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under conditions in which potential in vivo limitations such as poor
lymphokine/cytokine secretion, defective antigen processing and pre
sentation, and the negative regulation imposed by tumor-induced
suppression mechanisms can be avoided. In animal studies, immune
effector cells derived from tumor-bearing rather than hyperimmunized
mice would represent a prototype of therapy with lymphocytes de
rived from patients.

Using several murine tumor models, we have recently demonstrated
that LN3 draining progressively growing tumors contain immunolog
ically sensitized T-cebbs. Although lacking overt antitumor reactivity,
these cells can differentiate and be expanded by the sequential in vitro
stimulation with anti-CD3 mAb and IL-2. The activated cells dem
onstrated potent effector functions in adoptive immunotherapy of
established pulmonary metastases (3, 4). The conditions of in vitro
stimulation and immunological properties of the effector cells have
been characterized (4, 5). The anti-CD3IIL-2 activated cell population
consisted of approximately 75% CD8 and 25% CD4 T-cebls. These
two major T-cebl subsets collaboratively attributed to the observed in
vivo antitumor reactivity. However, activated CD8 T-cells alone could
mediate tumor regression if exogenous IL-2 was provided in vivo.
These findings suggested that the role of CD4 immune cells was to
provide a helper function via the secretion of cytokines such as IL-2.
Additionally, despite their in vivo antitumor efficacy, the anti-CD3/
IL-2 activated tumor-draining LN T-cells did not exhibit in vitro
cytolytic reactivity as analyzed by a standard 4-h 51Cr release assay.
Perhaps the most important feature of these activated cells is that they
mediated a tumor specific in vivo reaction, and this specificity was
apparently determined by the tumor that stimulated the draining LN.
Considering the polycbonal nature of the anti-CD3 interaction with
T-cells, the activated cells must also contain a significant proportion
of T-cells whose reactivities were probably irrelevant to the antitumor
functions.

To better understand possible mechanisms of the host antitumor
immune response and the antitumor activity of anti-CD3/IL-2 acti
vated LN cells, we have attempted to establish long-term cultured cell
lines with maintenance of antitumor reactivity and specificity by
periodical stimulation with irradiated tumor cells and IL-2. From our
studies, it appears that although the initial activated tumor-draining
LN cells composed a heterogeneous population of lymphocytes, in
dividual cultures became dominated with T-cells expressing restricted
V13elements. T-cell clones isolated from bong-termcultured cell lines
mediated in vivo antitumor effects and demonstrated in vitro tumor
cytotoxic activity. Most importantly, the systemic transfer of cloned
T-cebls resulted in specific infiltration and accumulation of the trans
ferred cells at the tumor sites.

MATERIALS AND METhODS

Mice. Female C57BL16 (B6) mice were purchased from The Jackson
Laboratory (Bar Harbor, ME) and were maintained in a specific pathogen-free
environment; they were used at the age of 8 weeks or older.

3 The abbreviations used are: LN, lymph node(s); IL-2, interleukin 2; CM, complete

medium; TCR, T-cell antigen receptor; mAb, monoclonal antibody; Vf3,variable region
of the TCR 13chain; HBSS, Hanks' balanced salt solution; ilL, tumor-infiltrating
lymphocytes.
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ABSTRACT

Lymph nodes draining a progressively growing tumor contain T-cells
which can be activated sequentially by anti-CD3 and IL-2 to differentiate
into tumor-specific effector cells. In this study, long-term cultured T-cell
lines were established from activated MCA 106 tumor-draining lymph
node cells by periodic stimulation with irradiated tumor cells In the
presence oflow concentrations ofIL-2 ( 60 International units/mI). Such
long-term cultured cell lines maintained therapeutic effects when trans
ferred to tumor-bearing mice. Although the initial anti-CD3/IL-2-acti
vated T-cells displayed a broad distribution of T-cell antigen receptor @3
chain variable region (V@3)usages, long-term CUltUred cells were domi
nated by T-cells expressing a few Vfi elements. Of six cell lines, only three
VP phenotypes(VhS, 11, 13)wereidentified,and individual cell lines
frequently expressed a single V@igene product Despite restricted V@3
expression, each cell line mediated tumor-specific reactivity in adoptive
immunotherapy. Many T-cell clones were isolated from long-term cell
lines. Three V@313T-cell clones demonstrated specific in vivo antitumor
effects, whereas two VfJll and two Vf35 clones revealed a significant
degree of cross-reactivity against the antigenically distinct MCA 205
tumor. Althounji the Initial anti-CD3IIL-2-activated cells lacked demon
strable cytotoxic reactivity, T-cell clones derived from them exhibited
cytotoxic effects to the MCA 106 tumor cells. The specificity of the
cytotoxicity mediated by each clone reflected its in vivo antitumor effects.
Furthermore, studies ofin vivo localization ofcloned T-cells demonstrated
tumor-specific infiltration ofthe SAl (V@313) clone to the MCA 106 tumor
metastases, whereas clone 9H6 (V@35) revealed some accumulation in the
MCA 205tumor.Again,the in vivoantitumoreffectsof the 9H6clone
correlated with its in vivo infiltration into the specific MCA 106 and the
nonspecific MCA 205 metastases. Taken together, the long-term culture of
anti-CD3/IL-2-activated tumor-draining lymph node cells resulted in se
lective expansion of a few T-cells as evidenced by the limited T-cell
receptor V13expression. Our results also demonstrated that systemically
administered antitumor T-cell clones gained access and accumulated at
metastatic tumor sites, and the degree of infiltration correlated with the
specificity of the in vivo antitumor effect as well as the in vitro cytotoxic
activity.

