Cancer Dormancy. VII. A Regulatory Role for CD81 T Cells
and IFN-g in Establishing and Maintaining the
Tumor-Dormant State1
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Dormant tumor cells resistant to ablative cancer therapy represent a significant clinical obstacle due to later relapse. Experimentally, the murine B cell lymphoma (BCL1) is used as a model of tumor dormancy in mice vaccinated with the BCL1 Ig. Here,
we used this model to explore the cellular mechanisms underlying dormancy. Our previous studies have demonstrated that T
cell-mediated immunity is an important component in the regulation of tumor dormancy because Id-immune T cells adoptively
transferred into passively immunized SCID mice challenged with BCL1 cells significantly increased the incidence and duration of
the dormant state. We have extended these observations and demonstrate that CD81, but not CD41, T cells are required for the
maintenance of dormancy in BCL1 Ig-immunized BALB/c mice. In parallel studies, the transfer of Id-immune CD81 cells, but not
Id-immune CD41 cells, conferred significant protection to SCID mice passively immunized with nonprotective levels of polyclonal
anti-Id and then challenged with BCL1 cells. Furthermore, the ability of CD81 T cells to induce a state of dormancy in passively
immunized SCID mice was completely abrogated by treatment with neutralizing a-IFN-g mAbs in vivo. In vitro studies demonstrated that IFN-g alone or in combination with reagents to cross-link the surface Ig induced both cell cycle arrest and apoptosis
in a BCL1 cell line. Collectively, these data demonstrate a role for CD81 T cells via endogenous production of IFN-g in collaboration with humoral immunity to both induce and maintain a state of tumor dormancy. The Journal of Immunology, 1999, 162:
2842–2849.

A

functional immune system is important in controlling
cancer growth, since immunocompromised individuals
are at increased risk of developing certain kinds of cancer. The prevailing theory to explain the importance of a functional
immune system in controlling cancer growth is that the immune
system recognizes tumor-specific Ags expressed by the cancer
cells as foreign and kills the tumor cell population by classical
cytotoxic immune effector mechanisms. However, the immune
system also has the potential to control tumor growth through the
expression of soluble factors, e.g., Abs and cytokines, that can
have cytostatic effects on cancer cell growth. These inhibitory effects could potentially induce a state of cancer dormancy, in which
tumor cells would be present, but progressive tumor growth would
not be clinically apparent.
In fact, cancer dormancy is well established for many tumor
types (1– 4). However, little is known about the importance of the
immune system in establishing and maintaining dormancy and the
possibility of using passive and active immunization to induce
long lasting dormancy. To investigate the interplay between the
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immune system and cancer growth, a mouse model of dormancy
has been established in which an aggressive B cell lymphoma,
BCL1, can be induced into a dormant state by prior immunization
with the BCL1-derived Ig to generate an anti-Id immune response.
The BCL1 model represents a bona fide paradigm for tumor
dormancy by several criteria (5– 8): 1) mice can remain clinically
well for long periods of time (1–2 yr) while harboring a potentially
aggressive lymphoma; 2) the number of tumor cells in the spleens
of dormant mice (the primary site of tumor growth) remains relatively constant (0.5–1 3 106 BCL1 cells) for the 1.5 yr of observation; 3) the dormant population shows partial cell cycle arrest,
and there is evidence that the Id immune response is responsible
for inducing cell cycle arrest and apoptosis by signal transduction mechanisms; and 4) escape from dormancy is usually caused
by loss of signaling capacity via mouse Ig, presumably due to
mutation or aberrant expression of a molecule in the signaling
cascade (5– 8).
A significant body of literature has implicated humoral immunity in mediating the induction and maintenance of dormancy in
Id-immune mice: 1) Id vaccination results in high serum
a-BCL1-Ig Ab titers (5, 9); 2) sera from Id-immune mice can
induce dormancy in passively immunized recipients challenged
with BCL1 cells (10); 3) Abs that hypercross-link the surface MIg
act directly on BCL1 cells to induce cell cycle arrest and apoptosis
both in vitro and in vivo (6, 7, 11, 12); and 4) in our studies there
has been a good correlation between an Ab’s ability to negatively
signal BCL1 cells in vitro and its ability to induce dormancy in
passively immunized SCID mice in vivo (12). In many instances,
however, Id-immune mice harboring dormant BCL1 tumor cells
3
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have very low serum a-BCL1-Ig titers (5). Also, reports by others
have failed to correlate the induction of dormancy with the relative
serum Ab concentration (9). In summary, despite low anti-Id titers,
Ab as a signaling ligand appears to play a major role in the induction of dormancy in the BCL1 model.
In contrast to the well-characterized role of humoral immunity,
early studies suggested that cellular immunity might not have a
role in this dormancy model. George et al. demonstrated that the
transfer of Id-immune splenocytes to naive recipients had no effect
in providing protection against a subsequent challenge with BCL1
cells (10). Moreover, in combination with passive immunization
with Id-immune sera, the transfer of Id-immune splenocytes did
not significantly increase protection compared with that in animals
receiving only the passive immunization (10).
However, later studies demonstrated that Id-specific T cells can
be readily detected following Id vaccination (1), and both Idspecific CD41 and CD81 cells have been shown to regulate dormancy in vivo in a variety of other murine tumor models, including
the MOPC 103 plasmacytoma (3, 13, 14), a methylcholanthreneinduced sarcoma (15), and the L5178 lymphoma (16 –18). Indeed,
more recent studies have demonstrated a role for T cells in regulating the dormancy of the BCL1 lymphoma. For example, when
BALB/c mice were immunized with irradiated BCL1 cells, a dormant state ensues following challenge with live tumor cells (19). In
this situation, very little a-BCL1-Ig Ab is produced in response to
tumor cell vaccination, and T cells transferred from these animals
to naive recipients provided significant antitumor immunity. In
addition, our own studies have demonstrated that the transfer of
enriched populations of Id-immune T cells can increase the incidence and duration of dormancy in SCID mice receiving suboptimal passive immunization (12). These recent studies implicate the
involvement of Id-specific T cells in regulating the dormancy of
BCL1 cells.
The goals of the present study were to determine which T cell
subpopulations, i.e., CD41 or CD81 cells, are required to maintain
an established state of dormancy in immunocompetent mice. Additionally, we sought to determine whether adoptively transferred
Id-immune T cell subpopulations could act independently or in
collaboration with each other to induce and maintain a state of
dormancy in passively immunized SCID mice.

