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Abstract

The antitumor properties of recombinant human IL-7 (rhIL-7)
on a human tumor was evaluated by engrafting a human colon
carcinoma into immunodeficient mice and then treating the
mice with rhIL-7 and adoptively transferred human peripheral
blood T cells. It was found that rhIL-7 alone had no effect on
the survival of the tumor-bearing recipients. However, the com-
bination of rhIL-7 and human T cells significantly promoted
the survival of the recipients compared with mice receiving ei-
ther treatment by itself. When the surviving mice were ana-
lyzed 6 mo later for the degree of human cell engraftment, the
recipients receiving both rhIL-7 and human T cells had greater
numbers of human CD8* T cells in the spleens. However, the
human T cells recovered from the surviving mice showed low
lytic activity against the tumor in vitro. Supernatants from hu-
man T cells cultured with the tumor and rhIL-7 in vitro were
found to inhibit tumor growth and were demonstrated to contain
high levels of IFN-v. Antibodies to IFN-v neutralized the
growth inhibition of the tumor both in vitro and in vivo demon-
strating that the in vivo mechanism underlying the antitumor
effects of this regimen was partly dependent on the production
of IFN-v by the T cells and not their cytolytic capability. Inter-
estingly, systemic administration of rhIFN-vy to tumor-bearing
mice yielded little antitumor effect suggesting that adoptive
immunotherapy with rhIL-7 was superior possibly because of
the continuous local release of the cytokines. Therefore, rhIL-7
may be of clinical use as an antineoplastic agent and the hu-
man/ mouse model is a potentially important preclinical model
for in vivo evaluation of the efficacy of this and other immuno-
therapies. (J. Clin. Invest. 1993. 92:1918-1924.) Key words:
SCID /human mouse ¢ cytokines « cancer treatment « T cells ¢
interleukin-7

Introduction

IL-7 is a cytokine that was originally described as a factor pro-
duced by bone marrow stromal cells that exerted proliferative
effects on B cell precursors in vitro (1, 2). IL-7 also has been
demonstrated to affect murine thymocyte proliferation in vitro
(3) and to provide a costimulatory signal for resting T cells (4).
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IL-7 has been shown to induce the proliferation of human T
cells in vitro (5) and has been shown to augment lymphokine
activated killer activity (6), leading to the hypothesis that IL-7
may be of clinical use as an antineoplastic agent. In murine
studies, it has been demonstrated that when IL-7 was trans-
fected into tumor cells, the subsequent transfer of these cells
into syngeneic recipients resulted in the increased rejection of
the cells by T-cell-dependent responses of the host (7, 8). Ad-
ditionally, other studies performed in the mouse demonstrated
that IL-7 induced cytotoxic T cells that could be adoptively
transferred in vivo and protect mice against syngeneic tumors
(9, 10). However, the antitumor effects of recombinant hu-
man IL-7 (rhIL-7)! against a human tumor have not been
examined.

The ability to engraft human cells, both normal and neo-
plastic, into immunodeficient mice has allowed for the exami-
nation of various potential biological therapies on human tu-
mors in an in vivo setting ( 11-13). In our studies, we chose to
evaluate the efficacy of rhIL-7 against a human colon carci-
noma in vivo. We report here that the administration of rhIL-7
with adoptive immunotherapy (AIT) significantly prolonged
the survival of human tumor-bearing mice. Furthermore, it
was determined that the increase in survival was correlated
with the production of IFN-y by the human T cells in response
to the tumor and rhIL-7. Thus, adoptive immunotherapy with
rhIL-7 is worthy of clinical evaluation in cancer patients. In
addition, these studies suggest that the human/mouse model
may be useful in evaluating the in vivo efficacy of biological
approaches to the treatment of human tumors.

Methods

Mice. C.B-17 scid/ scid (SCID) mice were bred in our own colony at
the NCI-FCRDC (Frederick, MD). Mice were used at 8—12 wk of age
and were kept under specific pathogen-free conditions. SCID mice
were housed in microisolator cages and all food, water, and bedding
were autoclaved before use. SCID mice received trimethoprim/sulfa-
methoxazole (40 mg trimethoprim and 200 mg sulfamethoxazole/320
ml) in suspension in their drinking water.

