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Abstract Here we show that low-dose cyclophosphamide
(CY), that depends for its therapeutic effectiveness on
the immunopotentiating activity of the drug for T cell-
mediated tumor-eradicating immunity, is curative for
~80% of wild-type (WT) mice bearing a large s.c.
MOPC-315 tumor, but only for ~10% of IFN-a/bR�/�

mice bearing a large s.c. MOPC-315 tumor. Histopath-
ological examination of the s.c. tumors of such mice on
day 4 after the chemotherapy revealed that the low dose
of CY led to accumulation of T lymphocytes in both the
WT and the IFN-a/bR�/� mice. However, in the CY
treated tumor bearing WT mice the T lymphocytes were
present throughout the tumor mass and in direct contact
with tumor cells, but in the CY treated tumor bearing
IFN-a/bR�/� mice most of the T lymphocytes remained
in blood vessels. In addition to being important for CY-
induced transendothelial migration of T lymphocytes
into the tumor mass, we show here that signaling via the
IFN-a/bR is also important for CY-induced control of
metastatic tumor progression in the spleen and liver of
the tumor bearing mice. Finally, CY cured tumor
bearing WT mice were resistant to a subsequent chal-
lenge with MOPC-315 tumor cells, but the few CY cured
tumor bearing IFN-a/bR�/� mice were not. Thus, sig-
naling via the IFN-a/bR on host cells in MOPC-315

tumor bearers is important for CY-induced: (a) tran-
sendothelial migration of T lymphocytes into the tumor
mass and the eradication of the primary tumor, (b)
control of metastatic tumor progression, and (c) resis-
tance to a subsequent tumor challenge.
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Abbreviations CY: Cyclophosphamide Æ WT mice:
Wild-type mice Æ I-TAC: Interferon-inducible T cell
alpha chemoattractant

Introduction

The ability of anticancer drugs to facilitate the acquisi-
tion of T cell-dependent antitumor immunity in tumor
bearers has been demonstrated in both tumor bearing
animals and in patients with malignancies [1, 2, 4, 14, 32,
36, 38, 43]. Studies into the mechanisms through which
anticancer drugs mediate this effect revealed that the
anticancer drugs lead to a shift in the cytokine profile
from cytokines such as TGF-b and IL-10, with inhibi-
tory activity for the development of cell-mediated anti-
tumor immunity, toward cytokines such as TNF-a and
IFN-c that favor the development of cell-mediated
antitumor immunity [12, 16, 19, 23, 24, 41, 43]. This
chemotherapy-induced shift in cytokine profile was first
evident at the mRNA level 24 h or longer after the
chemotherapy, but until recently there was no indication
regarding earlier events after the chemotherapy that may
be contributing to the shift in cytokine profile and the
ensuing acquisition of T cell-mediated tumor-eradicating
immunity.

Recently, Schiavoni et al. [37] have shown that
administration of cyclophosphamide (CY) to normal
mice leads within 6 h to elevated IFN-a and IFN-b
(IFN-a/b) mRNA expression, which is followed by the
production of biologically active IFN-a/b. In addition,
this group of investigators in collaboration with Tough’s
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group [20, 25] generated data that are consistent with the
idea that IFN-a/b is important for CY-induced up-reg-
ulation of IFN-c expression. Specifically, Matti et al.
[25] have shown that exposure of splenic dendritic cells
from normal mice to exogenous IFN-a/b results in up-
regulated expression of IL-15, and exogenous IL-15 in
turn was shown to induce the production of markedly
increased levels of IFN-c. In addition, Le Bon et al. [20]
have shown that signaling via the IFN-a/bR is essential
for the induction of IFN-c production by CD4+ T cells
in response to the in vivo administration of poly I:C to
normal mice.

In light of the above reports [20, 25, 37], we carried
out studies to determine if IFN-a/b is important for the
realization of the therapeutic effectiveness of low-dose
CY for MOPC-315 tumor bearing mice, under condi-
tions that depend on the immunopotentiating activity of
the chemotherapy for the acquisition of cell-mediated
tumor-eradicating immunity [11, 12, 14, 27, 38]. Here we
show that a low dose of CY, which is curative for most
wild-type (WT) mice bearing a large MOPC-315 tumor,
was curative only for a few IFN-a/bR�/� mice bearing a
large MOPC-315 tumor. In addition, we demonstrate
that signaling via the IFN-a/bR is important for facili-
tating the CY-induced transendothelial migration of T
lymphocytes from the blood vessels into the s.c. tumor
mass, as well as for the CY-induced control of metastatic
progression and the development of long-lasting tumor-
eradicating immunity.