INTRODUCTION

The adoptive transfer of tumor-reactive T-lymphocytes is an effec
tive means to eradicate local as well as metastatic tumors (1, 2). The
application of adoptive immunotherapy for the treatment of humans
will require the identification and isolation of tumor immune effector
cells from cancer patients. Since cancer patients represent a â€œpre
selectedâ€• population of individuals who have apparently failed to
elicit an effective immune response to the growing tumors, it is
anticipated that T-cells isolated from patients would be limited in
number and poor in antitumor reactivities. Therefore, the generation
of sufficient numbers of tumor immune T-cells for therapy will also
depend on the ability to stimulate and expand effector T-cells in vitro
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DeterminantAntibodySpecies
and

immunoglobulin isotypeSource
and

referenceV13

2B20.6Rat, IgG 2aP. Marrack(9)V13
3lU 25Hamster, IgG1P. Marrack(10)v@
SMR 9-4Mouse, IgG10. Kanagawa(11)VP
6RR 4â€”7Rat, IgG 2b0. Kanagawa(12)VP
7TR 310Rat, IgO 2aAmerican Type Culture

Collection(13)VP
8F23.1Mouse, IgG 2aR. J. Hodes(14)Vf3
9MR1O-2Mouse, lgGl0. Kanagawa (personal

communication)v@
iiRR 3â€”15Rat, IgG0. Kanagawa(15)V13
13MR 12-4Mouse, IgG0. Kanagawa(16)vu
1414â€”2Rat, 1gMD. H. Raulet (17)

TUMOR-REAC1WE 1-CELL UNES AND CLONES

Table 1 TCR Va-specific nzAb 10- to 14-day established tumors were treated by adoptive therapy. At approx
imately 3 weeks after tumor initiation, mice were randomized and sacrificed
for enumeration of pulmonary metastatic nodules. The metastases appeared as
discrete white nodules on the black surface of lungs insufflated with a 15%
solution of India ink and bleached by Fekette's solution (18). Metastatic foci
too numerous to count were assigned an arbitrary value of >250. The signif
icance of differences in numbers of metastatic nodules between experimental
groups was determined using the nonparametric, Wilcoxon rank-sum test (19).
Two-sided P values of @0.05were considered significant. Each group con
sisted of at least 5 mice, and no animal was excluded from the statistical
evaluation.

Immunofiuorescence and flow Cytometry. Analyses of TCR Vf3 expres
sion were carried out by indirect immunofluorescence. Cells (5 X 10@) were

secondarily stained with fluorescein isothiocynate-conjugated mouse mAb to

rat ic-chain (Mar 18.5; Pharmingen, San Diego, CA), goat anti-hamster Ig
(Kirkegand & Perry Laboratories, Gaithersburg, MD), or goat anti-mouse Ig
(Cappel; Organon Teknika Corp., Durham, NC), depending on the species of
primary antibodies used. In each sample, 10,000 cells were analyzed by a
FACSCan flow microfluorometer (Becton-Dickinson, Sunnyvale, CA).

In Vitro Cytotoxicity Assay. A standard4-h 5tCr release assay was used
to assess the cytotoxic reactivity of cloned cells. Briefly, tumor target cells
(5 x 106)were labeled with 51Cr(Na51CrO4;50 g.@Ci;New England Nuclear,
Boston, MA). Labeled target cells (10k) were incubated with various numbers
of effector cells in 0.2 ml of CM in 96-unit flat-bottomed-well plates and
incubated at 37Â°Cfor 4 h. The supernatant was collected by the Titertek
Collecting System (Flow Laboratories, McLean, VA) and counted in a gamma
counter. The percentage cytolysis was calculated as:

experimental releaseâ€” spontaneous release@
maximum release â€”spontaneous release

In Vivo Localization ofCloned T-Cells AfterAdoptive Immunotherapy.
T-cell clones (2 x i0@ cells) were labeled with 10 p@g/miof the fluorescent
dye, Hoechst 33342 (H33342; Calbiochem, La Jolla, CA) in 1 ml CM for 30
mm at 37Â°C.Labeling was terminated by adding excessive cold CM (20, 21).
The cells were washed twice with CM and once with HBSS and then resus
pended to a concentration of 107/ml in HBSS for adoptive transfer. Normal
spleen cells, activated with immobilized anti-CD3 mAb for 2 days followed by
culture in IL-2 (18 international units/mb)for 3 days, were similarly labeled
and used for control of nonspecific trapping. Mice bearing 14-day MCA 106
or MCA 205 pulmonary metastases were given 1.2 X i0@labeled cells iv. and
i_p. injections of IL-2 (90,000 international units at h 0 and 12). They were
sacrificed at 6, 12, and 24 h after the transfer of H33342-labeled cells. Lungs
were harvested, and frozen sections (6 @.tmthick) were cut and fixed with 4%
buffered formalin and examined under a fluorescent microscope (Leitz) using
a 490-nm filter. For quantitation of the labeled cells within the tumor metas
tases, we examined more than 100 metastatic nodules in each tissue sample,
and the average numbers of fluorescent cells are presented. After enumeration
of labeled cells and fluorescence photomicrography, some sections were
soaked in water to rinse off the mounting fluid and counterstained with
hematoxylin to confirm the presence of metastases by light microscopic
examination.