Cytokines. thIL-7 at 2-5 X 107 U/mg was kindly provided by Dr.
Connie Faltynek (Sterling Winthrop Pharmaceuticals Research Divi-
sion, Malvern, PA) rhIFN-y at 2.5 X 107 U/mg was generously do-
nated by Genentech Inc. (South San Francisco, CA).

Tumor cell line. The tumor cell line used for these studies was the
HT29 human colon adenocarcinoma, which we have previously dem-
onstrated grows in immunodeficient SCID mice (13). The HT29 cells
were maintained either by serial interperitoneal passage in athymic

1. Abbreviations used in this paper: AIT, adoptive immunotherapy;
huPBL, human PBL; LU, lytic units; NU, neutralizing units; rh, recom-
binant human; SCID, C.B-17 scid/scid (mice).



mice or by growth in cell culture in DME supplemented with 10% FBS,
L-glutamine (2 mM), sodium pyruvate (1 mM), nonessential amino
acid solution (1%), and 50 IU/ml penicillin + 50 ug streptomycin. For
injection into mice, the cells were harvested and counted, and 1 X 10
viable cells were injected intraperitoneally. Tumor-bearing mice were
then monitored for tumor development and progression. Moribund
mice were euthanized. In the experiments where human T cells were
also transferred, mice received an intraperitoneal injection of HT29
followed 2 h later with an intraperitoneal injection of 5 X 107 purified
human T cells.

In vivo experiments. All mice received 20 ul of anti-asialo GM1
(«ASGM1) (Wako Chemicals, Dallas, TX) intravenously to remove
host natural killer cells (14) the day before injection of human T cells
and tumor. Peripheral blood mononuclear cells were obtained via leu-
kapheresis from healthy donors on a cell separator (model 2997; Cobe,
Lakewood, CO). All donors signed an informed consent statement.
Purified mononuclear cells were obtained after Ficoll Hypaque (Phar-
macia Fine Chemicals, Uppsala, Sweden) density centrifugation and
washed twice in PBS. For most of the experiments, the cells were then
placed over a nylon wool (Sigma Immunochemicals, St. Louis, MO)
column for 1 h at 37°C to remove B cells. The eluted cells were then
collected and counted on a Coulter counter (Coulter Corp., Hialeah,
FL). 5 X 10" human T cells were resuspended in 0.5 ml HBSS and were
injected intraperitoneally into recipient mice. All experiments had
6-15 mice per group, and each experiment used lymphocytes from one
donor. Some groups also received 5-10 ug i.p. of rhIL-7 (Sterling
Winthrop Pharmaceuticals Research Division ) daily for 2 wk after cell
transfer. Some groups also received 2 X 10° U i.p. of thIFN-y given
daily i.p. for 10 d. In the studies examining the effect of rhIL-7 on
human cell engraftment in SCID mice, 1 X 10® unfractionated human
PBL (huPBL)or 5 X 107 purified human T cells were injected intraperi-
toneally into SCID recipients with the mice being assayed 6-8 wk after
huPBL transfer.

Flow cytometric analysis of cells. The following anti-human mAb
were used: CD4 (Leu3a), CD8 (Leu2a), CD3 (Leud), CD19 (a B-cell
marker), CD25, and HLA-DR were directly FITC-labeled or biotin-
conjugated ( Becton-Dickinson Immunocytometry Systems, Mountain
View, CA). Each two-color fluorescence study included a double-nega-
tive control of mouse IgG-FITC/mouse IgG-PE (Becton-Dickinson
Immunocytometry Systems). HLA-ABC-FITC was purchased from
Olympus (Lake Success, NY). After preparation of single-cell suspen-
sions from the various tissues, the cells were counted and the samples
were blocked with 2% human AB serum (Gibco BRL, Grand Island,
NY) before primary antibody incubation to saturate human Fc recep-
tors. Cells were then fixed in 1% paraformaldehyde and analyzed on a
flow cytometer (Epics; Coulter Corp.). All experiments were per-
formed at least three times with representative experiments or mice
being shown.