Materials and Methods
Materials
T cell enrichment columns were purchased from R&D Systems (Minneapolis, MN), and baby rabbit complement was purchased from Pel Freeze
(Rogers, AR). Keyhole limpet hemocyanin (KLH) was obtained from Calbiochem (La Jolla, CA), and Con A was purchased from Sigma (St. Louis,
MO). [3H]TdR was purchased from Amersham (Arlington Heights, IL),
and FCS was supplied by JRH Biosciences (Lenexa, KS). All chemicals
used were reagent grade or better.

Mice
Six- to eight-week-old female BALB/c mice were purchased from Harlan
Sprague-Dawley (Indianapolis, IN) and housed under specific pathogen-free conditions. Also, 6- to 8-wk-old, nonspecific pathogen-free, female BALB/c mice were obtained from the Microbiology Colony at the
University of Texas Southwestern Medical Center (Dallas, TX). Six-weekold female CB-17scid/scid (SCID) mice were purchased from the University
of Wisconsin (Madison, WI) and housed under specific pathogen-free
conditions.

Antibodies
Rat IgG1-k isotype control (clone R3-34), rat IgG2a-k isotype control
(clone R35-95), mouse a-rat IgG1/IgG2a (clone G28-5), a-CD4 (L3T4,
clone RM4-5), a-CD8a (Ly-2, clone 53-6.7), and a-CD45R/B220 (clone
RA3-6B2) were purchased from PharMingen (San Diego, CA). A monoclonal rat a-BCL1-Id (clone 6A5) was a gift from Dr. F. Stevenson
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(Tenovus Laboratory, Southampton, U.K.). The mAbs used for in vivo
therapy, a-CD4 (GK1.5), a-CD8 (YTS169.4), and a-IFN-g (XMG1.2),
were prepared by affinity purification on protein G-Sepharose (Pharmacia,
Piscataway, NJ) from hybridoma culture supernatants. Rat IgG for in vivo
therapy was purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA). Any resultant endotoxin contamination was removed by filtration through endotoxin binding columns (Sepracor, Marlborough, MA),
and the Ab solution was sterilized by filtration and stored at 280°C before
in vivo administration.

