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Abstract

 

Cyclophosphamide (CTX) increases the antitumor effec-
tiveness of adoptive immunotherapy in mice, and combined
immunotherapy regimens are now used in some clinical tri-
als. However, the mechanisms underlying the synergistic
antitumor responses are still unclear. The purpose of this
study was (

 

a

 

) to evaluate the antitumor response to CTX
and adoptive immunotherapy in mice bearing four different
syngeneic tumors (two responsive in vivo to CTX and two
resistant); and (

 

b

 

) to define the mechanism(s) of the CTX-
immunotherapy synergism. Tumor-bearing DBA/2 mice were
treated with a single injection of CTX followed by an intra-
venous infusion of tumor-immune spleen cells. In all the
four tumor models, a single CTX injection resulted in an
impressive antitumor response to the subsequent injection
of spleen cells from mice immunized with homologous tu-
mor cells independently of the in vivo response to CTX
alone. Detailed analysis of the antitumor mechanisms in
mice transplanted with metastatic Friend leukemia cells re-
vealed that (

 

a

 

) the effectiveness of this combined therapy
was dependent neither on the CTX-induced reduction of tu-
mor burden nor on CTX-induced inhibition of some puta-
tive tumor-induced suppressor cells; (

 

b

 

) the CTX/immune
cells’ regimen strongly protected the mice from subsequent
injection of FLC, provided the animals were also preinocu-
lated with inactivated homologous tumor together with the
immune spleen cells; (

 

c

 

) CD4

 

1

 

 T immune lymphocytes were
the major cell type responsible for the antitumor activity; (

 

d

 

)
the combined therapy was ineffective in mice treated with
antiasialo-GM

 

1

 

 or anti-IFN-

 

a

 

/

 

b

 

 antibodies; (

 

e

 

) spleen and/
or bone marrow cells from CTX-treated mice produced soluble
factors that assisted in proliferation of the spleen cells. Alto-
gether, these results indicate that CTX acts via bystander
effects, possibly through production of T cell growth factors
occurring during the rebound events after drug administra-
tion, which may sustain the proliferation, survival, and ac-
tivity of the transferred immune T lymphocytes. Thus, our
findings indicate the need for reappraisal of the mechanisms

underlying the synergistic effects of CTX and adoptive im-
munotherapy, and may provide new insights into the defini-
tion of new and more effective strategies with chemotherapy
and adoptive immunotherapy for cancer patients. (

 

J. Clin.
Invest.

 

 1998. 101:429–441.) Key words: cyclophosphamide 
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Introduction

 

Over the last decade, much attention has been given to adop-
tive immunotherapy as a possible therapeutic strategy for
treatment of certain human tumors (1, 2). The interest in this
therapeutic approach has originated from numerous reports
describing a successful T cell–mediated adoptive immunother-
apy of established immunogenic tumors in mice (3–6). How-
ever, in spite of the remarkable results obtained in certain
mouse tumor models and some encouraging responses ob-
served in a few clinical trials, little is known about the fate of
the transferred immune cells or the optimal strategies for en-
hancing their survival and antitumor activity after immune cell
infusions. In particular, one major issue is whether the effec-
tiveness of adoptive immunotherapy can be improved by com-
bining this approach with other regimens currently used in
cancer therapy.

Cyclophosphamide (CTX)

 

1

 

 is a widely used chemothera-
peutic agent in cancer therapy (for review see reference 7).
CTX has also been used by several groups as an immunomod-
ulatory agent against murine and human tumors (8–22). Many
studies have reported that CTX can increase the efficacy of im-
munotherapeutic regimens by removing tumor-induced sup-
pressor T cells (23–28). Although the nature of these suppres-
sor cells is still not fully defined, combined regimens with CTX
and immunotherapy are now used in some clinical trials with
cancer patients (29–31). Therefore, it is important to revisit the
issue of the possible mechanisms underlying the antitumor ac-
tivity of combined regimens with CTX and immunotherapy
since a better knowledge of these mechanisms in experimental
tumor models should lead to more effective use of these thera-
peutic strategies in cancer patients.

We previously demonstrated that four different tumors, all
transplantable into syngeneic DBA/2 mice, exhibited qualita-
tive differences in their in vivo response to CTX: CTX inhib-
ited tumor growth in mice transplanted with two highly meta-
static tumor cell lines (i.e., FLC and the ESb lymphoma), while
it was totally ineffective (or even induced adverse effects) in
animals bearing two immunogenic tumors highly responsive to
IL-2 therapy (the Eb and p11-R-Eb lymphomas; 32).

In this study, we first evaluated whether injecting CTX in
DBA/2 mice bearing the abovementioned established synge-
neic tumors could render the animals responsive (or more re-
sponsive) to inoculation of spleen cells from donor mice im-
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munized with homologous tumor cells. The data reported
herein indicate that a single inoculation of CTX resulted in a
dramatic antitumor response to subsequent injection of the im-
mune spleen cells in all the four tumor models. Studies aimed
at defining the mechanisms involved in this potent synergistic
response in the FLC tumor system revealed that CTX did not
act by inhibiting some putative suppressor cells. Instead, it
primed the host for an optimal antitumor response to the sub-
sequent transfer of the sensitized immune spleen cells through
induction of bystander effects (i.e., production of growth fac-
tors normally occurring as a homeostatic response after the
chemotherapy), which may sustain proliferation, survival, and
activity of the immune T lymphocytes. CD4

 

1

 

 T lymphocytes
proved to be the important cell component in the transferred
immune cell population. Moreover, an ensemble of experi-
ments indicated that an intact immune system of the recipient
host and some soluble factors (IFN-

 

a

 

/

 

b

 

) were essential in me-
diating the antitumor response to the adoptive immunother-
apy in the CTX-injected animals. Altogether, these results
may lead to reinterpretation of the mechanisms underlying the
synergistic effects of CTX and adoptive immunotherapy ob-
served in various experimental tumor models by others (8–22),
largely explained on the assumption of a selective effect of
CTX on “suppressor T cells” (24, 26–28). 

 

Methods

 

Mice. 