Cytotoxicity assays. At the specified time points, appropriate target
cells were labeled by incubation for 1 h at 37°C with Na’'CrO, (New
England Nuclear, Boston, MA) (specific activity approximately 400
uCi/ug). After this incubation, the target cells were washed three times
in RPMI supplemented with 2% FCS before use in the assay. Effector
cells (consisting of both human and mouse cells) obtained from the
spleens of the surviving mice and were added to each well of a 96-well
plate (model 3797; Costar, Cambridge, MA) to achieve effector/target
(E/T) cell ratios of 50/1, 25/1, 12.5/1, and 6.25/1. Four replicate
wells were used in these assays. After a standard 4-h incubation, the
supernatants were harvested and analyzed on a gamma counter (model
5500; Beckman Instruments, Irvine, CA). The curve generated by
these data was used to calculate lytic potential of these effector cells.
The results were expressed as natural killer lytic unit (LU) values at
50% lysis based on several E/ T ratios, and a Student’s ¢ test was per-
formed to determine statistical differences.

Antibody neutralization. The murine mAb E43 (anti-TNF-a) at
5,000 neutralizing units (NU)/ml and A7 (anti-IFN-y) at 4,900 NU/
ml were obtained from the Biological Response Modifiers Program
repository (Frederick, MD). Neutralizing antibodies at 1,000 NU/ml

Antitumor Effects of Recombinant Human Interleukin-7 In Vivo

were incubated with PBL supernatants diluted 1:5 in media 2 h at room
temperature before their addition to HT29 cells. For in vivo neutraliza-
tion studies, tumor-bearing mice received 490 NU of anti-IFN-vy in 0.2
ml i.p. for 7 d. Normal mouse serum obtained from normal C57BL/6
mice was used (0.2 mli.p.) as a source for irrelevant control antibodies.
IFN-+ levels were determined through the use of a virus neutralization
assay (Clinical Immunology Services, NCI-FCRDC, Frederick, MD),
and a Student’s 7 test was performed to determine statistical differences.

Growth inhibition assays. Cell growth of HT29 cells was measured
in the presence or absence of experimental agents using a crystal violet
staining assay. Rapidly growing HT29 cells were harvested, counted,
and added to 96-well microtiter plates at 1,250 cells/well in a volume
of 100 ul. After 24 h, dilution of PBL supernatants (in the presence or
absence of neutralizing antibodies) were added to the HT29 cells in
triplicate in a volume of 100 ul. After 4 d of incubation at 37°C, media
was removed and cells were fixed for 5 min in methanol, dried, and
then stained in 0.1% crystal violet for 15 min. The excess stain was
removed by washing the plates in distilled water and the plates were
dried. The dye was solubilized by the addition of 200 ul of 1% SDS, and
plates were incubated for 2 h at 37°C to allow sufficient time for com-
plete dye solubilization. Plates were agitated gently, and the spectropho-
tometric absorbance at 570 nm (A570) was read on a microplate
reader (model MR 500; Dynatech Labs Inc., Chantilly, VA) with a
reference setting of 410 nm. The percentage growth inhibition was
calculated from the formula:

AS570 of treated cells

Ll %
percent growth inhibition = 1 A570 of untreated cells 100

Statistical analysis. Significant differences in survival times were
detected by generalized Wilcoxon or Mantel statistics using the BMDP-

IL program.

