duced and protein-enhanced bending of
DNA has been observed for the origins of
replication of plasmid R6K (6) and phage A
(7), as well as for the cyclic adenosine mono-
phosphate gene-activating protein interac-
tion with its binding site on the /ac DNA,
which shows limited homology to the
RepC-enhanced bend site (1). These in-
duced bends may have functional signifi-
cance, such as bringing the protein into the
proper spatial relation with its recognition
sequence (I, 4), or opening the helix to
allow replication (6). The static bends may
act as recognition sites for protein-DNA
interactions.
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A New Approach to the Adoptive Immunotherapy of
Cancer with Tumor-Infiltrating Lymphocytes

STEVEN A. ROSENBERG, PAUL SPiESS, RENE LAFRENIERE

The adoptive transfer of tumor-infiltrating lymphocytes (TIL) expanded in interleu-
kin-2 (IL-2) to mice bearing micrometastases from various types of tumors showed
that TIL are 50 to 100 times more effective in their therapeutic potency than are
lymphokine-activated killer (LAK) cells. Therefore the use of TIL was explored for the
treatment of mice with large pulmonary and hepatic metastatic tumors that do not
respond to LAK cell therapy. Although treatment of animals with TIL alone or
cyclophosphamide alone had little impact, these two modalities together mediated the
elimination of large metastatic cancer deposits in the liver and lung. The combination
of TIL and cyclophosphamide was further potentiated by the simultaneous administra-
tion of IL-2. With the combination of cyclophosphamide, TIL, and IL-2, 100% of
mice (# = 12) bearing the MC-38 colon adenocarcinoma were cured of advanced
hepatic metastases, and up to 50% of mice were cured of advanced pulmonary
metastases. Techniques have been developed to isolate TIL from human tumors. These
experiments provide a rationale for the use of TIL in the treatment of humans with

advanced cancer.

HE TREATMENT OF HUMANS WITH
advanced metastatic cancer repre-
sents a major therapeutic challenge.
One new approach to treating metastatic
cancer is adoptive immunotherapy, a treat-
ment in which immune cells with antitumor
reactivity are transferred to the tumor-bear-
ing host (). The major obstacle to the use
of adoptive immunotherapy has been the
inability to generate, from cancer patients,
immune cells with antitumor reactivity in
numbers sufficient for cancer treatment. Vir-
tually all prior experimental applications of
this approach have utilized lymphocytes
from highly immunized syngeneic animals, a
cell source not available in the human (2).
In 1980, we described the lymphokine-
activated killer (LAK) cell phenomenon, a
method for generating cells capable of lysing
fresh tumor by the incubation of lympho-
cytes in interleukin-2 (IL-2) (3). We report-
ed that the adoptive transfer of LAK cells in
conjunction with IL-2 was capable of medi-
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ating the regression of a variety of advanced
metastatic cancers in humans (4). Of 55
patients treated with this approach, objec-
tive regression of cancer has been achieved
in 21 patients, with complete regression of
malignancy in five individuals (4, 5). Exten-
sive testing of LAK cell therapy in vivo was
conducted in various murine tumor models
before this treatment was attempted in hu-
mans (6). These studies showed that tumor
regression was optimally induced when both
LAK cells and IL-2 were systemically ad-
ministered and that LAK cells proliferated
in vivo under the influence of IL-2 and
maintained their cytolytic activity. Although
highly effective in mediating tumor regres-
sion i some individuals, this treatment ap-
proach is cumbersome and can be toxic.
Very large numbers of cells are required to
mediate cancer regression (about 10® cells in
amouse and 3 X 10! to 3 x 10" cellsin a
human). In addition, the high doses of IL-2
required (approximately 100,000 units per

kilogram every 8 hours) mediate toxic side
effects, the most common of which is a
capillary permeability leak syndrome that
results in major fluid retention. We have
thus sought means of generating cells with
more antitumor reactivity and reducing the
requirement for the administration of high
doses of IL-2.

We have now identified a cell population
that can be obtained from tumor-bearing
patients and that appears to be 50 to 100
times more potent than LAK cells when
used for adoptive immunotherapy. These
cells, which constitute a subpopulation of
lymphocytes that infiltrate into growing
cancers, can be expanded in IL-2 to numbers
sufficient to mediate the regression of large
metastatic tumors. The adoptively trans-
terred cells are effective in the absence of
administered IL-2, although low doses of
IL-2 can enhance their therapeutic efficacy.
Successful therapy with these tumor-infil-
trating lymphocytes (TIL) is dependent
upon immunosuppression of the host at the
time of treatment with either a high dose of
cyclophosphamide or total body irradiation.