 

Six 8-wk-old male DBA/2 and nude (CD1 background) mice
were obtained from Charles River Breeding Laboratories (Calco, It-
aly). SIA nude mice were prepared as previously described (33) and
maintained in special sterile facilities. All mice were treated in accor-
dance with the European Community guidelines.

 

Tumor cells. 

 

IFN 

 

a

 

/

 

b

 

-resistant 3Cl-8 FLC (34) were serially pas-
saged intraperitoneally in syngeneic DBA/2 mice. FLC are highly
metastatic to the liver and the spleen after intravenous subcutaneous
injection in DBA/2 mice. Eb and ESb cells were provided by Dr. V.
Schirrmacher (Heidelberg, Germany). Eb cells are nonmetastatic
lymphoma cells (35). They were cultivated in vitro in RPMI-1640 sup-
plemented with 10% FCS and 1 mM Hepes (complete medium). The
ESb lymphoma is an in vivo–selected variant of Eb lymphoma (35).
Subcutaneous injection of DBA/2 mice with ESb cells results in de-
velopment of small tumors that rapidly metastasize to the liver after
3–4 d. These cells were serially passaged intraperitoneally in synge-
neic DBA/2 mice. p11-R-Eb cells were obtained in our laboratory af-
ter 11 intraperitoneal passages of the original Eb cells in syngeneic
DBA/2 mice and were cryopreserved in RPMI-1640, 20% FCS and
10% dimethylsulfoxide in liquid N

 

2

 

. p11-R-Eb cells metastasize to the
liver after intravenous or subcutaneous injection (36).

CTX (Sigma Chemical Co., St. Louis, MO) was freshly diluted in
physiologic solution and injected intraperitoneally in 0.5 ml. If not
otherwise stated, we used a CTX dose of 83 mg/kg body weight. This
CTX dose has been proven to induce the most marked antitumor ef-
fect in mice transplanted with either FLC or ESb, without inducing
any acute toxicity (37, 38). Control preparations consisted of physio-
logic solution unless otherwise stated.

 

Immunization of mice with different tumor cells.

 

To immunize mice
against ESb, Eb, and p11-R-Eb tumors, DBA/2 mice received two
subcutaneous inocula of 2 

 

3 

 

10

 

7

 

 irradiated tumor cells (100 Gy) at a
time interval of 2 wk. To achieve an immunization against 3Cl-8 FLC,
DBA/2 mice were injected subcutaneously with 2 

 

3 

 

10

 

6

 

 genetically
modified FLC producing IFN

 

a

 

1

 

 

 

(IFN 

 

a

 

1-Cl-11; 39). These cells grow
subcutaneously in DBA/2 mice before being rejected, and all the
mice are resistant to a subsequent challenge with parental metastatic
3Cl-8 FLC (39). Spleens were usually taken from these mice 24–30 d
after the injection of the IFN-producing cells. 

 

Preparation of formalin-fixed FLC. 

 

After irradiation, 3Cl-8 FLC
are still capable of producing infectious retroviral particles. There-
fore, to provide tumor antigen for some in vivo experiments, we used
formalin-fixed (instead of irradiated) tumor cells. 3Cl-8 FLC were re-
suspended in a PBS-buffered 4% formalin solution, incubated 30
min at room temperature, and extensively washed with PBS before
inoculation

 

Preparation of bone marrow cells and cells for adoptive transfer.

 

Mice were killed, and spleens and tibias were removed aseptically.
Bone marrow cells were derived from the tibia and passed into a 2-ml
syringe through an 11-gauge needle. Single-cell suspension of spleen
cells were prepared from the spleens of normal or immunized mice.
Erythrocytes were lysed after a 3-min incubation at room tempera-
ture in 0.16 M Tris–buffered NH

 

4

 

Cl. Cells were washed in complete
medium, passed through a cell strainer (Falcon 2350; Becton Dickin-
son, Inc., Rutherford, NJ) and resuspended to 

 

z 

 

2.5 

 

3 

 

10

 

8

 

 viable
cells/ml (determined by Trypan blue exclusion) in RPMI 1640 me-
dium with 2% FCS immediately before inoculation.

 

Standard chemoimmunotherapy.

 

4 d after subcutaneous or 1 d af-
ter intravenous inoculation of tumor cells, mice were treated intra-
peritoneally with 83 mg/kg CTX in 0.5 ml saline. 4–5 h later, mice
were injected intravenously with 0.4 ml of a suspension of 10

 

8

 

 spleen
cells freshly prepared from mice immunized against the tumor or
from normal or tumor-bearing mice, as described in the figure leg-
ends. 

 

Antibodies for cell depletion and identification.

 

Antibodies used to
deplete specific cell populations were ammonium sulphate-precipi-
tated preparations from ascitic fluid of anti CD4

 

1

 

 (GK 1.5, L3T4;
American Type Culture Collection, Rockville, MD) and anti CD8

 

1

 

(TIB-5 105, Lyt 2, ATCC) hybridomas or anti asialo GM-

 

1

 

 serum
(Wako Chemicals GmbH, Dusseldorf, Germany). Antibody treat-
ments were performed as described elsewhere (40, 41). Depletion of
the respective cell populations was verified by two-color flow cytome-
try using a FACSort cytometer (Becton Dickinson, Inc.) with the
following monoclonal antibodies: anti–murine CD3 (GIBCO-
BRL, Gaithersburg, MD), CD4 (GIBCO-BRL), and CD8 (GIBCO-
BRL).

 

Depletion of cell populations from donor spleen cells.

 

CD4

 

1

 

, CD8

 

1

 

,
and NK cells were depleted in vitro by using complement-mediated
cytotoxicity. Donor spleen cells were first incubated on ice with a 1/
1,000 dilution of the appropriate antibody for 60 min, and then for a
further 60 min in a 37

 

8

 

C water bath with a 1/12 dilution of low-tox
rabbit complement (Cedarlane Labs, Ltd., Hornby, Ontario). After
washing in RPMI 1640 with 2% FCS, cells were resuspended at 

 

z 

 

10

 

8

 

cells/ml. In each experiment, aliquots from each cell depletion proce-
dure were analyzed by cytofluorography to verify cell depletion. 

 

Antibody to mouse IFN 

 

a

 

/

 

b

 

. 