Results

Effect of rhIL-7 and AIT on survival in tumor-bearing recipi-
ents. Since IL-7 has been shown to provide antitumor effects in
mice (10), we wanted to evaluate its efficacy against a human
tumor in vivo. Additionally, since IL-7 was demonstrated to
augment T cell responses (3-8), we examined the effects of
rhIL-7 and adoptively transferred human T cells in tumor-
bearing mice. Immunodeficient SCID mice were injected intra-
peritoneally with 1 X 10% HT29 colon carcinoma cells, which
we have previously determined leads to metastatic spread of
tumor and kills the mice after 40-60 d (13). By administration
of anti-ASGM1 to remove SCID natural killer function, the
majority of antitumor effects should be directly caused by the
therapy being evaluated (14). After injection of tumor, the
mice were then injected intraperitoneally with 5 X 107 human
T cells several hours later. Purified human T cells were used,
since the B cells in huPBL obtained from EBV-seropositive
donors can transform in SCID mice and give rise to B cell
lymphomas that can complicate the interpretation of the ex-
periment (11, 14). Some groups also received subsequent daily
injections of rhIL-7 (10 ug in 0.2 ml PBS) or PBS alone intra-
peritoneally for 10 d. The mice were then monitored for effects
on survival with necropsy being performed on moribund mice
to confirm that the tumor was the cause of death. The results
demonstrate that rhIL-7, when given in conjunction with hu-
man T cells, resulted in significantly (P < 0.001) prolonged
survival when compared to administration of human T cells
alone in mice treated the same day they received tumor (Fig. 1
and Table I, experiment 4). The administration of rhIL-7
alone did not provide any protective effect in the survival time
of tumor-bearing recipients (Fig. 1 and Table I, experiment C).

1919



100 - a
o L L
80 | |
70 |
60 |
50 |
a0 |
30 |
20 |
10 |
0 — e
0 17 34 51 68 85 102 119 136 153 170

T
.'
[_J

- L7
—0— T CELLS
—8&— T CELLS+IL?

PERCENT SURVIVAL

|
1

DAYS AFTER TUMOR INJECTION

Figure 1. Effects of rhIL-7 and AIT on survival of tumor-bearing
SCID mice. Mice were injected intraperitoneally with HT29 as de-
scribed in the Methods. Several hours later, mice were injected with
human T cells with or without rhIL-7 (10 ug/d for 10 d). Survival
was then monitored, and moribund mice were euthanized. Control
mice treated with HBSS alone had similar survival to those treated
with rhIL-7 alone (data not shown).

However, transfer of human T cells alone did prolong the sur-
vival of the tumor-bearing mice. The extent of the protection in
the recipients receiving human T cells alone tended to vary
with the huPBL donor. In some experiments, the recipients
receiving human T cells alone did clear the tumor in a small
percentage of mice, although the coadministration of T cells
plus rhIL-7 was consistently superior in its protection, regard-
less of the donor when treatment was started the same day as

Table I. Effect of rhIL-7 and AIT on Survival
in Tumor-bearing Mice

Experiment Initiation Mean
number of therapy* Treatment? DOD*
1 2h HBSS 47
T cells 109"
rhIL-7 and T cells 135'
2 7d HBSS 45
T cells 53
rhIL-7 and T cells 67**
3 14d HBSS 39
rhIL-7 39
T cells 51
rhIL-7 and T cells 75%*

* Time of therapy initiation after injection of HT29 tumor. * Mice
were treated as described in Methods. Each experiment used a differ-
ent donor. Each experiment had 6-15 mice per group. ¥ Mean day
of death (DOD) after-HT29 tumor challenge. Average of 6-15 mice
per group with significance determined by using Mantel-Cox statis-
tics. ! One out of six mice survived tumor, mice receiving human
T cells survived significantly (P < 0.001) greater than mice receiving
tumor alone. ' Four out of six mice survived tumor, and mice re-
ceiving human T cells and rhIL-7 survived significantly (P < 0.001)
longer than mice receiving human T cells alone. ** Mice receiving
human T cells and rhIL-7 survived significantly (P < 0.01) longer
than mice receiving rhIL-7 or HBSS alone.
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tumor challenge. To determine if the combination of rhIL-7
and AIT was efficacious against a larger and more dissemi-
nated tumor burden, mice were given tumor 1 and 2 wk before
the start of immunotherapy. The results demonstrate that
rhIL-7 and AIT administration resulted in significantly (P
< 0.01) greater survival in tumor-bearing recipients compared
with mice not receiving treatment (Table I). However, with
this tumor burden there were no mice surviving > 85 d, regard-
less of the treatment regimen used and the differences between
the groups receiving human T cells alone and groups receiving
human T cells and rhIL-7 were not statistically different. Thus,
the administration of rhIL-7 with AIT results in significant
antitumor effects against a human colon carcinoma in SCID
mice at a variety of tumor burdens. However, tumor cure and
the most significant antitumor effects of rhIL-7 occur only with
tumor burdens around 10°¢ cells.