RESULTS

Phenotypic Characterization of Cell Lines Derived from Tumor-drain
ing LN. Previous studies have shown that freshly harvested tumor-draining
LN contained approximately 35% of CD3@T-cells with equal proportions
of CD4@and CD8@cells (5). After stimulation with anti-CD3/IL-2 for 5
days, activated cells were virtually all T-cells with predominantly CD8@
(â€”75%)andsomeCD4@(â€”25%)cells.Apparently,the anti-CD3/IL-2
culture system preferentially stimulated the proliferation of CD8@T-cells.
Predominance of CD8@cells may reflect a shorter doubling time of CD8@
cells compared to CD4@cells. Upon further culture with irradiated tumor
cells and IL-2, the 25% of CD4@cells present after initial anti-CD3IIL-2
stimulation rapidly disappeared. These results were consistent with our
previous findings (22) and demonstrate that the culture conditions helped
define the character of cells derived.

Tumors. The MCA 106 fibrosarcoma, syngeneic to B6 mice, was induced
by 3-methylcholanthrene (6). The tumor has been maintained in vivo by serial

s.c. transplantation in syngeneic mice and was used within the 7th transplan
tation generation. Another similarly induced fibrosarcoma of B6 mice origin,
MCA 205, was kindly provided by Dr. James C. Yang (National Cancer
Institute, NIH, Bethesda, MD; Ref. 7) and served as specificity control. Tumor

cell suspensions were prepared from solid tumors by enzymatic digestion in 40
ml of HBSS (Gibco, Grand Island, NY) containing 40 mg of collagenase, 4mg
of DNase, and 100 units of hyaluronidase (Sigma Chemical Co., St. Louis,
MO) for 3 h at room temperature.

Antibodies. 145â€”2C11,a hamster mAb reactive to the CD3-â‚¬chain of the
murine TCR/CD3 complex, was kindly provided by Dr. J. A. Bluestone,
University of Chicago (8). Hybridomas producing mAb against TCR Vf3
determinants were kindly provided by Des. P. Marrack, 0. Kanagawa, R. J.
Hodes, and D. H. Raulet (9â€”17)and are listed in Table 1.

IL-2. Human recombinant IL-2 was a gift from the Cetus Corp., Em
eryville, CA. It had a specific activity of 6 X 10@Cetus units/mg protein. One
Cettis unit is equivalent to 6 international units. In this study, international
units are expressed in all of the experiments.

Tumor-Draining LN Cells and Anti-CD3/IL-2 Activation. B6 mice were
inoculated s.c. with 8â€”10x 10@MCA 106 tumor cells on both flanks. Ten
to 14 days later, tumor-draining inguinal LN were harvested, and single cell
suspensions were prepared mechanically as described previously (4). LN
cells were activated with 1 @g/mlof anti-CD3 mAb in CM in a 75-cm2
culture flask (108 cells in 30 ml) for 2 days and then further cultured in 60
international units/ml of IL-2 at 6 X i05 in 2 ml of CM in 24-well plates
for 3 days. CM consisted of RPMI 1640 supplemented with 10% heat
inactivated fetal calf serum, 0.1 m@.inonessential amino acids, 1 p.Msodium
pyruvate, 2 mM fresh L-glutamine, 100 @.&g/mlstreptomycin, 100 units/ml
penicillin, 50 ,@g/mlgentamicin, 0.5 @.&Wmlfungizone (all from GIBCO)
and 5 X i0@5 M 2-ME (Sigma). Although there was no apparent increase
in cell numbers after the 2-day anti-CD3 stimulation, cell proliferation was
vigorous during the next 3-day culture in IL-2, resulting in up to a 10-fold
increase in cell numbers (3, 4).

Long-Term Culture and Cloning ofAnti-CD3/IL-2 Activated LN Cells.
After initial anti-CD3/IL-2 activation, 4 X 10@LN cells were cultured with
2 X 10@irradiated (4000 rad) MCA 106 tumor cells in 2 ml of CM containing
60 international units/mbof IL-2 in 24-well plates. Every 3 to 4 days, cultures
were fed with CM containing 60 international units/mi of IL-2, and every 7 to
10 days when cells had grown to high densities, cultures were split and
restimubated with irradiated tumor cells in the presence of IL-2. Routinely after
3rd to 4th restimulation, the concentration of IL-2 in CM was reduced to 18
international Units/rn!. Cloning of long-term cultured LN cells was performed

by the limiting dilution method in 96-well flat-bottomed plates in the presence
of irradiatedtumorcells (2 X 10â€•tumorcells/well) andIL-2 (18 international
units/mI). aonES were expanded and maintained with repeated tumor restimu
lation in the presence of 18 international Units/mi of IL-2 similar to the
maintenance of long-term culture cell lines.