Materials and methods

Mice

Mice deficient in signaling via the IFN-a/bR (IFN-a/
bR�/�) on 129 Ev/Sv background were kindly provided
to us by Drs. H. Virgin and R. Schreiber (Washington
University, St. Louis, MO, USA) [21, 31], and kept
under pathogen-free conditions in our Barrier Animal
Facility. The IFN-a/bR�/� mice were backcrossed to
BALB/cAnNCrlBR mice (Charles Rivers Breeding
Laboratories, Wilmington, MA, USA) for more than
ten generations before they were employed in the current
studies. WT mice on 129 Ev/Sv background were simi-
larly backcrossed to BALB/cAnNCrlBR mice for use in
studies assessing the therapeutic effectiveness of CY, and
in studies in which tissue sections were processed for
histopathological examination. Procedures and care of
the animals were in accordance with the University of
Illinois guidelines provided by the Institutional Animal
Care Committee.

Tumor cells

The MOPC-315 plasmacytoma was maintained in vivo,
as previously described [13, 14], in BALB/cAnNCrlBR
mice. Briefly, the mice were inoculated s.c. with 1.5–

2.0·106 MOPC-315 tumor cells, a dose that is at least
300-fold greater than the minimal lethal tumor dose and
kills the mice in approximately 18 days. On day 9–11
after tumor inoculation, when the mice bore a large s.c.
tumor (i.e., ~20 mm in diameter), the tumors were re-
moved and single cell suspensions were prepared by
mechanical disruption between glass slides.

Chemotherapy and follow-up of mice

A single injection of 15–30 mg CY (Cytoxan, Bristol-
Myers Squibb, Princeton, NJ, USA) per kg body weight
(low-dose) was administered i.p. to WT mice and to
IFN-a/bR�/� mice bearing a large s.c. MOPC-315 tu-
mor. This dose of CY, in cooperation with host T cell-
dependent antitumor immunity that emerges after the
chemotherapy, was previously shown to be curative for
80–90% of WT mice bearing a large MOPC-315 tumor
[13, 14]. In the studies reported herein the mice were
monitored for tumor progression/regression for a period
of 6 weeks. Mice in which the s.c. tumor grew to
‡25 mm in diameter and interfered with their ability to
ambulate, eat and drink were sacrificed. In addition, we
sacrificed mice whose s.c. tumor regressed by more than
30%, if the mice had lost more than 20% of their body
weight (minus tumor), were lethargic and did not eat
and drink. Such mice were evaluated, however, for
metastatic foci in the spleen and liver to confirm tumor
progression as the cause of their health condition.

Anti-proliferative activity of IFN-b for MOPC-315
tumor cells

MOPC-315 tumor cells were cultured at a concentration
of 1·104 cells/well with graded concentrations of mouse
recombinant IFN-b (PBL Biomedical Laboratories,
New Brunswick, NJ, USA) in 96-well flat-bottom plates
(Falcon-BD Biosciences Discovery Labware). The cul-
ture medium consisted of DMEM supplemented with
10% FBS, 0.1 mM nonessential amino acids, 50 U/ml
penicillin, 50 lg/ml streptomycin, 15 nM HEPES buffer
(Invitrogen Life Technologies), and 2·10�5 M 2-ME
(Sigma-Aldrich Corporation). After 48 h in culture in
the presence of IFN-b, we determined the number of
viable tumor cells in these cultures relative to control
cultures, which did not contain exogenous IFN-b. This
was done with the aid of a 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet-
razolium, inner salt (MTS) colorimetric assay (Promega
Corporation, Madison, WI, USA).

Histology

Primary s.c. tumor masses were harvested from un-
treated MOPC-315 tumor bearing IFN-a/bR�/� mice,
and from MOPC-315 tumor bearing IFN-a/bR�/� mice
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that were treated with low-dose CY 4 days earlier.
Concurrently, s.c. tumor masses were also collected from
untreated MOPC-315 tumor bearing WT mice, and
from MOPC-315 tumor bearing WT mice that were
treated with low-dose CY 4 days earlier. The tumor
tissues were placed in buffered 10% formalin (Alle-
giance, McGaw Park, IL, USA) for fixation and trim-
med into plastic cassettes. Processing for histological
examination consisted of dehydration through graded
alcohols to xylene and infiltration with paraffin. Subse-
quently, the tumors were sectioned at 5 lm and stained
with H&E. For immunohistological identification of T
cell lineage, sections were incubated with rabbit anti-
mouse CD3 Ab (AO452; DAKO Corporation, Carpin-
teria, CA, USA) and the specific binding detected with
secondary antibody (LSAB2; DAKO corporation).
Finally, the sections counterstained with hematoxylin.