Preparation of BCL1-aMIg
BALB/c mice were immunized with a BCL1-KLH conjugate emulsified
with CFA as previously described (10). Seven days following the last of
three immunizations, mice were injected i.p. with 0.5 ml of Pristane
(Sigma, St. Louis, MO). Seven days following Pristane priming, the mice
were injected with 1 3 106 SP2/0 myeloma cells, and ascites formation
was monitored by visual inspection of the abdominal cavity. Upon abdominal distention, the mice were euthanized, and ascites fluid was collected
and placed on ice. Cells and debris were removed by centrifugation, and
whole Ig and other proteins were precipitated from the clarified ascites
fluid by precipitation in 50% saturated ammonium sulfate. The total protein
concentration was determined by the Bradford Coomassie blue assay
(Bio-Rad, Hercules, CA), and the total a-BCL1-Ig titer was determined by
ELISA. The Ab was sequentially filtered to remove endotoxin and bacterial
contamination.

Id vaccination and dormancy in BALB/c mice
The BCL1 lymphoma was passaged in syngeneic BALB/c mice by transferring 1 3 106 BCL1 splenocytes from an animal harboring .109 BCL1
cells in the spleen. Generation of dormant mice was performed by first
immunizing BALB/c mice with the BCL1-Ig-KLH conjugate as described
above. Seven days following the last immunization, animals received 1 3
106 BCL1 splenocytes on day 0 of tumor transfer. Mice were then monitored for splenomegaly by palpation every 7–10 days. The average length
of time for naive animals given 1 3 106 BCL1 splenocytes to display
splenomegaly was approximately 25–30 days post-tumor transfer, and day
60 has historically been the time point at which animals were categorized
as achieving a state of tumor dormancy (5). Therefore, animals that displayed overt splenomegaly before day 60 post-tumor transfer were considered nondormant, whereas animals that remained free of splenomegaly
by day 60 were considered dormant. Furthermore, those dormant animals
that displayed splenomegaly after day 60 were classified as escapees because they relapsed from the dormant state. On the average, approximately
70% of Id-immune mice achieve a state of dormancy by day 60, and previous studies have demonstrated that the relative concentration of
a-BCL1-Id correlates with induction of the dormant state (8). Once overt
splenomegaly was detected, the animal was euthanized.
For T cell depletion studies, dormant mice were treated on day 60 with
0.5 mg/dose of GK1.5 (a-CD4), YTS169.4 (a-CD8), or a control rat IgG
(rIgG; Jackson ImmunoResearch Laboratories) Ab and then every 14 days
thereafter for the duration of the experiment. This protocol was effective in
depleting .90% of the targeted peripheral T cell population as determined
by monitoring the expression of CD4, CD8, and CD3 on splenocytes from
control treated animals by FACS analysis. These animals were monitored
for depletion of T cell subpopulations 4 days following the first treatment
and subsequently when animals presented with splenomegaly.

Quantification of serum a-BCL1-Ig titers
Ninety-six-well microtiter plates were coated with 100 ml of 2.5 mg/ml
BCL1-Ig (IgM, l light chain) (10) followed by a blocking step with 20%
FCS/PBS. Serially diluted serum samples as well as a reference a-BCL1-Ig
(described above) were incubated at room temperature for 1 h, and then Ig
isotypes were detected with biotin-conjugated secondary Abs specific for
MIgG1 or MIgG2a (PharMingen). The plates were then incubated with
streptavidin-conjugated horseradish peroxidase and developed with 2,29azino-bis(3-ethylbenzthiazoline-6-sulfonic acid). Ab titers were determined by applying linear regression analysis to both the internal standard
and the serum serial dilutions. The titer values were expressed as the midpoint of the sample titration curve relative to the midpoint of the standard
titration curve as previously described (19).

Statistical analysis
Each group represented in the survival curve analyses was subjected to
pairwise comparisons using the log rank test for statistical variance.
Student’s t test was applied to all other groupwise comparisons. A group
was considered significantly different from the corresponding control if
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p , 0.05. Only groups that were significantly different were identified as
such in the results.