 

Sheep antibodies to mouse IFN 

 

a

 

/

 

b

 

and normal sheep Ig were a generous gift of Dr. Ion Gresser
(Villejuif, France). The origin of sheep antibodies to mouse IFN 

 

a

 

/

 

b

 

(sheep no. 1) and normal sheep Ig, their purification, and assay have
been previously described in detail (42, 43).

 

Cocultivation of cells through semipermeable filters. 

 

1 ml of com-
plete medium containing 10

 

4

 

 bone marrow cells and 10

 

6

 

 splenocytes
was plated onto a microporous membrane cell culture inset (Falcon
3095; Becton Dickinson, Inc.). These membranes are specifically de-
signed to allow cocultivation procedures with fluids and fluid compo-
nent exchange without allowing a cell:cell contact. Each cell culture
inset was then placed onto a corresponding well of a 24-well tray (Fal-
con; Becton Dickinson, Inc.) previously filled with 1 ml of complete
medium containing 10

 

6

 

 immune spleen cells. After a 5-d incubation at
37

 

8

 

C in a 5% CO

 

2

 

 humidified incubator, cells were harvested and as-
sayed for [

 

3

 

H]thymidine incorporation as described below.

 

[

 

3

 

H]Thymidine incorporation assay.

 

2 

 

3 

 

10

 

5

 

 cells in 0.2 ml/well
complete medium in 96 flat-bottomed well trays, were incubated at
37

 

8

 

C and harvested on day 5 after 18 h of culture in the presence of
0.5 

 

m

 

Ci/well of [

 

3

 

H]thymidine (DuPont-NEN, Boston, MA).

 

Peripheral blood leukocytes count. 

 

Anesthetized animals were
bled by the tail. 5 

 

m

 

l of blood were diluted in 45 

 

m

 

l Turk’s solution,
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and white blood cells (WBC) were counted in a hemocytometer.
Blood was also smeared on a glass slide and stained with May-Grun-
wald-Giemsa for differential blood cell count.

 

Statistical analyses. 

 

Data were analyzed by Wilkoxon rank-sum
test.

 

Results

 

Synergistic effects of CTX and immune spleen cells in the ther-
apy of DBA/2 mice transplanted with syngeneic tumors exhib-
iting a different response to CTX alone.

 

Fig. 1 shows the ef-
fects of a single injection of CTX, followed 5 h later by one
injection of 10

 

8

 

 immune spleen cells, on tumor growth and sur-
vival time in mice bearing 4-d tumors obtained after sub-

cutaneous injection of either 3Cl-8 FLC or ESb cells. Confirm-
ing previous findings (32), CTX alone induced some inhibition
of tumor growth in both these tumor models, although all the
treated mice died from visceral metastases. Inoculation of im-
mune spleen cells alone did not significantly affect the growth
of FLC or ESb tumors. In contrast, the combined treatment
with both CTX and immune spleen cells resulted in a strong
synergistic antitumor response. In the representative experi-
ments illustrated in Fig. 1, cure rates ranging from 100% (FLC)
to 37% (ESb) of the tumor-bearing mice were observed after
the combined therapy. Spleen cells from normal mice did not
increase the antitumor response to CTX (data not shown).

Fig. 2 illustrates some representative results obtained using
an identical experimental protocol in mice bearing tumors de-

Figure 1. Effect of CTX and immune spleen cells on tumor growth and survival time in mice transplanted subcutaneously with 3Cl-8 FLC (A) 
and ESb cells (B). 6–7-wk-old male DBA/2 mice were injected subcutaneously with 2 3 106 3Cl-8 FLC or 2 3 105 ESb cells and divided into four 
groups. After 4 d, two groups (h and s) were injected intraperitoneally with 0.5 ml of CTX (83 mg/kg). 5 h later, some mice (n and s) received 
an intravenous inoculum of 0.4 ml of a suspension of 108 immune splenocytes. There were six mice in each group. Tumor growth curve, left; sur-
vival time curve, right. Control, untreated mice (d); immune spleen cell-treated mice (n); CTX-treated mice (h); and mice treated with CTX 
and immune spleen cells (s).
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veloped after the injection of Eb or p11-R-Eb lymphoma cells.
In these tumor models, we had previously failed to observe
any therapeutic response to CTX alone, while the tumor-
injected mice proved highly responsive to IL-2 therapy (32).
Under the experimental conditions used in the experiments il-
lustrated in Fig. 2, a single injection of CTX induced adverse
effects. Indeed, CTX consistently shortened the survival time
of the tumor-injected mice, even though apparently it did not
affect subcutaneous tumor growth. Injection of the immune
spleen cells induced only a partial antitumor response in mice

transplanted with Eb cells, and it was completely ineffective in
the animals bearing p11-R-Eb tumors. Notably, the sequential
treatments with CTX and immune spleen cells resulted in an
impressive antitumor response with cure rates ranging from
100% (Eb) to 50% (p11-R-Eb).

It was of interest to evaluate whether the combined regi-
men with CTX and immune spleen cells could also inhibit tu-
mor growth in mice previously injected intravenously with
highly metastatic tumor cells such as FLC, ESb, or p11-R-Eb
cells. A single injection of CTX followed by inoculation of im-

Figure 2. Effect of CTX and immune spleen cells on tumor growth and survival time in mice transplanted subcutaneously with Eb (A) and p11-
R-Eb cells (B). 6–7-wk-old male DBA/2 mice were injected subcutaneously with 2 3 106 p 11-R-Eb or 2 3 106 Eb cells and divided into four 
groups. After 4 d, two groups (u and s) were injected intraperitoneally with 0.5 ml of CTX (83 mg/kg). 5 h later, some mice (n and s) received 
an intravenous inoculum of 0.4 ml of a suspension of 108 immune splenocytes. There were six mice in each group for A and 6–8 mice for B. Tu-
mor growth curve, left; survival time curve, right. Control, untreated mice (d); Immune spleen cell-treated mice, n; CTX-treated mice, h; mice 
treated with CTX and immune spleen cells (s).
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mune cells strongly suppressed development of tumor me-
tastases, resulting in a very high percentage (67–100%) of sur-
viving mice, while all the treated animals in the other groups
died from visceral metastases, similarly to the mice in the cor-
responding control groups (Fig. 3).