TIL are highly effective in mediating the

regression of advanced pulmonary and he-
patic metastases in several mouse model
tumors and are effective in curing mice with
tumor burdens unaffected by the LAK/IL-2
adoptive immunotherapy system. We have
recently developed techniques for isolating
these TIL from human tumors (7). The
experimental results presented in this report
provide the rationale for testing this treat-
ment approach in humans with advanced
cancer.

A rransplantable murine sarcoma and a
murine colon adenocarcinoma in syngeneic
C57BL/6 mice were used in these studies.
The MCA-105 sarcoma was induced in our
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Table 1. Comparison of IL-2 and LAK cells in the
therapy of mice bearing MCA-105 sarcoma mi-
crometastases. Treatment was begun 3 days after
tumor induction by the intravenous injection of
MCA-105 tumor cells. TIL or LAK cells were
injected intravenously on day 3 and IL-2 was
started on day 3 at doses of 7,500 to 20,000 units
intraperitoneally three times daily. Values are
mean + SEM from two to eight experiments for
each treatment group, with at least five mice in
each group in each experiment, The number of
metastases per lung were counted on days 15 to
18 in blind fashion as previously described (6).

Percent reduction in

Number of established day-3
transferred cells micrometastases
(x10%)
TIL LAK
0.4-0.5 16 8
1-2 74 + 12
4-5 96+ 4
8~10 100 12 1
30 28+ 4
60 59 + 26
100 65 = 13
200 97 £ 2

laboratory by the intramuscular injection of
3-methylcholanthrene. The tumor was used
in the first six transplant generations, at
which time a new vial from the first trans-
plant generation was thawed. The MC-38
murine colon adenocarcinoma was induced
by the subcutaneous injection of dimethyl-
hydrazine in syngeneic C57BL/6 mice and
was passaged subcutaneously.

TIL were prepared as follows. Tumors
were harvested aseptically, minced into 1- to
2-mm pieces, and stirred in 40 ml of saline
containing 4 mg of deoxyribonuclease, 40
mg of collagenase, and 100 units of hyal-
uronidase (Sigma) for 1 to 2 hours at room

temperature. The resulting cell suspension
was filtered through Nitex mesh, washed
twice, and suspended in complete medium
containing human recombinant IL-2 (1000
unit/ml). The cell suspension was cultured at
2.5 X 10° cells per milliliter in 24-well cul-
ture plates. After several days, small colonies
of lymphoid cells could be seen among the
tumor cells. The number of lymphoid cells
increased and that of tumor cells decreased
until about day 8 when nearly all of the
remaining cells were lymphocytes. The wells
were then replated, and cells were grown for
several weeks until sufficient numbers of
cells were obtained for adoptive transfer.
Approximately 100-fold expansion of the
original number of cells was obtained dur-
ing the first 15 days. At 15 days of culture,
no tumor cells remained as assessed by cyto-
logic examination, and no pulmonary tu-
mors were induced by injection of these
cells.

We first explored the use of TIL in the
treatment of mice with established pulmo-
nary micrometastases by using our previous-
ly established tumor models (6). Three days
after the injection of the MCA-105 sarcoma,
therapy was instituted with either TIL or
LAK cells in combination with the systemic
administration of IL-2 (Table 1). In accord
with our previous observations, the adop-
tive transfer of approximately 2 x 108 LAK
cells was required to mediate the elimination
of established micrometastases (6). The
therapeutic effect was highly dependent on
the number of cells transferred, and 10’
LAK cells had virtually no therapeutic effect.
In contrast, the adoptive transfer of 4 X 10°
to 5 x 10% TIL in conjunction with IL-2
eliminated 96% of these micrometastases,
and as few as 10° TIL reduced metastases by

74%. Thus, the adoptive transfer of TIL was
50 to 100 times more potent, on a per cell
basis, than the adoptive transfer of LAK
cells. In this micrometastasis model, similar
results were obtained with the MC-38 colon
adenocarcinoma, the B16 melanoma, and
the MCA-106 sarcoma in C57BL/6 mice
and with the 1660 bladder carcinoma in
BALB/c mice (8).