Preparation of enriched T cell subpopulations
Spleen cell suspensions were prepared from Id-immune mice by lysis of
erythrocytes with a hemolytic solution containing 37 mM ammonium chloride, 0.7 mM EDTA, and 0.2 mM KH2PO4. The cells were washed three
times in 10 ml of HBSS and were resuspended in HBSS with 20% FCS.
T cell enrichment columns were prepared by equilibrating the column
medium (RataMIg-coated glass beads) in HBSS/20% FCS, and the flow
rate was adjusted to approximately 1 ml/min with a lure-lock stopcock.
Whole spleen cells were added to the column (1 3 107 cells/ml of bed resin
volume) and allowed to enter the resin followed by the addition of 2 ml of
HBSS/20% FCS. Elution media (HBSS/2% FCS) was continually added
thereafter, and enriched T cells were eluted by collecting 30 – 40 ml of
flow-through volume. The cells were then pelleted and resuspended in
RPMI 1640 containing 10% (v/v) FCS, 10 U/ml penicillin, 10 mg/ml streptomycin solution (Life Technologies, Grand Island, NY), 10 mM HEPES
(pH 7.55), and 50 mM 2-ME (cRPMI).
To enrich for T cell subpopulations, aliquots of enriched T cells were
depleted of CD41 or CD81 cells with Ab and complement. Depletion was
performed by the addition of 100 mg/ml GK1.4 (a-CD4, to enrich for
CD81 cells) or YTS169.4 (a-CD8, to enrich for CD41 cells) to 1 3 107
cells/ml in cRPMI. Following incubation on ice for 30 min, cells were
washed twice with cRPMI followed by the addition of 100 mg/ml M
RaIgG. The secondary Ab was allowed to bind for 30 min on ice followed
by two washes in cRPMI. In vitro lysis was performed by incubating the
Ab-bound cells in a 1/8 dilution of baby rabbit complement in cRPMI at
37°C for 30 min. The remaining cells were then washed twice and resuspended in cRPMI. T cell purity was .95% as determined by monitoring
the percentages of CD31, CD41, CD81, and Thy-11 populations by flow
cytometry. Purified T cell populations were routinely assayed for proliferative activity in response to Con A as a measure of viability.

Passive immunization and T cell supplementation of SCID mice
Previous studies have demonstrated that SCID mice challenged with BCL1
cells can achieve dormancy when passively immunized with BCL1-aMIg
as well as other Abs directed at the surface Ig (12). In this series of experiments, SCID mice were passively immunized i.v. with 50 mg (12) of
BCL1-aMIg 1 day before receiving BCL1 tumor cells and then every 7
days thereafter for 7 wk. On day 0 of tumor transfer, SCID mice received
a one-time inoculation of 3 3 104 BCL1 splenocytes by i.p. injection as
described above. Those animals that were supplemented with enriched
populations of T cells were given 5 3 106 T cells by i.p. injection beginning on day 22 of tumor transfer and then every 2 wk thereafter throughout the experiment. In some cases SCID mice were treated with either
a-IFN-g (XMG1.2) mAb or a control rIgG at 0.5 mg/dose, two doses per
week, for the duration of the experiment.

In vitro proliferation assay
BCL1.3B3 cells (3 3 104) were plated in triplicate in 96-well tissue culture
plates and incubated in the presence of culture medium alone or with cytokines. LPS or Ab as described in the text. After 24 h of culture, 1 mCi of
[3H]TdR was added to each well, and the plates were incubated for an
additional 24 h. Macromolecular material was harvested from each well
onto glass-fiber filters using a Skatron plate harvester (Skatron Instruments,
Lier, Norway). [3H]TdR incorporation was measured by scintillation
counting.

Cytofluorometry
In vitro enriched populations of T cells as well as treated animals were
routinely monitored for cellular composition by flow cytometry to determine percentages of lymphocytes and BCL1 lymphoma cells. For animals
receiving treatment, splenocytes were stained with dilutions of specific
FITC- and/or phycoerythrin-conjugated mAbs (L3T4, Lyt-2, a-BCL1-Ig
(6A5), a-Thy-1, a-CD3e, or a-B220) or FITC- and/or phycoerythrin-conjugated isotype control mAbs. In some cases biotinylated mAbs were used
followed by incubation with streptavidin-phycoerythrin. Stained samples
were analyzed on a single-laser FACScan (Becton Dickinson, San Jose,
CA) with emission wavelength compensation adjustment.
For cell cycle analysis, BCL1.3B3 cells were treated with cytokines or
Ab as described in the text, then harvested and stained with 400 mM
7-amino actinomycin D (7-AAD; Molecular Probes, Eugene, OR) in PBS
for 30 min followed by fixation in 0.5% paraformaldehyde. The cells were
then stained with 15 mM Hoechst (Sigma) in 5% PBS at 4°C overnight.
Fluorescence intensity was measured with a FACStar Plus (Becton

Dickinson) at 320 and 488 nm excitation, and the data were analyzed with
the Paint-a-Gait software (Becton Dickinson) as described previously (12).