Statistical analysis

To determine the significance of the difference in the
fraction of tumor bearing WT mice and tumor bearing
IFN-a/bR�/� mice surviving as a consequence of low-
dose CY therapy, the generalized Savage (Mantel-Cox)
test was performed. To determine the significance of the
difference in the number of MOPC-315 tumor cells
surviving when cultured with IFN-b relative to the
number surviving in control cultures, the Student’s t test
was performed. A P value of 0.05 or lower was consid-
ered significant in both tests.

Results

Assessment of the importance of IFN-a/b
for the realization of the therapeutic benefits
of low-dose CY for mice bearing a large
MOPC-315 tumor

Experiments were performed to determine if IFN-a/b is
important for the curative effectiveness of low-dose CY,
under conditions in which the therapeutic outcome of
CY depends on T cell-mediated tumor-eradicating
immunity that is acquired as a consequence of the che-
motherapy [14, 27, 38]. Specifically, we carried out
experiments to determine if a single i.p. injection of 15–
30 mg/kg CY is curative only for WT mice bearing a
large MOPC-315 tumor or also for IFN-a/bR�/� mice
bearing a large MOPC-315 tumor. A total of five
experiments were carried out. In one experiment low-
dose CY was administered to the mice when their s.c.
tumors reached ~15 mm in diameter, while in the other
four experiments low-dose CY was administered when
the s.c. tumors reached ~20 mm in diameter. Similar
results were obtained in all experiments. The cumulative
results of all five experiments are provided in Fig. 1. As
seen in Fig. 1, and in confirmation of our previous
observations [13, 14], the low dose of CY was curative

for most (32/42; i.e., ~80%) tumor bearing WT mice. At
the same time, the low dose of CY was curative for very
few (6/49; i.e., ~10%) tumor bearing IFN-a/bR�/� mice.
Thus, signaling via the IFN-a/bR on host cells is
important for the realization of the therapeutic benefits
of low-dose CY for mice bearing a large MOPC-315
tumor.

Assessment of the anti-proliferative activity
of IFN-a/b for MOPC-315 tumor cells

We first considered the possibility that the much greater
therapeutic effectiveness of low-dose CY for tumor
bearing WT mice than for tumor bearing IFN-a/bR�/�

mice was the result of greater anti-proliferative activity
of IFN-a/b for MOPC-315 tumor cells in the WT mice
than in the IFN-a/bR�/� mice. Such a possibility was
considered in light of reports that: (a) CY induces IFN-
a/b production [37], and (b) signaling via the IFN-a/bR
amplifies the production of IFN-a/b [22, 39], which to-
gether imply that higher concentrations of IFN-a/b may
be present in CY treated WT mice than in CY treated
IFN-a/bR�/� mice. To this end, we carried out studies
to determine if MOPC-315 tumor cells are sensitive to
the anti-proliferative effects of IFN-a/b. For this pur-
pose, we cultured MOPC-315 tumor cells for 48 h with
various concentrations of IFN-b, and subsequently
determined the number of viable tumor cells present in
such cultures relative to cultures of MOPC-315 tumor
cells that were not exposed to exogenous IFN-b (con-
trol). IFN-b was chosen for these studies because IFN-b
and IFN-a signal via the same single receptor (i.e., the
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Fig. 1 Importance of signaling via the IFN-a/bR for the realization
of the curative effectiveness of low-dose CY for mice bearing a
large MOPC-315 tumor. Wild-type (WT) mice (open square) or
IFN-a/bR�/� mice (filled diamond) bearing a large (15–20 mm) s.c.
tumor were given a single i.p. injection of a low dose of CY (15–
30 mg/kg). The mice were monitored for tumor progression/
regression for a period of 6 weeks. Mice whose s.c. tumor reached
‡25 mm in diameter as well as mice that lost >20% of their body
weight and showed signs of distress were sacrificed (please see
Materials and Methods). In all mice that were alive on day 42 after
CY administration, the s.c. tumor regressed completely and the
mice were clinically healthy. Number in parentheses indicate
number of mice alive out of total mice treated with CY. Asterisk
indicates significantly lower (P<0.0001) survival time relative to
WT mice treated with CY
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IFN-a/bR) and elicit a similar range of biological
activities [40], but in many cases IFN-b was shown to
exert a more potent anti-proliferative effect than IFN-a
[5, 10, 35]. The concentrations of IFN-b employed in the
current experiments ranged between 0.3 U/ml and
100 U/ml because: (a) the combined concentrations of
IFN-a and IFN-b reached in the blood of CY treated
WT mice ranged between <4 U/ml and 32 U/ml [37],
and (b) IFN-b at a concentration of 25 U/ml caused a
massive reduction in the proliferation of tumor cell lines
sensitive to the anti-proliferative activity of this cytokine
[10, 35]. A total of four experiments were performed
with similar results. As seen in Fig. 2, which depicts the
results of a representative experiment, no reduction in
the number of viable MOPC-315 tumor cells (relative to
control) was observed when MOPC-315 tumor cells
were cultured in the presence of any of the IFN-b con-
centrations employed, including 30 U/ml or 100 U/ml.
These results indicate that the much greater therapeutic
effectiveness of low-dose CY for WT mice, than for
IFN-a/bR�/� mice, bearing a large MOPC-315 tumor is
not the result of greater anti-proliferative activity of
IFN-a/b for MOPC-315 tumor cells in the CY treated
WT mice.

