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ABSTRACT

Theadoptivetransferof tumor-sensitizedT cellscaneradicatedissem
mated malignancy in murine animal models. T cells must be sensitized to
tumor antigens in viva to acquire antitumor reactivity. T-cell sensitization
has been demonstrated to be dependent on host antigen-presenting cells.
Tumor-associatedmacrophagesare a heterogeneouspopulationof cells
that may have both inhibitory and stimulatory influences on the sensiti
zation of naive T cells. Here we demonstrate that a weakly immunogenic
tumor, the MCA 205 sarcoma, produces substantial amounts of murine
monocyte chemoattractant protein 1 (MCP-1). Neutralization of MCP-1
during in vivo T-cell sensitization resulted in T cells that possessed en
hanced therapeutic activity against established pulmonary metastases.
These T cells sensitized during MCP-1 depletion also exhibited enhanced
production of IFN-@' upon recognition of tumor targets. These results

demonstratethat MCP-1can have a potentinhibitoryinfluenceon the
developmentof tumor-reactiveT cells.

INTRODUCTION

T cells reactive to tumor antigens have been demonstrated to be
capable of eradicating disseminated malignancy (1, 2). Widespread
application of this technology to humans has been limited by the
inability to isolate tumor-reactive T cells from a tumor-bearing host
(3, 4). We have defmed a short-term culture system consisting of
anti-CD3 T-cell activation followed by expansion in 1L3-2 that con
sistently results in the generation of potent tumor-reactive T cells from
tumor-draining LNs (5). Tumor-naive T cells expanded by the anti
CD3/IL-2 method are unable to mediate the regression of malignancy
(6). Understanding the factors that result in the generation of tumor

reactive T cells will be critical in applying this strategy for the
treatment of human malignancy. The anti-CD3IIL-2 culture both
expands the total T-cell number 6â€”9-fold and also activates and
differentiates the T cells to enable them to release IFN-'y when they
recognize tumor targets (7). These observations suggest that tumor
reactive T cells are present during the growth of tumor, but that they
are either present in insufficient numbers or are insufficiently acti
vated in the tumor-bearing animal to be capable of eliminating the
tumor.

Malignant tumors consist of neoplastic cells and the supporting
stroma. The nonneoplastic cellular elements of a tumor mass include
endothelial cells, fibroblasts, T cells, and macrophages (8). In the
majority of tumors, macrophages are recruited into the tumor during
progressive growth of the neoplastic cells (9). Early studies demon

strated a good correlation with macrophage chemoattractant activity
in the tumor supematant and the percentage of macrophages in the
tumor mass (10). However, it has been demonstrated that some tumors
secrete macrophage CSF and can provide for their own paracrine
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macrophage growth circuit (1 1). Macrophages isolated from an
macrophage CSF secreting tumor cell line had an unusually high S
phase of 12%. Other chemokines, i.e., MCP 1-5, have also been
isolated from tumor-cell culture supernatants, and these factors also
possess potent monocyte chemoattractant ability (12â€”14).The meth
ylcholanthrene-induced tumors have been demonstrated to be densely
infiltrated with macrophages, yet the chemokines responsible for this
infiltrate have not been defined (10). It seems likely that there are
several interacting factors that will influence the overall infiltration
and activation state of tumor-infiltrating macrophages.

Human MCP-l was originally purified from the tissue culture
supernatant of a malignant glioma as an Mr 8,700 molecular weight
protein that possessed substantial chemotaxis activity for monocytes
(15). Subsequently,it wasdemonstratedto bea potentchemotaxinfor
T lymphocytes, with little activity for purified neutrophils (16). The
molecular cloning of MCP-l revealed that it was identical to the
human JE gene (17). JE had been identified in mice as an early
response gene transcribed by platelet-derived, growth factor-stimu
lated fibroblasts (18). It has since been recognized that MCP-l can be
secreted by lymphocytes, macrophages, fibroblasts, endothelium, and
smooth muscle cells after appropriate activation signals. MCP-l is a
member of the C-C family of chemokines, which share receptors and
some biological functions (19). It appears that a wide variety of cell
types are capable of secreting MCP-l in response to inflammatory
stimuli.

These studies were undertaken to explore the role of MCP- 1 secre
tion in the sensitization of T cells to tumor antigens. We demonstrate
that the MCA 205 sarcoma secretes substantial amounts of MCP-l in
vivo and in vitro. Neutralization of MCP-l activity did not alter the

degree of macrophage infiltrate into the tumor, nor did it change the
growth rate of the tumor. However, neutralization of MCP-l did lead
to the generation of T cells that were substantially more active at
eliminating tumor. These findings suggest that tumor cell-secreted
MCP- 1 exerts a negative regulatory influence on the development of
tumor-reactive T cells.