Results
Involvement of T cell subpopulations in the maintenance of
dormancy in immunocompetent mice
Id-specific T cells have been demonstrated to arise following Id
vaccination (1, 3, 20). However, the role of Id-specific T cell subpopulations in either inducing and/or maintaining dormancy has
not been thoroughly investigated. Although unfractionated Idimmune splenocytes alone do not appear to provide significant
protection against BCL1 cells when transferred to naive animals in
the induction phase (10), it was of interest to determine whether T
cell subpopulations play a role in the maintenance phase of an
on-going antitumor response in mice with tumor dormancy. In
these experiments, either CD41 or CD81 T cell subpopulations
were depleted in vivo by specific mAbs in dormant mice. Mice
were treated with a-CD4, a-CD8, or a control rIgG Ab on day 60
(i.e., after establishment of dormancy) and every 2 wk thereafter.
Since BCL1 grows primarily in the spleen, splenomegaly was
monitored by palpation every 3– 4 days to measure tumor cell
expansion.
As shown in Fig. 1A, depletion of the CD81 T cell subpopulation significantly decreased the duration of dormancy compared
with that in control rIgG-treated animals ( p 5 0.001). Depletion of
CD81 T cells also decreased the average time at which splenomegaly developed in those mice that relapsed (Fig. 1B). Depletion
of the CD41 subpopulation had no statistically significant effect on
the duration of dormancy ( p 5 0.144). Thus, the CD81 population
appears to be playing an important role in the maintenance of an
established state of dormancy in immunocompetent mice.
Synergy between anti-Ig and CD81 T cells in establishing a
tumor-dormant state
SCID mice that are passively immunized with Abs specific to
BCL1-Ig achieve a state of dormancy when challenged with 3 3
104 BCL1 splenocytes, and adoptive transfer of Id-immune, but not
naive, spleen cells can increase the incidence and duration of dormancy in passively immunized SCID mice (12). Based on our
findings of a CD81 T cell subpopulation bias in the regulation of
dormancy in immunocompetent mice (described above), it was of
interest to determine whether this same bias was also operative in
the SCID model of dormancy. T cells from Id-immune mice were
enriched by T cell column purification followed by subpopulation
depletion with Ab and complement. For in vivo therapy, SCID
mice received weekly doses of a suboptimal amount (50 mg) of
a-BCL1-Ig beginning on day 21 of tumor transfer. This dose was
not effective at inducing dormancy by itself and thereby would
potentially be a sensitive indicator of an effect of transferred T
cells. Groups of mice received enriched T cells every 14 days
beginning on day 22. All animals were then challenged with 3 3
104 BCL1 on day 0. As shown in Fig. 2A, the suboptimal dose of
a-BCL1-Ig did not significantly delay tumor growth compared
with that in mice receiving BCL1 treated with a control rIg (data
not shown) or BCL1 alone. However, as shown previously (12),
the combined treatment with a-BCL1-Ig and Id-immune T cells
significantly delayed the onset of splenomegaly compared with
that in both untreated controls and groups receiving only the passive immunization. The detectable effect of Id-immune T cells was
dependent upon the inclusion of a-BCL1-Ig, as the transfer of Idimmune T cells alone had no statistically significant affect.
To determine which T cell subpopulation(s) was mediating the
delay of tumor growth, mice were treated with a-BCL1-Ig alone or
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FIGURE 1. Dependence of T cell subpopulations on the
maintenance of dormancy. BALB/c mice were immunized
with the BCL1-Ig and challenged with tumor on day 0 as
described in Materials and Methods. Those animals that
displayed splenomegaly before day 60 were disregarded,
and only the animals that achieved dormancy by day 60
were used in these depletion studies. A, Dormant mice
treated with rat IgG (n 5 26), a-CD4 (n 5 21), or a-CD8
(n 5 23). p, Significantly different from the rIgG control
(p 5 0.001). B, The day on which each treated animal
displayed splenomegaly is plotted on the y-axis. Each symbol represents an individual animal. The average number of
days to relapse was 111.8 days for rIgG, 118.5 days for
a-CD4, and 72.8 days for a-CD8.