Histopathological changes induced by low-dose
CY therapy in the s.c. tumor masses of WT mice,
and IFN-a/bR�/� mice, bearing a large
MOPC-315 tumor

In light of the above observations (Figs. 1, 2), and be-
cause: (a) administration of low-dose CY to WT mice
bearing a large MOPC-315 tumor was previously shown
to lead to accumulation of T lymphocytes in their s.c.
tumors, and (b) T lymphocytes were found to be
important for the curative effectiveness of the low-dose
chemotherapy for MOPC-315 tumor bearing WT mice
[14], experiments were performed to determine if sig-
naling via the IFN-a/bR is important for CY-induced
accumulation of T lymphocytes in the s.c. tumors of
MOPC-315 tumor bearers. Specifically, we carried out
studies to determine if CY therapy leads to accumula-
tion of T lymphocytes only in the s.c. tumors of WT
mice or also in the s.c. tumors of IFN-a/bR�/� mice.
Initially, we examined H&E stained sections from the
s.c. tumors of untreated IFN-a/bR�/� mice bearing a
large MOPC-315 tumor (Fig. 3b) as well as H&E
stained sections from the s.c. tumors of IFN-a/bR�/�

mice that were treated with CY 4 days earlier when the
mice bore a large MOPC-315 tumor (Fig. 4c, d). As a
reference point, we examined simultaneously H&E
stained sections from tumors of untreated WT mice
bearing a large MOPC-315 tumor (Fig. 3a) as well as
H&E stained sections from the tumors of WT mice that
were treated with CY 4 days earlier when the mice bore
a large MOPC-315 tumor (Fig. 4a, b).

As seen in Fig. 3, sections of s.c. tumors from un-
treated WT mice as well as of s.c. tumors from untreated
IFN-a/bR�/� mice had anaplastic plasmacytoid tumor
cells with high mitotic rate, prominent nucleoli and
coarse chromatin, and very little (if any) lymphocytic
infiltration. However, on day 4 after the chemotherapy,
prominent lymphocytic infiltration was evident
throughout the tumor masses of MOPC-315 tumor
bearing WT mice (Fig. 4a, b). At the same time, al-
though lymphocytes also accumulated in the tumors of
MOPC-315 tumor bearing IFN-a/bR�/� mice, most of
the lymphocytes remained within the blood vessels, with
only a few lymphocytes apparent in the tumor mass
(Fig. 4c, d). To determine if the cells identified as in-
tratumoral lymphocytes in the H&E staining were ac-
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Fig. 2 Assessment of the anti-proliferative effect of IFN-b for
MOPC-315 tumor cells. MOPC-315 tumor cells were cultured with
various concentrations of IFN-b for 48 h. The anti-proliferative
effect was determined by the MTS tetrazolium colorimetric assay.
The results are presented as the mean percentage of viable cells
relative to control (MOPC-315 tumor cells cultured in the absence
of exogenous IFN-b)±SE. No significant reduction in the
percentage of viable tumor cells was observed with any of the
IFN-b concentrations used