MATERIALS AND METHODS

Mice. Female C57BLI6J (B6) mice, 6â€”8weeks of age, were purchased
from The Jackson Laboratory (Bar Harbor, ME). They were maintained in
specific pathogen-free conditions and were used for experiments at the age of
8â€”12weeks.

Tumor. The MCA 205 sarcoma is a 3-methylcholanthrene-induced tumor

of B6 origin, kindly provided by Dr. James Yang (Surgery Branch, National
Cancer Institute, Bethesda, MD). Tumor was routinely passed in vivo in
syngeneic mice and was used within the third to tenth transplantation gener
ation. Single-cell suspensions were prepared by digestion of solid tumor with

a mixture of 0.1% collagenase, 0.01% DNase, and 2.5 units/mI hyaluronidase
(Sigma Chemical Co., St. Louis MO) for 3 h at room temperature. The cells
were filtered through a layer of no. 100 nylon mesh, washed, and resuspended
in HBSS and used in the described experiments.

Antibodies. The following monoclonal antibodies obtained from the
American Type Culture Collection were used for the described experiments:
CD1lb (Mac-l; Ref. 20) CD1lc (N4l8; Ref. 21), CD8 (2.43; Ref. 22), CD4
(GK1.5; Ref. 23), and F4/80 (anti-macrophage; Ref. 24). The hamster anti
murine MCP-l was obtained from PharMingen. Neutralizing polyclonal anti
sera directed at murine and rat MCP-l was prepared in rabbits as described and
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was a generous gift of Dr. Theodore Standiford (University of Michigan, Ann

Arbor, MI; Ref. 25).
In Vivo Depletion of MCP-1. On the day of tumor inoculationto sensitize

I cells, mice were injected i.p. with 0.5 ml of MCP-1 neutralizing sera or with
normal rabbit sera. Mice were then injected with 0.25 ml i.p. every other day
for four more doses. None of the mice exhibited any signs of serum sickness
during the treatment with MCP-l antisera or normal rabbit sera.

Tumor-draining LN Cells. MCA 205 cells (I .5 X 106)in 0.1 ml HBSS
were inoculated intradermally in the flanks of B6 mice. Tumor-draining
inguinal LN were harvested under sterile conditions 9 days following tumor
inoculation. Lymphocytes were dissociated mechanically and prepared into a

single-cell suspension by teasing apart the LNs using 20-gauge needles and

then pressing the tissue fragments with the blunt end of a l0-ml plastic syringe.
In Vitro Anti-CD3IIL-2 T-Cell Activation. Single-cell suspensionsof LN

cells were activated for 2 days with an anti-CD3 mAb ( 145â€”2Cl 1, American

Type Culture Collection; Ref. 26) immobilized on 24-well tissue culture plates
at 4 X 106 cells/2 ml/well as described previously (9). After anti-CD3 activa

tion, the cells were harvested, washed, and resuspended at a concentration of
1.5 X l0@cells/ml of CM containing 4 units/ml ofIL-2 and cultured in Lifecell

tissue culture flasks (Fenwall Division, Baxter Corp., Deerfield, IL). CM

consisted of RPMI 1640 supplemented with 10% heat-inactivated FCS, 0.1 mM

nonessential amino acids, 1 @LMsodium pyruvate, 2 mt@ifresh L-glutamine, 100
@g/mlstreptomycin, 1000 units/ml penicillin, 50 @g/mlgentamicin, 0.5 gg/ml

fungizone (all from Life Technologies, Inc., Grand Island, New York) and

5 x l0@ M 2-mercaptoethanol.Three days later, the cells were harvested,
washed, and resuspended in HBSS for adoptive immunotherapy.

Procedure for Adoptive Immunotherapy of Pulmonary Metastases.
Three-day lung metastases were established by injecting mice with 3 X I0@
MCA 205 cells in 1 ml HBSS iv. Three days after tumor establishment, the
indicated populations of effector cells, suspended in I ml of HBSS, were

administered iv. to each mouse. Approximately 18 days after tumor inocula

tion, the mice were sacrificed, and the lungs were insufflated with India ink
and then fixed in Fekete's solution. Pulmonary metastases were counted
without knowledge of the treatment. For all experiments, lungs with pulmo
nary nodules too numerous to count were arbitrarily assigned a value of 250 for

statistical analysis.
IL-2. RecombinanthumanIL-2was kindlysuppliedby ChironTherapeutic

(Emeryville, CA) with a specific activity of 3 X 106 units/mg protein. In this

report, all units of IL-2 are expressed in Cetus units, where 1 Cetus unit is
equivalent to 6 IU.