in combination with enriched CD41 or CD81 T cells from Idimmune mice. The results demonstrate that the CD81 population
could synergize with a-BCL1-Ig in establishing a tumor-dormant
state; in contrast, there was no significant effect contributed by
CD41 T cells (Fig. 2B). The trend toward delayed onset of splenomegaly in animals receiving CD41 T cells, although not significantly different from that in control animals, was reproducible.
This effect cannot be readily explained by contamination with
CD81 cells during purification because there was consistently
,0.1% contamination of enriched CD41 cells with CD81 cells.
Dormancy induced by transferred CD81 T cells required passive
immunization, as growth of tumor cells in nonimmunized (rIgtreated) mice receiving only CD81 T cells was indistinguishable
from that in animals receiving BCL1 alone (data not shown). Provocatively, the incidence of dormancy induction by day 60 was
higher in animals given only CD81 T cells than that in animals
given unfractionated Id-immune T cells (55 vs 17%, respectively),
suggesting that the CD41 T cells might even be counteracting the
dormancy-induced role of CD81 T cells.
Historically, CTL were thought to function in an immune response through direct cell-cell contact. However, more recently,
CD81 T cells have been found to also influence an immune re-

sponse through the secretion of soluble cytokines, especially
IFN-g (21). We explored the possibility that the activity of transferred Id-immune CD81 T cells was dependent upon the in vivo
production of IFN-g. Thus, a-BCL1-Ig-treated SCID mice receiving Id-immune CD81 T cells were simultaneously treated with an
a-IFN-g mAb to deplete IFN-g. As shown in Fig. 2C, the activity
of CD81 T cells to induce and maintain dormancy was completely
abrogated by treatment with a-IFN-g mAb, and this effect was
specific to the depleting mAb, as transferred CD81 T cells were
unaffected by an irrelevant rIg Ab (data not shown). Taken together, these data demonstrate that in combination with a-BCL1Ig, Id-immune CD81 T cells contribute to the induction and maintenance of dormancy in SCID mice. Furthermore, the in vivo
activity of CD81 T cells is dependent upon IFN-g.
Increased a-BCL1-IgG2a concentrations in dormant mice
Cytokine expression strongly influences the production of specific
Ig isotypes. For example, IFN-g induces class switching to the
IgG2a isotype (22), and IL-4 strongly influences class switching to
IgG1 and IgE (22–24). In addition, IFN-g2/2 (25) and IFNgRa2/2 (26) animals show severe reductions in the amount of
IgG2a produced after immunizations, further supporting a critical
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FIGURE 2. Effect of T cell subpopulations on the incidence and duration of dormancy in CB.17 SCID mice. CB.17 SCID mice received 3 3 104
BCL1 spleen cells on day 0 of tumor transfer. In addition, SCID mice
received, either alone or in combination, no additional treatment (control),
passive immunization (a-BCL1-Ig, 50 mg), column-purified Id-immune
whole T cells (Id-T Cells), enriched Id-immune CD41 T cells (Id-CD4
Cells), enriched Id-immune CD81 T cells (Id-CD8 Cells), a control rat IgG
Ab (rIgG), and an a-IFN-g neutralizing mAb (a-IFN-g) as described in
Materials and Methods. The data are pooled from three separate experiments (n 5 12/group). A, Mice receiving a-BCL1-Ig and Id-T cells were
significantly different from both the control and a-BCL1-Ig groups (p, p 5
0.022; and, p 5 0.029, respectively). B, Mice receiving a-BCL1-Ig and
Id-CD81 cells were significantly different from the a-BCL1-Ig group (p,
p 5 0.033). C, Mice receiving a-BCL1-Ig and Id-CD81 cells were significantly different from the group receiving a-BCL1-Ig and rIgG or the group
receiving a-BCL1-Ig, Id-CD81 cells, and a-IFN-g (p, p 5 0.028; and p 5
0.003, respectively).

role for IFN-g in IgG2a production. Hence, in some cases the
relative concentrations of serum IgG1 and IgG2a reflect cytokine
production in vivo (27–31). To investigate a possible connection
between cytokine production and the induction of dormancy, serum was harvested from Id-immune animals before tumor transfer,
and the a-BCL1-IgG1 and a-BCL1-IgG2a titers were measured.
As shown in Fig. 3, animals that later became tumor dormant displayed a 4.8-fold higher level of IgG2a Ab titers than animals that
did not become dormant. These data further support the importance of increased IFN-g production in establishing the tumordormant state.