Because of the high therapeutic potency
of TIL compared to LAK cells, we next
explored the treatment of large established
pulmonary and hepatic metastases; we test-
ed mice with tumor burdens for which LAK
cells had proved ineffective. In preliminary
experiments, we found no impact of TIL on
large established metastases. We found,
however, that cyclophosphamide (Cy) ad-
ministered at 100 mg/kg resulted in substan-
tial therapeutic benefit when used in combi-
nation with TIL, but no benefit when used
in combination with LAK cell therapy. Two
experiments in which TIL were used to treat
mice with advanced liver metastases from
the MC-38 colon adenocarcinoma are
shown in Table 2. Hepatic metastases were
induced by the intrasplenic injection of tu-
mor cells, as we have previously described
(6); 8 days later, at a time when tumor
metastases were visible on the surface of the
liver, treatment was initiated. Treatment
with TIL alone, IL-2 alone, or the combina-
tion of TIL and IL-2 had no impact on
survival of mice. The use of Cy improved
survival slightly [from median survival time
(MST) of 18 and 17 days in control mice to
29 (P < 0.01) and 28 days (P < 0.01) in
mice treated with Cy in experiments 1 and
2, respectively]. The combination of Cy and
IL-2 provided a possible survival benefit in
experiment 1 (P = 0.09 compared to Cy

Table 2. Treatment of advanced liver metastases from the MC-38 colon adenocarcinoma with TIL. Treatment was begun 8 days after tumor induction by in-
trasplenic injection of MC-38 tumor cells. The IL-2 dose was 25,000 units three times daily for 5 days (days 8 to 12). The cyclophosEhamidc (Cy) dose was

100 mgrkg intravenously (6 hours before starting IL-2 with or without TIL). The TIL dose was 1.4 x107 cells and 1.2 x 10

experiments 1 and 2, respectively.

cells intravenously in

Treatment Experiment 1 Experiment 2
No. of mice . Median No. of mice . Median
Survival survival Survival survival
Cy IL-2 TIL (days) time (days) time
Total Cured (days) Total Cured (days)
0 0 0 6 0 17,17,18,18,19,22 18 6 0 16,16,16,17,18,18 17
0 0 + 6 0 18,19,20,22,23,24 21 5 0 16,17,18,19,19 18
0 + 0 5 0 19,20,21,22,28 21 6 0 18,18,18,18,20,21 18
0 + + 5 0 21,21,22,22.24 22 5 0 17,17,17,18,19 17
+ 0 0 12 0 24,25,25,26,27,28 29 5 0 24,25,28,28,29 28
29,29,29,30,32,86
+ + 0 6 2 27,27,40,44,>100,>100 42 6 0 24,25,28,28,29,30 28
+ 0 + 6 2 45,51,67,91,>100,>100 79% 6 0 30,30,35,41,43,62 38%
+ + + 6 6 >100,>100,>100, >100* 6 6 >100,>100,>100, >100%
>100,>100,>100 >100,>100,>100
+ + LAK?t 5 0 28,29,29,29,30 29

*P < 0.01 compared to Cy alone; P = 0.02 and P < 0.01 with Cy + TIL compared to Cy + TIL + IL-2 in experiments 1 and 2, respectively. In this and subsequent experiments,

the survival distributions of different groups were evaluated using the Kruskal-Wallis test as proposed by Breslow (9). In this and subsequent ex
an 100 days since we rarely saw deaths due to tumor after this time.

considered cured if they survived longer
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eriments, mice were arbitrarily

tThe LAK cell dose was 10% cells intravenously.
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Fig. 1 (left). Treatment of mice with advanced pulmonary metastases from
the MC-38 colon adenocarcinoma. MC-38 tumor cells (5 x 10%) were
injected intravenously. This figure summarizes two experiments in which
treatment was begun 12 and 14 days, respectively, after intravenous injection
of tumor cells. Mice received cyclophosphamide (Cy) at 100 mg/kg intrave-
nously 6 hours before therapy was with IL-2 or TIL or with IL-2 plus
TIL. The dose of IL-2 was 20,000 units intraperitoneally every 8 hours for 5
days. The TIL dose was 2.4 x 107 cells in experiment I and 2.0 X 107 cells
in experiment 2. The results in the two experiments were very similar and
they are therefore combined in this figure. In each experiment, there were
five or six mice in each group. Although Cy could mediate a modest

improvement. in survival, Cy combined with either IL-2 or TIL could
improve survival slightly (P = 0.004 and P = 0.002 in experiments 1 and 2,
respectively). Substantial improvements were seen, however, when Cy was
combined with both TIL and IL-2 (P = 0.002 versus Cy and P = 0.04
versus Cy and TIL in experiment 1; P = 0.002 versus Cy and P = 0.03
versus Cy and TIL in experiment 2).  Fig. 2 (right). (A) Typical
appearance of MC-38 pulmonary metastases in mouse lungs when therapy
was begun on day 14 tumor cell injection. Metastases l:}:pcar whiteona
black background after insufflation of the lung with India ink. Metastases are
1 to 2 mm in diameter and replace about 80% of the lung surface. (B)
Typical appearance of mouse lungs 6 days after instituting therapy with Cy,
IL-2, and TIL.