 

Studies on the mechanisms involved in the synergistic re-
sponse to CTX and immune spleen cells in mice bearing FLC
tumors.

 

 The data reported above indicated that the sequen-
tial treatment with CTX and immune spleen cells resulted in
an impressive synergistic response and tumor rejection in four
different tumors transplantable in syngeneic DBA/2 mice. In
an attempt to determine the possible mechanisms responsible
for such a powerful antitumor response, studies were per-
formed using 3Cl-8 FLC line because of the extensive informa-
tion available on the in vivo behavior of these tumor cells and
their response to different therapy regimens. This highly meta-
static tumor has been used widely by our group for evaluating
the antitumor response to type I IFN (44–47) and other cyto-
kines, as well as to chemotherapy (32, 48–50). In particular,
DBA/2 mice bearing metastatic FLC do not develop a clear
antitumor response after treatment with various cytokines or
chemotherapeutic agents, with the notable exception of type I
IFN, which markedly inhibited tumor growth and visceral me-
tastases (41, 48). 

 We report herein the results of several sets of experiments
aimed at defining the mechanisms involved in generating the
potent antitumor response observed in DBA/2 mice bearing
FLC tumors and treated with CTX and immune spleen cells.

 

The synergistic antitumor response to CTX and immune
spleen cells is not simply due to the acquired effectiveness of the
immune spleen cells in animals with a reduced tumor burden as
a result of the chemotherapeutic treatment.

 

 Before attempt-
ing to dissect the possible mechanisms involved in the synergis-
tic response to CTX and immune spleen cells, it was important
to ascertain that the antitumor effectiveness of the transferred
splenocytes was not simply due to a reduced number of resid-
ual tumor cells after the chemotherapeutic treatment, which
could result in enhanced antitumor activity via the transferred
immune cells.

 In previous studies, we outlined the highly reproducible re-
lationship between the number of FLC injected intravenously
into DBA/2 mice and the mean day of death of the injected an-
imals (47). Fig. 4 

 

A

 

 shows the results of a representative tum-
origenicity assay. In a set of preliminary experiments, we had
consistently noticed that in mice injected intravenously with
2 

 

3 

 

10

 

4

 

 FLC, a single intravenous inoculation of CTX resulted
in a mean increase of survival time versus the control mice of
4–5 d (mean day of death: 16.8

 

6

 

0.7 vs. 12.8

 

6

 

0.3 of untreated
mice), corresponding to the survival time routinely observed in
mice injected intravenously with 2 

 

3 

 

10

 

2

 

 FLC. Thus, we in-
ferred that under our experimental conditions, CTX induced
an 

 

z 

 

100-fold reduction in tumor burden. We then performed
an experiment with the specific aim of evaluating whether the
immune spleen cells could significantly suppress tumor growth
in mice injected with 2 

 

3 

 

10

 

2 FLC (the number corresponding
to the putative residual tumor burden after CTX treatment)
together with 2 3 104 formalin-fixed FLC (which mimics the
amount of residual dead cells available for immune stimula-
tion in mice injected with 2 3 104 viable cells and treated with
CTX). As shown in Fig. 4 B, the immune cells induced only a
marginal antitumor effect in mice coinjected with 2 3 102 via-
ble FLC and 2 3 104 formalin-fixed cells, while injection of the

Figure 3. Effect of CTX and immune spleen cells on tumor growth 
and survival time in mice transplanted intravenously with 3Cl-8 FLC 
(A), ESb (B), and p 11-R-Eb (C) cells. 6–7-wk-old male DBA/2 mice 
were injected intravenously with 2 3 106 3Cl-8 FLC (A), 4 3 103 ESb 
(B), or 2 3 106 p 11-R-Eb cells (C) and divided into four groups. Af-
ter 1 d, two groups (h and s) were injected intraperitoneally with 0.5 ml 
of CTX (83 mg/kg). 5 h later, some mice (n and s) received an intra-
venous inoculum of 0.4 ml of a suspension of 108 immune splenocytes. 
There were at least six mice in each group. Control, untreated mice 
(d); immune spleen cell-treated mice (n); CTX-treated mice, (h); 
mice treated with CTX and immune spleen cells (s).
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same preparation of spleen cells in animals inoculated with 2 3
104 viable cells, but also treated with CTX, resulted in total
suppression of tumor formation and cure of all the injected
mice. Similar results were observed in a set of experiments
performed in mice injected subcutaneously with FLC (data not
shown). Thus, together these results indicated that the syner-
gistic antitumor effects could not simply be explained by the
low residual number of tumor cells after chemotherapy, but
that host treatment with CTX was essential in order to achieve
a clear-cut antitumor response after adoptive transfer of the
immune spleen cells.

Development of a tumor-specific immunity in tumor-injected
mice surviving after combined therapy.  To investigate whether
the combined therapy with CTX/immune cells induced tumor-

specific immunity, the surviving FLC-injected mice were chal-
lenged 123 d after the original tumor injection with either
homologous tumor cells or with the unrelated p11-R-Eb lym-
phoma. As shown in Table I, the mice cured after the com-
bined therapy proved to be totally resistant to the subcutane-
ous challenge with FLC, but not to the injection of the
unrelated tumor.

Characterization of the spleen cell population responsible
for the synergistic antitumor response in mice treated with
CTX.  We then attempted to define which immune cells were
responsible for the potent antitumor response observed in tu-
mor-bearing mice pretreated with CTX. As shown in Table II,

Figure 4. Effect of immune spleen 
cells on the survival time in mice 
transplanted intravenously with a 
number of tumor cells correspond-
ing to that remaining after CTX 
treatment of FLC-injected mice. A 
shows the correlation between the 
mean day of death and the number 
of FLC injected intravenously into 
DBA/2 mice. There were six mice 
per group. (B) 6–7-wk-old male 
DBA/2 mice were injected intrave-
nously with 2 3 104 or 2 3 102 3Cl-8 
FLC and divided into five groups. 1 
d after tumor injection, two groups 
were injected intraperitoneally with 
0.5 ml of CTX (83 mg/kg). 5 h later, 
some mice received an intravenous 
inoculum of 0.4 ml of a suspension 
of 108 immune splenocytes, alone or 
in association with formalin-fixed 
3Cl-8 FLC as indicated. There were 
six mice per group.