Adoptive Immunotherapy. B6 mice were sublethallyirradiated(500 rad)
and inoculated i.v. with 8 X 10@MCA 106 or 2 X 10@MCA 205 tumor cells
to establish pulmonary metastases. Three days after tumor inoculation, mice
were infused i.v. with long-term cultured or cloned T-cells and given i.p.
injections of IL-2 (90,000 international units) commencing on the day of cell
transfer and continuing twice daily for 4 days. In some experiments, mice with
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Table 2 TCR Vexpression of anti-CD3/IL-2 activated MCA 106 tumor-draining LN
cells and three long-term cultured celllinesTCR

Vf3Percentage

of (@3@cellsCell

lines (days ofculture)Anti-CD3/IL-2

A (61) B (39) C(48)V$2

V@3
V135
V@36
VP 7
V138
Vf39
Vf3 11
Vf313
VP 1412.6

<1.0 <1.0 <1.0
4.0 <1.0 5.1 <1.0

11.0 <1.0 9.9 66.8
<1.0 <1.0 6.2 <1.0

8.1 <1.0 <1.0 <1.0

23.0 <1.0 16.9 <1.0
2.2 <1.0 2.7 <1.0

6.7 22.4 58.5 <1.0
3.8 56.6 8.4 <1.0
5.9 3.5 <1.0<1.0Other?22.7

17.5 <1.0 33.2

Table 3 In vivo antitu,nor effects of long-term cultured anti-CD3/IL-2 activated MCA
106 tumor-draining LNcellsTreatment

CellsIL-2â€•Mean

no. metastases (SEM)a
Long-term cell lines (days inculture)A

(61) B (46) C(60)0

0
8X106
4 X 106â€”

+
+

+185(44)

217(25) >250
138 (29) 127 (22) >250

0c 13(6)c
2(1)c

-@

TreatmentMean

no. metastases (SEM)a
Long-term cell line (days ofculture)A

(117) B(82)Cells

IL-2MCA 106 MCA 205 MCA 106 MCA2050

â€”
0 +

6 X 106 +>250

>250 >250 >250
>250 >250 >250 >250

89(@4)b >250 10(5)b 239(11)

TIJMOR-REACFIVE1-CELLLINESANDCLONES

given to the tumor-bearing mouse. Representative results with three cell lines
are shown in Table 3.

Tumor-draining LN cells were initially activated with anti-CD3 and IL-2.
Despite the polycbonalT-cell activation mediated by anti-CD3, the activated
cells demonstrated exquisite specificity against the tumor that stimulated the
draining LN (3, 4). We therefore assessed the immunological specificity of the
adoptive therapy mediated by the transfer of long-term cultured cells. Cells
from lines A and B were transferred to mice bearing either MCA 106 or the
antigenically distinct MCA 205 tumor. Despite the long-term culturing and V@3
phenotype selection, both cell lines mediated tumor specific effects against the
MCA 106 but not the MCA 205 tumor(Table 4).

Immunological Characteristics of T-Cell Clones Isolated from
Long-Term CUltUred LN Cell Lines. T-cell clones were generated
from two long-term cell lines (A and C) by the limiting dilution
method in the presence of irradiated MCA 106 tumor cells and IL-2.
Of 33 T-cell clones isolated, 19 expressed Vf313; 6 expressed V1311;
and 6 expressed V@5. There were two clones whose V(3 phenotypes
could not be identified by the available mAb. Flow cytometric anal
yses also confirmed that all clones were CD8@.

We randomly selected two clones from each of the Vf3 phenotypes
for further analyses of their in vivo antitumor reactivity. As shown in
Table 5, the transfer of 6 X 106 cells from each of the six clones to
mice bearing 3-day tumors was capable of mediating a significant
reduction of numbers of pulmonary metastases. Of the six clones,
three were examined for their specificity in adoptive immunotherapy
using the antigenically distinct MCA 205 tumor (Table 6). Clone 5A2
(\â€˜j313)mediatedtumor-specificeffectsagainsttheMCA106tumor
but was ineffective in treating mice with the MCA 205 tumor. How
ever, clones 5F7 (V@311) and 9E4 (Vf3 5) demonstrated significant
cross-reactivity toward the MCA 205 tumor, although their anti-MCA
106 reactivities were significantly greater.

Despite their in vivo antitumor effects, cells activated by the anti
CD3IIL-2 method for 5 days did not exhibit in vitro cytotoxic effects
in the standard 4-h 51Cr release assay (4). However, the in vitro
stimulation by specific tumor cells may lead to the generation of
cytotoxic effector cells. Since the long-term cultured cell lines as well
as clones were maintained by periodic tumor stimulation, we exam
ined whether the cloned cells mediated cytolytic activity against
tumor target cells. Of nine clones tested, all three V@13 clones
demonstrated tumor-specific lysis, whereas three Vj311 and three V@5
clones displayed some degrees of cross-reactivity for lysis of MCA
205 tumor cells. Since clones of the same V(3 phenotype had similar
reactivities, one example from each V(3 phenotype was depicted in
Fig. 1. It should be noted that the specificity and cross-reactivity in
this in vitro assay appeared to reflect their in vivo antitumor reactiv

ities (Table 6).
The adoptive immunotherapy experiments performed to evaluate

the antitumor efficacy of cloned cells were based on the treatment of
3-day established metastases. At this stage of the disease, the metas
tases were only microscopically detectable. However, 10 days after

