O.I

30 Â±0.031
0.145 Â±0.038
0.1 66 Â±0.020
0.1 16Â±0.0210.293

Â±0.115
0.131 Â±0.049C

" Numbers in parentheses, number of mice in each group.
* Mean Â±SD.
c Significantly different from the normal mouse group, P < 0.01.

X 4
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45 55 65 75 85 95 105 115

DAYS POST TUMOR INJECTION
Fig. 5. Splenomegaly and serum anti-Id levels in an Id-immunized mouse that

was challenged with IO6 BCL, cells. No further immunization was administered

to this animal. The results are representative of 3 such animals. O, spleen size;
*. serum anti-Id.
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et al. (14) and indicate that prior immunization with specific Id
can induce dormancy after BCL, challenge.

Loss of Dormancy. As indicated above, about 70-80% of mice
immunized with BCLi Id and then injected with IO6 or IO7

BCL, tumor cells develop a dormant state. At a later stage,
tumor can begin to grow progressively in some of the mice. Of
a total of 21 dormant mice (2 experiments) that were not
sacrificed, 14 lost dormancy between 71 and 227 days and 7
remain dormant at 115 days. Clinical observations suggest that
growth of previously dormant tumor frequently occurs at a
rapid rate. To determine the rate of tumor growth in dormant
animals, the spleen size was measured in 12 mice in which
tumor growth began between 60 and 120 days after tumor
inoculation. Table 8 shows 2 experiments. In one, there was no
statistically significant difference in the slope of the growth
curve of tumor cells growing in previously dormant mice com
pared to that observed in nonimmunized BALB/c mice. In the
second experiment, with larger numbers of mice, the slope of
the growth curve was approximately 50% ofthat of the control.
The spleen index plotted against logio of the number of Id+

cells gives a straight line. A 2-fold difference in slope indicates
a 3.5-fold difference in doubling time of the tumor cells. Thus,
dormant tumor cells that escape antitumor immunity replicate
at a rate that is slower than that of the parent tumor, but it is a
relatively rapid rate. In all 20 of the Ã©valuablemice that lost
dormancy, anti-Id concentrations fell below detectable levels as
splenomegaly increased. This finding suggests that the majority
of growing BCLi cells were Id+ rather than Id" variants.

In several mice that developed dormancy and then progressive
splenomegaly, there was subsequent spontaneous regression
followed by subsequent splenomegaly (Fig. 5) without addi
tional immunization. Furthermore, anti-Id antibody levels were
inversely related to spleen size suggesting that regression was
caused by an increase in the anti-Id antibody response and also
that regrowth of tumor cells results in binding virtually all the
anti-Id antibody present. This latter conclusion is consistent
with calculations of the amount of Id present on the tumor
cells, the known turnover rates of surface immunoglobulin and
serum anti-Id, and the concentration of anti-Id in the serum.
Moreover, 2-4 weeks after loss of dormancy, the spleens of 4
mice contained 20-70% ID+ cells.

This pattern of spontaneous relapse and remission is remi
niscent of observations in non-Hodgkin's lymphoma (36).

Discussion

The major points to emerge from the present studies are: (a)
dormancy to the BCL, murine lymphoma can be induced by
several different experimental strategies. The common denom
inator of several of these appears to be the induction of an
immune response; (b) the immune response can be generated
by the tumor itself or by preimmunization with BCLi Id; (c)
the majority of dormant tumor cells in the chimeric model
appear to be noncycling; (d) with time after Id immunization,
mice lose dormancy. Since the majority of dormant tumor cells
express Id, there is no evidence that escape from dormancy is
caused by an Id" variant; (e) the loss of dormancy is associated

with relatively rapid growth of the previously dormant cells;
(/) a dynamic equilibrium exists between maintenance versus
loss of dormancy. Thus, some mice that have lost dormancy
can return to a dormant state without further immunization.
This regression correlates with an increase in serum anti-Id.
Our working hypothesis is that the majority of BCL, cells can

be held in a resting state by a host response, that in the Id
immunization model both anti-Id antibody and anti-Id T-cells
contribute to the host antitumor response, that the waning of
the anti-Id response allows escape from dormancy with rela
tively rapid growth of tumor, and that if tumor growth restim-
ulates the anti-Id response then tumor regression can occur.

Our results are consistent with the experimental studies of
others. Thus, Wheelock et al. (37-41) have studied a murine
T-cell lymphoma in which dormancy can be induced by prior
immunization with irradiated cells before i.p. administration of
viable tumor cells. Results indicate that lymphocytes and mac
rophages from the peritoneal exÃºdateof the immunized animals
are essential for the anti-tumor immunity. Their studies suggest
that 7-interferon and tumor necrosis factor secreted by activated
cells act on macrophages to induce the release of arginase and
that arginase is the effector molecule that inhibits tumor
growth.