alone) but not in experiment 2. Use of TIL
with Cy improved survival in both experi-
ments compared to the use of Cy alone [to
79 (P =0.002) and 38 (P = 0.002) days,
respectively]. However, the combination of
Cy given on day 8 along with TIL and IL-2
resulted in the long-term cure of all mice in
both experiments (P < 0.001 compared to
mice treated with IL-2 alone, Cy alone, Cy
plus IL-2, or Cy plus TIL). Experiment 1
also shows that Cy plus IL-2 added to LAK

therapy had no impact on 8-day hepatic
metastases, in accord with many other ex-
periments. In addition to this substantial
therapeutic difference between TIL and
LAK cells, the lytic reactivity of TIL and
LAK cells in vitro differed as well. As shown
in Table 3, LAK cells exhibited similar lysis
of MCA-102 and MC-38 tumor cells (7.7
and 9.1 lytic units (L.U.) per 10° cells,
respectively). In contrast, TIL obtained
from the MC-38 tumor exhibited specific

lysis of the MC-38 tumor (0.4 and 125.0
L.U. per 10° cells versus MCA-102 and
MC-38, respectively).

Similar experiments conducted to explore
the use of TIL in the treatment of mice
bearing advanced pulmonary metastases
from the MC-38 colon adenocarcinoma are
shown in Fig. 1 which summarizes the
results of two experiments in which treat-
ment was begun 12 and 14 days after the
intravenous injection of MC-38 tumor cells.
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0.8
X—ro
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=
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0.0 . A —

60 80 100

Days

Fig. 3. (A) Treatment of mice with advanced pulmonary metastases from the
MC-38 adenocarcinoma. MC-38 pulmonary metastases were induced as in
Fig. 1 and treatment was begun 14 days later. This figure summarizes two
experiments. Cy at 20 mg/kg or 100 was given intravenously, and 6
hours later mice received 2 X 107 TIL followed by IL-2 at either 7500 units
every 8 hours or 100,000 units every 8 hours in these two experiments.
Results were similar in the two experiments. Cy at 20 mg/kg had little impact
cither alone or in combination with other treatments. However, treatment
with 100 resulted in improved survival (P < 0.001) which could be
markedly enhanced when combined with TIL and IL-2 (P < 0.001 versus
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Cy and P = 0.001 versus Cy + IL-2). Five or six animals were used in each
treatment group in each experiment. (B) Treatment of mice with advanced
pulmonary metastases from the MC-38 adenocarcinoma. Pulmonary metas-
tases were induced as described in Fig. 1 and therapy was initiated 13 to 17
days later. Three separate experiments are summarized. Mice received 500
rads of total body irradiation, and 6 hours later treatment was begun with
7500 units of IL-2 intraperitoneally every 8 hours or IL-2 combined with
1 x 107 to 2 x 107 TIL given intravenously. As with the use of Cy in
previous experiments, marked synergy was seen when irradiation was
combined with the use of IL-2 and TIL (P < 0.001 versus no treatment,
irradiation alone, or irradiation plus IL-2).
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At this time, tumor nodules were 1 to 2 mm
in diameter and were grossly visible on the
surface of the mouse lung (Fig. 2). Five to
six mice were included in each treatment
group in each experiment. As in the treat-
ment of established hepatic metastases Cy
improved survival to a modest extent [from
MST of 21 to 31 days (P = 0.004) in
experiment 1 and from 23 to 34 days
(P = 0.002) in experiment 2]. The addition
of TIL administration to Cy increased MST
to 45 days in experiment 1 (P = 0.007
versus Cy alone) and to 46 days in experi-
ment 2 (P = 0.002 versus Cy alone). How-
ever, dramatic improvement with long-term
cure in 75% of all mice was seen when Cy
treatment was combined with the adminis-
tration of TIL and IL-2 [experiment 1, MST
>100 days (P = 0.002 versus Cy and
P = 0.04 versus Cy + TIL); experiment 2,
MST >100 days (P = 0.002 versus Cy and
P =0.03 versus Cy + TIL)]. Thus, in the
therapy of advanced liver and lung metasta-
ses, treatment with Cy plus TIL was of value
and could be enhanced by the administra-
tion of IL-2.