Table 4 Specificity of adoptive immunotherapy mediated by long-term cultured MCA
lOtS tumor-draining LN cells

a Numbersfor otherV@were calculatedby subtractionof thepercentageof known Vfi
from the percentage of CD3@ cells, which in all cases represent 95% of total cells.

a l3@mice were sublethallyirradiated(500 rad) andwere inoculatediv. with 8 X 10@
MCA 106 tumor cells to establish pulmonary metastases. Three days later, these mice
were treated by iv. adoptive immunotherapy with indicated cells. On day 21, all mice
were sacrificed, and pulmonary metastatic nodules were counted.

I@2 (90,000 internationalunits)wasgiven i.p. twice a day for 4 daysstartingon the
day of cell transfer.

C Significantly different from groups with no treatment or treated with IL-2 only.

Six independent, long-term cultures were developed from three parental
tumor-draining LN. They were all T-cells of the CD8 phenotype. These cell
lines were analyzed for TCR V@3expression by the flow cytometry using
indirect immunofluorescent staining. Although the anti-CD3IIL-2 activated
cells expressed a broad range of V@3usage which was similar to that of freshly
harvested tumor-draining LN cells, established cell lines were dominated by
very few Vf3 phenotypes. Three examples are illustrated in Table 2. The
available 10 V@3mAb allowed us to detect 13 V@ elements because there are
2 and 3 distinct members in the V@35and Vj38 families, respectively (11, 14).

In the anti-CD3/IL-2 activated tumor-draining LN cell population, this panel of
mAb detected approximately 80% of the total cells. In cell line A, V@13@cells
dominated (56.6%) with 22.4% of V@311and some V(314(3.5%), whereas cell
line B was predominantly V@11 (58.5%). In cell line C, the only detectable V(3
phenotype was Vf35 (66.8%). It is not clear as to what other V(3 phenotypes
werepresentin theremainingcells becausenotall V@couldbe detectedby the
available mAb.

Cell lines A, B, and C were derived from different mice, but all bore the
MCA 106 tumor.V@3analysiswas also performedon separateculturesgen
crated from a single source of tumor-draining LN cells. In three such T-cell
lines, one became dominant with V(311 (59%), V@8 (17%), and V(3S (10%);
the second one consisted of V@313 (28%) and V@5 (17%); and the third had
Vf3 5 (25%). There were significant proportionsof cells not identifiedwith
available mAb, which might represent other dominant T-cells. Although fac
toes contributing to the selective growth of particular V@3T-cells are not
known, we have not seen any cell lines with cells expressing Vf32, 3, 6, 7, 9,
or 14.

In Vivo Antitumor Reactivity of Long-Term Cell Lines. The in vivo
antitumor efficacy of bong-termcultured cell lines was assessed in adoptive
immunotherapy experiments where mice with 3-day established pulmonary
MCA 106 metastases were treatedwith the systemic transferof cells. To
enhance the therapeutic effects of the transferred cells, mice were also given
i_p. IL-2 for 4 days. Each of the six long-term cell lines was capable of
reducing the numbers of pulmonary metastases when 8 X 106 or less cells were

a The adoptive immunotherapyprotocol is the same as that in Table 3. MCA 205
pulmonarymetastaseswereestablishedbyinjecting86 micei.v.with2 X 1(9MCA205
tumor cells.

b Significantly different from groups with no treatment or treated with IL-2 only.
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Table 5 In vivo antitumoreffects of T-cell clones derivedfrom long-termcultureof anti-CD3/IL-2activatedMCA106 tumor-drainingLNcellsMean

no. metastases(SEM)â€•Treatment

V@13 clones V@11 clones V(35clonesCells

IL-2 5A2 5C1 SF3 SF7 9E49H60

- 250 @25O 250 250 250 250
0 + @250 250 250 250 250 @250

6 X 106 + 47(14)b 74(8)b 31(2)b@ (7)b 6 (5)â€• 13(7)ba
The adoptiveimmunotherapyprotocol is the sameas that describedin Table 3.

b Significantly different from groups with no treatment or treated with IL-2only.Table

6 Specificisyofadoptive immunotherapy mediated by cloned T-cells from anti-CD3/IL-2 activated MCA 106 tumor-draining LNcellsMean

no. metastases(SEM)â€•Treatment

5A2 (V@13) SF7 (Vf3 11) 9E4 (Vf35)Cells

IL-2 MCA106 MCA205 MCA106 MCA205 MCA106 MCA2050

â€” >250 >250 >250 >250 >250 >250
0 + >250 >250 >250 245(5) >250 >250

6 X 106 + 13(4)b >250 3(1)b 110(13)b.C 6(5)b

Table8 SpecificbcalizationofH33342-labeled cloned T-cells in the malignanttissueâ€•h

afterMean

no. labeled cells (SEM)/metastaticnodules'Experiment

1 Experiment2CellsinjectionMCA

106 MCA 205 MCA 106 MCA205Activated

normalsplenocytes6

12
246(1)