Effect of rhIL-7 on long-term engrafiment of transferred hu-
man lymphocytes. It was then of interest to determine the effect
of rhIL-7 on the engraftment of the transferred huPBL in the
tumor-bearing mice. We have previously demonstrated that
activation of huPBL with anti-CD3 results in greater long-term
engraftment in SCID mice (13). Therefore, one mechanism by
which rhIL-7 and AIT may protect tumor-bearing mice is by
the improvement of human T cell engraftment in the mice.
Mice surviving the tumor in experiments where tumor cells
and therapy were started on the same day were killed 6 mo after
the start of tumor therapy. In one experiment, unfractionated
huPBL had been transferred (Fig. 2 and Table 1I, experiment
A). It was demonstrated that rhIL-7 administration did indeed
result in improved peripheral human T cell engraftment in the
recipients. Although we have previously found that the predom-
inant T cell (CD4 or CD8) to engraft tended to vary with the
donor (13, 14), in most instances, CD8* T cells predomi-
nantly engrafted in the mice (Fig. 2). Additionally, these T
cells also expressed HLA-DR, indicating that they were in an
activated state for a prolonged period of time in the SCID recipi-
ents. Interestingly, there was also no evidence of tumor in these
long-term surviving mice, suggesting that rhIL-7 and AIT had
indeed cleared some mice of a tumor burden of 10° cells. It was
also demonstrated that administration of rhIL-7 could pro-
mote human lymphocyte engraftment in non-tumor-bearing
SCID recipients (Table III). Thus, rhIL-7 administration can
improve long-term T cell engraftment in tumor-bearing SCID
mice, which may contribute to the improved survival of tu-
mor-bearing mice receiving this regimen. However, some mice
receiving human T cells alone or human T cells with rhIL-7
were capable of clearing the tumor yet displayed little long-
term T cell engraftment (Fig. 2 and Table II). Thus, other
mechanisms may be responsible for the antitumor effects of
rhIL-7 with AIT.

Cytotoxic capability of human T cells cocultured with tumor
in vitro. We then wanted to determine the mechanism by
which rhIL-7 and AIT protected the tumor-bearing mice. We
had previously assessed the capacity of the recovered human
cells from the surviving mice to lyse the tumor and demon-
strated that the recovered human cells had no significant lytic
activity towards the tumor in vitro (data not shown) (13).
Since it may be that the human T cells were initially cytolytic
for the tumor, but after prolonged exposure in the murine host
they lost their cytolytic ability, we then determined the effects
of rhIL-7 on the generation of tumor-specific cytotoxic T lym-
phocytes after coculture in vitro. huPBL were cocultured with
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Figure 2. Effects of rhIL-7 on long-term human T cell engraftment in tumor-bearing SCID mice. SCID recipients surviving the tumor for > 6 mo
were killed and human T cell content was determined in the spleens of the mice by flow cytometric analysis. Representative of three experiments

with two to three mice per group.

tumor, with or without rhIL-7, for 4 d, and were then assayed
for cytotoxic capability against the tumor. The results demon-
strate that the human T cells only displayed significantly (P
< 0.05) increased but modest levels of cytotoxicity towards the
HT29 tumor when 1,000 U/ml of rhIL-7 was included. How-
ever, when the huPBL were cultured with the tumor and rhIL-7
(> 100 U) significant (P < 0.05) increases in cytolytic activity
were observed (Table IV). Thus, the contribution of the cyto-
toxicity to the antitumor affects is not clear.

Antitumor Effects of Recombinant Human Interleukin-7 In Vivo

Induction of cytokine production after coculture of huPBL
with tumor and rhIL-7. We then assayed supernatants from the
huPBL that were cocultured with tumor and rhIL-7 in vitro for
any potential inhibitory effects on the HT29 tumor. We have
previously demonstrated that the HT29 colon carcinoma is
sensitive to rhIFN-y and TNF-a in vitro (13). When superna-
tants from human cells cocultured with rhIL-7 and tumor were
placed with HT29 in vitro, the supernatants significantly inhib-
ited the growth of the tumor (Table V). Antibodies to rhIFN-y
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Table II. Human T Cell Engrafiment in the Spleens of SCID Mice Surviving Tumor*