FIGURE 3. Serum a-BCL1-IgG1 and IgG2a titers in non-dormant and
dormant animals. Serum a-BCL1-Ig titers were measured by ELISA from
Id-immune tumor-challenged mice on day 0 before tumor transfer. Following tumor challenge, mice were monitored for splenomegaly until day
60 post-tumor transfer, at which time the mice were categorized as either
dormant or nondormant based on splenic palpation. Serum a-BCL1-Ig titers specific for the IgG1 (A) and IgG2a (B) isotypes from individual nondormant and dormant animals are plotted on the ordinate (n 5 35/group).
p, p 5 0.011; #, p , 0.001).

Induction of cell death and cell cycle arrest in IFN-g- and aIgM-treated BCL1.3B3 cells
Based on our finding that IFN-g was critical for controlling tumor
cell expansion in SCID mice and that IFN-g production correlated
with the induction of dormancy in BALB/c mice, we sought to
determine whether IFN-g was playing a direct role in suppressing
the growth of the BCL1 tumor cells. First, proliferation of a BCL1
cell line (3B3) in response to various stimuli was analyzed by
[3H]TdR incorporation (Fig. 4A). As expected, cross-linking the
MIg on BCL1.3B3 cells with Gt-aMIgM (polyclonal Ab) dramatically reduced proliferation; in contrast, LPS acted as a stimulus.
IFN-g alone and in combination with Gt-aMIgM markedly inhibited DNA replication in BCL1.3B3 cells. The titration of the effects
of IFN-g and Gt-aMIgM are shown in Fig. 4, B and C. They
demonstrate that BCL1.3B3 responded to both reagents in a
concentration-dependent manner.
To extend these observations, we tested the ability of IFN-g to
induce cell cycle arrest and apoptosis. Previous studies have demonstrated that signaling through membrane Ig (MIg) of the BCL1
lymphoma results in arrest in the G1 phase of the cell cycle (cell
cycle arrest) and the induction of apoptosis both in vitro and in
vivo (5, 12). As shown in Fig. 5, treatment of BCL1.3B3 cells with
Gt-aMIgM and recombinant murine IFN-g reduced the proportion
of viable cells in the S/G2/M phases of the cell cycle and increased
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FIGURE 5. IFN-g affects cell cycle progression and induces apoptosis
of BCL1.3B3 cells. A, BCL1.3B3 cells were treated with medium alone,
Gt-aMIgM (8 mg/ml), IFN-g (50 ng/ml), a control Gt-aOVA (8 mg/ml), or
the combination of Gt-aMIgM and IFN-g for 24 h followed by staining
with 7-AAD and Hoechst dye. Fluorescence was analyzed by flow cytometric analysis using Paint-a-Gait (Becton Dickinson, San Jose, CA) software to quantify the percentages of apoptotic (blue population), G1 stage
(red population), and G2/S/M stage cells (orange population). B, The G1
and G2/S/M populations are expressed as a percentage of the total live
population, whereas the apoptotic cells are expressed as a percentage of the
total number of events.

FIGURE 4. IFN-g inhibits the proliferation of BCL1.3B3. A, [3H]TdR
incorporation was measured in BCL1.3B3 cells cultured in the presence of
LPS (1 mg/ml), Gt-aMIgM (8 mg/ml), a control Ab Gt-aOVA (8 mg/ml),
and recombinant murine IFN-g (50 ng/ml). B and C, The dose response of
BCL1.3B3 cells was measured by [3H]TdR incorporation in the presence of
Gt-aMIgM (B) and IFN-g (C), and the data are expressed as percentage of
the untreated control value.

the percentage of apoptotic cells. Moreover, the combinatorial
treatment with Gt-aMIgM and IFN-g acted synergistically to induce cell cycle arrest and apoptosis. These data implicate IFN-g in
directly regulating the growth of BCL1 through the induction of
cell cycle arrest and apoptosis.