5(1)
4(1) 4(1) 5(1) 5(1)
4(1) 4(1) 5(1)4(1)5A2(V@13)6

12
2416(2)c

7(11)

20(2)c 7(1) 20(2)c 6(1)
24(1)c 6(1) 26(2)'@6(1)9H6

(V@5)12
2422

(2)c 14 (2)d
22 (2)c 13 (2)d

Treatment

CellsIL-2Mcan

no. metastases(SEM)â€•5A2

(V@13)4D6 (V@11)9H6(V@5)0â€”>250>250>2500+>250>250>2506

X 106+19(8)b75(5)b@5(10)b

TUMOR-REACflVET-CELLLINESANDCLONES

a The adoptive immunotherapyprotocol is the sameas that describedin Tables 3 and 4.
b Significantly different from groups with no treatment or treated with IL-2 only.

C Significantly different from groups of mice with MCA 106 tumor but treated with the same cells.

tumor inoculation, metastases on the surface of the lung became
grossly visible. We attempted to treat 10-day established metastases
with T-cell clones to further assess their therapeutic potential. Three
clones, including 5A2, 4D6, and 9H6, of distinct TCR V(3 phenotypes
were transferred at a dosage of 6 X 106/mouse, and each of these
clones demonstrated significant antitumor effects (Table 7).

Specific Localization of Transferred T-Cell Clones in the Met
a.static Tumor. The ability to treat barge tumor metastases afforded a
means to directly examine whether transferred cells gained access to
the tumor sites. In pursuit of this goal, we studied the in vivo distri
bution of cloned antitumor T-cells labeled with the fluorescent dye
H33342 in mice bearing large, 14-day established pulmonary metas
tases. This technique allows for a direct identification of transferred
cells to determine their exact relation to the malignant lesions. We
chose two clones, 5A2 and 9H6, for this study because they possessed
distinct V@3phenotypes as well as in vivo and in vitro antitumor
reactivities with regard to immunological specificity. In preliminary

40 5A2 (VI 13) â€¢o@@ 11) â€¢@ 9E4 (VI 5)

I ::@ S0 â€¢@@,â€¢@_â€¢60
@ .:@@@ Â¶@:::!.â€”T'â€”0t@';@@

.2:1 1:1 5:1 25:1 .2:1 1:1 5:1 25:1 .2:1 1:1 5:1 25:1

Effector to Target Ratio

Fig. 1. Cytotoxic activities expressed by three representative anti-MCA 106 T-cell
clones. Lysis of the MCA 106 (â€¢)or MCA 205 (0) target cells was assessed in a 4-h 51Cr
release assay as described in â€œMaterialsand Methods.â€•

Table 7 AdoprtveimmunotherapyoflO-day establ&shedpulmonaryMCA106
metastases with T-cell clones derived from tumor-draining LN

experiments, cloned cells retained their in vivo antitumor efficacy
after labeling with H33342. The transfer of as few as 1.2 X iO@
labeled cells to mice bearing 14-day metastases was capable of
significantly reducing the numbers of tumor nodules in the lung (data
not shown).

After the transfer of fluorescent cells, tissues were harvested at 3
different time points, 6, 12, and 24 h. The initial experiment (exper
iment 1, Table 8) examined the distribution of the tumor specific
clone, 5A2. At 6 h after injection, a significant number of 5A2 cells
infiltrating the MCA 106 lung metastases was observed. The numbers
of 5A2 cells visualized in the tumors increased over time at 12 and 24
h. This infiltration of 5A2 cells is tumor specific because there was no
significant increase of the transferred cells in animals with the anti
genically distinct MCA 205 tumor. An additional control included the
transfer of anti-CD3/IL-2 activated normal B6 spleen cells, which
were known for the lack of antitumor reactivity. No significant infib
tration of these cells was observed in both MCA 106 and MCA 205
metastases. The second experiment (experiment 2, Table 8) confirmed

a@ mice were sublethallyirradiated(500 rad) followed by inoculationiv. with 8 X
@ MCA 106 tumor cells to establish pulmonary metastases. Fourteen days later,

fluorescent-labeledcells(1.2X 107)wereadministeredi.v.andIL-2(90,000international
units) was given i.p. twice at h 0 and 12.

b Numbers of fluorescent cells within the metastatic nodules were counted. The size of

metastases ranged from 250 to 500 p.m in diameter, and at least 100 metastases in each
sample were examined and the average numbers of fluorescent cells are presented.

C Significantly different from all other groups of the same experiment.

d Significantly different from the MCA 205 tumor treated with normal spleen cells or

5A2 cells and different from MCA 106 tumor treated with 9H6 cells.

aTheadoptiveimmunotherapyprotocolis thesameasthatdescribedinTable3except
that treatment of mice was delayed until 10 days after tumor establishment.