Percent splenocytes positive for:?
Experiment/animal Cell number
number Treatment? X 10° HLA-ABC CD3 CD4 CD8
A 1 huPBL 239 0.0 0.0 0.0 0.0
2 huPBL 12.2 1.2 1.2 0.7 2.3
3 huPBL + rhIL-7 103.9 8.0 6.9 0.7 9.0
4 huPBL + rhIL-7 7.5 36.8 31.3 6.9 30.6
B 1 T cells + rhIL-7 40.4 30.1 25.2 5.1 20.7
2 T cells + rhIL-7 384 433 40.5 10.9 319
C 1 T cells 2.5 5.1 4.6 2.1 29
2 T cells + rhIL-7 460.0 39.6 25.7 3.1 220
3 T cells + rhIL-7 334 1.9 1.9 1.1 1.7
4 T cells + rhIL-7 18.6 23 2.1 0.8 1.5
5 T cells + rhIL-7 15.9 0.0 0.0 0.0 0.0

* All surviving mice were assayed 5-6 mo after tumor challenge and presented no evidence of tumor at time of assay. * Mice in experiment A
received 1 X 10® huPBL, whereas mice in experiments B and C received 5 X 107 purified human T cell the same day as tumor challenge. Each
experiment used a different donor for lymphocytes. $ Values represent the total percentage of splenocytes staining with the appropriate antibody.

Table II1. Effect of rhIL-7 on huPBL Engraftment in the Spleens of SCID Mice*

Percent splenocytes positive for:#

Experiment/animal Cell number
number Treatment? X 10¢ HLA-ABC! CD3! CD4' CDg!
A 1 — 36.2 20.1 13.4 6.9 9.0
2 — 6.8 0.0 0.0 0.0 0.0
3 — 9.1 0.0 0.0 0.0 0.0
4 rhIL-7 87.6 93.7 90.2 239 62.0
5 rhIL-7 124.8 80.1 71.3 21.1 51.4
6 rhIL-7 47.0 91.4 79.8 26.5 50.4
B 1 — 20.0 0.0 0.0 ND** ND
2 — - 389 0.0 0.0 ND ND
3 rhIL-7 13.6 8.9 3.1 ND ND
4 rhiL-7 226.4 339 7.9 ND ND

* Mice in experiment A received 5 X 107 purified T cells intraperitoneally. Mice in experiment B received 1 X 10® unseparated huPBL intraperi-
toneally. Mice were analyzed for engraftment 6-8 wk after huPBL transfer, as described in the Methods. Shown are two experiments using dif-
ferent huPBL donors. * All mice received 20 ul anti-ASGM 1 intravenously 1 d before cell transfer. Mice in some groups received 10 ug rhIL-7
i.p. for 10 d. * Values represent the percentage of total splenocytes staining with the appropriate antibody. ! Values significantly (P < 0.001)
greater in the groups receiving rhIL-7 versus those receiving huPBL alone. ** Not determined.

Table IV. Cytotoxic Capability (LU) and Cytokine (IFN-v) Induction by huPBL towards HT29 Tumor Cells In Vitro

Target cell (LU + SE)*
IFN-y levels
Effector population* K562 HT29 (U + SEy

huPBL + rhIL-7 (10 U) 110.4 (12.9) 90.2 (5.1) 627 (25)
huPBL + rhIL-7 (100 U) 131.8 (10.7) 110.3 (6.0) 1034 (82)
huPBL + rhIL-7 (1,000 U) 411.0 (56.1) 136.3 (9.6) 1685 (34)
huPBL + HT29 171.5 (6.9) 84.3 (7.9) 3845 (75)
huPBL + HT29 + rhIL-7 (10 U) 229.2 (13.3) 68.2 (3.4) 3937 (75)
huPBL + HT29 + rhIL-7 (100 U) 84.3(11.4) 142.5 (3.4) 7322 (146)
huPBL + HT29 + rhIL-7 (1,000 U) 149.1 9.7) 228.7 (5.1) 12,141 (242)

* LU with SE in which there is = 50% lysis per 1 X 107 cells. * huPBL were suspended in tissue culture media under various conditions and as-
sayed for cytotoxicity after 4 d. ¥ Assay was performed and the amount of units of IFN-y were determined as described in Methods.