Fig. 3 Neoplastic cells with
large irregularly shaped nuclei,
prominent nucleoli and high
mitotic rate in H&E stained
sections of the s.c. tumors of
untreated WT mice (a) or
untreated IFN-a/bR�/� mice
(b) bearing a large (~20 mm in
diameter) s.c. MOPC-315
tumor. Original magnification
·500
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tually T cells, we used anti-CD3 Ab to im-
munohistochemically stain the T cells in sections from
tumor bearing WT mice and from tumor bearing IFN-a/
bR�/� mice treated with CY 4 days earlier. Figure 5a, b
illustrates that a massive infiltrate of T lymphocytes was
present throughout the tumor mass of CY treated
MOPC-315 tumor bearing WT mice. In fact, the T
lymphocytes were in direct contact with viable tumor
cells and appeared to be engaged in tumor cell killing
(Fig. 6), consistent with their previously described role
in CY-induced T-cell-mediated tumor eradication [13,
28]. At the same time, most of the T lymphocytes that
were detected in the s.c. tumor of CY treated MOPC-315
tumor bearing IFN-a/bR�/� mice were localized within
blood vessels with only a few T lymphocytes apparent
within the tumor mass, but not in direct contact with
tumor cells (Fig. 5c, d). In fact, clusters of viable tumor
cells were seen that did not have T lymphocytes in their
immediate vicinity. Thus, signaling via the IFN-a/bR on
host cells is important for facilitating the transendothe-
lial migration of T lymphocytes into the tumor mass of
CY treated MOPC-315 tumor bearers.

Follow-up of MOPC-315 tumor bearing WT mice
and MOPC-315 tumor bearing IFN-a/bR�/� mice
in which low-dose CY therapy was not curative

As part of the survival studies depicted in Fig. 1, we
followed the low-dose CY treated MOPC-315 tumor
bearing mice for progression/regression of the primary
s.c. tumors (Table 1). All tumor bearing WT mice that
were not cured by low-dose CY (10/42; Fig. 1) either
died with a progressively growing primary s.c. tumor or

were sacrificed when the primary s.c. tumor grew and
reached ‡25 mm in diameter and the mice showed signs
of distress. At the same time, among the 43/49 tumor
bearing IFN-a/bR�/� mice that were not cured by the
low dose of CY (Fig. 1), only 22 (i.e., ~50%) died with a
progressively growing primary s.c. tumor or were sac-
rificed when the primary s.c. tumor grew and reached
‡25 mm in diameter and the mice showed signs of dis-
tress (Table 1). The remaining 21 tumor bearing IFN-a/
bR�/� mice that were not cured by the low dose of CY
were sacrificed when the primary s.c tumor regressed by
more than 30% in response to the chemotherapy, but
the mice lost more than 20% of their body weight
(minus tumor) and were very lethargic and did not eat
and drink (Table 1). Three of these mice had a large s.c.
tumor at a distant site from the primary MOPC-315
tumor (Table 1). Histopathological examination of a
new s.c. tumor from one of these mice revealed broad
sheets of neoplastic cells that were dividing rapidly,
similar to the appearance of the original s.c. tumor
nodule (Fig. 3). Finally, we evaluated the remaining
tumor bearing IFN-a/bR�/� mice in which the primary
s.c. tumor regressed by more than 30%, but the mice
showed signs of distress for the presence of metastatic
foci in their spleen and liver. Metastatic foci were grossly
apparent in the spleen from such mice (Fig. 7). In
addition, histopathological examination of sections
from the liver of such mice revealed several foci of
neoplastic cell colonies, with the colonization being
primarily juxtavenular (Fig. 8). Thus, even in IFN-a/
bR�/� mice in which a significant regression of the pri-
mary s.c. MOPC-315 tumor occurred as a consequence
of low-dose CY therapy, neoplastic cells proliferated
and established multiple foci in the spleen and liver.

Fig. 4 Diffuse lymphocytic
infiltration throughout the
tumor mass of CY treated
tumor bearing WT mice and
lymphocytic presence
predominantly in blood vessels
of the tumor mass of CY
treated tumor bearing IFN-a/
bR�/� mice. a, b represent two
different fields of the same H&E
stained section on day 4 after
low-dose CY administration to
WT mice bearing a large
MOPC-315 tumor. c, d
represent two different fields of
the same H&E stained section
on day 4 after low-dose CY
administration to IFN-a/bR�/�

mice bearing a large MOPC-315
tumor. Arrows in c and d point
to lymphocytes localized within
blood vessels. Original
magnification ·500
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These results indicate that signaling via the IFN-a/bR is
important for CY-induced control of metastatic pro-
gression in MOPC-315 tumor bearing mice.