Immunohistochemical Staining. Tumors were harvested from animals,
placed in OCT media, and flash frozen in liquid nitrogen. Tumor sections 5 @m
thick were obtained using a cryostat microtome. Sections were placed onto

charged glass slides and allowed to air dry for 1 h. The slides were blocked
with avidin biotin complexes, washed, and then incubated for I h with the
primary antibody or a control antibody of the same species. The slides were
washed and incubated with mouse adsorbed, biotinylated goat anti-rat IgG or
biotinylated goat anti-hamster IgG for 1 h. Slides were washed and incubated

with performed avidin/peroxidase complexes (Vector Labs) and then stained
with 3-amino-9-ethyl-carbazole.

Flow Cytometric Analysis. Cells were analyzedby indirectimmunofluo
rescence using FITC-conjugated mouse anti-rat immunoglobulin (PharMin
gen, San Diego, CA). Primary mAb directed at the following munne epitopes
were used: Thy 1.2 (30-H12; Becton-Dickinson Labware, Bedford, MA); CD4
(L3T4); and CD 8 (2.43). Membrane fluorescence was analyzed on a FACScan
(Becton-Dickinson, San Jose, CA). Routinely, 5 X 10@cells were stained, and
iO@cells in each sample were analyzed. The percentage of positive cells was

calculated by subtracting the background staining of the negative control.

Chemokine and Cytokine ELISA. MCP-1 was quantified using an
ELISA described previously (25). Tissue culture supernatants were harvested
and centrifuged (400 X g) for 10 mm. flat-bottomed microtiter plates (Nunc
Immuno-Plate I 96-F, Naperville, IL) were coated with 50 pA/wellof purified
rabbit anti-murine MCP-l antibodies (1 @.tg/m1in 0.6 M NaC1, 0.26 M H3P04,
and 0.08 N NaOH, pH 9.6) for 16 h at 4Â°C.Nonspecific binding sites were
blocked with 2% BSA in PBS for 1 h at 37Â°C,and samples were subsequently
added in duplicate for 2 h at 37Â°C.Biotinylated rabbit anti-murine MCP-1
antibodies were added [3.5 @Wmlin PBS (pH 7.5), 0.05% Tween 20, and 2%
FCSI, and plates were incubated for 30 mm at 37Â°C.Plates were washed,
streptavidin-peroxidase conjugate (Vector Labs) was added, and then the plates

were incubated for 30 mm at 37Â°C.Plates were again washed, and chromogen
substrate (Vector) was added, and the plates were developed and read at 490
nm in an ELISA reader. Standards were 1/2 log dilutions of murine recombi
nant MCP-l from 1 pg/mi to 100 ng/ml. This ELISA consistently detected
MCP-l concentration above 100 pg/ml. The ELISA did not cross-react with
other members of the chemokine C-C family, including RANTES, MIP 1-a,
and MIP-1f3, or members of the C-X-C chemokine family, including IL-8,
GRO-a, ENA-78, NAP-l , and IP-lO. For cytokine ELISAs, populations of
effector cells were plated in 2 ml ofCM at 2 X 106 cells/well in a 24-well plate
together with 106MCA 205 tumor cells. The plates were incubated for 24 h at
37Â°C,and the supernatant was aspirated, centrifuged at 3000 rpm to remove
any cells, and stored at â€”70Â°Cfor IFN--y,IL-4, and IL-b assays. Cytokine
assays were performed using paired monoclonal antibodies directed at the

respective cytokine and known recombinant standards from PharMingen. The

standard curve consisted of 1 1 2-fold dilutions of recombinant cytokine rang

ing from 10,000 pg/ml to 9.8 pg/ml. The sensitivity of each assay ranged from
25 to 50 pg/ml for each of the cytokines. A CM-only control was run with
every assay and was consistently negative for any of the cytokines.

Statistical Analysis. The significance of differences in the numbers of
pulmonary metastases between groups was determined on the raw data of

pulmonary metastases number by the Kruskal-Wallis ANOVA of ranks, using
SigmaStat software (Jandl Scientific, San Rafael, CA). Two-sided Ps of <0.05
were considered statistically significant. No animals were excluded from the
statistical analysis.