1922  Murphy et al.



Table V. Growth Inhibitory Effects of Supernatants
from rhIL-7-treated huPBL on HT29 Colon Carcinoma Cells

Percent growth inhibition*

Supernatant dilution* Media Anti-IFN-y*  Anti-TNF-o
huPBL + HT29 + IL-7 (100) 1:120 67 33 51
1:80 53 0 53

* Supernatants from 7-d in vitro cultures were diluted (1:5) in media
in the presence or absence of neutralizing antibodies. After 2 h,
incubation at room temperature, growth inhibitory activity against
HT?29 cells was measured in a 4-d assay. * Growth inhibition calcu-
lated as described in Methods. $ Neutralizing antibody to IFN-v at
1,000 NU/ml. " Neutralizing antibody to TNF-a at 1,000 NU/ml.

could partially reverse the inhibitory effect when present at
concentration necessary to neutralize all the IFN-y, suggesting
that IFN-y production by the human T cells could be the mech-
anism for tumor protection in vivo. Additionally, rhIFN-y
alone was capable of inhibiting tumor growth (data not shown)
(13). Neutralizing antibodies to TNF-a could only slightly re-
duce the inhibiting effects of the supernatants. To determine if
rhIL-7 induces IFN-y production by huPBL in vitro, the levels
of IFN-y were determined under the various culture condi-
tions. It was found that rhIL-7 alone induced a dose-dependent
production of IFN-y by huPBL after 4 d of culture (Table IV).
Additionally, the coculture of the human T cells with the tu-
mor resulted in high levels of IFN-y production. Yet, the coin-
cubation of huPBL, rhIL-7 (> 100 U), and tumor resulted in
significantly (P < 0.05) increased IFN-y production compared
to huPBL and HT?29 alone. These in vitro results also suggest
that the mechanism underlying the protective effects of rhIL-7
and AIT in tumor-bearing mice may be partially attributed to
the production of cytokines by the human T cells in response to
rhIL-7. Thus, these cytokines had direct cytostatic or cytotoxic
effects on the tumor in the absence of a cytotoxic T cell re-
sponse. Although IFN-y appears to be critical to the growth
inhibiting effects of rhIL-7 + T cells on HT29, it has been
established that there is a strong synergy between IFN-y and
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Figure 3. Effects of anti-IFN-y antibodies on tumor protection in
vivo. Tumor-bearing SCID mice received human T cells with rhIL-7
and neutralizing antibodies to rhIFN-y or normal mouse serum from
C57BL/6 mice as an irrelevant antibody (/RR AB) control, as de-
scribed under “Antibody neutralization” in Methods.
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Figure 4. Comparison of rhIL-7 and AIT versus systemic administra-
tion of rhIFN-y in tumor-bearing mice. SCID mice received either
rhIL-7 and AIT or rhIFN-y, as described in Methods.

TNF-a on this cell line in vitro (13). Thus, it is possible that
both cytokines participate in the growth inhibition in vivo.
Indeed combinations of IFN-y and TNF-a can result in sub-
stantial cytolysis of HT29 over a 4-5-d incubation period in
vitro (13). Therefore, it is possible that both IFN-y and TNF-«
production by the T cells in vivo plays an important role in
therapeutic efficacy of this treatment regimen.

Effect of anti-IFN-v antibodies in vivo on survival in tu-
mor-bearing mice. The in vitro data shown in Tables IV and V
implicated rthIFN-y production as a possible mechanism for
the antitumor effects of thIL-7 and AIT in tumor-bearing mice.
Therefore, studies were initiated in which neutralizing antibod-
ies to rhIFN-y were administered at the start of rhIL-7 and AIT
therapy. The results clearly demonstrate that the anti-IFN-y
antibodies significantly inhibited the antitumor effects of rhIL-
7 and AIT in vivo (Fig. 3). Thus, rhIL-7 promotes rhIFN-y
production by human T cells in vivo in response to the tumor,
and, in addition to the improved T cell engraftment stimulated
by rhIL-7, the rhIL-7-induced IFN-y can result in significant
protection of SCID mice from a human tumor in vivo.