Assessment of the resistance to tumor challenge of CY
cured MOPC-315 tumor bearing mice

We have previously shown that WT mice cured of a
large s.c. MOPC-315 tumor as a consequence of low-
dose CY are resistant to a subsequent tumor challenge
[13, 28]. Experiments were performed to determine if
IFN-a/bR�/�mice in which the primary tumor regressed
completely following low-dose CY therapy and the mice
appeared clinically normal at the end of the 6 week
observation period (these mice will be referred to as
cured mice) were also resistant to a subsequent tumor
challenge. Accordingly, we challenged four CY cured
IFN-a/bR�/� mice with 2·106 MOPC-315 tumor cells,
with CY cured WT mice serving as control. None of the
IFN-a/bR�/� mice that were cured of a large MOPC-
315 tumor as a consequence of low-dose CY therapy
resisted the tumor challenge, with all four mice suc-
cumbing to tumor progression within 10 days. In con-
trast, in confirmation of our previous observations [13,
28], all of the WT mice that were cured of a large
MOPC-315 tumor as a consequence of low-dose CY
therapy were resistant to the tumor challenge. Thus,
signaling via the IFN-a/bR on host cells is important for

rendering CY cured MOPC-315 tumor bearing mice
resistant to a subsequent tumor challenge, indicating
that signaling via the IFN-a/bR on host cells is impor-
tant for establishing long-lasting antitumor immunity in
low-dose CY cured MOPC-315 tumor bearers.

Fig. 6 Tumor infiltrating T lymphocytes in close contact with
tumor cells. Immunoperoxidase staining of cells expressing CD3 in
a section from the s.c. tumor mass on day 4 after CY
administration to WT mice bearing a large MOPC-315 tumor.
Arrows are pointing to T lymphocytes that are in close contact with
tumor cells. Original magnification ·1,200

Fig. 5 T lymphocyte infiltration throughout the tumor mass of CY
treated tumor bearing WT mice and T lymphocyte presence
predominantly in blood vessels of the tumor mass of CY treated
tumor bearing IFN-a/bR�/� mice. T lymphocytes were identified
immunohistochemically by CD3 expression. a, b represent two
different fields of the same section on day 4 after low-dose CY
administration to WT mice bearing a large MOPC-315 tumor, and

c, d represent two different fields of the same section on day 4 after
low-dose CY administration to IFN-a/bR�/� mice bearing a large
MOPC-315 tumor. Arrows in c point to T lymphocytes localized
within blood vessels and arrows in d point to tumor cells with large
vesicular nuclei and prominent nucleoli that indicate continued
tumor growth. Original magnification for a and c ·300 and for b
and d ·500

464



Discussion

Schiavoni et al. [37] have previously shown that CY
administration to normal mice leads within 6 h to up-
regulation of IFN-a/b mRNA expression, which is fol-
lowed by up-regulation of IFN-a/b at the protein level.
Here we extend these observations by demonstrating
that IFN-a/b is actually important for the realization of
the therapeutic benefits of CY for mice bearing a large
MOPC-315 tumor, under conditions in which the ther-
apeutic outcome of the chemotherapy depends on T cell-
mediated tumor-eradicating immunity that emerges in
the hitherto immunosuppressed tumor bearers as a
consequence of the chemotherapy [14, 27, 38]. Specifi-
cally, we show that low-dose CY is much less effective in
the therapy of IFN-a/bR�/� mice bearing a large
MOPC-315 tumor than in the therapy of WT mice
bearing a large MOPC-315 tumor. We would like to
point out, however, that although signaling via the IFN-

a/bR is important for the realization of the therapeutic
benefits of low-dose chemotherapy, other chemother-
apy-induced effects, which are independent of signaling
via the IFN-a/bR (e.g., up-regulation of B7-1 expres-
sion) are also important [8].

Low-dose chemotherapy was previously shown to be
effective in up-regulating IFN-b mRNA expression not
only in spleens of WT mice but also in spleens of IFN-a/
bR�/� mice [18]. Still, since signaling via the IFN-a/bR
can lead to a subsequent increase in IFN-a/b production
[22, 39], it is reasonable to assume that as a consequence
of the positive feedback loop, higher concentrations of
IFN-a/b were achieved in CY treated WT mice than in
CY treated IFN-a/bR�/� mice. It follows, that MOPC-
315 tumor cells may have been exposed to a higher
concentration of IFN-a/b in CY treated tumor bearing
WT mice than in CY treated tumor bearing IFN-a/bR�/
� mice. Here we show that exposure of MOPC-315 tu-
mor cells to IFN-b, which is known to exert a much
more potent anti-proliferative effect than IFN-a [5, 17,
35], was not inhibitory for MOPC-315 tumor cell pro-
liferation even at a concentration of 100 U/ml. This