Discussion
With the advent of Id vaccination, cellular anti-Id responses have
been clearly documented in both mice (1–3) and humans (4). However, the role of cellular immunity in mediating dormancy has not
been well established. Although early studies discounted a cellular
involvement in regulating BCL1 cell dormancy (10, 32), recent
data from our group have demonstrated that purified Id-immune T
cells can collaborate with a-BCL1-Ig Ab to increase the incidence
and duration of dormancy elicited in SCID mice (12).

In this study T cell subpopulation depletion experiments demonstrated that CD81 T cells were required for maintaining dormancy in immunocompetent mice. The involvement of CD81 T
cells in regulating dormancy was further supported by the observation that Id-immune CD81 T cells were sufficient to significantly induce and maintain a dormant state in passively immunized
SCID mice.
Previous studies have demonstrated that the transfer of naive
BALB/c T cells to C.B-17 SCID mice promotes the development
of these cells to a Th1 phenotype by endogenous secretion of
IFN-g (33). In addition, secretion of IFN-g by NK cells was shown
to be required, in some situations, for the induction of CTL activity
by CD81 T cells (34). CD81 CTLs could act to regulate dormancy
by two main mechanisms: 1) direct cytolysis mediated by degranulation and the release of granzyme and perforin, and 2) growth
control through a soluble cytokine-mediated mechanism (35). In
this regard, it is important to note that IFN-g is important for this
effect, since depletion of IFN-g abrogates the effect of the CD81
T cells in the SCID model. Thus, in the SCID model of dormancy,
IFN-g could have two necessary roles; one that involves the development of CD81 T cells into cytolytic effector cells and another
that is directly growth inhibitory to tumor cells. However, it is not
clear whether the role of the CD81 cells is to produce IFN-g or
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whether the role of IFN-g is to alter the properties of the CD81
cells.
Surprisingly, we found no requirement for CD41 T cells to
maintain dormancy in immunocompetent mice. Studies designed
to determine the efficacy and mechanism of in vivo Ab depletion
have demonstrated that depletion of CD41 T cells with the GK1.5
mAb deletes 90 –95% of all resting, naive cells while leaving Agactivated cells unaffected (36). It was, therefore, possible that the
depleting mAb seemingly had no effect due to its inability to delete
Ag-specific CD41 T cells. However, this possibility was unlikely
given that the transfer of Id-immune enriched CD41 T cells had no
effect on the induction and maintenance of dormancy in passively
immunized SCID mice, while Id-immune whole T cells significantly increased dormancy induction in this model. Thus, we conclude from these results that the CD41 population is not required
to maintain an established state of dormancy, but, rather, may be
responsible for the initial production of IFN-g that we observed as
an increase in serum IgG2a levels in animals that were able to
achieve the dormant state by day 60. We also observed that animals receiving CD81 T cells achieved a higher incidence of dormancy than those receiving whole Id-immune T cells, indicating
that the CD41 cells could be suppressing the activity of CD81
cells. Although both CD41 and CD81 cells have the capacity to
produce IFN-g, the transferred CD41 population could counteract
the efficacy of CD81 cells by the production of other suppressive
cytokines such as TGF-b. Further experimentation is warranted to
define the interaction between CD41 and CD81 T cells in regulating the growth of BCL1 in vivo.
IFN-g is a pleiotropic cytokine that displays a variety of both
direct and indirect tumoricidal activities. For example, IFN-g has
been shown to activate NK, macrophages, as well as CD81 T cells,
increasing their cytolytic activity on a variety of tumor targets
(37–39). IFN-g can have direct effects on tumor cells by increasing
the concentration of class I MHC expressed on the cell surface,
thereby increasing their antigenicity (40). Moreover, IFN-g has
been shown to induce cell cycle arrest and apoptosis (41, 42). In
this study we demonstrated that IFN-g can arrest tumor cells in the
G1 phase of the cell cycle and induce apoptosis. Moreover, the
pattern of growth arrest comparing IFN-g with cross-linking surface Ig was indistinguishable as analyzed by flow cytometry. This
result indicates that the two unique signals delivered via the
IFN-gR and surface Ig act synergistically culminating in a powerful growth arrest response. Taken together, these data support a
model in which IFN-g in collaboration with CD81 T cells directly
mediates growth arrest in vivo, thereby acting synergistically with
a-BCL1-Id Ab to maintain the dormant state.
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