RESULTS

MCP-1 Is Produced by Tumor Cells in Situ and in Vitro. The
MCA 205 sarcoma has been demonstrated to be densely infiltrated
with macrophages (27). To explore which chemokines might be
responsible for this infiltrate, immunochemistry was performed on
1-week-old tumor with an antibody directed at MCP-l (Fig. 1).
Modest levels of MCP-l were observed throughout the tumor bed,
with higher amounts noted in the area of the pseudocapsule surround
ing the tumor. This area has a much higher concentration of macro
phages, particularly those that express F4/80 antigen. The secretion of
MCP-l by isolated tumor cells were confirmed by performing an
ELISA specific for murine MCP-l (Fig. 2). Routinely, the MCA
sarcomas are passaged in vivo to maintain stable cell growth and
immunogenicity characteristics. Tissue culture media conditioned by
a single-cell suspension of the fresh isolated in vivo passaged tumor
cell line, MCA 205, revealed 6 ng/ml of MCP-1. A similar amount of
MCP-l was secreted by the two in vitro passaged cell lines 205Hl2
and 207G1 1. These results suggest that the majority of the chemokine
detected in vivo by immunochemistry is secreted by the tumor cells
and not by the tumor-associated macrophages.

The ability of neutralization of tumor-derived MCP-1 to alter tumor
growth and LN hyperplasia was tested. Groups of five mice each were
inoculated bilaterally with tumor and treated with anti-MCP-1 anti
bodies or normal rabbit serum every other day for 9 days (Table 1).
The primary tumor size was slightly smaller in the MCP-l-treated
mice than in control mice, but this size difference did not reach
statistical significance. A normal mouse inguinal LN contains about

2 x 106 total cells, and 9-day tumor-draining LNs contain approxi
mately 20 x 106 cells. Treatment with MCP-l antibodies did not
change hyperplasia of the LN in response to stimulation with tumor
antigens, because a similar number of LN cells were isolated from
anti-MCP- 1 and control sera-treated mice.

The macrophage and T-cell infiltrate into the tumor site were
compared (Fig. 3). Equivalent amounts of CD1 lb-positive macro
phages were observed in anti-MCP-1-treated mice as in control sera
treated mice. Macrophages expressing the F4/80 antigen infiltrating
into the tumor were less numerous than CD1 lb-positive macrophages
but were not different between the two groups. CD! lc-positive
macrophages and MHC class II-, B7-l-, and B7-2-positive cells
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Table1Tumorgrowth and LW characteristics in mice subjected to MCP-IneutralizationAntibody

treatmentPumary

miceT-cdll expansionOverall

cell expansion

Exp. 1 Exp.2Cultured

cellphenotypeTumorsize
(mm2)

@p,a1Cell

no. per LN

Exp. 1 Exp.2Thyl.2CD4CD8Anti-MCP-1

NRS28.8
Â±4.4

39.3Â±6.721.6
22.5

24.5 22.02.31
2.04

1.87 1.70100 10019 205949a

Exp.,experiment;NRS,normalrabbitserum.
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Fig. 1. Immunochemistryof the tumorsitefor MCP-l.One-weektumorwasharvestedandsubjectedto immunochemistrywithan irrelevanthamsterantibody(CO@or witha
hamster antibody directed at MCP-l. Top, X2OX;bottom, X100.

within the tumor bed were also not different between the two groups
(data not shown). Tumors from mice treated with MCP-l antisera
demonstrated equivalent levels of infiltration of CD4 cells and CD8
cells (Fig. 3). These results suggest that other chemotatic cytokines

@ 10

1@i!!I
Fig. 2. In vitro production rates of MCP-l. Media was conditioned for 24 h by

MCA2O5 cells (freshly isolated), 205H12 cells, 20701 1 cells (both tissue culture pat
saged), or no cells (CM). and assayed for MCP-l content as described in â€œMaterialsand
Methodsâ€•by an EUSA specific for MCP-l.

may be important for the infiltration of these cells into the growing
MCA 205 sarcoma. Of note, the MCA 205 sarcoma does not secrete
RANTES, another potent chemoattractant of T cells.

The therapeutic reactivity of T cells from the draining LNs of mice
treated with MCP-l antisera was tested. The draining LNs were
harvested, prepared into a single-cell suspension, and activated by the
anti-CD3/IL-2 method. Total cell number increased 1.81â€”2.10-foldin
5-day culture, representing a net T-cell expansion of approximately
6-fold (Table 1). T-cell growth rates were not diminished nor aug
mented in the T cells derived from the anti-MCP-l-treated mice. After
the 5-day culture, the cells were all T cells, approximately 20% CD4
T cells and 60% CD8 I cells, which is similar to previous results with
this T-cell culture system (6). In two independent experiments, T cells
derived from the anti-MCP-l-treated mice were substantially more
active at eliminating pulmonary metastases than the control scm
treated mice (Table 2). Increased numbers of T cells from either group
were able to completely eliminate pulmonary metastases (data not
shown). These results suggest that endogenous MCP-1 production
exerts a negative regulatory influence on the development of tumor
sensitized T cells.
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Table 2 Therapeutic reactivityof T cells isolatedfrom MCP-1-neutralizedmiceSource

of T cellsâ€•Mean

no. of pulmonary
metastases(SE)Exp.