Fig. 7 Metastatic foci in the spleen from a representative IFN-a/
bR�/� mouse in which the large primary s.c MOPC-315 tumor
regressed by more than 30% as a consequence of low-dose CY
therapy, but the mouse lost more than 20% body weight and
showed signs of distress. The spleen was fixed in Bouins’ fixative.
As a reference point a normal spleen similarly fixed was placed next
to it

Fig. 8 Metastatic foci in the liver of a representative IFN-a/bR�/�

mouse in which the s.c. tumor regressed by more than 30% as a
consequence of CY therapy, but the mouse lost more than 20% of
its body weight and showed signs of distress. H&E stained section,
original magnification ·500

Table 1 Incidence of endpoint criteria for MOPC-315 tumor bearing mice that were not cured as a consequence of low-dose CY
administration

Fraction of WT mice with Fraction of IFN-a/bR�/� mice with

A progressively growing
primary s.c. tumor that
died or were sacrificed when the primary
s.c tumor reached at least 25 mma

A progressively growing primary
s.c. tumor that died or were sacrificed
when the primary s.c tumor reached
at least 25 mma

A large secondary
s.c tumora

Metastases in
internal organsb

10/10 22/43 3/43 18/43

For mice used in the survival studies depicted in Fig. 1
aThese mice were not examined for metastasis to internal organs
bMice in which the s.c. tumor nodule regressed by $30%,but the

mice lost more than 20% of their body weight (minus tumor) and
had difficulties ambulating. These mice were examined for metas-
tasis to the spleen and liver
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concentration of IFN-b is much higher than the con-
centrations of IFN-b that were reported by other
investigators to inhibit drastically the proliferation of
tumor cell lines sensitive to the anti-proliferative activity
of IFN-b (e.g., 25 U/ml [10, 35]). Moreover, this con-
centration of IFN-b is much higher than the combined
concentrations of IFN-b and IFN-a that were reached in
the blood of CY treated WT mice, which ranged be-
tween <4 U/ml and 32 U/ml [37]. Thus, it is unlikely
that the much greater therapeutic efficacy of low-dose
CY for MOPC-315 tumor bearing WT mice than for
MOPC-315 tumor bearing IFN-a/bR�/� mice was the
result of greater anti-proliferative activity of IFN-a/b for
MOPC-315 tumor cells in the WT mice. These obser-
vations are not surprising in light of our previous
observations with T-cell-depleted MOPC-315 tumor
bearing WT mice, which revealed that tumor-eradicating
immunity that emerges after the chemotherapy, and not
the tumoricidal/tumoristatic activity of the low dose of
CY, is responsible for the eradication of the vast
majority of the tumor burden [14, 29]. Moreover, in the
absence of the contribution of T-cell-mediated tumor-
eradicating immunity, the low dose of CY is not suffi-
cient even for the cure of WT mice bearing a barely
palpable ( £ 2 mm) s.c. MOPC-315 tumor [13, 29].

We have previously shown that the curative effec-
tiveness of low-dose CY for WT mice bearing a large
MOPC-315 tumor depends on the accumulation of T
lymphocytes with acquired CTL activity in the s.c.
tumors [30, 38]. Consistent with these observations, we
show here that CY, which was much less effective in
the therapy of tumor bearing IFN-a/bR�/� mice than
tumor bearing WT mice, led to a different pattern of
accumulation of T lymphocytes in the s.c. tumors of
the IFN-a/bR�/� mice than of the WT mice. Specifi-
cally, while on day 4 after low-dose CY administra-
tion, a massive T lymphocytic infiltrate was evident
throughout the tumor mass in the WT mice and the T
lymphocytes were in direct contact with tumor cells,
most of the T lymphocytes that were present in the s.c.
tumors of the CY treated IFN-a/bR�/� mice remained
within the blood vessels with very few T lymphocytes
present within the tumor mass. Thus, even if T lym-
phocytes from tumor bearing IFN-a/bR�/� mice, like
T lymphocytes from tumor bearing WT mice [14, 27,
30, 38], acquire CTL activity as a consequence of low-
dose chemotherapy (which is not at all clear that they
do), the location of the T lymphocytes in the s.c. tu-
mors of CY treated IFN-a/bR�/� mice would hamper
their ability to kill MOPC-315 tumor cells.