Comparison of systemic rhIFN-vy administration and adop-
tive immunotherapy on survival in tumor-bearing mice. To
compare the efficacy of rhIL-7 and AIT versus systemic rhIFN-
v administration in vivo, tumor-bearing mice received either 2
X 10® U i.p. of thIFN-v daily for 10 d or rhIL-7 and AIT. The
high dose regimen of rhIFN-y was tolerated by the SCID mice
because of the species-specificity of rhIFN-y (15) resulting in
the lack of toxic side effects that would normally be present if
this dosage was applied in man. The results clearly show that
even when high doses of rhIFN-y are administered in vivo,
little or no protective effects are detected (Fig. 4). In marked
contrast, mice given rhIL-7 and AIT demonstrated significant
protection against the tumor. The results indicate that AIT is
superior to systemic administration of cytokines, possibly be-
cause of the sustained local release of cytokines by the human T
cells in vivo.

Discussion

The data presented here demonstrate that rhIL-7 in combina-
tion with AIT consisting of human T cells will protect SCID
mice from a human colon carcinoma. The mechanism of the
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protection is dependent on the production of IFN-y by the
human T cells. This is the first instance in which rhIL-7 has
been demonstrated to exert antitumor effects against a human
tumor in vivo and suggests that rhIL-7 should be examined
clinically as an antineoplastic agent. The data also demonstrate
that although the production of IFN-v is essential for the anti-
tumor effects of rhIL-7 and AIT, systemic administration of
this cytokine, while capable of exerting significant antitumor
effects in vitro, does not offer comparable protective effects in
vivo. This implies that AIT offers distinct advantages as an
antitumor therapy, possibly because of sustained and local re-
lease of IFN-vy, and possibly other cytokines from the adop-
tively transferred cells.

The human/mouse model, while offering many advan-
tages for the preclinical evaluation of potential antineoplastic
therapeutics, does have several significant limitations. It is still
not clear if primary immune responses with human cells can be
generated in SCID mice, although secondary responses have
been shown (11, 16). Because of the selective pressures accom-
panying the placement of human T cells in a xenogeneic envi-
ronment, the antitumor effects of rhIL-7 and AIT may be an
indirect effect in response to exposure to the xenoantigens and
not the tumor. Experiments are underway to determine if the
human T cells do become specifically sensitized to the tumor in
vivo. However, the human/mouse model does allow for the
evaluation of anticancer therapies using human reagents di-
rected against human tumors in an in vivo setting. Due to the
fact that IFN-y could inhibit tumor growth in vitro and yet
systemic administration yielded little protective effect in vivo,
this model may be very useful for the evaluation of various
other cytokine therapies that have been proposed, since the
complex in vivo milieu cannot be reproduced in vitro. Addi-
tionally, the model suggests that AIT may be of considerable
use, when given in conjunction with rhIL-7 as an antineoplas-
tic regimen. Studies are currently underway comparing the effi-
cacy and toxicities of rhIL-7 and rhIL-2 in this model. It will
also be important to test rhIL-7 and AIT against other tumors
that are not sensitive to cytokines and to use tumors that are
HLA-compatible with the human T cell donor to evaluate the
ability of particular therapies to induce MHC-restricted killing.

It is also of interest that rhIL-7 induced significant cytokine
(IFN-v) production and not substantial cytolytic ability in the
T cells cultured with the allogeneic tumor. Cytokine produc-
tion by tumor infiltrating lymphocytes has recently been dem-
onstrated to be a more relevant indicator of antitumor effects
in vivo than cytotoxicity (17). Our results also support that
expression of in vitro cytotoxicity may not be a critical factor
for a successful in vivo response.

In conclusion, rhIL-7 is shown to exhibit antitumor effects
when given with AIT against a human tumor in vivo, suggest-
ing that this cytokine may be of benefit as an immunomodula-
tor in vivo and deserves further clinical evaluation. Further-
more, this work illustrates the advantages of performing in vivo
evaluation of potential anticancer therapies using the human/
mouse model.
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