1 Exp.2None

NRS
Anti-MCP-l250

(0) 250(0)
86(2l@ l22(l7@
20 (6) 12 (5)
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Fig. 3. Cellular infiltrate in tumors in mice treated with
MCP-l antibodies. Nine-day tumors from mice treated with
anti-MCP-l sera or normal rabbit sera (NRS) were harvested
and subjected to immunochemistry for the macrophage
marker CD1 lb. the macrophage marker F4/80, or the T-celI
markers CD4 or CD8. X40.
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Tumor-sensitized T cells release IFN-y in response to recognition
of tumor antigen (7). T cells derived from anti-MCP-l-treated mice
secreted twice as much IFN-y as T cells isolated from nonimmune
sera-treated mice (Fig. 4). The IFN-'y production correlates well with
the specific activity of the T cells at eliminating pulmonary metasta
ses. No antigen-specific release of IL-4 or IL-lO was detected (data
not shown), suggesting that MCP-l production by the tumor is inhib
iting the generation of a THI-type T-cell response, rather than pro
moting a switch to a TH2-type T-cell response.

DISCUSSION

These results demonstrate that neutralization of tumor-produced
MCP-l can augment T-cell sensitization to tumor antigens, resulting
in a T-cell population with substantially augmented antitumor reac
tivity. These T cells also demonstrate substantially increased amounts
of IFN-'y production in response to tumor targets. Antagonism of
MCP- 1 did not decrease the number of tumor-associated macro
phages, nor did it alter the growth rate of the tumor. This suggests that
endogenously produced MCP-l has a negative impact on the gener
ation of a therapeutic T-cell response to tumors and implies that
MCP- 1 is not required for the generation of a T-cell response to tumor
antigens.

Tumor-associated macrophages are most likely a heterogeneous
collection of cells with diverse function (8). It has been demonstrated
conclusively that host antigen-presenting cells, derived from bone
marrow, are responsible for presenting antigens to T cells during the
development of a cytolytic T-cell response to tumor antigens (28).
Likely candidate cells for this antigen-presenting cell function would
be dendritic cells or macrophages. Recent reports that show that blood
macrophages can be differentiated to dendritic cells by culture in
IL-4/granulocyte-macrophage-CSF raises the possibility that tumor
associated macrophages may have contained some subpopulations

a Mice (four to five/group) bearing 3-day MCA 205 sarcomaswere treated with
adoptively transferred T cells isolated from mice treated with normal rabbit serum (NRS)
or anti-MCP- I serum, as described in â€˜Materialsand Methods.â€•Fourteen days after
adoptive transfer of T cells, the lungs were harvested, and the number of pulmonary
metastases was enumerated. In experiment (Exp.) I, mice were treated with 10 X 106T
cells, whereas in experiment 2, mice were treated with S X 106 T cells.

b ,, < o.os, different than all other groups.
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macrophage markers failed to reveal a substantial difference in the
tumor-associated macrophages derived from the anti-MCP-1-treated
mice. Formal quantification of tumor-associated macrophages is not
feasible; therefore, we cannot rule out a small difference in macro
phage numbers with MCP-l neutralization. Alternatively, neutraliza
tion of MCP-l during tumor growth could be altering the phenotype
of the tumor-associated macrophages, such that the inhibitory pheno
type to TH1 cells does not develop. MCP-1 has been reported to
increase CD! lb and CD1 ic on monocytes; however, we did not
observe diminished levels of either of these antigens on the tumor
associated macrophages in the anti-MCP-l-treated mice (37). This
would implicate MCP-l in other, yet undefined, pathways that either
promote the generation and expansion of TH2 cells or inhibit the
generation of TH1 cells. Furthermore, these results would suggest that
other chemokines are important in causing the infiltrate of tumor
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associated macrophages and perhaps in determining the immunoge
Fig. 4. IFN-'y release by cultured T cells. LN T cells cultured by the anti-CD3ILL-2 nicity of the methylcholanthrene-induced sarcomas.

methodwereplacedonirradiatedtumortargetsor on mediacontrol,andthesupernatants
were collected at 24 h and assayed for IFN-y content by ELISA. Bars, SE.
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