It is not known at present why on day 4 after the
chemotherapy T lymphocytes that accumulated in the
s.c. tumors of CY treated IFN-a/bR�/� mice remained
in the blood vessels while T lymphocytes that accu-
mulated in the s.c. tumors of CY treated WT mice
dispersed throughout the tumor mass and came in
direct contact with tumor cells. One possibility is that
the production/activity of a factor(s) needed for tran-
sendothelial migration of the T lymphocytes from the

blood vessels into the tumor mass depends on (or is
facilitated by) signaling via the IFN-a/bR. In this re-
gard it should be pointed out that binding of IFN-b
to the IFN-a/bR on human fibroblasts was shown to
result in activation of the b-R1 gene that encodes for
the interferon-inducible T cell alpha chemoattractant
(I-TAC; CXCL11) [33, 34], and I-TAC, in turn, was
shown to be a very potent chemoattractant for acti-
vated T cells [6], as well as a potent inducer of T cell
transendothelial migration [26]. It follows that while I-
TAC was probably induced via this pathway in CY
treated WT mice, it was not induced in CY treated
IFN-a/bR�/� mice. However, although IFN-b is an
important inducer of I-TAC expression [33, 34], IFN-c
alone or in combination with TNF-a was also shown
to induce I-TAC expression [26]. Still, since signaling
via the IFN-a/bR is important for chemotherapy-in-
duced upregulation of IFN-c and TNF-a expression
[7, 18, 20], it is conceivable that low-dose CY therapy
up-regulated IFN-c and TNF-a expression to a lesser
extent (if at all) in IFN-a/bR�/� mice. It follows that
the induction of I-TAC production via the IFN-c
pathway was probably also much less efficient (if at
all) in the CY treated IFN-a/bR�/� mice than the CY
treated WT mice.

Here we show that IFN-a/bR�/� mice in which low-
dose CY therapy caused a significant regression of the
primary s.c. tumor, but the mice showed signs of dis-
tress, had extensive splenic metastases. Since low-dose
chemotherapy was previously found to lead to the
appearance of antitumor immunity in spleens of
MOPC-315 tumor bearing WT mice [13, 38, 42], our
current observations suggest that low-dose CY therapy
of MOPC-315 tumor bearing IFN-a/bR�/� mice did not
lead to the acquisition of sufficient antitumor immunity
in their spleens to control metastatic tumor progression.
Such an explanation is consistent with reports that IFN-
a/b can potentiate the generation of CTL responses [9,
15], which implies that weaker CTL activity would de-
velop in the absence of signaling via the IFN-a/bR. In
addition, such an explanation is consistent with our
recent unpublished observations illustrating the devel-
opment of weaker CTL activity in stimulation cultures
of spleen cells from CY treated MOPC-315 tumor
bearing WT mice as a consequence of IFN-a/b neu-
tralization.

Similar to our previous observations [13, 28], we
show here that WT mice cured of a large MOPC-315
tumor as a consequence of low-dose CY therapy were
resistant to a subsequent challenge with 2·106 viable
MOPC-315 tumor cells. In contrast, none of four IFN-
a/bR�/� mice cured of a large MOPC-315 tumor as a
consequence of low-dose CY therapy resisted the tu-
mor challenge, and all succumbed to tumor progres-
sion within 10 days. These observations indicate that
signaling via the IFN-a/bR is important for the
acquisition of long-lasting tumor-eradicating immunity
by low-dose CY cured MOPC-315 tumor bearers. In
this regard it should be pointed out that IFN-a/b was
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previously shown to selectively increase the prolifera-
tion of memory phenotype (CD44high) CD8+ T cells,
and CD8+ T cells that proliferated following injection
of mice with tumor cells engineered to secrete IFN-a
persisted for at least 70 days [3].

Finally, we have previously shown that low-dose
melphalan [18], like low-dose CY [37], also leads to a
rapid upregulation of IFN-a/b expression. In addition,
the realization of the therapeutic benefits of low-dose
melphalan [27, 30, 38], like the realization of the thera-
peutic benefits of low-dose CY [14], for MOPC-315 tu-
mor bearers was shown to depend on T cell-mediated
tumor-eradicating immunity that is acquired as a con-
sequence of the chemotherapy. Given these observa-
tions, it is conceivable that our current observations
regarding the role of IFN-a/b in the realization of the
therapeutic benefits of low-dose CY are not limited to
this anticancer drug.
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