Table I. Development of an Antitumor-specific Memory in 
Mice Injected with 3Cl-8 FLC and Subjected to the Combined 
Therapy with CTX and Immune Spleen Cells

Mice
Tumor

challenge§

No. of mice
with tumor/

total no. of mice
Day of death
(mean6SE)

3Cl-8-injected/cured* 3Cl-8 0/11i . 60i

Control uninjected‡ 3Cl-8 4/4 37.367.2
3Cl-8-injected/cured* p11-R-Eb 9/9 38.761.5
Control uninjected‡ p11-R-Eb 4/4 29.360.8

*Six 7-wk-old male DBA/2 mice were injected subcutaneously with 2 3
106 3Cl-8 cells and, after 4 d, treated with CTX and immune spleen cells
as indicated in Methods. All the mice in this group were tumor-free 123 d
after tumor injection. At this time, the mice were divided in two groups
and challenged with either 3Cl-8 FLC or p11-R-Eb cells as indicated.
‡Normal uninjected male DBA/2 of the same age were used as controls.
§2 3 105 cells subcutaneously. iMice were scored for tumor formation
and survival time for a period of 60 d after tumor challenge.

Table II. Effect of In Vitro Depletion of T Lymphocytes on the 
Capacity of Immune Spleen Cells to Suppress Tumor Growth 
in Mice Transplanted Subcutaneously with 3Cl-8 FLC and 
Treated with CTX

Treatment
No. of dead mice*/

total no. of mice
Day of death
(mean 6 SE)

None 11/11 (100%) 28.563.0
CTX 1 Im. c. 0/17 (0%) . 100
CTX 1 Im. c. 1 compl. 0/10 (0%) . 100
CTX 1 Im. c. 1 anti CD4 17/21 (82%)‡ 50.662.5§

CTX 1 Im. c. 1 anti CD8 0/7 (0%) . 100

Six 7-wk-old male DBA/2 mice were injected subcutaneously with 2 3
106 3Cl-8 FLC. After 4 d, some mice were injected intraperitoneally
with 0.5 ml of CTX (83 mg/kg) and, 5 h later, inoculated intravenously
with 0.4 ml of a suspension of 108 undeplated or depleted immune sple-
nocytes. In vitro depletion of CD41 and CD81 T cells was performed
as described in Methods. *The surviving mice were killed after 100 d,
and were found to be tumor-free. ‡Calculated only for dead mice. §The
significant values (P , 0.001) vs. all the other groups of mice treated
with CTX and Im. c. are underlined.
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depletion of CD41 T lymphocytes by in vitro incubation of
the immune spleen cells with anti-CD4 monoclonal antibody
and complement resulted in a marked loss of the antitumor ef-
fectiveness of the immune cells (when tested in tumor-bearing
mice treated with CTX) compared with control splenocytes,
undepleted immune cells treated with complement alone, or
with CD81-depleted cells, all of which were capable of induc-
ing a full antitumor response.

Lack of evidence for a role of CTX in inhibiting some puta-
tive suppressor cells in tumor-bearing mice. The prevailing in-
terpretation of the enhanced antitumor response to adoptive
immunotherapy observed in several mouse models after CTX
treatment is based on the assumption that this chemothera-
peutic agent can selectively inhibit the generation and function
of some suppressor cells that are thought to be induced after
tumor transplantation (23–28). Thus, we first undertook a
set of experiments to determine whether we could find any
evidence of suppressor activity in spleen cells from mice bear-
ing established FLC tumors. Fig. 5 shows the results of some
representative experiments in which we tested whether the in-
jection of 108 splenocytes from DBA/2 mice bearing 15-d sub-

cutaneous FLC tumors could suppress the antitumor effective-
ness of the immune cells in CTX-treated tumor-bearing mice.
Coinjection of the spleen cells from tumor-bearing mice with
the immune cells did not result in any impairment of the anti-
tumor response observed in the control group of FLC-injected
mice treated with CTX and inoculated with the immune spleen
cells alone. Similar results were also obtained by coinjecting
spleen cells from mice with 7-d tumors with immune cells (data
not shown).

To further support these findings, a more direct approach
was to see whether pretreatment with CTX followed by inocu-
lation of immune cells a few days before tumor cell inoculation
could also result in marked enhancement of the antitumor ac-
tivity of the spleen cells themselves. Fig. 6 A shows the results
obtained in the different treatment groups when pretreatment
with CTX and immune cells was performed 6 d before tumor
cell challenge. Notably, CTX markedly enhanced the antitu-
mor effectiveness of the immune cells, but only when the latter
were coinjected with formalin-fixed FLC. Fig. 6 B illustrates
the degree of protection from the challenge with FLC when
the mice were subjected to the combined regimen with CTX
and immune cells together with formalin-fixed FLC at differ-
ent days before tumor injection. A strong protection was only
observed when the mice were injected with FLC 6 d after the
CTX/immune cells treatments. A minor antitumor effect was
detected when the tumor challenge was performed on day 10.

Altogether, the data reported above suggest that the CTX-
induced effectiveness of the immune spleen cells was indepen-
dent of any possible drug effect on putative suppressor cells
occurring in tumor-bearing mice.

Effects of CTX on the host environment and its possible rel-
evance in determining the antitumor effectiveness of the im-
mune spleen cells. The data described in Fig. 6 indicated that
CTX somehow primed the mice for an efficient response to
adoptive immunotherapy, rendering them highly susceptible
to the antitumor activity of the immune spleen cells, provided
that these cells were also stimulated by the simultaneous injec-
tion of tumor antigens (i.e., formalin-fixed FLC). These re-
sults, together with the finding that the injection of CTX after
the transfer of the immune cells was ineffective (data not shown),
suggested that, in this model, in vivo administration of CTX
modified the host environment in such a way as to allow long-
term survival, functional activity, and proliferation of the
transferred immune lymphocytes.