b Significantly different from groups with no treatment or treated with IL-2 only.
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Fig. 2. Fluorescence micrograph and histology oflung tissue 12
h after iv. injection of 1.2 x iO@H33342 labeled T-cell clones,
5A2 and 9H6. Normal spleen cells activated with anti-CD3 and
IL-2 served as nonspecific control cells. Approximate magnifica

tion, X 80.
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the specific localization of transferred 5A2 cells and examined the
trafficking of another clone, 9H6. The 9H6 cells exhibited some
cross-reactivity to the MCA 205 tumor in in vitro cytotoxicity
similar to that of the 9E4 (Fig. 1). Consistent with this finding,
there was a significant number of 9H6 cells infiltrating MCA 205
metastases (14 and 13 per metastatic nodule at 12 and 24 h,
respectively). However, the mean numbers of 9H6 cells detected in
the MCA 106 lesions were still significantly greater than those in
MCA 205 lesions. Examples of fluorescence and light micrographs
of the lung tissue taken 12 h after i.v. transfer of H33342-labeled
cells are depicted in Fig. 2. Although the overall numbers of
specifically accumulated T-cells in the tumor appear to be small,
the differences are highly significant when considering the three
dimensional structure of the metastases.

We also attempted to quantify the numbers of transferred cells in
frozen sections of livers and spleens. Since there was no detectable
tumor metastases in those organs, the distribution of fluorescent cells
in normal tissues was assessed. There was, overall, very few labeled
cells seen at 24 h after i.v. injection of cells, and no significant
difference between T-cell clones and activated normal spleen cells.

DISCUSSION

The ability of propagating functional immune T-bymphocytes in
vitro to a bargenumber can greatly facilitate the application of cellular

therapy against a variety of diseases. An ideal situation for growing
antigen-specific T-celbs would be the isolation of T-cell clones with
desired specificities and then, further expansion by stimulation with
specific antigens and IL-2. Such an approach has yielded promising
results in the generation of cytomegabovirus-specific cytotoxic T
lymphocyte clones, and the adoptive transfer of these cloned T-cebls
is capable of selectively reconstituting specific immune responses in
humans (23). However, in the pursuit of cellular immunotherapy of
malignancy, the identification of tumor-reactive T-cells is often dif
ficult because of a weak, innate immune response during tumor
progression and a lack of biochemically defmed tumor antigens.
Consequently, cells used for adoptive immunotherapy are usually
derived from unseparated bulk cultures. Among the best studied are
cells that infiltrated solid tumors (ilL). After expansion in bong-term
IL-2 culture, resulting cells express tumor cytotoxic activity in vitro,
mediate the regression of established tumor in murine models, and
have been used for the treatment of cancer in humans (24â€”27).
Despite the heterogeneity of cell compositions in freshly isolated ilL
preparations, long-term culture often resulted in the outgrowth of only
a few selected clones (28). It appears that in both mice and man,
different ilL populations could evolve spontaneously under identical
culture conditions from the same specimen of tumor. Whereas these
results suggest that multiple T-celbs and tumor antigens are involved
in the antitumor response, they also illustrate that the culture condi
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tions define the character of the cells derived and that long-term
culture might result in the loss of some potent antitumor effector cells.

The current study examined the characteristics of bong-term cub
tured T-cells derived from tumor-draining LN. This population of
cells is sensitized to the growing tumor, but mature effector cell
generation depends on additional in vitro activation (3, 4, 22, 29). The
use of anti-CD3 and IL-2 for LN cell stimulation has been a conve
nient and efficient means to activate antitumor effector cells. How
ever, repeated stimulation with anti-CD3/IL-2 resulted in a gradual
but progressive loss of antitumor reactivity when tested in adoptive
immunotherapy experiments (data not shown). It is conceivable that
T-cell stimulation by anti-CD3 in the absence of specific antigens
promoted the preferential growth of irrelevant and nonspecific T-cebls
in the LN cell population. The polycbonal nature of the short-term (5
days) anti-CD3IIL-2 activated cells was evident by their TCR V@3
expression with small numbers of cells expressing each of multiple
Vf3 elements (Table 2). Because of this heterogeneity of T-cell com
positions and because of the emergence of nonspecific T-cells after
long-term anti-CD3 stimulation, it may be assumed that tumor-drain
ing LN contain only a limited number of tumor-specific T-celbs.
Selective stimulation of these T-cells may require the presence of
specific antigens. In our study, sustained cell proliferation with main
tenance of in vivo antitumor reactivity could be achieved by periodic
stimulation with irradiated tumor cells in the presence of low concen
trations of IL-2.

When cultured tumor-draining LN cells were examined for Vf3
usage after a period of in vitro growth, individual cultures became
dominant for a few V(3 phenotypes (Table 2). These results are
analogous to the previously described phenomenon that long-term
growth of ilL often resulted in the outgrowth of T-cell populations
with a single V@3expression (28). However, in six independent cub
tures derived from three independent parental LN cell populations,
only three V@3phenotypes (V@3, V(311, and V(313) were predominant.
All six cultured cell lines maintained their in vivo antitumor effects
and demonstrated tumor-specific reactivities (Table 3). Although
these data indicate that the V(35, V(311, and V@13 cells participated in
the T-cell response to the growing MCA 106 tumor, the limited
number of experiments does not preclude the possibility that T-cells
with other TCR Vf3 elements also responded to the tumor but did not
grow in long-term culture. However, our results support the notion
that multiple T-cells are involved in the response to a single tumor or
multiple tumor-rejection antigens that are expressed on the MCA 106
tumor cells.