High-dose Cy was required to produce
this synergistic effect. An evaluation of low-
and high-dose Cy (20 mg/kg and 100 mg/
kg) in mice treated 14 days after the intrave-
nous injection of MC-38 tumor is shown in
Fig. 3A (summary of two experiments).
Treatment with Cy at 20 mg/kg had little
effect alone, nor could it synergize with IL-2
or TIL plus IL-2 therapy. Treatment with
Cy at 100 mg/kg caused an improvement in
survival (from MST of 25 days to 50 days, P
< 0.001), enhanced the effect of treatment
with IL-2 (MST of 61 days, P < 0.001),
and mediated marked synergy when com-
bined with TIL and IL-2; 75% of mice in
the group treated with Cy plus TIL and IL-
2 survived long term [MST > 100 days (P
< 0.001 versus Cy and P = 0.001 versus
Cy + IL-2)].

Because the therapeutic benefit of Cy
when used alone was modest, it appeared
that the major effect of Cy was on host
components required for the success of ther-
apy with TIL. The importance of eliminat-
ing suppressor cells to optimize adoptive
immunotherapy had been well demonstrat-
ed in other studies (2). We thus tested
whether a different form of immunosup-
pression, 500 rads of total body irradiation,
could similarly synergize with therapy with
TIL. In three experiments, mice bearing
day-13 to day-17 pulmonary metastases
from the MC-38 colon adenocarcinoma
were treated with 500 rads of total body
irradiation and then with either IL-2 alone
or IL-2 plus TIL (Fig. 3B). A marked
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Table 3. Specificity of lysis with TIL obtained
from the MC-38 colon adenocarcinoma. One lytic
unit is defined as the number of effector cells
required to cause 25% lysis of 10* fresh tumor
target cells in a 4-hour chromium-51 release assay.

No. of Lysis of target
Effector experi- (L.U./106 cells)
ments  MCA-102  MC-38
LAK* 6 7.7 9.1
TIL from 6 0.4 125.0
MC-38

*Syngeneic C57BL/6 LAK cells generated by 3 days of
ture in IL-2.

synergy was seen when irradiation was com-
bined with the use of IL-2 and TIL (P <
0.001 versus no treatment, irradiation
alone, or irradiation plus IL-2).

The treatment of advanced pulmonary
metastases from the MCA-105 sarcoma pro-
duced results similar to those obtained with
treatment of the MC-38 adenocarcinoma,
showing marked synergy of Cy with admin-
istration of TIL and IL-2. In one experi-
ment, for example, mice bearing large 19-
day established pulmonary metastases from
the MCA-105 sarcoma treated with Cy,
TIL, and IL-2 had an MST of 84 days (five
of ten mice cured) compared to 21 days
(none of nine mice cured) in untreated mice
and 49 days (two of nine mice cured) in
mice treated with Cy and IL-2. Similar
synergy between Cy, TIL, and IL-2 were
seen in two other experiments with the
MCA-105 sarcoma.

Additional experiments have revealed that
mice cured of these tumors by combined
treatment are immune to subsequent chal-
lenge with the same tumor. Analysis using
cell depletion with antibody and comple-
ment showed that TIL grow from Thy”
precursors in the tumor, More than 95% of
the cells that grow in IL-2 are Lyt-2* as
determined by fluorescence-activated cell
sorting analysis.

The use of TIL for adoptive immunother-
apy offers several potential advantages over
the use of LAK cells. TIL appear to have up
to 100 times the antitumor efficacy of LAK
cells and can mediate antitumor effects in
animals with tumor burdens unaffected by
LAK cell therapy. Adoptive transfer of TIL,
unlike that with LAK cells, can mediate
antitumor effects in the absence of IL-2
administration, although low doses of IL-2
can enhance the effects of TIL. This lower
requirement for IL-2 administration sub-
stantially reduces the side effects of therapy.
The antitumor effects of TIL but not of
LAK cells are substantially enhanced by the
administration of Cy. Cy itself may have

antitumor effects but probably acts mainly
by the elimination of suppressor factors that
can inhibit the effectiveness of transferred
immune cells. As an added benefit, we have
recently shown that Cy reduces the toxicity
of IL-2 administration in animal models.

Finally, we have recently developed tech-
niques for the isolation of TIL from a
variety of human tumors, including melano-
ma, renal cell cancer, and various other
adenocarcinomas (7). These human TIL can
be grown for up to 2 months with substan-
tial increases in cell numbers. In three of six
patients with malignant melanoma, these
expanded TIL exhibited killing in vitro that
was specific for the tumor cells from which
they were derived. TIL could be expanded
from resected tumors obtained from 23 of
28 patients with renal cell cancer and from
18 of 19 tumor specimens from patients
with a variety of adenocarcinomas and sar-
comas.

Clinical trials in the human will test the
therapeutic efficacy of TIL plus IL-2 in
combination with Cy in the treatment of
humans with advanced cancer.
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