 It is known that one of the major events occurring in vivo a
few days after CTX treatment is the so-called “rebound phe-
nomenon” of white blood cells after drug-induced myelosup-
pression, which is thought to be accompanied by production of
growth factors for progenitor cells (37, 38). Fig. 7 A illustrates
the effects of a single injection of CTX in normal DBA/2 mice
on the number of peripheral leukocytes or leukocyte subpopu-
lation at different times after drug treatment. There was a
clear-cut recovery from the CTX-induced suppressive effects,
starting from days 4–5 after treatment. Similar rebound kinet-
ics were observed after CTX injection of tumor-bearing mice
(data not shown).

As shown in Fig. 7 (B), there were high levels of thymidine
incorporation in mixed cultures of spleen and bone marrow
cells from either normal or tumor-bearing mice 3 d after CTX
injection. This high proliferation capability was not maintained
6–10 d after CTX treatment. We then hypothesized that CTX
could enhance the proliferation capability of the immune sple-

Figure 5. Spleen cells from tumor-bearing mice do not suppress the 
effectiveness of the CTX/immune cell therapy. 6–7-wk-old male 
DBA/2 mice were injected subcutaneously with 2 3 106 3Cl-8 FLC 
and divided into different groups. As indicated, some groups were in-
jected intraperitoneally with 0.5 ml of CTX (83 mg/kg) and, 5 h later, 
were inoculated with 0.4 ml of a suspension of 108 splenocytes or left 
untreated. Spleen cell suspensions were obtained either from mice 
immunized with IFNa1-Cl-11 FLC (Im. c.) or from mice injected sub-
cutaneously with 2 3 105 3Cl-8-FLC 15 d before death (named 
“spleen cells from tumor-bearing mice”, Sc-TBM) and injected as in-
dicated. The figure represents cumulative results of three different 
experiments. The coinjection of 108 immune spleen cells or Sc-TBM 
with 108 spleen cells from normal mice did not result in any significant 
change as compared with the groups of mice only infected with the 
immune cells or with the Sc-TBM.
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nocytes through a bystander effect, i.e., through release of sol-
uble factors capable of enhancing proliferation, survival, and
activity of the transferred lymphocytes. Therefore, we directly
tested in vitro proliferation of splenocytes (untreated or stimu-
lated with irradiated FLC) harvested from either normal or tu-
mor-bearing mice at different times after in vivo administra-
tion of CTX, alone or in association with the subsequent
transfer of the immune cells. The results presented in Fig. 8
clearly indicate that consistent levels of thymidine incorpora-
tion only occurred when we used tumor-stimulated spleno-
cytes from CTX-treated mice, and particularly when the ani-
mals had also been inoculated with the immune spleen cells
from immunized donor mice.

To determine whether soluble factors released from nor-
mal or tumor-bearing mice treated with CTX could sustain
proliferation of the immune spleen cells, we then performed a
set of experiments in which spleen and bone marrow cells from
CTX-treated animals (“donor cells”) were cocultivated for 5 d
with immune splenocytes (“target cells”) using a millipore
membrane to separate the two-cell populations. As shown in
Fig. 9, cocultivation of the immune cells with the donor cells
from CTX-treated animals resulted in a clear-cut induction of

proliferation in the target cells, thus indicating that soluble fac-
tors released by the cells of CTX-treated mice induced an ac-
tive proliferation of the immune splenocytes. The prolifera-
tion-promoting effect was maximal when donor cells were
harvested 3 d after CTX treatment. Normal spleen cells did
not proliferate when cocultured with donor cells (data not
shown).

Host components involved in the response of the recipient
tumor-bearing mice to the combined therapy with CTX and
immunotherapy.  The data illustrated above indicated that
CTX did not act by inhibiting some tumor-induced suppressor
cells, but through bystander effects on the host environment,
probably by the release of growth factors capable of inducing
in vivo proliferation, long-term survival, and efficient activity
of the transferred tumor-specific immune cells (i.e., CD41 T
cells). We then undertook a series of experiments aimed at
evaluating to what extent some host cell components/factors in
the recipient mice were involved in generating the potent anti-
tumor response to the transfer of the immune cells after CTX
treatment. Preliminary studies had shown that the combined
therapy was totally ineffective when immunosuppressed (i.e.,
splenectomized, irradiated, and anti-asialo GM1–treated) nude

Figure 6. Effects of the pretreatment with CTX and immune spleen cells on the challenge of DBA/2 mice with 3Cl-8 FLC. 6–7-wk-old male 
DBA/2 mice were injected intraperitoneally with 0.5 ml of CTX (83 mg/kg) or left untreated. 5 h later, some mice were inoculated with 0.4 ml of 
a suspension of 108 immune spleen cells (Im.c) alone or mixed with 2 3 106 formalin-fixed 3Cl-8-FLC tumor cells (Tum. Ag.). Mice were chal-
lenged intravenously with 103 3Cl-8-FLC at different days thereafter. A shows the mean day of death of mice treated with various regimens (as 
indicated in the figure) 6 d before tumor cell injection. There were six mice per group. B illustrates the effectiveness of the combined “CTX/im-
mune cells/Ag regimen” when performed at different days before tumor cell challenge, as compared with untreated (Untr) 3Cl-8 FLC-injected 
controls. Bars indicate the mean day of death6SEM.Values above the bar indicate the number of surviving mice out of the total number. In the 
other groups, all the mice (six in each group) died from liver and spleen metastases. In a separate arm of the same experiment, immune cells in-
duced tumor regression in six out of six mice bearing subcutaneous 4-d FLC tumors and treated with CTX, as described in Methods. *P # 0.02 
vs. untreated control.
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mice were used as recipient tumor-bearing animals. Subse-
quent studies showed that CTX and immune cells were also in-
effective in inhibiting FLC tumor growth in untreated nude
mice (data not shown). Of the possible host cell types/factors
to be evaluated, we focused our attention on NK cells and
IFN-a/b since they have been previously shown to play crucial
roles in modulating the antitumor activity of immune spleen
cells in the FLC tumor model (43). Moreover, recent studies
had indicated that endogenous IFN-a/b, produced in response

to viral infection, was essential for proliferation and long-term
survival of memory T cells (51). We then determined whether
injection of either anti-asialo-GM1 antibodies or a potent
preparation of type-I IFN antibodies could prevent the effec-
tiveness of the combined therapy with immune cells in CTX-
treated recipient mice. Injection of either anti-asialo-GM1

(Table III) or antibodies to IFN-a/b (Table IV) resulted in
complete inhibition of the responses to the combined regimen
with CTX and immunotherapy.