Of particular pertinence to our results are studies of B-cell
tumors. Immunization of mice with tumor induced Id-specific
immunity to transplantable syngeneic myeloma cells (42). This
observation has been exploited both clinically and experimen
tally. Thus, monoclonal anti-Id antibodies have been adminis
tered to patients with chronic lymphocytic leukemia and non-
Hodgkin's lymphoma, and therapy has resulted in tumor regres
sion in a large proportion of patients with non-Hodgkin's

lymphoma (43-48). The remainder of the patients show emer
gence of variant Id" clones further indicating the therapeutic

effectiveness of antibody in this type of tumor.
George et al. (14) preimmunized mice with BCL,-Id and

showed a significant antitumor effect which was not dependent
upon a detectable level of serum anti-Id antibody. Three animals
with normal sized spleens late after BCL, challenge all passed
tumor and their spleens were estimated to contain from 2 to
50% BCL, cells. There was no definitive correlation between
serum levels of anti-Id and protection from death. They also
demonstrated that, in vitro, anti-Id antibody in mouse serum
was cytotoxic for BCL, cells and that immunity could be
passively transferred with mouse anti-Id serum but not immune
spleen cells. Dyke et al. (49) have shown that preimmunization
with Id in another murine B-lymphoma (A3) also gives potent
antitumor effects and that passive transfer of antibody can
protect mice from tumor challenge whereas transfer of spleen
cells cannot. Furthermore, three of five mice that did not
develop detectable tumor were able to transfer tumor to syn
geneic recipients.

Our studies confirm and extend these findings with Id-im
munized mice. We observed that mice with less than 10 ng of
anti-Id antibody can bear dormant BCL, indicating either that
low concentrations of anti-Id antibody are effective or that
cellular immunity also plays a role. In contrast to George et al.
(14) we have evidence for transfer of immunity with cells.
However, our assay may be more sensitive since it measures the
number of BCL, cells in the transferred inoculum mixed with
Id-specific T- and B-cells and the ratio of splenocytes to tumor
cells was IO3. We also have shown that Id* cells can escape

from dormancy. This is an important finding because it reen-
forces the possibility that changes in the host should be inves
tigated as well as changes in the tumor cells that begin to grow
in mice with previously dormant tumors.

A role for anti-Id antibody in the induction of dormancy to
BCL,, as suggested by our studies and those of others (14), is
provocative. Thus, during the last several decades, there has
been a consensus among scientists and physicians that cellular
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immunity is the critical component of antitumor immunity and
that serum antibody is relatively ineffective. Indeed, enhance
ment of growth of primary tumors can be induced by serum
antibody (50). It is important to emphasize, however, that the
mechanisms underlying tumor immunity to primary tumors are
not necessarily applicable to dormancy. Thus, monoclonal anti-
Id antibody administered to patients with non-Hodgkin's lym-

phoma has been highly successful at inducing antitumor effects
(43, 44, 47, 48). Such antibodies may kill tumor cells probably
via Fc7+ effector cells. Similar studies in patients with epithelial

tumors have been less effective (51, 52) and this may be related
to accessibility problems, i.e., dense connective tissue and pos
sibly a less effective blood supply to the tumor. In dormancy, it
is likely that tumor cells are much more accessible to the blood
so that the role of antibody in inducing dormancy may not be
limited to lymphoma cells but may be applicable to epithelial
tumors cells as well. If this is the case, it would have profound
implications for the postoperative treatment of epithelial tu
mors in which overt mÃ©tastaseshave not occurred.

The question arises as to whether the murine models dis
cussed in the present studies are relevant to the problem of
cancer dormancy in the human. Thus, immunological mecha
nisms have been deliberately generated both in the allogeneic
chimeric model and in the model dependent upon prior im
munization with tumor Id. The model that is closest to resem
bling human cancer is the one in which BCL] tumor was allowed
to grow to a large size before removal and treatment with
tumor-reactive immunotoxins. However, the subsequent devel
opment of dormancy in this model is also probably dependent
upon an anti-Id response. It is well known that experimental
animal tumors, all of which have been passaged in vivo or in
vitro for long periods of time, are more immunogenic than
spontaneous human tumors. Indeed, there is controversy as to
whether there is an effective immune response against human
tumors. Hence, at this time, there is no compelling evidence
that our animal models reflect a clinical scenario. Nevertheless,
there are several reasons for believing that analysis of these
models could yield important insights: (a) there is suggestive
clinical evidence that a host immune response to tumor can
maintain a remission. Thus, immunosuppression caused by X-
irradiation, blood transfusion, and treatment with cyclosporin
are associated with an increased incidence of particular neo
plasms including skin, kidney, colorectal, uterine, cervical, and
non-Hodgkin's lymphoma (53-55). In addition, non-Hodgkin's

lymphoma and melanoma can have spontaneous remissions
which may be related to a host immune response; (b) the
principles that emanate from studying cancer cells that are
dormant because of immune mechanisms may be applicable to
dormancy caused by other factors, e.g., lack of growth factors;
(c) if the antitumor response in humans is too weak to play a
major role in inducing dormancy, it is still possible that the
cancer patient could be provided, passively or actively, with the
necessary immune components (antibody and/or cells) to in
duce dormancy.
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