In our previous studies, despite in vivo antitumor reactivity, the
initial 5-day anti-CD3IIL-2 activated LN cells did not mediate in vitro
cytolytic effects (4). It was therefore proposed that the mechanisms of
the in vivo tumor eradication involved the specific secretion of cyto
kines by the transferred cells and/or the development of cytotoxic
effector cells as a consequence to in vivo interactions with tumor cells.
With the availability of cloned antitumor T-cells, we also examined in
vitro cytotoxicity because those T-cell clones were generated by
repeated tumor stimulation. The results of three clones were presented
(Fig. 1), and each of them demonstrated cytotoxic effects against the
MCA 106 tumor target cells. However, whereas the reactivity of 5A2
was apparently tumor specific, cytotoxicity mediated by clones SF7
and 9E4 exhibited a partial cross-reactivity to the antigenically dis
tinct MCA 205 tumor. The reason for the development of this cross
reactivity is not clear, but a similar phenomenon was documented
previously for long-term IL-2 culture of specific T-cells (30, 31).
More importantly, the patterns of cross-reactivity in in vitro cytotox
icity assays correlated with the specificity of their in vivo antitumor
effects. These fmdings thus suggest that the cytotoxicity of these

T-celb clones might play a significant role in the in vivo elimination of
tumor metastases.

Perhaps the most intriguing fmding in this study is the direct
demonstration of the in vivo infiltration of transferred antitumor
T-cells into the tumor mass. The extent of accumulation of effector
cells within or in the near vicinity of malignant lesions might be
decisive for the efficacy of adoptive immunotherapy. While much has
been beamed about adhesion molecules responsible for the in vivo
recirculation and selective homing of T-bymphocytes at inflammatory
sites (32), little is known concerning the trafficking patterns of spe
cific T-cells to their target tissue locations. Some reports have dem
onstrated a preferential localization of â€˜111n-labeled ilL in patients
with melanoma at tumor sites (33, 34). However, most cells appeared
to accumulate predominantly in the liver and spleen. Because of a
relatively short half-life, the use of a large number of cells in those
studies was necessary to facilitate the in vivo detection. This might
have, in part, contributed to the high background and uncertainty of
interpretations.

Very few animal studies provide convincing evidence that system

ically transferred tumor-reactive T-cells actually migrate to and infil
trate malignant lesions in numbers considered to be sufficient to
eradicate tumors. One major limitation to interpretation has been the
use of radioisotopes for identification of the transferred cells. In
addition to the problems of the reuse of radiolabel released by dead
cells and the difficulties of discrimination between infiltration of
normal and malignant tissue within a specimen, radioisotope labeling
of cells might result in cell damages that interfere with the normal
function of the cells. It has been reported that the adherent lympho
kine-activated killer cells, labeled with fluorochromes for identifica
tion, accumulated in tumor metastatic sites when transferred system
icalby (35). In a very recent study with the use of the same lipophilic
cell-labeling reagents, PKH26 and @I-PKH95,Wallace et a!. (36)
reported that there was no differential accumulation, selective reten
tion, or proliferation of adoptively transferred murine ilL at the tumor
site. Since a minimal number of ilL must reach the tumor site in order
to achieve a demonstrable therapeutic effect, failure of their detection
suggests that the number of immune cells necessary for initiating
tumor rejection was too small to be seen. Alternatively, it is also
possible that transferred ilL contained heterogenous cell composi
tions which yielded high bevels of cell localization in normal tissues
that interfered with the detection of specific T-celbs in the tumor.
Because of the use of cloned antitumor effector T-cells, our fmdings
on tumor localizations of transferred cells may reflect more precisely
the immunological events with minimal interference due to nonspe
cific interactions and cell trafficking. In our study, using the fluores
cent dye H333421, which allows for a detailed analysis at the single
cell level, we unambiguously demonstrated that immune T-cells ac
cumulate within the metastatic tumors. The extent of accumulation
appeared to reflect the specificity of transferred cells. For example,
the 5A2 clone mediated specific antitumor effects in both in vivo
adoptive immunotherapy and in vitro cytotoxicity, and the 9H6 clone
demonstrated a partial cross-reactivity against the antigenically dis
tinct MCA 205 tumor. At each time point examined, the numbers of
fluorescent cells identified in the MCA 106 and MCA 205 tumors
paralleled the functional activities of the clones.

The mechanisms responsible for the in vivo tumoricidal effect of
the immune T-cells have not been clearly elucidated, but several
potential possibilities exist. Immune effector cells with cytolytic ac
tivity may directly lyse tumor cells in vivo. Immune effector cells may
release cytokines, such as tumor necrosis factor and y-interferon,
upon interaction with specific tumor target cells. These cytokines may
mediate tumor damage directly or indirectly through the activation of
other effector cells. Although our results suggest a close correlation
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between the in vitro cytotoxicity and in vivo antitumor reactivity,
other studies suggest the importance of cytokine productions (37).
Nevertheless, in either case, the infiltration and accumulation of
immune effector cells at the tumor site becomes a critical factor for
the efficacy of the antitumor effect. In this aspect, we presented
unequivocal evidence that systemically transferred cloned immune
T-cells migrated to and infiltrated metastases and quantitatively, the
presence of immune cells in metastatic lesions correlated with the
antitumor efficacy.
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