Figure 7. Effect of CTX on the number of WBC and on the in vitro proliferation of bone marrow and spleen cells from normal or 3Cl-8 FLC-
injected mice at different times after CTX treatment. (A) 6–7-wk-old male DBA/2 mice were inoculated intraperitoneally with CTX (83 mg/kg). 
Anesthetized animals were then bled by the tail at different time intervals, and WBC count was performed as described in Methods. (B) 0.2 ml 
of a suspension of 2 3 105 bone marrow and spleen cells (obtained from normal or tumor-bearing mice treated with CTX 3, 6, or 10 d before 
death) were plated in triplicate in a 96-well microtiter plate to which was added [3H]thymidine as described in Methods. After a 48-h incubation, 
cells were harvested and counted for [3H]thymidine incorporation. The cpm values of bone marrow and spleen cells from CTX-treated normal 
(left) or tumor-bearing (right) mice represent the mean6SEM of three individual mice tested in triplicate before or at different times after in 
vivo CTX administration. Tumor-bearing mice had been injected subcutaneously with 105 3Cl-8 FLC 2 d before CTX treatment. *P # 0.005 vs. 
untreated control.
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Discussion

Several reports have shown a strong synergistic effect of com-
bined therapy with CTX and immune T cells in inhibiting
tumor growth in mice (8–22), and a few clinical trials are cur-
rently in course with cancer patients using similar chemo-
immunotherapeutic strategies (29–31). In this study, we have

provided additional data on the powerful antitumor activity
that can be generated after a combined CTX/immunotherapy
regimen in mice transplanted with four syngeneic tumors, ex-
hibiting a different response to CTX alone. Notably, treatment
with CTX and immune spleen cells resulted in the cure of the
majority of mice bearing subcutaneous or intravenous meta-
static tumors (Figs. 1–3). A remarkable antitumor response

Table III. The Antitumor Effect of Combined CTX-immune 
Cell Therapy Is Suppressed by Antiasialo GM-1 Antibody 
Injection Mice

Treatment
No. of dead mice/
total no. of mice

Day of death*
(mean6SE)

None 7/7 23.563.5
CTX 7/7 34.862.4
Im.c. 7/7 30.062.5
CTX 1 Im. c. 2/12‡

CTX 1 Im. c. 1 rabbit serum 1/7‡ 52
CTX 1 Im. c. 1 anti asialo GM-1 7/7 45.165.2

Six 7-wk-old male DBA/2 mice were injected subcutaneously with 2 3
106 3Cl-8 FLC. After 4 d, some mice were injected intraperitoneally
with CTX, and 5 h later were inoculated intravenously with 0.4 ml of a
suspension of 108 immune spleen cells. Some mice were treated with 0.2
ml of a 1:10 dilution of antiasialo GM-1 antibodies or control rabbit se-
rum on days 21, 14, 19, and 115 with respect to the injection of the
immune splenocytes (day 0). *Calculated only for dead mice. ‡P , 0.01
vs. all the other groups of mice.

Table IV. The Antitumor Effect of Combined CTX-immune 
Cell Therapy Is Inhibited by Anti-IFN a/b Antibody Injection 
of Recipient Mice with Antibody to IFN a/b

Treatment
No. of dead mice/
total no. of mice

Day of death
(mean6SE)

None 6/6 14.560.8
Anti IFN a/b 6/6 13.260.6
CTX 6/6 18.862.1
Im.c. 6/6 15.160.1
CTX 1 Im. c. 1 anti IF a/b 6/6 14.660.4
CTX 1 Im. c. 3/6‡ 33.065.0*

Six 7-wk-old male DBA/2 mice were injected intravenously with 2 3
104 3Cl-8 FLC. After 1d, some mice were injected intraperitoneally with
CTX, and 5 h later were inoculated intravenously with 0.4 ml of a sus-
pension of 108 immune spleen cells. Some mice were also injected with
antibodies to mouse IFN a/b (z 2 3 105 neutralizing units per mouse)
on days 22 (intravenous), 0 (intraperitoneal), 14 (intraperitoneal),
112 (intraperitoneal) with respect to the injection of the immune sple-
nocytes (day 0). *Calculated only for dead mice. ‡P , 0.01 vs. all the
other groups of mice.

Figure 8. In vitro proliferation of splenocytes from 3Cl-8 FLC tumor-bearing mice treated with CTX (alone or followed by immune cell injec-
tion) at different times after tumor inoculation. 6–7-wk-old male DBA/2 mice were injected subcutaneously with 105 3Cl-8 FLC (B) or left unin-
jected and divided (A) into four groups. 8 d later, some mice were inoculated intraperitoneally with CTX (alone or followed by an intravenous 
inoculation of 108 immune spleen cells (Im. c.), or with immune cells alone, as indicated in the figure. 4, 7, 9, and 14 d after treatment, three mice 
per group were killed, and the spleen cells were tested in vitro alone (d) or mixed with irradiated 3Cl-8 FLC tumor cells (s), for [3H] thymidine 
incorporation, as described in Methods. Values are expressed as mean6SEM of three individual mice tested in duplicate. In a separate arm of 
the same experiment, immune cells induced tumor regression in 5 out of 5 mice treated with CTX and inoculated subcutaneoulsy with 2 3 106 
3Cl-8 FLC, as described in Methods.*P # 0.01; ‡P # 0.0001 vs. spleen cells alone.
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and regression to the combined therapy was also observed in
mice transplanted with tumors in which CTX alone had a
clear-cut adverse effect, while immune cells only marginally af-
fected tumor growth (Fig. 2). In this study, we also analyzed
the mechanisms involved in the generation of this potent anti-
tumor response, focusing our attention on one particular tu-
mor model, the FLC system. 

 The mechanisms by which CTX can synergize with immu-
notherapy are still a matter of debate (17, 18). Reduction of tu-
mor burden as well as inhibition of suppressor cell activities
(thought to prevent the antitumor functions of the intravenous
infused tumor-sensitized T cells) have been suggested as possi-
ble explanations for these synergistic effects (18). The results
presented in this article, however, indicate the existence of dif-
ferent previously unidentified mechanisms that may explain
the synergistic effects of CTX and immune spleen cells. Part of
the evidence for these mechanisms is based on experimental
exclusion of the involvement of previously considered mecha-
nisms. In fact, our data indicate that reduction of tumor bur-
den by CTX does not play any relevant role in inducing an an-
titumor response to immunotherapy (Fig. 4). In addition, in all
our experiments, no evidence for the presence of cell suppres-
sor activity was found using spleen cells from tumor bearing
mice (Fig. 5), thus strongly suggesting that CTX does not act

by inhibiting T suppressor cells in our experimental model.
Notably, however, CTX doses lower than those used in our ex-
periments were used in the studies reporting a CTX effect on
T suppressor cells (24). Experiments aimed at defining the rel-
evant spleen cell population(s) responsible for synergistic anti-
tumor effects revealed that CD41 T cells were the important
cell components (Table II), even though CD81 T cells cannot
be excluded as in vivo effector cell population in recipient
mice. The finding that the combined therapy was not effective
in immunosuppressed nude mice or in mice depleted of the
NK cells activity (Table III) indicate that the transferred im-
mune cells acted through recruitment/generation of other host
effector functions/mechanisms.

The results discussed above raised one major question:
how can these immune CD41 T cells determine such a power-
ful antitumor response in CTX-pretreated tumor-bearing
mice? The results of a set of experiments illustrated in Fig. 6, in
which we pretreated the mice with CTX and subsequently with
immune cells before tumor cell injection, shed some light on
this issue. In particular, the finding that a strong antitumor re-
sponse was observed when metastatic parental cells were in-
jected in mice pretreated (6 d before) with CTX and immune
spleen cells (in the presence of tumor antigen) underscores two
important points: (a) it further excludes any important role of

Figure 9. [3H]thymidine incorporation of immune splenocytes cocultivated in absence of cell-to-cell contact with bone marrow and spleen cells 
from 3Cl-8 FLC tumor-bearing mice at different times after CTX treatment. 1 ml of a suspension of 106 spleen cells from mice immunized with 
IFN a1-Cl-11 FLC was plated onto a 24-well plate and cocultivated through a semipermeable membrane with 1 ml of a suspension of 106 bone 
marrow and spleen cells obtained from normal (A) or tumor-bearing (B) mice treated with CTX 3, 6, or 10 d before death. After 5 d of coculture, 
the single cell suspensions were harvested, divided into aliquots of 0.2 ml, and plated in triplicate in a 96-well microtiter plate for thymidine in-
corporation as described in Methods. The values represent incorporation cpm of immune spleen cells cocultivated through a semipermeable 
membrane with bone marrow and spleen cells from CTX-treated normal (left) or tumor-bearing (right) mice, before or at different days after in 
vivo CTX administration. Values are expressed as mean6SEM of three individual mice tested in triplicate. In a separate arm of the same exper-
iment, immune cells induced tumor regression in five out of five mice treated with CTX and inoculated subcutaneously with 2 3 106 3Cl-8 FLC 
as described in Methods. Tumor-bearing mice had been injected subcutaneously with 105 3Cl-8 FLC 2 d before CTX treatment. *P # 0.01 vs. un-
treated control.
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a drug-mediated reduction in tumor burden, as well as of a
CTX-induced inhibition of tumor-elicited T cell suppressor ac-
tivity; and (b) it implies that CTX, even in the absence of a
growing tumor, can induce host changes or key factors capable
of conferring a powerful antitumor activity to the adoptively
transferred immune spleen cells. This finding leads to the
question of how the CTX-induced host environment can allow
strong antitumor activity of the immune T cells. The data
shown in Figs. 7–9 indicate that host cells from CTX-treated
mice can confer a proliferative activity to immune spleen T
cells, but not to normal spleen cells, in both an aspecific (Fig. 7
and 9) and a tumor-specific (Fig. 8) manner, which may result
in an increase of their antitumor activity in vivo.

 Although the notion that CTX can induce release of cyto-
kines and growth factors during the rebound events after drug-
induced myelosuppression is well-documented (52), this fact
has not been considered, to the best of our knowledge, as a
possible explanation for the effectiveness of adoptive immuno-
therapy after CTX treatment. Several data are available on the
long-term persistence of T cells, especially in mice, and cyto-
kines are thought to play a pivotal role in the survival and pro-
liferation of these cells (53–56). Likewise, bystander effects
(i.e., the production of cytokines, particularly of type I IFN) in
the course of infectious diseases have been recently considered
responsible for sustaining the in vivo proliferation and long-
term survival of memory CD81 T cells (51). The finding that
antibodies to IFN-a/b markedly inhibit the response of the re-
cipient tumor-bearing mice to the combined therapy (Table
IV) underlines the importance of these cytokines in sustaining
antitumor activity of the transferred immune cells, and is in
agreement with previous results for the FLC tumor model (43).

 In conclusion, our data strongly suggest that CTX induces
release of soluble factors that can enhance the proliferation,
differentiation, and activity of tumor-specific immune T cells.
These results could lead to a general reinterpretation of the
synergistic effects of CTX and immunotherapy observed by
others in experimental models (8–22), generally assumed to be
mediated by effects on suppressor T cells. The data reported in
this article may have more general implications on the rela-
tionships between the homeostatic mechanisms generated as a
consequence of events perturbing the lymphohemopoietic
equilibrium and the survival, expansion, and differentiation of
immune cells endowed with a given T cell repertoire. Notably,
a strong synergistic effect was also observed in the FLC system
when the recipient mice were treated with sublethal does of
g-rays before the transfer of immune splenocytes (data not
shown).

 Lastly, these data provide a new rationale for combining
certain chemotherapeutic agents and adoptive immunother-
apy (mostly based on the knowledge of the time-dependent
drug-induced modifications in the microenvironment and of
their crucial importance in affecting the proliferation, long-
term survival and functional activity of the transferred immune
cells). Furthermore, these data might provide important in-
sights on how we should sequentially treat cancer patients in
order to achieve an optimal clinical response to combined
chemoimmunotherapy. 
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